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ABSTRACT 

The overall goal of this research is to characterize the 

potential-dependent structure and composition of the alcohol-Ag 

electrochemical interface. The approach involves the use of a 

variety of electrochemical and spectroscopic tools to arrive at a 

consistent model for a series of straight-chain alcohols (methanol, 

ethanol, I-propanol, and l-pentanol) at Ag electrodes. There are 

essentially four areas of investigation presented in this 

dissertation. 
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The first portion of this work has been directed at the 

development of charge coupled device detection in Raman spectroscopy 

so that many of the interface investigations could be performed. The 

advantages and limitations of these detectors in Raman spectroscopy 

are addressed. 

The second area involves the characterization of in-situ 

alcohol-Ag electrochemical interfaces using Raman spectroscopy and 

associated surface selection rules for the evaluation of solvent 

orientation and bonding. Since the series of alcohols offers a 

systematic variation in solvent properties, these studies provide 

substantial insight regarding some of the chemical interactions which 

can dictate orientation. 

The development of emersed electrode technologies is also 

presented as a means to improve selectivity for surface molecular 

--_. __ ._ .. 
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species over bulk molecular species. The utility of this approach is 

demonstrated for a variety of straight-chain alcohols at both rough 

and smooth Ag electrodes. Conditions for emersing the molecular 

interface, intact, under potential control are presented. 

Finally, double layer capacitance measurements are performed to 

offer additional insight regarding alcohol solvent structure and 

interfacial composition as a function of electrode potential. In 

addition, capacitance-potential plots are used along with the 

Hurwitz-Parsons analysis to determine absolute surface coverage of 

Br- as a function of electrode potential. These results are 

correlated with the Raman spectroscopic results to obtain a 

consistent model for the structure and composition of the alcohol-Ag 

electrochemical interface. 



Overview 

Chapter 1 

INTRODUCTION: 

ELECTROCHEMICAL AND SPECTROSCOPIC INVESTIGATIONS 

OF THE ELECTROCHEMICAL INTERFACE 

Considerable effort has been directed recently toward understand

ing the structure, composition and reactivity of the electrochemical 

interface. It is becoming increasingly more important to understand 

this interface from a molecular level in order to obtain improvements 

in electrochemically-based technologies such as corrosion inhibition 

[1.1], fuel cells [1.2], batteries [1.3], and solar energy conversion 

devices [1.4, 1.5]. Toward this end, new instrumentation and 

analytical methodologies are designed to probe this interface and 

reveal detailed molecular information such as bonding and orientation. 
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A vast majority of the published research in electrochemistry has 

focused on systems which employ aqueous media. This is quite 

understandable, since water is plentiful, inexpensive, and an excellent 
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solvent for most inorganic salts as well as a large number of polar 

organic substances. Nevertheless, there are many chemical processes 

which cannot take place or are not optimum in pure water. For example, 

the extreme reactivity of Li with water obviously precludes its use in 

Li batteries. There is much interest in these batteries, because they 

offer an extremely high energy/weight ratio, which is an attractive 

feature for electric transportation vehicles and wrist watches. Due to 

the lack of fundamental information about the interface between the 

solid Li cathode and organic electrolyte solution, many workers have 

approached the Li battery problems empirically, trying different 

solvents, including tetrahydrofuran (THF), dioxa1ane, propylene 

carbonate (PC), l,2-dimethoxyethane, dimethylformamide (DMF), 1-

butyro1actone, thiony1 chloride (SOC12), su1folane (S02Cl2), sulfur 

dioxide, and even mixtures of these solvents, to obtain optimum 

conductivity [1.3]. 

Another important area in nonaqueous electrochemistry is the 

oxidation of small organic molecules [1.2] for the conversion of 

chemical energy into electrical energy in fuel cell reactors. These 

systems typically consist of mM concentrations of an organic fuel (e.g. 

methanol) in an acidic aqueous medium with Pt or a Pt alloy as the 

anode. In basic solutions, equimo1ar mixtures of fue1/base are used to 

give maximum current densities, making these solutions even more 

nonaqueous in nature. The principle limitation to a viable organic fuel 

cell at this time is the poisoning of the electrode from reaction 

_._-------_._---- --. ---- - _ .. _-------------- ---"-.. ~.- . 



intermediates. Consequently, there has been a tremendous amount of 

research directed toward understanding these intermediates [1.6 - 1.9] 

and developing methods for minimizing their presence [1.10 - 1.13]. 

An increasing amount of interest has also been displayed in 

polymeric film formation at electrodes in polar .nonaqueous organic 

media, such as acetonitrile. In particular, there is much interest in 
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. films of po1y(ani1ine), poly(thiophene) and po1y(pyrro1e), because they 

can be 'nade electrically conducting, are easily synthesized, and are 

quite robust. One advantage of electrochemical polymerization over 

direct chemical routes is that many of these polymers have higher 

purity and become well-ordered at electrode surfaces [1.14]. 

Furthermore, the electrical properties are superior when the films 

are produced electrochemically [1.14]. 

In summary, these applications of nonaqueous electrochemistry 

indicate the need to understand the molecular details of structure, 

orientation, bonding and electron transfer at the metal-nonaqueous 

interface. \Vhi1e many aqueous electrochemical systems have enjoyed 

'~idespread investigation and are well understood, most nonaqueous 

systems remain poorly understood, despite their use in various 

technologies described above. In an effort to improve our understand

ing of these interfaces, this dissertation research has largely been 

focused on the elucidation of a1coho1-Ag interface structure using a 

variety of electrochemical and spectroscopic probes. 
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Introduction to the Electrochemical Interface 

The significance of results presented in this dissertation is 

perhaps most fully realized in light of previous work and our present 

understanding of electrochemical double layer structure. Previous work 

may be categorized into theoretical and experimental investigations, 

with experimental investigations having subgroups of in-situ and 

ex-situ investigations. 

Several models have been proposed to describe electrochemical 

double layer structure. Helmholtz [1.15] proposed charge separation at 

the interface, much like that in a capacitor, with two sheets of charge 

of opposite polarity and separated by a distance, d, of molecular order. 

This gives rise to a capacitance, C = emeo/d, where em is the dielectric 

constant of the medium, and eo is the permittivity of free space. While 

this is a useful model in some cases, it does not explain the influence 

of many parameters which are known to affect capacitance such as 

temperature, applied potential, ion charge, and bulk solution 

electrolyte concentration. Gouy and Chapman [1.16 - 1.18] independent

ly proposed a "diffuse layer" of charged species on the solution side of 

the double layer which would counterbalance the excess charge on the 

metal surface. The size or thickness of the diffuse layer would depend 

on the density of charge carriers, i.e. the electrolyte concentration in 

bulk solution, Co' Consequently, at low Co, it may take significant 

thickness of solution to accumulate the charge needed to counterbalance 

the excess charge on the metal surface. Thus, the Gouy-Chapman model 
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predicts that as Co rises, there should be compression of the diffuse 

layer and a corresponding rise in capacitance. Gouy and Chapman offered 

a statistical mechanics approach to predict the effects of temperature, 

ion charge, potential, and bulk electrolyte concentration on the 

potential profile, i.e. thickness of the double layer. Calculations for 

a 0.01 M aqueous solution of a 1:1 cation:anion charge ratio electrolyte 

at 25° show that ca. 75% of the potential is dropped across a distance 

of 30 A. Perhaps the greatest utility of the Gouy-Chapman theory is to 

quantitatively predict the diffuse layer thickness with changes in bulk 

electrolyte concentration. Table 1.1 shows that, for a typical 

solution, the diffuse layer thickness varies from 3 to 300 A, as the 

electrolyte concentration is varied from 1 M to 0.1 mM, respectively 

[l.20]. 

Table 1.1 Characteristic thickness (d) of diffuse double layer 
with changes in bulk electrolyte concentration 

Co (M) d (A) 

1 3.0 
10-1 9.6 
10-2 30.4 
10-3 96.2 
10-4 304 

For a 1:1 electrolyte at 
25° in water. 

In 1924, Stern [1.19] refined the Gouy-Chapman theory by invoking 

the idea of a plane of closest ion approach, dictated by the naked ion 

radius, or more usually, the radius of the solvated 'ion. This 
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refinement becomes particularly important at extreme positive or 

negative potentials, and at large Co, all of which serve to compact the 

double layer. The Stern modification describes the limit of double 

layer compaction, which is particularly useful for the interpretation 

of double layer capacitance measurements described later. The idea is 

similar to the Helmholtz model in that it predicts, at the limit of 

compaction, C = fmfo/d, where d is the distance of closest ion approach. 

The combination of these ideas is known as the Gouy-Chapman-Stern 

(GCS) model, and has been one of the most useful models for predicting 

structure in real systems. Capacitance measurements have been used 

extensively to evaluate the accuracy and limitations of the GCS model, 

and are discussed below. These measurements suggest that while the GCS 

theory is useful for predicting gross electrostatic effects, it does 

not predict chemical effects such as bonding and orientation of 

molecules, or the bonding and long-range order of surface atoms. 

In 1963, an explicit account of solvent structure at electrode 

surfaces was proposed by Bockris, Devanathan and Muller [1.148]. Based 

on electrostatic theory, these authors propose that a layer of solvent 

molecules is attached to the electrode surface in a fixed orientation, 

much like solvent molecules in a typical cation solvation sphere. These 

authors also propose that a few more layers are present in orientations 

intermediate bet\l1een that of the first layer and that in the bulk, 

similar to the secondary solvation shells around a cation. This 

interfacial solvent structure is depicted in Figure 1.1 and, up until 

________ .0 ____ _ 
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Figure 1.1 Model of electrochemical double layer structure proposed by 
Bockris, Devanathan, and Muller [1.148]. 
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1984 [1.81], was the best available model for the structure of aqueous 

solvent in the double layer. The possibility of specific adsorption is 

illustrated in Figure 1.1 by the replacement of surface-contacted 

solvent molecules with surface-contacted anions. The plane through the 

first layer is called the inner Helmholtz plane (IHP). In addition to 

this first layer, Bockris et al. propose an outer Hemholtz plane (OHP) 

defined by the center of solvated cations just beyond the IHP. There is 

an important fundamental difference between species in these two planes. 

In order for a species in the OHP to become contact adsorbed (required 

for many chemical reactions), work must be done to remove the solvation 

sheath and to displace one or more solvent molecules from the surface. 

As one might predict, the energy required for these processes plays a 

central role in detel'mining the overall energetics of electrochemical 

reactions. Consequently, there is much interest in the characteri

zation of solvent-surface, solvent-ion, and solvent-solvent interact

ions in the electrochemical double layer. 

Ultimately, electrochemists \.,ould like to understand how the 

structure of the electrochemical interface impacts the electron 

transfer event in real systems. Consequently, a considerable number of 

investigations have focused on the characterization of electron trans

fer kinetics. However, the relationship between solvent structure and 

electron transfer kinetics remains poorly understood.. One of the 

reasons lies in the fact that molecular details of interfacial solvent 

structure are largely unknown, particularly for nonaqueous systems. 
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Experimental studies of the electrochemical interface in the past 

40 years or so have primarily been designed to evaluate either electron 

transfer kinetics, the chemical interactions at the interface, and in 

some cases, the relationship between the two. To put.this dissertation 

work into perspective, it should be useful to review some of the common 

tools for electrochemical interface analysis, and some of the landmark 

discoveries which have provided a better understanding of the structure 

and composition of these interfaces. From an analytical chemist's 

viewpoint, it is useful to categorize these experimental investigations 

as in-situ or ~-situ depending on the nature of the sampling 

environment. 

In-Situ Investigations of the Electrochemical Interface 

Electrochemical Methods 

A. Capacitance Measurements 
. 

An overwhelming majo~ity of capacitance measurements have been 

carried out at liquid Hg electrodes in a dropping Hg electrode (DME) 

arrangement. The DME is extremely attractive, because it provides an 

extraordinarily clean, smooth, and reproducible surface compared to 

solid electrodes. In addition, the liquid form of this metal exhibits 

a measurable surface tension from which one can determine the potential 

of zero charge (zero "excess" charge on the metal) and double layer 

capacitance, C. 

The ability to determine capacitance is important because it allows 
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the experimental test of GCS theory, which predicts a double layer 

capacitance with two components: 1/C - 1/CH + 1/CD, where CH corresponds 

to the capacitance of charges held at the plane of closest approach, or 

the outer Helmholtz plane (OHP) , and CD corresponds to the capacitance 

of charge associated with the diffuse layer. Therefore, the GCS theory 

predicts that the smaller of these two values dominates the overall 

capacitance behavior. Near the potential of zero charge (PZC) , GCS 

theory predicts a minimum in capacitance with dilute, nonadsorbing, 

electrolyte solutions (e.g. 10-2 M), since the double layer is the most 

"diffuse" at the PZC (a result of zero excess charge on the metal). At 

extreme negative or positive potentials and larger concentrations, CD 

becomes so large that it no longer contributes to C, and one should only 

observe CH' which is predicted to be independent of electrode potential. 

A schematic representation of the capacitance behavior predicted by 

GCS theory is sho\Vn in Figure 1.2 along with experimental results of NaF 

behavior in aqueous media at a Hg electrode. Clearly, the experimental 

results are largely consistent ,~ith the behavior predicted by the GCS 

model. Ho\~ever, it appears that CH is not truly independent of 

electrode potential. This problem is handled by refinements in the GCS 

theory [1.20], which are designed to take into account the structure of 

the dielectric in the compact layer and differences in the distance of 

closest approach for anions and cations. However, the impact of 

chemical interactions on structure is difficult to calculate and is, 

-------_. "-.-"_. 
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perhaps, more adequately addressed by experiment, as discussed later. 

The ability to determine the potential of zero charge (PZC) is 

important, because it describes a unique condition where there is zero 

excess charge on the metal and where the amcunt of anionic charge 

equals the amount of cationic charge in the interface. Consequently, it 

is a potential where neutral organics strongly adsorb, unique wetting 

phenomena occur and unique electrochemical kinetic behavior is observed 

[1.21]. Experimentally, the PZC is typically defined as the potential 

where a minimum in double layer capacitance is observed in dilute, 

nonadsorbing, electrolytes. Determination of the PZC is well 

established for liquid Hg electrodes; however, this is not true for 

solid electrodes where contamination is greater and surface structure 

is often poorly understood. In addition, solid surfaces are not 

amenable to electrocapillary measurements used for liquid Hg electrodes. 

The location of the PZC is known to depend on the type of metal 

[1.22], solvent [1.22], and electrolyte [1.23]. Trasatti [1.22] has 

shown a good correlation of PZC with work function of the metal. It 

should be noted that only a handful of metals have been studied in a 

limited number of electrolytes. A correlation of PZC with the donor 

number of the solvent has also been reported [1.22]. These data 

suggest that chemical interactions can play an important role in 

controlling interfacial structure. 

GCS theory predicts no shift in the PZC with changes in electrolyte 

concentration. Experimentally, no shift is observed for NaF in aqueous 
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media at Hg. However, this is not true for NaC1, KBr, or KI solutions 

[1.23]. These electrolytes exhibit a PZC shift of 1 V to more negative 

values as the concentration is changed from 0.01 M to 1.0 M. This shift 

in PZC is presently used as a reliable indicator of specific adsorption 

(short-range chemical interaction) of charged species, and is known as 

the Esin-Markov effect. Therefore, these data suggest that Br-, Cl-, 

and 1- are specifically adsorbed at Hg, while F- is not. 

The thermodynamics and theory of the diffuse double layer are well 

established and appear to be basically correct. In contrast, the nature 

of adsorption at the interface is much less well-understood. This is 

especially true of specific adsorption of ions, i.e. chemical 

interaction with the surface. It is generally believed that specific 

adsorption involves direct contact of ions with the surface, i.e. with 

no solvent molecules between the ion and the surface. However, it has 

been suggested [1.24, 1.25] that ions like N03- and CI04- are 

specifically adsorbed at Hg with a layer of water molecules separating 

the ions from the metal. There is also considerable disagreement 

regarding the origins of double layer capacitance as a function of 

potential, which arguably arises from solvent orientation and/or anion 

adsorption. These observations suggest there is much to learn 

regarding the nature of ionic, as well as neutral organic, adsorption 

in the electrochemical interface. 

One of the most useful aspects of the dropping Hg electrode and 

associated surface tension measurements is the ability to obtain the 

.. _-- . -----------



39 

"relative excess surface coverage", rr (mole/cm2), of cations and anions 

at the interface, i.e. the concentration of ions relative to the 

concentration of water molecules. More rigorously, in the case of KBr: 

(1.1) 

and 

(1. 2) 

where X = mole fraction. This is obtained through the electrocapillary 

equation, which is fairly cumbersome as a general equation [1.20]. 

Ho,~ever, in the case of aqueous KBr solution one can write: 

(1. 3) 

where ~ is the surface tension, ~ is electrochemical pote~tial, and E 

is electrode potential. Since 

o 
~KBr = ~KBr + RTlnaKBr (1. 4) 

one obtains 

rK,r = -l/RT(a~/alnaKBrh (1. 5) 

where a is activity. This equation implies that one can calculate rK,r 

at any potential, E, by measuring the surface tension for several KBr 

activities. The relative surface excess of Br- could then be evaluated 

from the charge balance equation: 

(1. 6) 

where oM is the excess charge on the metal determined from the slope of 

~ versus E at a given potential. Devanathan and Canagaratna [1.26] have 

used this approach to evaluate the adsorption behavior of Br- and K+ at 

Hg in aqueous solution. As shown in Figure 1.3, these authors find 
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that, positive of the PZC, a change in electrode charge is countered by 

more than an equivalent charge of Br-. These data strongly 

support, in a quantitative fashion, the idea that Br- is specifically 

adsorbed at potentials positive of the PZC. Moreover, a positive excess 

of K+ is observed at these positive potentials, and is explained by the 

necessity to compensate for the "superequiva1ent adsorption" of Br-. 

Interestingly, a positive excess of Br- is observed even when the 

surface has a slight negative excess charge. This suggests that 

specific adsorption is so strong that it can even withstand the 

opposing cou1ombic forces from the negatively charged surface. These 

studies clearly indicate that chemical interactions can play an 

important role in controlling interfacial ionic composition. 

As these pages testify, capacitance measurements have provided a 

tremondous amount of insight regarding the structure and composition of 

the electrochemical interface and, in particular, its potential

dependence. However, there appears to be some debate regarding the 

ability of capacitance measurements to reveal structural details such 

as interfacial solvent orientation. In addition, electron transfer 

kinetics are more readily evaluated using other analytical methods. 

These questions are addressed by electrochemical and spectroscopic 

techniques described below. 

- -_ .. _---- - ----------- ---_.------



B. Coulometry and Voltammetry 

These electrochemical techniques involve counting electrons or a flux 

of electrons (current) as a function of applied potential. As such, 

they are useful for the evaluation of many thermodynamic properties 
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such as bond strength between the surface and adsorbate (8Heds ), the 

tendency of molecules or ions to adsorb (8Geds ), and the electrochemical 

reactivity (8Gr~) when electron transfer is involved. This is evident 

from the Arrhenius equation in its most general form. Electron transfer 

kinetics can also be readily evaluated, since the relation between the 

current i and the electron transfer constant k is: 

(1.7) 

where n is the number of electrons transferred, F is the Faraday, Co is 

the bulk concentration of analyte, and A is the electrode area. 

However, since the work presented in this dissertation does not 

directly involve the calculation of surface thermodynamics or electron 

transfer kinetics, the associated equations and methodologies will not 

be presented here. 

In general, coulometric and voltammetric methods do not yield 

molecularly-specific information such as orientation, bonding and 

molecular identity. For example, a characteristic redox potential can 

help identify a species, but that potential is not necessarily a unique 

molecular signature. Recently, however, it has been shown that 

molecular orientation of aromatic molecules at a Pt surface can be 

evaluated using thin layer voltammetry (TLV) [1.27]. The utility of TLV 

----------- ---------- ----------------------. -



for molecular orientation determination is extremely relevant to this 

dissertation and our understanding of molecular structure in the 

electrochemical interface. Consequently, a brief summary of results, 

strengths, and limitations of this TLV approach is appropriate. 
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The TLV method employed by Hubbard and Soriaga [1.27] is used to 

obtain precise measurements of molecular orientation of aromatic 

molecules at Pt in the presence of aqueous electrolyte solutions. 

Experimentally, the idea is to quantitatively react the adsorbed layer 

and measure the total charge transferred, Q, from which one can extract 

the absolute surface coverage, r, using: 

r - Q/nFA (1. 8) 

The number of electrons transferred, n, and the surface area, A, must 

be known. Comparison of experimental r values with values calculated 

for various possible molecular orientations yields the predominant 

orientation of the adsorbed molecules. One study [1.28] of 40 aromatic 

compounds representing ca. 8 different functional groups at Pt revealed 

changes in molecular orientation and bonding when a parallel-oriented 

adsorbed layer was exposed to a strongly surface-active anion such as 

iodide. In particular, it was observed that alkyl substituents 

stabilize adsorbed aromatic compounds toward displacement by iodide, 

and that aromatic molecules attached to the surface by an SH group are 

not displaced by iodide. The importance of analyte concentration in 

controlling orientation was also studied [1.29]. In general, it is 

found that when Co > 1.0 mM, these aromatic molecules are oriented 

-------_.- ... -. 
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"standing up" with a ring in a plane largely perpendicular to the 

surface, and when Co < 1.0 rnM, they are oriented with the ring parallel 

to the surface. However, anthraquinones are adsorbed parallel to the 

surface and are not influenced by changes in concentration. 

The effect of temperature [1.30], weakly surface-active 

electrolytes [1.31], surface roughness [1.32], and nonaqueous solvents 

[1.33], on the orientation of aromatic compounds at Pt has also been 

studied. The latter two studies are relevant to this dissertation. 

From these investigations, increased Pt surface roughness appears to 

decrease r at equivalent bulk solution concentrations, indicating a 

breakdown in cooperative adsorption/reorientation phenomena and 

disruption of optimum conditions for stable bonding in the edgewise 

orientation. Hubbard and coworkers [1.33] also studied the effect of 

nonaqueous solvents on aromatic adsorption at Pt. These authors 

demonstrate that, through a judicious choice of solvent (e.g. 

acetonitrile versus dimethylsulfoxide), one can promote different 

orientations (and, indeed, electrochemical reactivity!) of an aromatic 

molecule, tetrahydroxy-bipheny1, at Pt. These results further support 

the need to understand interfacial structure and the chemical 

interactions \l7hich ultimately affect this structure. 

While the advantages of TLV appear numerous, there exist a few 

drawbacks. First, the molecule of interest must be electroactive in 

the accessible potential window of the electrolyte, thus the study of 

aldehydes, phenols, and quinones, described above. In addition, the 
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method works well for mM concentrations of organic molecules in water, 

but would have much trouble discriminating between interfacial solvent 

molecules and bulk solvent molecules in a study of interfacial solvent 

structure. 

Spectroscopic Methods 

A. UV-Visible Absorption Spectroscopy 

45 

One of the first spectroscopic approaches to double layer 

investigations was the use of uv-visible absorption spectroscopy [1.34]. 

Initially, these experiments were performed in the transmission mode at 

optically transparent Au electrodes (aTE) [1.35]. This is an attractive 

approach for the evaluation of kinetics whose products and reactants 

absorb at different visible wavelengths. The primary advantage of uv

visible spectroscopy for kinetics measurements is the absence of 

interference from charging processes and faradaic processes such as O2 

reduction. However, sensitivity is poor due to the short path length 

which is essentially the diffusion layer thickness. In addition, this 

approach requires an aTE and species which absorb at uv or visible 

wavelengths. 

Alternatively, MCCreery [1.36, 1.37] used a parallel absorption 

method (PAM) \.,here the light beam is aligned parallel to the electrode 

surface and, therefore, samples molecules at a set distance from the 

electrode surface. This was the first time concentration-distance 

profiles could be experimentally obtained. S~nsitivity is also improved 
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due to the longer path1ength. However, the beam diameter of 5-8 pm 

precludes characterization of the double layer region which extends 

only 100-300 A into solution. 

B. X-Ray Absorption Fine Structure (EXAFS) 

It has recently been shown that x-rays can be used to probe the 
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in-situ electrochemical interface. The high intensity and wavelength 

tunability of x-rays from synchrotron sources have made these 

experiments possible. EXAFS allows the determination of bond distances, 

coordination number, and oxidation state of heavy metal centers. A 

recent review of EXAFS and applications for study of electrochemical 

interfaces are given by Abruna and coworkers [1.38]. For example, EXAFS 

has been used to evaluate metal-metal bond distances in mixed metal 

systems such as Cu on Au(lll), Ag on Au(lll), Pb on Ag(lll) and Cu on 

Pt(lll). Metal-nitrogen bond distances have also been determined at 

electrodes modified with [M(v-bpY)3]2+ (M=Ru,Os) which is electro

polymerized onto a Pt electrode in contact with CH3CN / 0.1 M TBAP 

solution. Furthermore, EXAFS can be used to monitor changes in the 

oxidation state of the metal inside the polymer film. For example, the 

electro-oxidation of Ru(II) to Ru(III) in the polymer film has been 

detected with EXAFS [1.38, 1.39] 

EXAFS is clearly an extremely attractive complement to Auger 

electron spectroscopy and low energy electron diffraction which require 
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an ultrahigh vacuum environment. One of the primary disadvantages, 

hml1ever, lies in the availability of the synchrotron source. 

C. Infrared Spectroscopy 

47 

Vibrational spectroscopies are extremely popular in-situ probes, 

because they have the ability to unambiguously identify molecular 

species, and can, in many cases, reveal information about the nature of 

chemical interactions. A major obstacle for the development of in-situ 

vibrational methods is the problem of poor sensitivity and poor 

selectivity for interfacial species. Good sensitivity is required due 

to the 10\" surface concentrations of analyte which are on the order of 

10-11 moles/cm2 for a monolayer of adsorbed material. The method must 

also discriminate effectively against bulk solvent species which are 

generally more numerous than the number of surface species sampled. 

Infrared and Raman spectroscopy have recently provided the most 

detailed, molecularly-specific information concerning molecules in the 

electrochemical interface. As a result, there has been interest in 

developing these techniques with the requisite surface selectivity and 

sensitivity. The development of IR methods must address several 

problems. IR cell windows are generally not available for ~he 

transmission of low frequency photons «200 em-I). An additional 

problem is that IR detectors generally exhibit extremely poor 

sensitivity for IR radiation below 200 cm- 1 • Another major obstacle is 

the problem of strong IR absorption from polar solvents, particular 
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water, which limits the spectral region of study. However, a number of 

experimental designs have been used to circumvent the problem of bulk 

solvent interference. The most successful designs have been 

electrochemically modulated IR spectroscopy (EMIRS) and infrared 

absorption spectroscopy (IRRAS). 

Electrochemically Modulated Infrared Spectroscopy (EMIRS) 

EMIRS involves acquisition of IR spectral information while 

modulating the electrode potential at some frequency (usually about 10 

Hz) between two appropriate electrode potentials. The potential limits 

are chosen such that at one potential the reaction or adsorption of 

interest occurs, while no reaction or adsorption occurs at the second 

potential. The difference in IR absorption is measured at these two 

potentials and the spectrum obtained from a ratio of these values. 

This approach provides spectral discrimination of bulk species from 

surface species, since the absorbance from bulk species does not vary 

with potential. 

A major drawback to EMIRS is that the resulting spectrum often has 

a bisignate shape, much like a differential absorption band, which is 

difficult to interpret because a large number of original spectra can 

often account for the resulting spectrum. As a result, the actual peak 

frequency can be ambiguous using EMIRS. 

Despite these drawbacks, EMIRS has been applied to the study of CO 

adsorption on Pt [1.40, 1.41] and methanol oxidation at Pt [1.42]. Both 
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reactions are technologically important in terms of the oxidation of 

organic fuels. Results from EMIRS experiments suggest that linear 

bonded CO is the dominant poison in the oxidation of methanol at Pt in 

acidic solutions [1.42]. 

Polarization-Modulated Infrared Reflectance 
Absorption Spectroscopy (IRRAS) 

This technique allows discrimination of surface species from bulk 

solvent by modulating the incident IR polarization between parallel-

polarized and perpendicular-popularized (usually at 70 Hz). When the 

incident light is polarized perpendicular to the plane of incidence, 

the phase shift between the incident and reflected waves is 180 0 for 

all angles of incidence. Therefore, the sum of the electric field 

vectors at the surface is zero [1.43, 1.44]. Consequently, in theory, 

perpendicular-polarized radiation only samples the bulk solvent species. 

When the incident light is parallel-polarized, the incident angle 

can be adjusted such that the incident wave and reflected wave are 90 0 

out of phase. This gives an elliptical standing wave which provides a 

significant electric field normal to the surface. Therefore, parallel-

polarized light samples both the solution species and the surface bound 

species. An IR spectrum of the interfacial molecules can then be 

obtained by subtraction. 

Polarization modulation methods offer a few advantages over EMIRS. 

The major advantage is that spectra are obtained at a constant 

potential. This allows the unambiguous interpretation of parameters 
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such as peak frequency or a shift in peak frequency, neither of which 

can be unambiguously determined using EMIRS [1.45, 1.46]. The greatest 

problem with IRRAS is that it is not very selective for surface species. 

Spectral interference from bulk solvent molecules is often a severe 

problem [1.47]. Consequently, the technique of choice largely depends 

on the type of information needed as well as the chemical nature of the 

system under study. Finally, it is worth noting that IRRAS has been 

used quite successfully for the study of adsorption and oxidation of CO 

on Pt as applied to fuel cell problems [1.48 - 1.50]. 

D. Raman Spectroscopy 

Raman and infrared spectroscopy are often considered complementary 

techniques with respect to their different selection rules. For 

example, Raman spectroscopy is more sensitive to totally symmetric 

vibrations, while IR is more sensitive to antisymmetric modes. In many 

cases, however, Raman spectroscopy offers several advantages over IR 

spectroscopy. Raman spectroscopy is generally more useful for studying 

aqueous systems, since water is a weak Raman scatterer and, therefore, 

gives little spectral interference. Low frequency metal-ligand 

vibrations down to about 5 cm-1 are also accessible using Raman, since 

spectral response of the detector is very wide and cell windows are 

transparent to the scattered visible radiation. Moreover, Raman is 

useful for the study of fast chemical events, and is only limited by the 

width of the laser pulse (femtosecond time scale). Another advantage of 
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Raman is that it permits a more precise two-dimensional mapping of 

surface composition, because the visible light in Raman can be readily 

focused down to a few ~m [1.51]. More recently, a one ~m beam diameter 

has been reported [1.52]. In comparison, IR radiation can only be 

focused down to 10 to 15 ~m, depending on the wavelength [1.53]. 

Although detection schemes are fairly sensitive in Raman 

spectroscopy, inherent scattering efficiency is poor. The stray light 

and detection noise can easily swamp the small number of inelastically 

scattered photons from monolayer or submonolayer coverage of adsorbate 

(about 1014 _1015 molecules/cm2). A number of workers have circumvented 

this problem, in part, by using a triple monochromator or filters for 

better discrimination against stray light. Multichannel detection 

schemes have also been used to decrease noise and allow faster 

acquisition of spectra [1.54]. In addition, two methods have been 

widely used to enhance the amount of Raman scattered light originating 

from species at electrode surfaces. These methods are resonance Raman 

spectroscopy (RRS) and surface-enhanced Raman spectroscopy (SERS). In 

the absence of surface enhancement, an approach termed surface

unenhanced Raman spectroscopy (SUERS) may be used. Each of these 

methods will be discussed in turn. 

Resonance Raman Spectroelectrochemistry (RRSE) 

The most useful characteristic of resonance Raman spectroscopy 

for electrochemical studies is that laser excitation within an 
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electronic absorption band results in enhancements of the Raman signal 

by factors as large as 105 to 106 for certain vibrational modes of 

adsorbates or electrogenerated species. This technique has been used 

extensively for the study of reaction kinetics at electrodes, because 

usually the concentration of intermediates is low making increased 

sensitivity highly desirable. Van Duyne and coworkers [1.55] have used 

RRSE to study the one-electron oxidation of tetramethyl-p-phenylene

diamine (TMPD) to its cation radical, TMPD+*, at Pt. Simic-Glavaski and 

coworkers [1.56 - 1.58] have made extensive use of RRSE to study the 

adsorption of phthalocyanines at Ag, Au and other electrodes. 

In some cases, selectivity can be enhanced by the appropriate 

choice of laser excitation frequency. The incident laser frequency can 

often be set to a value near the frequency for electronic absorption in 

the molecule. This will help discriminate against bulk solvent, 

solution species, or reaction species. 

The major problem with RRSE is that it is extremely molecule 

dependent, i.e. only those molecules with accessible electronic 

absorption frequencies can be studied with this technique. Therefore, 

unless the molecule of interest is highly colored and has an extinction 

coefficient greater than 1000 M-1cm-1, RRSE is of limited use. 

Surface-Enhanced Raman Scattering (SERS) 

A second enhancement approach which allows for the study of 

submonolayer amounts of surface species in electrochemical systems is 

surface-enhanced Raman scattering (SERS). SERS provides a 104 to 106 
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enhancement of the Raman signal from molecules adsorbed at or within ca. 

50 A of certain metal surfaces. At this time, SERS has only been 

documented for a limited number of metal surfaces: Ag [1.59 - 1.62], Cu 

[1.63 - 1.65], Au [1.66 - 1.68], Li [1.69, 1.70], K [1.71,1.72], and 

Na [1.73 - 1.76]. However, the advantage of SERS over resonance Raman 

scattering is that, for the most part, SERS is not adsorbate specific. 

Seki [1.77) has recently compiled a list of adsorbates which have been 

detected using SERS. These include such species as halides and 

organics. 

SERS was first discovered in 1974 by Fleischman, Hendra and 

Mcquillan [1.78) who employed Raman spectroscopy for the first time, to 

directly study the adsorption of molecules at electrodes. These authors 

observed high quality Raman spectra from pyridine adsorbed on an 

electrochemically roughened Ag electrode surface, and attributed the 

large signals to the increased surface area resulting from the 

electrochemical pretreatment· and the possibility that multilayers are 

formed. It was soon realized by Jeanmarie and Van Duyne [1.79], and 

independently by Albrecht and Creighton [1.80], that the apparent Raman 

scattering cross-section must undergo an increase of 105 to 106 for the 

adsorbed molecule. It is this discovery that propelled Raman 

spectroscopy into the realm of surface analysis. In addition to this 

tremendous sensitivity, SERS is selective for the first few molecular 

layers and exhibits all the advantages of normal Raman spectroscopy, 

including molecular specificity, large spectral range (5 to 4000 cm-1 ) , 
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little spectral interference from aqueous solvent, and the ease of 

handling and focusing visible light. 
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SERS has been used successfully for the evaluation of aqueous 

interfacial solvent structure at Ag electrodes. As an example, the 

orientation of interfacial water molecules [1.81] and even OH- ions 

[1.82] have been evaluated using SERS. In particular, it is found that 

in the presence of cations with large hydration energies (e.g. Li+, Na+, 

Ca2+, Mg2+) , interfacial water molecules are oriented with the oxygen 

end directed away from the electrode surface and in the presence of low 

hydration energy cations (Cs+, Rb+, K+), the oxygen is directed toward 

the surface. These results suggest that SERS is an attractive probe of 

interfacial solvent structure. Similarly, SERS reports of OH- have 

suggested that two distinct OH- orientations may exist at the aqueous

Ag interface [1.82, 1.83J. 

Normal Raman Scattering from Surface-Adsorbed Molecules 

In 1982, Campion and coworkers [1.84] demonstrated that observation 

of normal Raman scattering from adsorbates in an ultra-high vacuum (UHV) 

environment was possible. The detection of a submono1ayer amount of 

nitrobenzene on Ni (111) was made possible by the use of a photodiode 

array multichannel detection scheme. This approach offers the advantage 

of general applicability in terms of adsorbate as well as substrate. In 

addition to the observation of many adsorbates with large scattering 

cross-sections (nitrobenzene [1.85], pyridine [1.86], p-aminobenzoic 
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, 

acid [1.87], and p-nitrobenzoic acid [1.87]), ethylene [1.88] has been 

observed on a Ag (110) surface at a submonolayer coverage (0.5) at 100 

OK. Ethylene is a significantly weaker Raman scatterer than these 

others, as it has a scattering cross"section more than a factor of ten 

smaller than nitrobenzene. The spectra in these studies were obtained 

with the use of a colored glass filter to eliminate detection of the 

laser line. As a result, only spectra greater than 600 cm-1 are 

obtained. 

More recently, there have been scattered reports of detecting 

surface species in-situ at "unenhancing" metals such as Pt and Rh. 

Ho\vever, it should be noted that enhancement factors (EF) for Pt and Rh 

have been reported as nonzero in both theory (EF = 76 [1.89] and EF = 

134 [1.89], respectively) and experiment (EF = 10 [1.90] and 100 [1.91], 

respectively). The first example of in-situ SUERS was reported in 1988 

by Campion and cmvorkers where the potential-dependence of 4-

cyanopyridine in water at polycrystalline Rh was detected [1.92] using 

a photodiode array (17 minutes, 250 mW, 476.5 nm, S/N=2). Pyridine has 

also been detected at Rh electrodes in the presence of 1 M KOH using 

PMT detection (200 ml", 514.5 nm, S/N=10). 

Several reports of Raman scattering from Pt surface species in-situ 

have also appeared in the literature. The detection of perchlorate in 

water at polycrysta1line Pt has reportedly been detected [1.93] using a 

photodiode array (13 minutes, 524.5 nm, 400 mW, S/N=3). However, these 

authors did not publish an investigation of potential-dependence or a 
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comparison with the bulk solution Raman spectrum. The use of FT-Raman 

for in-situ SUERS has also been reported recently [1.94]. Surface 

pyridine was detected at polycrystalline Pt in the presence of 0.1 M KCl 

using 1.064 ~m excitation. The surface spectrum contains bands at 1010 

cm- l and 1577 cm- l which are quite different in relative intensity and 

frequency (1577 versus 1595 cm- l ) from the bands in the SERS spectrum 

from Au or Cu. It should be noted that a Raman spectrum of bulk 

solution was not presented, nor are the frequencies or relative 

intensites from bulk solution mentioned. It is also curious that the 

laser power and number of interferometer scans is not reported, 

although it is reported for all other spectra in the manuscript. Raman 

spectra from pyridine are reported [1.90] at e1ectrodispersed Pt 

electrodes in the presence of 0.1 M Na2S04 using PMT detection (150 mW, 

524.5 nm, S/N=20-50). 

In summary, there appears to be much reason for optimism in the 

growth of SUERS as a surface analytical tool. The technique of normal 

or unenhanced Raman spectroscopy at metals will be useful for studying 

a wide variety of catalytic surfaces in the UHV environment and emersed 

electrode systems. As a result of its low SIN ratio and small spectral 

range, however, it is presently of limited use for studying the in-situ 

electrochemical interface. While surface species have clearly been 

observed at Rh in-situ, there appears to be some question regarding the 

reports claiming detection of surface species, in-situ, at smooth Pt. 

It is this author's belief that SUERS is still in its infancy and will, 
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undoubtedly, become a more widely used surface analytical tool as 

detection schemes become more sensitive and more discriminating. 

Ex-Situ Investigations of the Electrochemical Interface 

Introduction 

57 

The ~-situ, or emersed, interface is defined as an electrode

electrolyte solution interface which has been removed from its 

electrochemical environment and transferred to vacuum or inert gaseous 

atmosphere. There are many potential advantages to studying the emersed 

interface versus the in-situ interface as described below. However, 

there is presently much debate regarding the validity of the emersed 

interface as a model of the in-situ electrochemical interface. This 

discussion addresses questions surrounding this debate and reasons for 

studying the emersed electrochemical interface. 

Ex-Situ studies of the electrochemical interface are an attractive 

alternative for elucidating interfacial structure which cannot be 

detected in-situ. For example, if the interface can be transferred to 

UHV intact, then a host of surface spectroscopies can be performed 

giving such information as arrangement of surface atoms (LEED, STM), 

oxidation state (AES,XPS), atomic composition (SIMS, AES, XPS) and 

detailed electronic structure (UPS). Furthermore, an emersed interface 

which is void of bulk solvent molecules, has the advantage of enhanced 

selectivity for surface species. This improved surface selectivity is 

particularly attractive for infrared spectroscopy which presently 
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suffers from the inability to completely discriminate against the bulk 

solvent. However, only a couple of authors [1.95, 1.96] have reported 

taking advantage of emersion for IR investigations of the 

electrochemical interface. These results are discussed later in regard 

to emersion of the "molecular" double layer. It is even more surprising 

that there is only one report of Raman spectroscopy of the emersed 

electrochemical interface [1.97]. The primary impetus for these studies 

is the possibility of dramatically improving selectivity for molecules 

at smooth, unenhancing, catalytic metal surfaces, such as Pt, Ni, Pd, 

and Rh. However, the validity of emersion is only gradually being 

accepted by the electrochemical community. 

One might ask what constitutes a valid emersion of the 

electrochemical interface from its in-situ environment to some inert, 

gaseous ex-situ sampling environment. There appear to be several 

criteria: (1) no change in electrode ~otentia1 (2) no change in surface 

charge, (3) no change in interfacial bonding, and (4) no change in 

molecular orientation. It is significant that the first two criteria 

have been widely investigated (and in many cases met), while there are 

few reported investigations of the last two criteria. One of the goals 

of this dissertation work is to address these last two criteria using 

Raman spectroscopy. To put this work into perspective, it is useful to 

summarize studies which have addressed these criteria for valid 

emersion of the electrochemical interface, and which have shown the 
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utility of ~-situ studies for better understanding interfacial 

structure and reactivity. 

Ex-Situ Spectroscopic Investigations 

A. Is the electrode potential maintained during emersion? 

59 

The potential of an emersed electrode can be determined by its 

work function, because electrode potential, E, and work function, ~, 

represent the same quantity, the electrochemical potential of the 

electrons in the metal. Thus, a change in E by 1 V corresponds to a 

change in ~ by 1 eV. A linear plot of 8~ (eV, ~-situ) versus E (V, in

situ) with a slope of unity suggests that the electrode potential is 

maintained during emersion. Experimentally, 8~ has been evaluated using 

a vibrating Kelvin probe capacitor [1.98] or ultraviolet photoelectron 

spectroscopy (UPS) [1.99]. Using these tools, it is found that 

po1ycrystalline Au [1.99], po1ycrystalline Ag [1.99], polycrystalline 

Pt, Sn02, and AU203 [1.98] can be emersed hydrophobica11y (no bulk 

electrolyte solution) from electrolyte solutions. However, the validity 

of emersion of the bare surfaces is limited to potential regions of 

nonfaradaic reactions. The formation of oxide in-situ causes deviations 

in the plot of 8~ versus E. One explanation is the possibility of 02 

reduction after emersion which "consumes" electric charge from the 

double layer. 

----------------_.- --



60 

B. Is surface charge maintained during emersion? 

The surface charge, qm' of an emersed metal electrode is typically 

determined from surface resistance measurements or electroreflectance 

spectroscopy. It has been shown that the relative resistance change, 

~r/r, of a thin metal film as well as the relative reflectance change, 

~R/R, of a metal electrode depend on qm [1.100, 1.101]. Using these 

methods, it has been shown that surface charge is maintained during the 

emersion of polycrystalline Au and Ag(lll) electrodes from 0.5 M NaF 

aqueous solution [1.100, 1.101]. 

C. What is the relative atomic composition and oxidation state of 
atoms in the emersed double layer? 

The classical test of chemical composition of the electrochemical 

double layer is x-ray photoelectron spectroscopy (XPS) quantitation of 

anions and cation surface coverage for an emersed electrode as a 

function of emersion potential [1.101]. The results for Cs+ and Br- at 

Au are shown in Figure 1.4. As expected from electrostatic 

considerations, the surface concentration of Cs+ increases continuously 

as the Au surface is charged more negatively, and the surface 

concentration of Br- increases as the surface is charged more 

positively. Note that at ca. -0.5 V, the Br- and Cs+ surface coverages 

ar,e equal. This indicates that one can de,termine the potential of zero 

charge (PZC) from XPS measurements at emersed electrodes and that, in 

this case, the PZC is located at -0.5 V. 

The potential-dependent atomic compositions of emersed Au 
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Figure 1.4 
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electrodes were studied for a variety of electrolytes by Hansen and 

Kolb [1.102]. Surface concentrations of Cs+, Cl-, Br-, and I- on poly

crystalline Au versus potential were determined from the height of XPS 

signals for the corresponding 3ds/2 level for Cs, 3d3/2 for I, 3P3/2 
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for Br, and 3Pl/2,3/2 for Cl. The potential-dependent surface coverage 

behavior was found to be similar to in-situ behavior. It: has also been 

shown [1.102] that Cu and Pb can be underpotentially deposited onto 

Au(lll) and polycrystalline Au, respectively, and transferred to the 

UHV in a quantitative fashion. These results demonstrate that foreign 

metal atom adsorbates as well as ions can be emersed quantitatively at 

a variety of electrode potentials, thereby supporting the validity of 

emersion with respect to atomic composition. 

In addition, the valence state of emersed adsorbates can be 

determined by measuring chemical shifts in XPS spectra. This has been 

demonstrated for Cs+ at polycrystalline Au [1.102] where the ~BE 

(binding energy) is linearly related to ~E, indicating that the Cs+ ion 

"feels" the potential drop across the double layer in full. These 

data further suggest that the ionic double can be emersed intact. 

D. What is the atomic structure of the emersed interface? 

Surface reconstruction due to specific adsorption has been 

postulated to explain features in electrochemical measurements [1.103], 

but only recently has it been proven that anion-induced reconstruction 

actually occurs. This is made possible by electron diffraction studies 
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of emersed electrodes [1.104, 1.105]. For example, it is found using 

RHEED (reflection high energy electron diffraction) that the surface 

structure of Au(100)-(sx20) is maintained in H2S04 and HCl04 in the 

potential region where no specific adsorption occurs. However, at the 

most positive potentials where Cl04- and S042- are specifically adsorbed, 

there is immediate re-structuring of the surface to yield a (lxl) 

structure. Atomic structure of emersed interfaces has also been studied 

by Hubbard and coworkers [1.106]. These authors used LEED (low energy 

electron diffraction) to study the anion-induced reconstruction of 

Ag(lll) and Pt(lll) in a variety of electrolyte media, including F-, 

Cl-, Br-, 1-, and K+. It is found, for example, that the Ag(lll) surface 

is reconstructed in 1- solutions, but not in the other solutions. 

These results are an elegant demonstration of one of the advantages 

which accrues to the study of the emersed electrochemical interface, 

namely the determination of atomic surface structure. Furthermore, 

these studies support the idea that atomic surface structure at the 

electrochemical interface can be emersed intact. 

E. Is the "molecular" double layer structure maintained during 
emersion? 

Compared to the number of atomic structural and composition 

studies, there have been very few studies ~egarding the validity of 

emersing the "molecular" double layer. This question addresses the last 

two criteria for a valid emersion of the electrochemical interface: (1) 

no change in interfacial bonding and (2) no 'change in molecular 
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influence bonding and orientation is the thickness of the emersed 

solvent layer. Two studies of aqueous solvent layer thickness at metal 

electrodes emersed into Ar atmosphere have been reported [1.107, 1.108]. 

Wagner and Ross [1.107] reported a water thickness of 103 to 104 A for 

Pt(100) and eu(lll) emersed from NaF solutions, and Gordon [1.108] 

reported a thickness of 38 A on a Ag electrode emersed from 0.1 M NaF 

into water vapor-saturated Ar. The extent to which such behavior is 

typical of electrode-aqueous systems remains to be determined. The 

dependence of solvent thickness on electrode material or type of 

solvent is unknown. 

When the emersed interface is transferred to the UHV environment 

and analyzed by XPS or AES, it is found that water solvent molecules 

are largely undetected, apparently due to their absence at the surface 

[1.109]. This observation suggests that an alternate approach must be 

used to evaluate emersed interfacial ~olvent structure. One could 

possibly study more strongly adsorbing solvent molecules, such as 

dimethylsulfoxide (DMSO), or transfer the emersed interface to a higher 

pressure, or vapor-saturated enyironment. The first approach has been 

used by Hubbard and coworkers [1.110]. These authors demonstrated that 

strongly adsorbed molecules such as thiophenol and dimethoxyrnethylbenzyl 

(DMBM) mercaptan at Pt(lll) are not altered by exposure to UHV. These 

are obviously not solvent molecules, but they illustrate the point. 

Using HREELS (high resolution electron energy loss spectroscopy), these 

authors demonstrated that thiophenol is adsorbed through the S atom. 
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authors demonstrated that thiopheno1 is adsorbed through the S atom. 

Low energy electron diffraction (LEED) results suggest no long range 

order except in the case of DMBM. In the case of substituted thiophenes 

at Pt, HREELS is used successfully for the determination of potentia1-

dependent molecular orientation [1.110]. At negative potentials, 3-

thiophene carboxylic acid appears to adsorb through the S atom only, 

while at positive potentials, it adsorbs through both the S atom and 

the carboxylate group. The primary drawback of HREELS and LEED, 

however, is that they require the species to be strongly adsorbed in 

the presence of ultrahigh vacuum. An alternate approach for weakly 

adsorbed species is discussed below. 

Infrared spectroscopy has been used to study molecules and ions at 

electrodes emersed at atmospheric pressure. For example, Cl04-, S042-, 

crystal violet [1.111, 1.112] and OCN- have been detected at emersed Au 

electrodes. However, these studies did not address interfacial bonding 

or orientation, and there was no comparison with in-situ spectra. 

Consequently, the validity of emersing the "molecular" interface has 

not been addressed using IR spectroscopy. 

Even fewer emersed electrode investigations have reported the use 

of Raman spectroscopy. Pettinger and Tiedemann [1.113] reported the 

use of a periodical immersion-emersion Raman spectroscopic approach to 

detect crystal violet adsorbed at Pt emersed from aqueous solution. 

Detection of crystal violet has the advantage that it is resonance 

Raman active. In addition, these electrode~ were only emersed at open 
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circuit potential; thus, the potential-dependence of emersing this 

"molecular" interface is not known. The presence of solvent molecules 

at emersed electrodes has also not been reported, in spite of their 

well-known importance in electron transfer kinetics. 

Investigations of Nonaqueous-Electrode Interface Structure 

Reasons for studying the nonaqueous electrochemical interface are 

numerous and were presented at the outset of this chapter. This 

section provides some background regarding previous investigations of 

nonaqueous interfacial solvent structure. 

Electrochemical Methods 

Until recently, nearly all the work regarding nonaqueous solvent 

structure at metal electrodes involved electrochemical methods. The 

reason for this lies in the fact that Hg is amenable to such studies 

due to its smooth, clean, and defect-free surface. Additionally, 

spectroscopic methods possessing the requisite sensitivity for surface 

species have only been available during the last 10 years or so. 
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Double layer capacitance measurements have been widely used for 

the investigation of solvent orientation. At Hg electrodes, the 

position of the maximum in the entropy versus double layer charge curve 

has usually been interpreted in the literature in terms of solvent 

dipole orientation. This interpretation is based on a two-state 
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molecular model of solvent dipoles at a polarizable interface [1.114], 

which is inadequate for the Hg/so1ution interface in organic solvents 

[1.115]. When more solvent states are allowed, the correlation between 

the position of entropy maximum and dipole orientation is not 

straightforward [1.116]. Consequently, there has been some controversy 

regarding the orientation of organic solvent molecules at Hg electrodes. 

Several workers have used double layer capacitance measurements 

to study solvent orientation in nonaqueous solvents. Grahame [1.117] 

observed a positive shift in the potential of zero charge (PZC) of Hg 

in methanol-water mixtures with greater concentrations of methanol and 

concluded that the methanol dipole is directed away from the surface. 

However, Garnish and Parsons [1.117] concluded from the temperature 

dependence of the double layer capacitance that the reverse orientation 

is preferred. More recently, Fawcett [1.118] has suggested that the 

minimum in capacitance as a function of potential is due to methanol 

dipoles oriented parallel to the Hg electrode. In yet another case, 

Dutkiewicz and Lamperski [1.119] assume that the minimum is ascribed to 

a low polarizability of molecules at the interface caused by cluster 

formation. From these controversial results, it is clear that 

interpretation of capacitance measurements in terms of solvent 

orientation is not straightforward. 

Trasatti has concluded from surface tension measurements at Hg that 

the predominant interaction of the metal with mononitrile and dinitrile 

organic adsorbates is through the cyano functional group [1.122]. The 
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orientation of acetonitrile, propionitri1e, butyronitri1e, 

succinonitri1e, and glutaronitri1e at Hg electrodes was investigated. 

Although it was concluded that the functional group interacts with the 

metal surface, the orientations of bonds relative to the surface 

remains unclear from double-layer capacitance measurements. 

Spectroscopic Methods 
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Surface enhanced Raman scattering (SERS) has been particularly 

useful as an optical probe of interfacial solvent structure. Recent 

examples include the study of acetonitrile [1.120], propylene carbonate 

[1.121], and pyridine [1.122] at Ag electrodes. The SERS study of 

acetonitrile at Ag suggests that the C-N group is generally directed 

away from the surface with the nitrogen solvating Li+ or Na+, while the 

methyl group is at the surface. Acetonitrile adsorption at Pt 

electrodes has also been studied [1.123] using infrared reflection

absorption spectroscopy (IRRAS). This study reports that acetonitrile 

is oriented quite differently at Pt, namely that the molecule is bonded 

to the surface through the nitrogen, and the methyl group is directed 

toward the outer Helmholtz layer where the Li+ cation resides. While 

the SERS of pyridine and benzene have been studied in methanol and 

ethanol solvents [1.124], it is notable that the interfacial structure 

of alcoholic solvents at solid electrodes has not been investigated. 

These few results indicate that there is much to be learned regarding 

nonaqueous interfacial solvent structure. These results also suggest 
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that detailed information, such as solvent orientation and bonding, 

may be determined using vibrational spectroscopy. 

The Alcohol-Metal Electrochemical Interface 
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The electrochemical behavior of alcohols, in particular, has been 

of interest to electrochemists for many years. Methanol reactivity has 

received considerable attention [1.2] due to its importance in fuel cell 

applications. While calculations have been used to propose a variety 

of solvent structures, experimental evidence is lacking. The electro

chemical behavior of more complex and longer chain alcohols has also 

been studied, including that of ethanol [1.125 - 1.132], I-propanol 

[1.133 - 1.135], isopropanol [1.136, 1.137], I-butanol [1.138], 

isobutanol [1.138], 2-butanol [1.138], l-pentanol [1.139], propanediol 

[1.140], and ethylene glycol [1.141 - 1.143]. Studies involving a 

series of alcohols [1.138, 1.144 - 1.147] have been particularly useful 

in understanding some of the factors which control electrochemical 

reactivity. However, interfacial ~lcohol solvent structure remains 

unknown, despite the important role it can play in electrochemical 

reactivity. 

Research Objectives 

In a general sense, "the problem" is dur poor understanding of 

interfacial alcohol structure in electrochemical systems. In an 

attempt to address this question, the orientation and bonding of 
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straight-chain alcohols are studied at Ag electrodes using a variety 

of electrochemical and spectroscopic probes. One would also like to 

understand some of the chemical interactions which play a role in 

bonding and orientation. Ultimately, electrochemists would like to 

know the relationship between interfacial structure and electrochemical 

reactivity. However, while numerous studies have focused on 

reactivity, comparatively few have focused on interfacial structure. 

In an effort to address these issues, this dissertation is focused 

on four related projects: (1) the development of CCD-Raman spectroscopy, 

(2) in-situ Raman spectroscopic investigations of the alcohol-Ag 

electrochemical interface, (3) ~-situ Raman spectroscopic 

investigations of the alcohol-Ag electrochemical interface, and (4) in

situ double layer capacitance measurements. Specific research 

objectives are listed below. 

Specific Research Objectives 

1.) Evaluate the utility of charge-coupled device (CCD) detection for 

Raman spectroscopy. (Appl. Spectrosc., 1990, 44, 328; J. Am. Chern. 

Soc., 1989, 111, 432; Spectroscopy, 1990, 2, 26) 

2.) Determine the potential-dependence of methanol orientation and 

bonding using SERS at Ag electrodes roughened in-situ. (Langmuir, 

1990, .2., 43) 
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3.) Determine the potential-dependence of straight-chain alcohol 

solvent orientation and bonding at Ag electrodes roughened ~

situ. The alcohols include methanol, ethanol, 1-propano1, and 

1-pentano1. (Langmuir, 1991, submitted) 

4.) Evaluate the utility of SERS surface selection rules for the 

determination of molecular orientation at rough metal surfaces. 
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5.) Determine the validity of emersing the molecular a1coho1-Ag 

interface at open circuit potential and at electrochemically 

roughened versus polished, po1ycrysta11ine surfaces. (J. Am. Chem. 

Soc., 1990, 112, 6177) 

6.) Determine the validity of emersing the molecular a1cohol-Ag 

interface under potential control. (J. Electroanal. Chern., 1991, 

submitted) 

7.) Characterize the capacitance versus potential behavior of the 

alcohol-Ag interface and quantitate the absolute surface coverage 

of Br- using these data and the Hurwitz-Parsons analysis. 

The first step in this dissertation work was to establish the 

advantages and limitations of CCD-Raman spectroscopy as a general 

analytical tool, and then as a surface analytical tool. This is the 
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focus of chapter 3. Following these initial studies, the in-situ 

behavior of methanol and ethanol at Ag surfaces roughened in-situ was 

investigated. The in-situ roughening procedure was optimized and the 

potential-dependent methanol orientation was determined using surface 

selection rules for Raman spectroscopy (see chapter 4). Continuing 

along these lines, the orientation of a homologous series of alcohols 

(methanol, ethanol, I-propanol, I-pentanol) was evaluated to determine 

the chemical interactions which control bonding and orientation at 

these nonaqueous interfaces. This is the focus of chapter 5. In an 

effort to improve the selectivity for surface species (particularly 

important at smooth surfaces), the development of emersed electrode 

technologies for the Ag-alcohol interface was developed (chapter 6). 

Finally, chapter 7 describes the development of necessary 

instrumentation and protocol for double layer capacitance measure

ments of these Ag-alcohol interfaces. The goal was to established an 

independent experimental method which would complement spectroscopic 

studies of interfacial structure. In particular, double layer 

capacitance measurements were ultimately used to quantitate absolute 

surface Br- coverage as a function of electrode potential. 

---- ----.. -- ----
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Chapter 2 

EXPERIMENTAL 

This chapter provides a detailed description of instrumentation, 

materials, and experimental methodologies used in the work described in 

this dissertation. A general description of procedures are provided in 

this chapter while specific procedures and modifications of general 

procedures are outlined in each chapter as appropriate. 

Raman Spectroscopic Instrumentation 

PMT-Raman System 

The complete spectroelectrochemical system, including excitation 

source, electrochemical set-up and detection scheme, is shown in Figure 

2.1. Excitation was provided exclusively by the 514.5 nrn line of a 

Coherent Radiation Innova 90-5 Ar+ laser. Plasma lines are removed with 

bandpass filters (50% transmission, bandpa,ss about 3 nrn) from Pomfret 

Research Optics, Inc .. The laser was focused to a beam diameter of ca. 

50 pm at the electrode surface as confirmed by SEM measurements on 

electrode surfaces, and also by experiments 'performed using a 
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micrometer positioned at the most narrow focus of the actual laser beam. 

The incoming radiation is specularly reflected at ca. 60° with respect 

to the surface normal to the electrode. Control of this angle is 

important, since SERS intensities are a function of incident angle as 

demonstrated by Pettinger and coworkers [2.1]. After an excessive 

charge transfer on the order of 20-100 mono1ayers (about 125 mono1ayers 

are dissolved and redeposited in these experiments), a broad 

unstructured curve of intensity versus angle of incidence is seen which 

extends over the entire range of incidence angle (0-90°), but has a 

maximum value at ca. 60°. This angular dependence of the Raman 

intensities may be the result of excitation of surface plasmons [2.2] 

which require a relatively unique type of roughness. This roughness is 

proposed to have a large correlation length (grain boundaries, well 

separated nuclei, etc.) because only a discrete set of surface momentum 

vectors can lead to such discrete excitation or emission angles [2.2]. 

Scattered radiation is collected from ca. ~ steradians using a 

concave mirror, is reflected with a planar mirror, passed through a 

polarization scrambler (to eliminate the polarization dependence of 

grating efficiency), and is then focused onto rectangular slits at the 

entrance to the double monochromator. The wavelengths of the scattered 

radiation are separated by a Spex 1403 Ramalog double monochromator 

(Figure 2.2) with 1800 grooves/mm holographically ruled gratings. 

Detection is accomplished with a high sensitivity, GaAs photocathode, 

RCA C31034A photomultiplier tube which is thermoelectrically cooled to 
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ca. -25 °C to reduce the dark current. Typical dark count values were 

50-100 counts/second. The amount of scattered radiation and the 

resolution, or spectral bandwidth, is controlled by adjustment of the 

entrance slit, two middle slits and an exit slit. Spectral bandpasses 

used were generally between 2.0 and 5.0 cm-1 depending on the laser 

power used. 
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The spectrometer system is interfaced to a Spex Oatamate 

dedicated microcomputer system for spectrometer control, data 

acquisition, and data analysis. Oual disk drives are employed for data 

storage. 

CCO-Raman Systems 

In this work, two CCO-Raman systems were used. Experiments 

described in chapter 3 used the original Raman system, designated CCO

Raman system I, which is shown in Figure 2.3. In these experiments, 

Raman spectra were acquired with a system containing a Spex model 1403 

double monochromator with 1800 grooves/mm holographic gratings. 

Excitation wad provided by the 514.5 nm line of a Coherent Radiation 

Innova 90-5 Ar+ laser, the 620 nm line from a Coherent Radiation 599 

tunable dye laser containing Rhodamine 6G dye or the 632.8 nm line from 

a hand-held 3 mW HeNe laser. A Thomson-CSF TH7882COA CCO consisting of 

384 columns by 576 rows of pixels, each 23 ~m on a side, was used for 

spectra acquired with HeNe laser excitation. This ceo contains 221,184 

light sensitive elements on this two dimensional array. The eeo was 
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coupled to a side exit port on the double monochromator, accessible 

with a swing-away mirror. The Thomson CCO was oriented with its long 

axis (576 rows) along the slit axis of the spectrometer and the short 

axis (384 columns) along the dispersion axis. Although the spectral 

range sampled in this arrangement is smaller than that measured if the 

CCO is rotated by 90°, the presence of a charge trap in the CCO dic

tates this arrangement for spectral integrity of the response to be 

maintained. The effects of orientation of this CCO on the spectral 

response are discussed in more detail in chapter 3. The CCO was housed 

in a model CH2l0 camera head from Photometrics, Ltd. (Tucson, AZ) which 

is typically cooled to ca. -110°C with liquid N2 • The electronics and 

data system associated with signal readout from the CCO and generating 

the spectral images were also from Photometrics, Ltd .. 

Raman experiments described in chapters 5 and 6 were performed 

using a Photometrics PM5l2 CCO mounted on a Spex 1877 triple 

monochromator, called a Triplemate. The triple monochromator is better 

than the double monochromator for the elimination of noise associated 

with stray light [2.3], an important consideration when working near the 

detection limit. In addition, the Triplemate is specially tailored to 

provide a flat, undistorted focal plane, which is ideal for multichannel 

detectors. This system, designated CCO-Ra~an system II , is shown in 

Figure 2.4. Excitation is provided by the 488.0 nm or 514.5 nm lines 

of a Coherent Radiation Innova 90-5 Ar+. A variety of laser powers 

were used, although 100 to 200 mW was typical. 

-------- .- _ .. _-
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In all experiments at 488.0 and 514.5 nm, the laser was focused to a 

50 p.m dia spot. 
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Scattered radiation was collected with a 50 rnm dia f/2.0 (Pentax) 

or f/1.4 camera lens (Nikon) and focused onto the entrance slits of the 

Spex 1877 Trip1emate. The grating in the filter stage was 600 grimm, 

and the gratings used at the spectrograph stage were 1200 grimm. Slit 

widths were varied, although 0.5 mm/4 mm/0.5 mm were typical settings 

for surface Raman spectra. The first stage of the Trip1emate, shown in 

Figure 2.5, is similar to the 1403 double monochromator arrangement, 

except that this "filter stage" operates in a so-called subtractive 

dispersion mode. This is related to the angle of G2, which reduces the 

linear dispersion after "stray light" has been rejected by S2 and a 

fixed slit. Consequently, up to S3, spectral purity is quite good, but 

spectral resolution is poor. The addition of a third monochromator 

serves to improve the resolution by dispersing the light once again 

using a turret-mounted grating. In addition, S3 further reduces stray 

light levels; since one of the three gratings operates in the 

subtractive dispersion mode, a reasonably large spe.ctra1 region is 

present at the focal plane of the CCD. 

Detection was accomplished with a liquid N2 -coo1ed Photometries 

PM5l2, fronts ide illuminated charge coupled device (CCD). The 

associated electronics are described above. Integration times for the 

acquisition of each spectrum are noted in the figure captions. Spectra 

are generally acquired with CCD temperatures, between -100 and -110°C . 
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Figure 2.5 Schematic diagram of the Spex 1877 Trip1emate. 
M - mirror, G - grating, S - slit. 
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Electrochemical Instrumentation 

Electronics 

Electrode potentials were controlled with an IBM Model EC/225 

voltammetric analyzer. Linear potential ramps were performed using a 

triangle wave format. Total charge passed was monitored with a 

Princeton Applied Research model 379 digital coulometer. 

The working electrode consisted of polycrystalline Ag disks (99.9% 

-
Johnson Matthey) which were mechanically polished to a mirror finish 

using 0.3 ~m alumina, rinsed with distilled, deionized water, and then 

sonicated for 2 min in distilled, deionized water to remove any trapped 

alumina. A Pt wire served as the auxiliary electrode. Potential-

dependent alcohol Raman spectra are reported versus a Ag/Ag+ reference 

electrode in methanol containing 0.01 M AgNOa and 0.1 M tetrabutyl 

ammonium perchlorate. A Pt wire/glass junction filled with saturated 

LiBr methanol solution was used to preserve the integrity of the 

reference electrode. For ~-situ roughening in aqueous solutions, the 

electrode potentials are reported versus a SeE reference electrode. 

Double layer capacitance measurements were made using a phase-

sensitive detection technique described in chapter 7. The experimental 

set-up is depicted in Figure 2.6. An ac sine wave (6 Hz, 2V peak-to-

peak) is provided by a Wavetek 143 wave generator, which is used as a 

reference signal for the lock-in amplifier (dual phase, EG&G Princeton 

Applied Research Model 5210). In order to minimize the perturbation of 

the static cell potential provided by the po~entiostat (scanning, EG&G 

-- .. -._.- ._----------_ ... __ ._. _., .. ,,--, ,. 
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Princeton Applied Research Model 362), the 2V is reduced by a factor of 

100 using a voltage divider. During the initial stages of development 

it was useful to have available a variety of potentials from the wave 

generator. A convenien~ way to accomplish this was to employ a 

variable voltage divider, shown schematically in Figure 2.7. 

The 20 mV peak-to-peak sine wave from the voltage divider is input 

at the external input of the 362 potentiostat. This sine wave is then 

combined with the static potential from the potentiostat in an addition 

circuit inside the potentiostat. The addition of these potentials is 

then applied to the electrochemical cell, such that the working 

electrode senses a very small magnitude sine wave on a static potential. 

The electrochemical behavior is controlled by the static potential, 

while the sine wave is used as a means to measure the absolute 

interfacial capacitance. The output current from the cell is input at 

the signal A channel of the lock-in amplifier. The phase shift between 

the reference signal and the A input signal is measured, since it is 

related to absolute interfacial capacitance: 

tan e = 1/271'fRC (2.1) 

where f is the frequency of the sine wave in Hz, e is the phase shift 

in degrees, R is the resistance in ohms and C is the interfacial 

capacitance in farads. Since the phase shift is also defined by the in

phase (ii) and out-of-phase (iQ)' or quadrat~re, current amplitudes, one 
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Figure 2.7 Circuit diagram for variable voltage divider and divisions 
available with resistors employed in the actual circuit. 
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can also write: 

C - lii2 + irA (2.2) 
21ffiQV 

where V is the amplitude of the ac voltage. In practice, however, V 

can be used as an empirical constant which considers the effects of 

systematic error associated with the lock-in amplifier electronics. 

Consequently, V is replaced by Vamp which is determined experimentally 

using standards as described in chapter 7. In this way, the system was 

calibrated before every series of experiments. 

Electrochemical Cells 

Ex-situ roughening of electrodes was performed in a standard 

electrochemical cell shown in Figure 2.8. A standard H-cell design was 

used for the SeE, a Pt wire wrapped around the Luggin capillary served 

as the counter electrode, and the working electrode was mounted in a 

brass holder or a micrometer. The cell is designed to allow a blanket 

of inert gas over the top of the solution. 

Double layer capacitance measurements were performed in the cell 

shmvn in Figure 2.9. The cell was designed such that a uniform current 

density from the counter electrode is sensed at the working electrode. 

It was also designed to allow removal and ~leaning of the Pt gauze 

counter electrode. A teflon lid is employed to minimize the flux of air 

and impurities which could find their way to the electrode and affect 

interfacial capacitance. The working electrbde is mounted in a 
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brass holder which is force-fit through an opening in the Teflon lid. 

Side view B illustrates the location of the Luggin capillary and 

reference electrode. 
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A counter electrode (CE) of high surface area (88.5 cm2) was used 

to minimize its contribution to the overall capacitance, since l/Cror~ 

l/CcE + l/C~. It is generally desirable to have the CE area greater 

than 200 times that of the WE area, in order to have C~ be the dominant 

factor in CroTAL' 

A specially designed spectroelectrochemical cell for in-situ Raman 

studies was used for several reasons. It was constructed to be 

compatible with an X-Y-Z-O translator used to maintain maximum 

reproducibility in electrode surface positioning. The cell is a 

sandwich-type design as shown in Figure 2.10. This allows for quick and 

thorough clean-up of the cell. The cell is connected to an L-frame 

(shown in Figure 2.10) which stabilizes the working electrode and also 

facilitates the mounting of the cell to the X-Y-Z-O translator. The 

translator allows control of the laser beam angle of incidence to 

,~ithin 1 degree and the x, y, and z distances to within 1 mm. 

Teflon D-rings wrapped with Teflon tape were used to seal the 

cell at the glass window and Kel-F backplate. A small Teflon-wrapped D

ring was used to seal the working electrode at the cell body. The cell 

body was constructed of Kel-F which is chemically resistant to most 

acids, bases, and organic compounds. Approximately 5 mL of solution 

fills the cell. 
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Figure 2.10 Schematic diagram of the spectroe1ectrochemica1 cell. 
(a) micrometer shaft, (b) electrical connection, 
(c) pin attachment, (d) threaded Teflon shroud, (e) 
Lucite back plate, (f) Teflon-wrapped vi ton o-ring, 
(g) Ke1-F backplate, (h) Teflon-wrapped viton o-ring, 
(i) fill port, (j) Kel-F cell body, (k) reference 
electrode connection and fill port, (1) CE compartment, 
(m) coarse frit, (n) glass CE compartment, (0) Teflon
wrapped viton o-ring, (p) front glass plate, (q) alum
inum front plate, (r) L-frame cell mount, (s) micrometer 
entrance opening, (t) X-Y-Z-8 translator mounting holes, 
(u) cell mounting holes. 
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Figure 2,10 Schematic diagram of the spectroe1ectrochemica1 cell. 
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A modified cell design shown in Figure 2.11 was used for emersed 

electrode investigations because of the need to introduce an inert gas 

into the cell and allow solution to be drained out. This design used 

two cell bodies (one Kel-F and one lucite) to allow for the 

incorporation of an inlet and outlet valve for Ar gas. The cell also 

has a drain valve for controlled solution removal and subsequent 

controlled electrode emersion. 

Haterials 
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Methanol was purchased as anhydrous AR grade from Mallinckrodt with 

water labelled as 0.006 to 0.018 mol %. The water content was checked 

using gas chromatography (GC) and a standard addition analysis. The GC 

used was a Hach Carle model 111 GC with thermal conductivity detection. 

An AllTech poropak QS 80/100 mesh column was used successfully, even 

for separation of methanol and water. A standard 6 ft. 1/8" column was 

used. Chromatograms were typically obtained with a column temperature 

of 110°C and a He flow rate of 30 mL/min. GC settings were typically 

bridge 8, output = 2, and atten = 4. The signals were output to an 

HP 3380A integrator which determined peak areas. 

Figure 2.12 illustrates that a bottle labelled as 0.018 % water is 

determined to be 0.043 % water. Ethanol (absolute) was obtained from 

Midwest Grain Company of Illinois (Pekin, iL). The water content was 

not provided by the manufacturer; however, the water content was found 
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to be 0.044 mol % as determined by GC-standard addition analysis shown 

in Figure 2.12. l-Propanol was purchased as high purity grade (0.012% 

water) from Burdick and Jackson. l-Pentano1 was purchased from Fischer. 

Since these two solvents are not nearly as hygroscopic as methanol and 

ethanol it is presumed that the levels are not much higher than the 

labeled value of 0.012%. Solvents were used as received, except where 

·noted. Aqueous solutions were made from distilled, deionized water. 

LiBr (Aldrich, anhydrous 99+%), LiC1 (Fischer Scientific Co.), 

NaBr (Aldrich, anhydrous, 99+%), and KBr (MCB Reagents, reagent grade) 

were dried at 160°C under a 2 x 10-1 Torr vacuum for 24 h. Pyridine 

was obtained from Burdick and Jackson as high purity grade containing 

0.015% water. Anthracene (Fisher) and tetrabuty1ammonium bromide 

(Fluka, >98%) were used as received. Polypeptide samples were 

obtained from Professor V. Hruby at the University of Arizona. 

Procedures 

Roughening Procedures 

Surface roughening was accomplished in both aqueous and methanol 

solvents. In the case of aqueous solutions, the interface is ultimately 

transferred to an alcohol electrolyte solution. Consequently, roughening 

in aqueous solution is termed ex-situ roughening, while roughening in 

the alcohol solution directly is termed in-situ roughening. 

Chapter 5 describes results from roughening a Ag electrode in the 

presence of methanol. This in-situ rougheni~g is accomplished using a 

._--_._-_.- " .. --.. -- .. -------------~--~ .. -. - ... --. ..... ------ _........ ' ..... 
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double potential step oxidation-reduction cycle (ORC) in the presence 

of 0.4 M LiBr, or 0.1 M LiC1, in methanol. Typically, the electrode is 

initially poised at ca. -0.60 V versus the Ag/Ag+ reference electrode 

and stepped to ca. -0.20 V in 0.4 M LiBr and -0.10 V in 0.1 M LiC1 for 

20-30 s. The potential is then stepped back to -0.60 V. For the systems 

studied here, the optimum oxidation rate and charge passed for maximum 

SERS intensities were found to be ca. 2 mA/cm2 and 80 mC/cm2 , 

respectively. Under these conditions, charge recovery is typically 50-

60%, unlike aqueous systems where the charge recovery is typically 95% 

or more. This lower charge recovery is attributed to the larger 

solubility of AgC1 in methanol. The larger solubility allows the AgC1 

formed during the ORC to diffuse away from the electrode surface where 

it can no longer be reduced to Ag metal. 

A typical cyclic vo1tammogram of Ag in a 0.4 M LiBr methanol 

solution is shown in Figure 2.13. Unlike aqueous systems, a significant 

cathodic current remains following an oxidation-reduction cycle. This 

current cannot be attributed to the reduction of dissolved oxygen in 

these deaerated solutions, as the reduction potential does not 

correspond to oxygen reduction. Rather, it is attributed to the 

reduction of some organic species in the methanol solution, possibly 

formed as a result of the ORC. 

The morphology of silver surfaces roughened in methanol electrolyte 

solutions was studied using an lSI DS-130 scanning electron microscope 

available in the Department of Agriculture .. Typically, 20 KeV was 
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employed at a tilt angle of 0'. The large scale surface structures 

resulting from a double potential step ORC in 0.1 M LiCl (anodic charge 

passed Qa - 60 mC, current density ja - 2.3 mA/cm2) are approximately 

spherical as shown in Figures 2.l4a-c, apparently from nodular growth, 

similar to the surfaces prepared in aqueous media [2.4]. When this in

situ ORC was performed under the optimum conditions described above, the 

average particle was found to be 74 ± 17 nm in diameter. 

In some cases, spectra from alcohols at rough Ag electrodes were 

obtained after an ~-situ roughening procedure. This approach minimizp.s 

the possibility of trapping nonaqueous solvent molecules, and should 

produce a more consistent surface mo"rphology than roughening in 

different alcohol solvents. Therefore, ex-situ ORCs were used for the 

comparison of different alcohols in chapter 5. The electrodes used in 

these studies were first subjected to an ORC using a linear potential 

sweep at 5mV/s in a 0.4 M LiBr aqueous solution. The sweep was 

typically from -0.40 V versus SCE to -0.05 V and back to -0.40 V. The 

resulting cyclic voltammogram is shown in Figure 2.15. Total anodic 

charge passed was typically 40-50 mC/cm2
• 

Emersion from the aqueous 0.4 M LiBr solution was carried out at 

open circuit potential (ca. -0.20 V versus SCE). The emersed interface 

was rinsed with the alcohol solvent of study and placed into the 

spectroelectrochemical cell shown in Figure 2.11. The cell was then 

filled with a solution of 0.4 M LiBr in neat alcohol. For in-situ 

spectra, the electrode was then placed close to the window such that a 

----------"---- --"- -"" -" -



Figure 2.l4a Scanning electron micrograph of a Ag electrode 
electrochemically roughened by a double potential 
step ORG in 0.1 M LiGl methanol solution. 
Magnification = 9,490 X. Qa = 60 mG, ja = 2.3 mA/cm2 • 

The calibration bar represents a distance of 5 ~m. 
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Figure 2.14b Scanning electron micrograph of a Ag electrode 
electrochemically roughened by a double potential 
step ORC in 0.1 M LiC1 methanol solution. 
Magnification = 18,500 X. Qa = 60 mC, ja = 2.3 mA/cm2 • 

The calibration bar represents a distance of 1 ~m. 

-- -- - ---.-_ ....... _--- --_.-- -.-_ .. 
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Figure 2.14c Scanning electron micrograph of a Ag electrode 
electrochemically roughened by a double potential 
step ORC in 0.1 M LiC1 methanol solution. 
Magnification = 25,700 X. Qa - 60 mC, ja - 2.3 mA/cm2

• 

The calibration bar represents a distance of 1 ~m. 

----- ---- .. - .. __ . 
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Figure 2.15 Cyclic vo1tammogram of a Ag electrode in 0.4 M LiBr 
aqueous solution. Sweep rate - 5 mV/sec, S ~ 1 rnA. 
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small portion of it actually touched the quartz window. The surface 

was sampled at other portions of the electrode surface. This config

uration allowed elimination of bulk solvent contributions to spectra. 

Emersion Procedure for Rough Electrodes 

104 

Emersion of rough electrodes from the alcohol electrolyte solution 

was accomplished by opening a port at the bottom of the cell so the 

solution could slowly drain out. However, before draining, the 

electrode was moved 1 - 2 mm away from the quartz window such that the 

bulk could completely drain away. The next step was to flow Ar gas 

into the cell at a low pressure (1 - 2 psi) and high flow rate (20 - 30 

mL/min). After 1 - 2 min, the drain valve is opened and solution is 

allowed to flow out at a rate of about one drop per second. The cell 

contains ca. 5 mL of solution, so emersion of half the electrode 

requires only 30 to 60 seconds. Meanwhile, the Ar flow rate is 

maintained at 20 - 30 mL/min. The laser beam is then refocused to a 

point at the top portion of the electrode, and a spectrum of the 

emersed interface obtained. 

Emersion Procedure for Smooth Electrodes 

Following polishing, sonication, and drying, the electrode is 

placed into the spectroelectrochemical cell shown in Figure 2.11. 

Special care was taken to fill the cell with alcohol solution in such a 

'.Jay as to avoid contacting the top portion ~f the electrode with 

----- ---- - . --... ---- - ._---------------- ~---- _., ... _---
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solution. This was accomplished by initially filling the cell through 

the reference electrode port. Once the reference electrode was in 

place, the cell was filled, via the drain port, to the desired level. 

Emersion of the smooth electrode from alcohol solution was 

accomplished by simply rotating the electrode through the solution and 

then sampling the top portion of the electrode. Refocusing is 

generally required since the electrode is moved away from the quartz 

window as it is rotated. 



Chapter 3 

RAMAN SPECTROSCOPY WITH 

CHARGE-COUPLED DEVICE DETECTION 

106 

One of the main purposes of this chapter is to introduce charge 

transfer devices (CTDs) as an alternative to conventional 

photomultiplier tube (PMT) detection of visible radiation in Raman 

spectroscopy. The advantages and disadvantages of charge-coupled 

devices (CCDs), in particular, are discussed in general terms and with 

respect to their application in Raman spectroscopy. 

Introduction 

The charge-coupled device (CCD) is a relatively new type of 

silicon metal-oxide detector to be applied in analytical spectroscopy. 

CCDs are excellent low light level detectors which are realizing 

increasing use in Raman spectroscopy, as evidenced by several recent 

reports in the literature. For example, CCDs in Raman spectroscopy 

have recently been used to detect a monolayer of cadmium stearate on an 

unenhancing Si substrate [3.1,3.2], a monolayer of oxydianiline monomer 
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on Si [3.3], and a monolayer of alkanethiol on single-crystal Ag [3.4]. 

The unprecedented SIN ratios (10 - 60) from these studies indicate that 

CCDs are presently the detector of choice for low light level Raman 

spectroscopy of molecules at surfaces. 

In other areas, Chang has reported the use of a CCD-Raman system 

for the detection of third order phonon spectra in Si [3.5]. Harris 

has used a CCD coupled with a Triplemate spectrometer to quantitatively 

determine trace levels of acceptor impurities in GaAs [3.6 - 3.8]. The 

use of a CCD-Raman spectrometer coupled with a 10 mW He-Ne laser for the 

elimination of fluorescence from Raman scattering has been demonstrated 

from this laboratory [3.9]. A similar approach in which a 783 nm diode 

laser was used was reported by McCreery and coworkers [3.10]. 

This chapter provides an introduction to these devices and their 

application to Raman spectroscopy. The characterization and use of a 

particular device, the Thomson-CSF TH7882CDA CCD, is described. 

Theoretical Aspects 

There is much interest in replacing single-channel photomultiplier 

tubes (PMTs) with multichannel devices for the detection of visible 

radiation. Limitations of PMTs include damage upon exposure to. room 

lights, loss of sensitivity from intense laser exposure, low quantum 

efficiency, and especially, the single-channel nature of detection. 

Multichannel detectors such as vidicons, intensified target vidicons, 

and photodiode arrays have comparable, or sl.ightly better sensi tivi ty 

---- ----- .--- - --
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than PMTs. However, the rapid development of charge transfer devices 

(CTDs), such as the charge-injection device (CID) and the charge-coupled 

device (CCD) , has brought these devices to a point where they are 

considerably more sensitive than other multichannel detectors such as 

photodiode arrays (PDAs). As a result, there is a tremendous interest 

in using and developing these devices for low light level imaging and 

spectroscopy. 

Charge-coupled devices are solid-state multichannel detectors 

which integrate signal information as light strikes them, similar to 

photographic film. These devices consist of a two-dimensional array 

(Figure 3.lA) of individual micron-sized elements, called pixels, which 

have one to four conductive electrodes overlying an insulating layer 

that forms a series of metal oxide semiconductor (MaS) capacitors. An 

insulator, usually Si02 , separates these electrodes from a p-doped 

silicon region where photogenerated charge is stored. This process of 

photogeneration of charge, and subsequent charge separation, is 

depicted in Figure 3.lB. The amount of charge generated by incident 

light can be transferred to a charge-sensing amplifier by appropriate 

changes in overlying electrode potentials. Here, the "analog" charge 

is converted to a "digital" unit; consequently, the intensity scale is 

often reported as analog-to-digital units, or ADUs. More detailed 

descriptions of specific devices can be found in the optical engineer

ing literature [3.11, 3.12]. 

-------_._---_. -
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Figure 3.1 A) Schematic diagram of Photometries PMS12 charge-coupled 
device. B) Illustration of photo-induced charge gener
ation and subsequent charge storage in one pixel element. 
From references 3.1 and 3.14, respectively. Reproduced 
with permission. 
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Since their introduction in 1970 by Bell Labs [3.13], eeDs have 

been established as one of the premier detectors of visible radiation. 

While eIDs are still being investigated for applications in Raman 

spectroscopy, eeDs have found comparatively widespread use in Raman 

spectroscopy. Attractive features include (1) multichannel detection, 

(2) low read noise « 10 electrons versus 1200 electrons for PDAs) , (3) 

high quantum efficiency (85-90% for thinned eeDs versus 10% for PMTs 

versus 50% for eIDs, PDAs) , and (4) no loss of sensitivity upon 

exposure to intense laser light or room lights. 

From the standpoint of Raman spectroscopy, the main advantages of 

the eCD over other multichannel detectors are low readout noise and 

high quantum efficiency. The readout noise of a modern scientific 

grade CCD is less than 10 photoelectrons when operated at a read rate 

of 20 ~sec/pixel or less [3.14, 3.15]. This is two orders of magnitude 

less than other multichannel detectors such as photodiode arrays. 

The low readout noise of the CCD makes optical intensification 

unnecessary for low-light level, applications. This has several 

implications as the linearity, dynamic range, geometric stability, and 

sensitivity of an unintensified CCD are superior to intensified 

multichannel detectors. Moreover, the peak quantum efficiencies for 

thinned, backside-illuminated CCDs exceed 90%, and the spectral window 

of usable quantum efficiency can range from 120 nm to ca. 1000 nm. Peak 

sensitivity is centered in the red or near-IR, making the CCD a good 

match to the wavelengths encountered in many Raman spectroscopy 

---- ----. '-'-"-" 
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applications. Quantum efficiency curves for two CCOs, the Thomson CSF 

TH7882COA and the Photometries PM512, are shown in Figure 3.2 and are 

compared with that of the RCA C31034A photomultiplier tube commonly 

employed in Raman spectrometer systems based on photon counting 

detection. 

The characteristics of these two CCOs are similar. The format of 

the Thomson CCO array is 384 columns by 576 rows, or 221,184 individual 

detector elements or pixels. Each pixel is square and 23 pm on each 

side. When appropriately cooled, this detector can exhibit a dark 

current on the order of ca. 0.01 electron/pixel/sec and a readout noise 

of less than 10 electrons. The Photometries CCO is in a 516 columns by 

516 rows format with each pixel 20 pm on a side. The dark current of 

this detector is on the order of 0.01 electron/pixel/sec or less with a 

readout noise of between 5 and 10 electrons. 

The Effect of Charge Traps on Raman Spectroscopy Using a Thomson-CSF 

Charge-Coupled Oevice Detector 

[Originally published in Applied Spectroscopy, 1990, 44, 328] 

Introduction 

One of the more popular scientific grade CCD detectors on the 

market is the Thomson-CSF TH7882CDA, which is employed in at least one 

commercial spectroscopic system [3.16]. However, the TH7882 CCD suffers 

---,'- ,._-
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from a phenomenon known as a charge "trap" associated with the 

interface between the serial and parallel registers [3.17]. This trap 

can cause absorption, emission, and mixing of charge passing through 

this interface depending upon both the quantity of charge in the trap 

and the quantity of charge entering the trap. Equilibrium positions 

between the quantity of charge in the trap and the quantity of charge 

crossing the register interface can be established by crossing several 

pixels containing the same quantity of charge across the interface. If 

the equilibrium is upset by increasing the charge content of pixels 

cross'ing the interface, the trap will absorb some of the new charge 

until a new equilibrium is established. Likewise, if the incoming 

charge level is decreased, the trap will slowly emit some charge to 

reach a new equilibrium. If no charge is present in the pixels clocked 

across the interface, the trap will eventually empty completely. The 

effect of this charge trap on the resulting spectral response for very 

1m., light level applications is demonstrated here. 

Experimental 

The signals are processed in a Photometrics Ltd. model CE200 

camera electronics unit and sent to a model CC200 camera controller 

unit interfaced to an Artisoft PC-AT through a GPIB interface board. 

Video images and spectra were.displayed on' the same screen of the 

CC200 controller video display unit from Photometrics Ltd. 

Laser excitation was provided exclusively by a Coherent Radiation 

---"-'.---
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Innova 90-5 Ar+ laser at 514.5 nm. The eeD was binned [3.15] by 20 

pixels along the slit axis and 2 pixels along the dispersion axis. The 

spectral acquisition time was 5 s. All spectra were acquired with the 

entrance slit set to a 5 cm-1 bandpass. The middle slits were opened to 

5 cm. 

Results and Discussion 

The effect of the charge trap on spectroscopic data is shown in 

Figure 3.3. The spectrum was recorded from a solution of 0.02 M aqueous 

pyridine with the eeD oriented with the long axis (576 pixels) parallel 

to the direction of dispersion of the monochromator. The readout of the 

eeD in this orientation results in spectral responses with the 

wavenumber axis reversed. Thus, the wavenumber axis in Figure 3.3 goes 

from higher to lower wavenumbers as one moves from left to right. 

In this experiment, the trap was empty before readout was started; 

therefore, the first several hundred photoelectrons per row were caught 

in the trap, causing the dip in spectral intensity between 1085 and 

1050 cm- 1 • The trap reaches equilibrium conditions as the background 

up to 1040 cm-1 is read out. However, when the spectral line is 

encountered, the initial absorption and later emission of charge causes 

severe distortion of the spectral line profile. 

For comparison, the spectrum in Figure 3.4 was acquired on the 0.02 

M aqueous pyridine sample with the CCD oriented with the short axis (384 

----""- """--
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pixels) parallel to the dispersion direction of the monochromator. When 

the detector is in this orientation during readout, the image is 

shifted up the rows parallel to the slit axis to the serial register 

where it is then shifted orthogonally to the output node. Consequently, 

the effect of the charge trap is minimized, because it occurs along the 

interface between the serial register and the parallel register and is 

in the slit axis direction which contains redundant information. 

Although spectral range is decreased, the effect of the charge trap is 

eliminated for the CCO used in this orientation. 

As the intensity of the signal decreases, or as the integration 

time decreases, the effects of this charge trap problem become worse. 

Therefore, when very low light level spectroscopic experiments are 

performed with this device, the CCD should be oriented with the short 

axis parallel to the direction of dispersion. 

Optimization of Collection Optics for CCO-Raman II System 

As part of the initial set-up of the CCO-Raman II system shown in 

Figure 2.4, the collection optics were optimized for maximum light 

collection and ease of handling. One of the main goals was to obtain 

an optical configuration which would allow quick, accurate, and 

reproducible alignment. In addition, since we were expecting to deal 

with extremely low levels of visible radiation (from organic monolayers 

at smooth surfaces, for example), light collection needed to be as 

efficient as possible. 

~- ~-.- - - ~-.--.-----------"-------
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Initially, two optical arrangements which were investigated are 

shown in Figure 3.5. One arrangement consisted of two lenses, with one 

lens chosen for maximum light collection efficiency (aspheric lens), 

and the other chosen to match the triple monochromator (i.e. the first 

mirror in the triple monochromator). A 60 rnrn f/5.8 planoconvex lens 

was chosen to "match" the 60 rnrn f/6.3 mirror in the first stage of the 

monochromator. An f/0.65 aspheric lens, with a very short focal length 

of 39 mm, was used to collect as much light as possible. When the 

sample electrode is placed at the focal distance of this lens, the 

resulting beam is collimated. This collimated light is then focused to 

a point at the slits when the planoconvex lens is placed at its focal 

distance. Beyond the slits, the collected light slightly overfills the 

first mirror in the spectrometer. 

The second arrangement simply consisted of a Pentax f/2.0 camera 

lens. tVhile this approach would certainly fulfill the ease of handling 

requirement, there was some concern that the 7 or 8 lens elements would 

create a throughput problem. 

The comparison of these two optical configurations was based on 

Raman signal from adventitious carbon at a smooth, polished Ag surface 

in air. It is found that these signals are actually quite stable with 

time. It was quickly discovered that the two-lens system was cumbersome 

and required a great deal of time to align. Despite this difficulty, it 

was found that Raman intensities from the two-lens configuration under 

optimum conditions, were significantly grea~er than 

---- ----.- ._---
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the two-lens configuration has a second major difficulty, which is the 

location of the image at the slits. While the aspheric lens provides 

good light collection, it creates multiple, overlapping images which 

are difficult to resolve. Consequently, it is difficult to locate the 

"correct" image and focus it into the spectrometer. Despite the 

slightly better sensitivity of the two lens system, it was abandoned in 

favor of the camera lens. Since these initial investigations, a 

Mino1ta f/1.2 camera lens has been used to obtain even better 

sensitivity than the Pentax f/2.0 camera lens. 

Raman Spectroscopy Using Charge-Coupled Device Detection 

[Originally published in Spectroscopy, 1990, ~, 26] 

This section describes the use of binning, a comparison of CCD 

versus PMT performance, linearity of response, analysis of thermally 

labile biological samples, and some limitations of CCDs in Raman 

spectroscopy. 

Binning 

Additional improvements in the quality of Raman spectra acquired 

with a CCD can be obtained using a technique known as binning [3.14]. 

Binning is essentially the combination of photogenerated charge from 

several detector elements into a single charge packet via a special 

--- .. --.. --
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readout mode. The fundamental theory behind binning and its utility in 

improving spectral quality have recently been discussed by Epperson and 

Denton [3.15]. 

Binning has two positive effects on spectral quality. First, it 

allows changes in the size and shape of the effective resolution 

elements of the array. Additionally, it provides a SIN improvement by 

the noiseless combination of signal charge. 

The effective pixel size of the CCD can be made to be any size of 

the detector up to the maximum physical sensor size along either the 

horizontal or vertical axis. This is especially useful when an image 

containing redundant information in one direction, such as the output 

of a linear spectrometer, is viewed. In this case, all charge is 

summed in the pixels perpendicular to the direction of dispersion. This 

effectively makes the two-dimensional imaging CCD array into a one

dimensional linear array with very tall and narrow resolution elements. 

This gives the ceD a large geometric advantage over devices such as 

linear photodiode arrays. 

This geometric advantage to binning can be obtained by reading 

each pixel of the eeD individually and then summing the appropriate 

digitized intensity values. However, binning has two advantages over 

this alternative. First, far fewer digital values are created making 

manipulation and storage of the data simpler. Secondly, the SIN 

improvement expected by binning is significantly higher than would be 

realized'by digital summation. The rationale for this is that when N 

---- '- --.- - ' 
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pixels containing a finite readout noise are summed, the SIN improve

ment will be N1/ 2 • If the charge from N pixels is binned and then read 

out, the readout noise is the noise for a single pixel. This means that 

the signa1-to-noise ratio improvement is directly proportional to N. 

Note, however, that binning yields a SIN advantage over digital 

summation only when readout noise is a significant noise component. 

The SIN advantage gained by binning with a Thomson CCO is 

demonstrated by the spectra of a 5 x 10-3 M aqueous pyridine solution 

shown in Figure 3.6. In these spectra, the number of rows binned along 

the slit axis was varied between 2 and 144. The SIN improvement is 

mainly due to detector size considerations, because background shot 

noise is the dominant noise source for this CCO. In the top spectrum, 

the effective pixel height is 46 ~m. In the bottom spectrum, it is 3312 

~m. The expected SIN advantage is equal to the square root of the ratio 

of the effective pixel areas (assuming uniform illumination of the 

effective pixels along the slit axis), or improvement by over a factor 

of eight. 

PMT versus CCD Detection 

A photomultiplier tube (PMT) used in the photon counting mode has 

long been the most popular detector configuration for normal Raman 

spectroscopy. These detectors are attractive as a result of their 

large gain and effectively noiseless readout. Additionally, PMTs are 
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spectroscopy is most commonly performed. Negative characteristics of 

these devices have been considered to be the fact that the peak quantum 

efficiency of PMTs rarely exceeds 20%, only one wavelength can be 

monitored at a time, they are difficult to use in a multichannel 

configuration, and they are damaged by exposure to high light levels. 

Despite these negative attributes, no other detector has offered the 

requisite signa1-to-noise ratio (SIN) necessary for use in low light 

level spectroscopies such as Raman spectroscopy. 

CCD versus PMT detector performance in Raman spectroscopy is 

demonstrated by the spectra shown in Figure 3.7. These studies were 

performed on a simple, well-characterized solution system, pyridine in 

water, using the experimental arrangement shown in Figure 2.3. These 

spectra were acquired in the spectral region where two of the ring 

breathing vibrations of pyridine, the vl and v12 bands, are observed. 

This region was chosen, because the Raman intensities of these bands 

are known to be strong and the vibrational behavior well-characterized. 

First consider the spectra acquired from a 0.2 M pyridine solution. 

Notice that, for equal acquisition times of 2 min, the SIN for the CCD 

spectrum is ca. 600 while that acquired with the PMT is ca. 20. The 

improvement in the SIN ratio of the spectrum acquired with the CCD as 

compared to the PMT approximately represents the product of Fe11gett's 

advantage for the multichannel nature of the CCD and the square root of 

the ratio of the quantum efficiencies of the two detectors. The 



Figure 3.7 

>-
t-
tl) 

W 
I-
z 

>
l-
I/) 

Z 
W 
t
Z 

2 x10-'M PYR A 

CCD 

PMT 

B 

CCD 

955 1005 1055 
WAVENUMBER (em -1 ) 

S/N=604 
2 min int 

S/N=20 
2minaeq 

S/N=217 
5minint 

S/N=5 
5minaeq 

Comparison of CCD and PMT detector performance for Raman 
scattering from A) 2 x 10-1 M pyridine and B) 2 x 10-2 M 
pyridine. 

---~--~~---~------~~ ----- --~-~-- - -~-----------.--~-.~~.- - .-~- . 

125 



Figure 3.7 
(continued) 

>
~ 
V') 

z 
w 
~ 
z 

>
~ 

(/) 

z 
W 
I
Z 

c 

o 
cco 

955 1005 1055 
WAVENUMBER (c m -1 ) 

S/N=89 
5min int 

S/N=2 
5min ceq 

S/N=29 
5min int 

S/N=1 
5minceq 

Comparison of CCD and PMT detector performance for Raman 
scattering from C) 5 x 10-3 M pyridine and D) 2 x 10-3 M 
pyridine. 

------- ------.-----

126 



Figure 3.7 
(continued) 

>
t: 
CJ) 

z 
w ..... 
z 

~ 
If) 
Z 
W 
..... 
Z 

E 

cco 

PMT 

F 

cco 

955 1005 1055 
WAVENUMBER (cm-1) 

SIN =7 
15 min int 

SIN< 1 
3hrceq 

S/N=4 
15min int 

S/N<1 
6hr ceq 

Comparison of CCD and PMT detector performance for Raman 
scattering from E) 5 x 10-4 M pyridine and F) 2 x 10-4 M 
pyridine 

------_ .. __ .. _- -

127 



128 

equations for the SIN of spectra acquired for these two detectors have 

been discussed in detail in recent reports [3.6, 3.7] and will not be 

repeated here. In order for the spectrum acquired with the PMT under 

these conditions to exhibit equal SIN with that acquired with the CCD. 

the spectral acquisition time would have to be increased to ca. 15 

hours. This is clearly an unreasonable amount of time for routine 

analysis. 

The spectra acquired from 0.02 M solutions in 5 minutes show a . 

similar improvement in SIN with the CCD as compared to the PMT as was 

observed for the 0.2 M pyridine solution. Once again. in order to 

achieve comparable SIN with the CCD. spectral acquisition with the PMT 

\-lould have to be for an intractable period of time. 

Similar spectra acquired on 5 x 10-3 M and 2 x 10-3 M pyridine 

solutions with the CCD and PMT detectors in 5 min are also shown. The 

SIN for the spectra acquired with the PMT on these solutions is below 

the minimum acceptable level (SIN of 3). However, the spectra acquired 

\-lith the CCD still exhibit excellent SIN in only 5 min of integration 

time. Spectral acquisition with the PMT would have to be performed for 

ca. 30 hours in order for the SIN to approach that obtained with the 

CCD on these solutions. 

The excellent sensitivity of the CCD is further demonstrated by 

the spectra from solutions containing 5 x 10-4 M and 2 x 10-4 M pyridine. 

The PMT was incapable of detecting the presence of these low 

concentrations of pyridine in ca. 3 and 6 hours of acquisition • 

.... _---.. _.-.. _.... . ... _-.- - .. -----------~----~ ..•. -., .. --.-...... _ .. - '." ... . 
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respectively. However, adequate SIN spectra were successfully acquired 
~ 

with the CCD in only 15 min of integration time. It can be estimated 

that the limit of detection of pyridine with the CCD detector is on the 

order of 10-4 M for integration times of 15 min or less. This limit of 

detection represents an improvement of ca. one-and-a-half orders of 

magnitude relative to PMT detection. 

Linearity 

The spectra in Figure 3.7 can be analyzed in a more quantitative 

fashion by evaluating the linearity of the CCD-Raman I system response 

,~ith respect to concentration and laser power. Figure 3.8 provides a 

plot of intensity (ADUs/minute) normalized with respect to integration 

time versus pyridine concentration. The response is fairly linear from 

0.2 mM to 200 mM using 110 mW or 300 mW laser power. However, there is 

some slight deviation from linearity at low concentrations for 300 mW. 

This deviation may be due to the poor precision in sample placement, 

,~hich is more readily detected at low light levels. 

The linearity of CCD-Raman response with respect to laser power is 

shown in Figure 3.9. It is observed that even in the case of 200 mM 

pyridine and 600 mW laser power, the response is linear, indicating 

that the CCD did not saturate. Good linearity is also observed for a 

concentration as low as 0.20 mM pyridine. These results further 

demonstrate the analytical utility of CCD-Raman for normal solution 

analysis. 

----------- - -- ---- -- ----------------_.-._---- -- -. -
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Analysis of Thermally Labile Biological Molecules 

Many biological and biologically-related systems are quite 

thermally labile. Thus, when attempting to acquire normal Raman spectra 

of these systems with traditional visible wavelength excitation in the 

blue or green regions of the spectrum, significant problems with 

thermal decomposition can be encountered. These problems can often be 

eliminated by using laser radiation of lower energy which is much less 

destructive to these materials. Unfortunately, however, conventional 

Raman spectrometer systems based on PMT detection or even multichannel 

Raman systems based on photodiode array detectors are limited in their 

ability to efficiently detect photons in this region of the spectrum. 

Consideration of the quantum efficiency curves for CCDs in Figure 3.2 

indicates that these detectors are quite unique in their sensitivity to 

photons in the far visible and near-IR regions of the spectrum. Thus, 

coupling of Raman spectroscopy with dye laser excitation in the red and 

CCD detection makes the routine analysis of these samples possible. In 

addition, the shorter analysis time with CCD detection can help 

minimize any increase in sample temperature. 

Figure 3.10 shows several Raman spectra acquired on two synthetic 

polypeptide samples. The interest in these parti.cular samples is the 

conformation of the C-S-S-C disulfide bond to which the v(C-S) vibration 

is known to be very sensitive. These two polypeptides differ only by 

substitution of cysteine by penicillamine, a p,p-dimethyl analog of 

cysteine. The top two spectra were acquire~ on a conventional double 
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monochromator Raman system with PMT detection and ca. 60 mW of 

excitation at 514.5 nm from an Ar+ laser. Due to the thermal 

sensitivity of these samples, no vibrational information was obtainable 

with these conditions. However, with 25 mW of 620 nm excitation from an 

Ar+-pumped dye laser containing Rhodamine 6G dye, very nice spectra of 

these polypeptides are obtainable with only 2 s of integration time. 

The v(S-S) vibration is observed in both polypeptide samples at ca. 540 

cm-1 suggesting a trans-gctuche-trans conformation of the C-S, S-S, and 

S-C bonds, respectively. Thus, substitution of the penicillamine for 

the cysteine in the polypeptide does not appear to alter the 

conformation of the C-S-S-C bond. 

Limitations of CCD Detection in Raman Spectroscopy 

Some of the.advantages that accrue to the use of a CCD for Raman 

spectroscopy have been illustrated. However, users must also be aware 

of potential limitations to these detectors. Two limitations are 

particularly important to note from the standpoint of Raman 

spectroscopy. First, these detectors are sensitive to cosmic rays and 

other high energy photons and particles. Figure 3.11 suggests that 

these events are readily detected in the presence of a weak Raman 

signal (adventitious carbon on smooth Ag). Such events are often 

obscured in the presence of strong signals. 

These high energy photons generate intense responses in individual 

detector elements that, when integrated over long periods of time, can 

---- ----_ ... - ... --
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become quite noisy. Several approaches can be used to remove these 

events from the resulting spectrum. These events are usually very 

narrow spikes in the resulting data and can thus be easily identified 

from Raman peaks if there are only a few in a spectrum. Thus, they can 

be removed digitally by comparison to the response in the surrounding 

pixels. In fact, the SpectraCalclM program has an algorithm which picks 

out intensity spikes of selected height and width, and automatically 

removes them. 

Another potential problem with CCDs is the presence of defective 

pixel elements. In general, scientific CCD devices generally have very 

few defective pixels. The PM5l2 device used in our system has at least 

one defective pixel which exhibits a low quantum efficiency response. 

The low quantum efficiency of this element is detected as an abnormally 

low intensity in the Raman spectrum. This problem of pixel defects is 

illustrated in the Raman spectra shown in Figure 3.11. Since these 

defects give rise to extremely narrow peaks or valleys in the Raman 

spectra, they are readily detected, and may by removed digitally using 

the SpectraCalc™ program as described above. 

A third problem that one may encounte~ when using a CCD for Raman 

spectroscopy is that of saturation. These devices have a finite 

capacity to store electrons (typically 106 per pixel element). Thus, 

when one is attempting to detect extremely weak signal photon levels or 

attempting to look at fairly weak signals in the presence of a large 

background, the CCD may saturate before enough signal photons have been 

-- .. --- .. -.------------.-~ ..•. _ ...• _- ... ' --.. - ........... ,. .. -. 
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detected to give an acceptable signal-to-noise ratio. This may occur, 

for example, in the case of background fluorescence and in spectra 

obtained near the Raleigh line. There are no simple remedies for the 

correction of this problem. In these cases, the use of Raman 

spectroscopy with CCD detection may not be the method of choice. 

Raman Spectroscopy with Helium-Neon Laser Excitation and Charge-Coupled 

Device Detection 

[Originally published in J. Am. Chern. Soc., 111 (1989) 432] 

Introduction 

Two recent papers [3.18, 3.19] have reported the use of Nd:YAG 

near-IR laser excitation at 1064 nrn with either Fourier Transform [3.18] 

or conventional scanning [3.19] detection of Raman scattering. These 

approaches are useful for obtaining Raman spectra on samples difficult 

to study with common blue or green visible wavelength excitation due to 

fluorescence or photodecomposition of the sample. Since near-IR 

excitation is of much lower energy, it is not likely to cause 

significant electronic excitation in most materials that would normally 

result in fluorescence or photo-decomposition. As a result, thermally 

labile, photo-labile, and highly fluorescent materials, such as 

polymers and biological materials, may be analyzed successfully with 

this low energy excitation. 
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However, these techniques have several disadvantages. First, 

Nd:YAG lasers are more expensive than the more conventional visible 

wavelength lasers (e.g., Ar+) and the beam is not visible to the human 

eye making alignment of the beam for sampling more difficult. Moreover, 

in cases where interferometric approaches are used, near-IR detectors 

(e.g., Ge or InGaAs) must be used which are noisier than conventional 

photodetectors in the visible region. Additionally, total rejection of 

the Rayleigh line is generally not achieved, resulting in a significant 

degradation of the ideally predicted SIN advantage of FT methods and 

making access to the low frequency region extremely difficult. There 

is also decreased efficiency in Raman scattering at longer wavelengths 

as a result of the v 4 Raman intensity dependence. 

One proposed alternative to these methods involving Nd:YAG laser 

excitation is the use of long-wavelength excitation in the far

visible/near-IR region «1000 nm) of the spectrum from dye lasers or 

possibly even diode lasers with high sensitivity detection in more 

conventional Raman sampling arrangements. This approach would still 

allow the fluorescence problem encountered in many samples to be 

minimized by judicious choice of excitation wavelength. Moreover, the 

multiplex advantage of the FT method could still be realized if 

multichannel detectors were used. 

Until recently, multichannel detectors with the requisite 

sensitivity in this region of the spectrum were not available. 

Intensified photodiode arrays have poor res~onsivity in the far-visible 



139 

region of the spectrum. A possible alternative to the use of 

intensified photodiode arrays is the charge-coupled device (CCD) 

detector. These devices have only recently been introduced into 

analytical spectroscopy applications [3.20 - 3.22], but appear to have 

great potential in spectroscopy as a result of their high sensitivity, 

wide spectral responsivity, and large dynamic range. 

The characteristics of these detectors for spectroscopy were 

reviewed earlier. Of importance to the work here is the high quantum 

efficiencies of these devices in the far-visib1e/ near-IR region of the 

spectrum «1000 nm) and extremely low noise. Figure 3.12 shows the 

quantum efficiency of the CCD used in this work as a function of 

wavelength. For wavelengths between ca. 500 and 800 nm, the quantum 

efficiency is greater than 30%, maximizing at 43% at 750 nm. At 

wavelengths greater than 800 nm, the quantum efficiency drops, but 

remains of measurable values for wavelengths up to 1000 nm. Thus, 

these detectors have very good responsivity in the far-visib1e/ 

near-IR region of the spectrum. 

This section describes experiments designed to address the 

potential utility of this approach. A small, low power He-Ne laser was 

chosen as the excitation source to demonstrate the concept. However, 

due to the availability of laser dyes, diode lasers, and Ti-sapphire 

lasers in this region of the spectrum, almost any wavelength for 

excitation could, in principle, be accessed . 

.. ---------------------.-~ .... --,--,.----" 
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Figure 3.12 Quantum efficiency of Thornson-CSF 7882 CCO. 
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Experimental 

CCD-Raman spectra were acquired with 10 mW of He-Ne laser 

excitation at the sample. Spectra acquired with the PMT were obtained 

with ca. 150 mW of Ar+ laser excitation at 514.5 nm. 

Results and Discussion 

One disadvantage of most multichannel detection schemes is that a 

finite, sometimes small, wavelength region is dispersed onto the 

detector. If a sufficiently large wavelength region is dispersed onto 

the detector, there is no problem. However, in the far-visib1e/near-IR 

region of the spectrum, the wavelength region dispersed onto the 

detector is considerably less than in the visible region of the spec

trum due to the increase in dispersion of the gratings at longer 

wavelengths. This fact decreases the magnitude of Fe11gett's advantage 

relative to that which would be achieved by these detectors in the 

visible region of the spectrum. The reciprocal linear dispersion of the 

double monochromator with 1800 grooves/mm gratings used here was 

estimated to be ca. 5.6 cm-1/mm with 632.8 nm excitation using the 760 

and 790 cm-1 bands of a standard CC14 sample as compared to ca. 10 cm

l/mm with 514.5 nm excitation. Thus, only ca. 50 cm-1 of the spectra 

could be observed at one time with this arrangement. Since the detector 

is only ca. 8.8 mm wide, the spectra reported here were obtained in 50 

cm- 1 sections and "glued" together to give the spectral response. 

The quality of spectra that can be acquired with a CCD detector 
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and low power He-Ne laser excitation is demonstrated by the spectrum of 

liquid pyridine shown in Figure 3.13. This spectrum was obtained with 

only 10 mW of laser power in the frequency regions containing the 

strong ring breathing modes at 991 and 1030 cm-1 and the C-H stretching 

mode at 3059 cm- i . Each portion of the spectrum was acquired in a total 

of 5 min, 2.5 min for each 50 cm- i interval. 

The SIN ratio of ca. 60 observed with this low laser power is 

excellent and suggests that this approach may be a viable alternative 

to the FT-Raman methods that have recently been used [3.18, 3.23, 3.24] 

Careful consideration of the sensitivity and noise properties of these 

eeo detectors suggests that dye laser excitation in the far-visible or 

near-IR regions with eeo detection should, in theory, provide spectra 

of better quality than could be obtained using either PMT detection in 

a normal scanning arrangement or near-IR detection (e.g., Ge or InGaAs) 

in a FT arrangement. The basis for this superiority, at least for 

wavelengths less than or equal to ca. 1000 nm, lies in the high 

sensitivity and extremely low detector noise of the eeo which provide 

a shot-noise limited, rather than a detector-limited, operating 

environment. 

A common figure of merit for the comparison of optical detector 

quality is the noise-equivalent power (NEP). This value represents 

the intensity of light in watts (W) that must impinge on the detector 

in order to generate an output with a SIN ratio of unity at a given 

bandpass. 

-------- ----- - ------- - -------------------
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Consequently, the smaller the NEP value, the more sensitive the 

detector. Based on NEP calculations [3.9], it is predicted that, at 

632.8 nm excitation, the Thomson CCD (NEP - 3.5 X 10-20 W/Hz1/2 for 2.5 

min integration) is four orders of magnitude more sensitive than the 

RCA PMT (NEP - 3.7 x 10-16). Ge and InGaAs detectors in near-IR FT

Raman experiments have NEP values on the order of 1 x 10-15 to 8 X 10-15 

W/Hz l /2, presumably at the wavelength of maximum response. 

Consequently, when the CCD-Raman system employs far-visible/near-IR 

excitation (600 to 1000 nm), these detectors are expected to provide 

better quality spectra than those obtained using FT-Raman spectroscopy. 

To demonstrate the utility of this approach in discriminating 

against fluorescence, a sample of technical grade anthracene was 

studied. This material usually contains impurities whose fluorescence 

interferes with the acquisition of the Raman spectrum with visible 

,,,ave1ength excitation in the blue or 'green regions of the spectrum. For 

this reason, this material has been a popular one to demonstrate the 

power of FT-Raman methods [3.18, 3.24]. 

A Raman spectrum of the powdered anthracene sample contained in 

melting point capillary excited with 514.5 nm Ar+ laser radiation is 

shown in Figure 3.14 for the frequency region between 300 and 1700 cm- 1 • 

Obviously, the anthracene vibrational bands are difficult to see over 

the noisy fluorescence background. Figure 3.15 shows three regions of 

the Raman spectrum acquired with 10 mW of HeNe laser excitation and CCD 

detection. Each portion of the spectrum was acquired in only 1 min. 

---- ------. ,.- .. --
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The SIN ratio of the anthracene peaks is very good and no evidence 

of fluorescence in this spectrum is observed. 

Conclusions 

147 

The utility of high sensitivity CCD detection for Raman 

spectroscopy with low energy excitation (620 nm and 632.8 nm) has been 

demonstrated. The results suggest that Raman spectroscopy with CCD 

detection coupled with low power diode lasers or hand-held HeNe lasers 

may provide an alternate approach to the use of FT-Raman methods for 

samples which are photo-labile, highly fluorescent, or thermally labile. 

CCD detectors appear to have the potential to revolutionize Raman 

spectroscopy. In addition to their sensitivity characteristics 

demonstrated above, these detectors are robust. They cannot be 

destroyed by exposure to normal room light as can a PMT. One can 

envision a rugged, reliable Raman spectrometer field or quality control 

instrument when a CCD is used with an inexpensive, reliable, low power 

laser. 

-.- --_ .. -. '- _._._- _ .. _ .. _-_._------_.-.-._-_ ... 
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Chapter 4 

SURFACE SELECTION RULES IN RAMAN SPECTROSCOPY 

The goal of this chapter is to familiarize the reader with surface 

selection rules in Raman spectroscopy which are used extensively in 

later chapters for the determination of molecular orientation at metal 

electrodes. In addition, this chapter serves to illustrate the 

advantages and limitations of surface selection rules for orientation 

investigations. 

Introduction 

It is well known that relative infrared (IR) absorption intensities 

of molecules are generally altered upon adsorption at a metal surface. 

Some modes are enhanced while others are absent from the surface IR 

spectrum. This observation is the result of surface selection rules. 

The IR surface selection rules are well known, perhaps as a result of 

FT-IR popularity. However, similar surface selection rules exist for 

metals with visible radiation, typically employed in Raman spectroscopy . 

.. -•...• - _ .. _-_._------_ ... _----- ..... ' .. -.- .. 



Surface Selection Rules at Smooth Surfaces 

Electromagnetic Fields at Smooth Surfaces 

Primary Field. Consider in Figure 4.1 a laser beam (visible or 

infrared) with incident electric field Ei , polarized parallel to the 

plane of incidence (x-z plane), impinging on a metal surface and the 

corresponding reflected, polarized, beam with electric field, Er . 

According to classical electrodynamics, incident and reflected beams 

constructively interfere, given the x-z polarization, to create a 
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"standing wave" with a total electric field, ET, and an intensity, I, 

equal to El. It is this "standing wave" that gives rise to the surface 

selection rules. The magnitude of ET2 depends on the angle of 

incidence, ~, polarization, dielectric properties of the surface and 

ambient medium, as well as the excitation wavelength,~. The total 

electric field is defined by the vector sum of Ex2 , Ey2, and Ez
2 . 

Hml1ever, given the case of x-z polarized light, ET2 is determined by Ez
2 

and Ex2 , since 

(4.1) 

These fields are also called the normal, or radial, electric field, En' 

and the tangential electric field, Et , which may be calculated using the 

Fresnel equations and appropriate data described above. The difference 

in En2 and Et
2 can be used to evaluate molecular orientation at the 

surface, since molecular vibrations can couple selectively into the 

respective field depending on orientation. One of the most important 

questions regarding surface selection rules is: what is the magnitude 

-------_ ... - .... -- . 
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Figure 4.1 Geometry of light impinging on a Ag metal surface. Ei is 
the incident electric field polarized in the x-z plane, Er 
is the reflected electric field, ¢ is the angle of 
incidence, ~ is the resulting electric field normal to the 
surface, and Et is the resulting electric field tangential 
to the surface. 



of En/Et? Or, more appropriately, what is'the magnitude of ~2/Et2, 

since experimentally observed intensity is related to E2. 
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In an attempt to answer this question for atomically smooth 

surfaces, Campion [4.1] has used the Fresnel equations and the 

appropriate data to evaluate ~2 and Et
2 as a function of ¢ and 

excitation wavelength. The results for Ag at 5 ~m and 520 nm are shown 

in Figure 4.2. The value of En2/Et2 approaches infinity at 5 ~m, and 

has a finite value of ca. 5 at 520 nm and ¢=70°. Thus, the surface 

selection rule is more "absolute" in the case of infrared radiation. 

However, the significant magnitude of Et
2 at 520 nm can allow the 

detection and observation of tangential vibrational behavior which goes 

undetected at 5 ~m, where Et
2 goes to zero. 

Secondary field effects. Now consider an adsorbate or some species 

in contact with a metal surface. This molecule interacts with ET2 at 

the surface, and when considered as an oscillating dipole perpendicular 

to the surface, can emit radiation directly away from the surface or 

toward the surface, as shown in Figure 4.3. The light wave reflected 

from the surface may then interact, destructively or constructively, 

with light emitted directly from a molecule on the surface. This gives 

rise to a total Raman scattered electric field, E,2, which depends on 

orientation of the molecular vibration. The effect of these secondary 

field effects can be sensitive to observation angle, as shown in Figure 

4.4 as a function of observation angle. Consequently, the observed 

Raman intensity depends on ET2 and E,2, or lobs ex: ET
2 .E,2. 

- ... __ ._-_._------_ .. ------ . 
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Figure 4.3 The three possible orientations for an oscillating dipole 
on a surface relative to the observation direction. The 
direct and reflected fields sum constructively in case I 
and destructively in cases II and III. Reproduced with 
permission from reference 4.1. 
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Observation Angle 

Figure 4.4 Angular distribution of radiation Raman scattered from 
dipoles oriented in different directions. Intensity of 
Raman scattered light, E,2, is plotted relative to inten
sity from a point source. Case I is a dipole oriented 
normal to the surface; case II is oriented parallel to the 
surface and is contained in the observation plane; case III 
is oriented parallel to the surface and perpendicular to 
the scattering plane. The calculations integrate Fresnel's 
equations over the finite angular range of the collection 
optics. Reproduced with permission from reference 4.1 
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Surface Selection Rules at Rough Surfaces 

Electromagnetic Fields at Rough Surfaces 

Now one asks the question, what is En2/Et2 at rough metal surfaces? 

Consider a small sphere with a diameter « ~exc which may be treated in 

terms of electrostatics. Since rough surfaces can absorb a significant 

amount of light (ca. 20% for rough Ag at 500 nm [4.2]) the effect of 

absorption and re-radiation must be considered in the calculation of 

En2/Et2. According to electrostatic theory [4.3], the light absorbed is 

primarily re-radiated normal to the surface. This idea is depicted in 

Figure 4.5, where incident light is polarized in the x-z plane, is 

absorbed by the spherical metal particle, and is re-radiated as En and 

Et at the surface of the spherical particle. Using this theory, 

Moskovits [4.3] has calculated the normal and tangential field 

components after averaging over all incident angles, required in the 

case of a spherical surface. The simple result is described below: 

where 

E 2 
t 

E 2 
n 

ex 

ex 

2(1 _ g)2 

(1 + 2g)2 

(4.2) 

(4.3) 

(4.4) 

and fm and Eo are the wavelength-dependent dielectric constants of the 

metal and ambient environment, respectively. 

Now consider interaction of the adsorbate with each of these 

components at the surface. The secondary field effect must also be 

considered since I ex Er
2·E,2 as discussed for smooth surfaces. To 

----------------_ .. - ~.-. - . "-"-" 



z 

x 

hv 

Figure 4.5 Geometry of x-z polarized light impinging on a rough Ag 
metal surface. ~ is the resulting electric field normal 
to the surface and Et is the resulting electric field 
tangential to the surface. 
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demonstrate the behavior of I versus Aexc. consider a molecule adsorbed 

on a small sphere surface in such a way that the z-axis of the molecule-

fixed coordinate frame lies along the metal surface normal. Also 

consider the Raman-active modes. which are defined as those that 

possess nonzero components of the Raman polarizability tensor. a. It 

should be noted that this tensor has components (axx • axy. axz ' etc.) 

with directional character. For example. a molecule belonging to the 

C2V point group will have. according to character tables. four types 

of modes: 

Al Qxx' Qyy. Qzz 

A2 Qxy 

Bl Qxz 
B2 Qyz 

If the molecule is oriented with its C2 axis aligned with the surface 

normal, then the z molecular axis is aligned with the z surface axis, 

and the x and y molecular axes are parallel to the surface. It should 

be noted that actual values of a components are not always easy to find; 

however, they can be determined from the Raman spectroscopy of crystals 

[2.3] . 

Given this information. three categories of vibrational modes 

describe the range of possible I versus Aexc behavior: 

I ex: E 2E ,2 
t. t. 

where the prime indicates the properties calculated at Raman-shifted 

frequencies. The resulting excitation profile for these functions 

- .. - -.---------------.. -~ ..•. - ... ---.-. 
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Figure 4.6 Calculated excitation spectra for Ag-like free-electron 
metal comparing the expected b~havior of three classes of 
Raman modes. Note: g - g', where g' is the value of g at 
a Raman shifted frequency. Reproduced with permission 
from reference 4.3 . 
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is shown in Figure 4.6 for a Ag-like free-electron metal and fo - 1. 

The maximum corresponds to the surface plasmon resonance condition. To 

the red of that frequency (ca. 380 urn), Qzz modes dominate the spectrum 

because En2 is larger than Et2 • At the wavelength of interest in this 

work (514.5 urn), the En2/Et2 ratio is ca. 500:1. The disparity increases 

as the excitation wavelength becomes larger. Interestingly, these 

equations predict that in the infrared, En2/Et2 
-+ co just as it does in 

the case of atomically smooth surfaces. 

Experimentally, it is found that for electrochemically roughened 

surfaces, the surface plasmon is in the vicinity of 500 nm [4.2, 4.4]. 

If the maximum in the Moskovits excitation plot is red-shifted to 

approximately 500 nm, the ratio of intensities associated with 

vibrations normal and tangential to the surface is ca. 5:1 at 515 nm. 

The exact ratio at electrochemically roughened surfaces is not clear 

due to the broad nature of the plasmon absorption [4.2, 4.4]; hO~lever, 

based on these arguments it is predicted that the ratio is considerably 

less than 500:1 at surfaces activated electrochemically. 

Resonance Raman Effects at Electrodes 

Resonance enhancement of Raman scattering occurs for certain 

vibrational modes when the excitation radiation comes into resonance 

with an allowed electronic transition of the scattering molecule. 

Consequently, the magnitude of this effect depends on the type of 

molecule and applied electrode potential, unlike the EM field 

----.. -- .- -- . 
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enhancement. As shown by Albrecht [4.5], the second order perturbation 

.expression for the appropriate elements of the transition po1arizabi1-

ity tensor is the sum of four terms, two of which should dominate the 

resonance contribution [4.6]. These are called the A and B terms. The 

A-term mechanism requires the vibrations to be totally symmetric. The 

B-term is associated with vibrational mixing of the resonantly 

accessible electronic state with other excited states. Thus, either 

totally symmetric or nontota1ly symmetric vibrations may give rise to 

B-term scattering. 

Experimentally, it has been noted that, in many cases, the totally 

symmetric modes 'of the metal-electrode confined adsorbate increase in 

intensity as the electrode potential is made more negative. As an 

example, the behavior of pyridine adsorbed at rough Ag electrodes in 

0.1 M NH4F at -1.4 V and -0.4 V support this idea. At -0.4 V, totally 

symmetric bands (1590, 1210, and 629 cm-1) have weak intensity, but 

become very intense at -1.4 V. The fact that only totally symmetric 

modes become selectively enhanced at negative potentials suggests that 

the intensity variation is due to an A-term process coming into 

resonance as the Fermi "donor" level in the metal is raised as the 

potential is made more negative. 

Extreme variations in relative SERS intensity have also been 

observed for other molecules [4.6]; however, the potential-induced 

resonance Raman behavior of these molecules has not been scrutinized 

as closely as that of pyridine. 

---- ------. "-"-'-
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These preliminary results indicate that aromatic molecules of high 

symmetry may give rise to surface Raman intensities which have a 

significant contribution from resonance effects. It should be pointed 

out that the role of symmetry is associated with the nature of 

vibrational overlap integrals, and may be only one requirement for 

resonance. It seems reasonable that the accessibility of electronic 

levels in the molecule (e.g. LUMO) may also be an important requirement 

for these surface-molecule resonance effects. This question could be 

addressed by a potential-dependent study of non-aromatic molecules with 

high symmetry. The LUMO in piperidine (C2V symmetry), for example, 

should be less accessible than the LUMO in pyridine (C2V symmetry). 

The possibility of resonance with alcohols at Ag surfaces is of 

interest with respect to this work. However, since these molecules have 

fairly low symmetry (Cs ) and a LUMO which is less accessible than the 

pyridine LUMO, the possibility of resonance does not seem likely. 

Testing the Surface Selection Rules at Rough Surfaces 

Phthalazine at Colloids 

Moskovits has studied the orientation of phtha1azine (Figure 4.7) 

at Ag colloids of fairly uniform 200 A diameter [4.13]. Since 

phtha1azine has C2V symmetry, Raman intensity from Bl modes arises from 

the Q xz polarizability tensor component, while the B2 mode arises from 

.. _-- - --._---------------_ .. --" .... _ ... 
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754 cm-1 SERS band of adsorbed phthalazine (points) 
compared with the calculated ratio. Reproduced with 
permission from reference 4.13. 
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the Q yz component. Notice in Figure 4.7 that the molecule-fixed z axis 

is in the plane of the molecule. Consequently, if phthalazine is 

oriented "standing up" (Le. a-bonded), then the intensity ratio of 

B1/B2 modes should be independent of excitation wavelength. This is 

because in an edgewise orientation, both x and y-axes are in a plane 

parallel to the surface. However, when phthalazine is bonded "flat" 

(i.e. ~-bonded), the B1/B2 intensity ratio is expected to exhibit 

significant excitation wavelength dependence. This is because in a 

"flat" orientation, the y-axis is perpendicular to the surface, and 

since only the B2 mode derives intensity from a y-axis-containing tensor 

component, the wavelength dependence is expected to be quite different 

than the B1 mode. A significant wavelength dependence is actually 

observed, suggesting that phthalazine is adsorbed "flat" at these Ag 

colloids. Using a similar argument, the wavelength-dependence of A1/B2 

intensity ratios support the conclusion that phthalazine is ~-bonded. 

The wavelength-dependence of the A1/B2 intensity ratio is shown in 

Figure 4.7. 

Pyridine, Benzene and Related Molecules at Rough Surfaces 

Creighton [4.7, 4.8] has studied pyridine and N-methylpyridinium 

cation at rough Ag electrodes in electrolyte solution. For pyridine 

at Ag at -0.50 V vs. SCE in 0.1 M KCl, pyridine was concluded to be 

oriented "flat". The argument is as follows. Consider the molecule

fixed x,y, and z-axes for pyridine shown in Figure 4.8A. Using these 

---_. __ .-.--- .. -
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axes, surface selection rules predict that if the molecule is "standing 

up", then the z-axis is normal to the surfaca, and the B2 mode should be 

enhanced relative to the A2 mode, since these modes transform as ayz and 

exley' respectively. However. in the case of a "flat" orientation, the y

axis is normal to the surface and the A2 modes should be enhanced 

relative to B2 modes relative to bulk solution intensities. It is found 

that the ratio B2/A2 is 2:1 in bulk solution, and 1:2 at the surface. 

indicating that the y-z plane is largely parallel to the surface, and 

pyridine is adsorbed in a "flat" orientation at -0.50 V. Unfortunately, 

this conclusion has not been confirmed by independent experiments. 

The behavior of N-methylpyridinium cation has also been studied at 

rough Ag electrodes [4.8]. The absence of a a-donor group minimizes 

the possibility of an edgewise orientation and suggests that this 

molecule is adsorbed "flat", or at least as flat as the methyl group 

will allow. Following the same analysis as for pyridine, it is found 

that the B2 modes are diminished with respect to the A2 modes, 

indicating a "flat" orientation. 

Benzene is a useful adsorbate to study, because there is clear 

evidence from many sources that it is adsorbed flat on metal surfaces 

[4.9.4.10]. Lund and coworkers [4.11] have studied the Raman behavior 

of benzene adsorbed on a coldly-deposited, rough, Na film as a function 

of excitation wavelength. Consider the molecule-fixed axes for benzene 

shown in Figure 4.8B, along with the polarizability tensor components 
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associated with Elg , E2g , and Alg modes. Given this information, Elg 

modes are expected to have a greater enhancement than E2g modes if 

benzene is ~-bonded (z-axis normal to the surface). This is, indeed, 

observed suggesting a "flat" orientation which is consistent with other 

independent investigations of benzene on metal surfaces. Furthermore, 

as the excitation wavelength is shifted to the red, the Elg mode 

intensity is found to be more sensitive to changes in wavelength than 

the E2g mode, while the Alg mode is even more sensitive than the Elg 

mode. The latter observation indicates a large involvement of the Qzz 

component in scattering by the Alg mode. 

Weaver and coworkers [4.12] have studied benzene and mono

substituted benzenes at electrochemically roughened Au surfaces in the 

presence of 0.5 M H2S0~ aqueous solution using 647.1 nm excitation. The 

orientation of benzene at these surfaces is known, since the shift in 

Raman frequencies and changes in bandshape are well established and 

correlated with specific molecular orientation. Consequently, these 

studies offer a bona fide test of surface selection rules for Raman 

spectroscopy at these Au surfaces at 647.1 nm excitation. Consider the 

molecule-fixed axes of benzene in Figure 4.8B. As discussed above, the 

enhancement of Elg modes relative to E2g modes indicates a "flat" 

orientation. It is found that while the solution Elg/E2g ratio is 0.22, 

the surface value is ca. 4.8 to 5.0, indic'ating that the surface 

selection rules are consistently predicting the correct molecular 

orientation. 

.. ..._-.. -- -- ---------.. _--- .---... - .. --
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From another perspective, Moskovits' calculations [4.13] predict 

that molecules of C2V symmetry (e.g. 'toluene) should have A2/B2 intensity 

ratios of 4:1 if adsorbed "flat", and a ratio of 1:4 if adsorbed 

edgewise. This is related to the idea that the A2 modes are associated 

with out-of-p1ane modes (since they translate as Q~), while B2 modes, 

translating as Qyz, are associated with in-plane modes. For reference, 

the z molecular axis is defined in Figure 4.9. Using this approach, 

Weaver and coworkers [4.12] studied toluene at Au, and found ratios of 

6:1,4:1, etc., suggesting that toluene is largely oriented "flat". 

Similarly, benzonitri1e, shown in Figure 4.9, was also studied at these 

Au surfaces [4.12]. The large shift in CN frequency and abserice of 

ring-breathing shift upon adsorption suggests that benzonitri1e is 

oriented with the C2 axis normal to the surface. As with toluene, the 

intensity ratio of A2:B2 modes was investigated. Values of 0.06:1.0, 

0.04: 1. 0, and 0.16: 1. 0 suggest that benzonitrile is oriented "standing 

up", consistent with changes in frequency from bulk solution as 

described above. 

Finally, experiments in our laboratory [4.14] have further 

supported the validity of these surface selection rules for the 

determination of molecular orientation at rough surfaces. The behavior 

of alkanethiols at electrochemically roughened Ag electrodes has been 

studied at an excitation wavelength of 514:5 nm, which are the same 

conditions used in this dissertation. In particular, it is found that 

the v as (CH3 ) mode of hexanethiol and butanethiol is enhanced relative to 

----... - ,---
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that of pentanethio1. This even-odd-even behavior is consistent with a 

v as (CH3 ) mode whose dipole is more normal to the surface in the case of 

even-numbered carbon chain thio1s than in the case of odd-numbered 

thio1s. Such a result is simply explained by the tetrahedral 

coordination of carbon, and supports the idea that En2 > Et2. While 

the exact value of En2/Et2 at these electrochemically roughened Ag 

surfaces is presently unknown, these data suggest that molecular 

orientation can be estimated from the knowledge that En2 > Et2. 

Estimation of Alcohol Solvent Orientation at Rough Ag Surfaces 

This section serves as an example of orientation determination 

using the surface selection rules for rough surfaces described above. 

Consider methanol solvent molecules at an electrochemically roughened 

Ag electrode, studied using 514.5 nm excitation. Under these conditions, 

the behavior of thio1s indicates that En2 > Et
2 [4.14]. Calculations by 

Moskovits [4.3] suggest that the magnitude of En2/Et2 could be as large 

as 500:1. However, as a result of a broad surface plasmon at ca. 500 

nm, the magnitude is expected to be closer to between 5:1 and 10:1. 

In order to use these surface selection rules, a number of 

assumptions must be made. First, it is assumed that the relative 

scattering cross sections of the molecule do not change upon adsorption. 

Second, the contribution of resonance effects in surface Raman 

"--, .. " .. -' .. --- .. ------------~--- .. - - ... 
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intensities are assumed to be negligible. This is a reasonable 

assumption for the straight-chain alcohols, as discussed earlier. As 

a first approximation, it is also assumed that the vs (CH3) and vas (CH3) 

vibrations have predominant po1arizabi1ity components which are 

orthogonal. This idea is supported by the Raman spectroscopy of 

molecules whose orientation is known [4.14]. And finally, for the 

purpose of discussion, let us consider ~2/Et2 to be ca. 10:1. 

Now consider in Figure 4.10 a methanol molecule which is oriented 

with its symmetric methyl dipole, v(s), at a tilt angle, 8, of 0° with 

respect to the surface normal. By default, this requires the asymmetric 

methyl dipole, v(as), to be oriented parallel to the surface. In this 

orientation v(s) is aligned with ~2, v(as) is aligned with Et2 , and the 

ratio I[vas(CH3)]/I[vs(CH3)] is expected to be 1/10 the value obtained 

from bulk solution species. This value of 0.10 is obtained from En2 and 

Et
2 values shown in Figure 4.10 and the idea that EIOTAL

2 ... En2 + Et2 . 

Using this approach, ET2 (Iv(as» ... 0 + 1 and Er2 (Iv(s» ... 10 + 0, 

giving a predicted I[vas(CH3)]/I[vs(CH3)] ratio ... 1/10 of the solution 

value. While the absolute magnitude of 1/10 does not have much meaning, 

it is significant that it is less than 1. As long as En2 > Et2 , a 

surface species ratio less than the bulk solution ratio indicates that 

8 < 45°. The reasoning is as follows. At 8 = 45°, a unique situation 

occurs in that both v(as) and v(s) are at an angle of 45° with respect 

to the surface normal. Consequently, these modes should couple equally 

effectively with ET2, since ET2 is the vector sum of both components. 

-------_ .. - - -. 
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Thus, this situation is similar to the isotropic field experienced by 

species in bulk solution. This conclusion is significant, because it 

suggests that semi-quantitative information regarding molecular 

orientation at rough surfaces may be obtained, as discussed further 

below. 
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Figure 4.11 shows how different methanol orientations are 

expected to interact with En2 and Et2 . Notice that a unique situation 

occurs at a tilt angle of 45°, as discussed above. At this tilt angle, 

the orthogonal dipoles, associated with the symmetric and asymmetric 

methyl stretches, are both at an angle of 45° with respect to the 

surface norma1. Consequently, [Iv(as)/Iv(s)]surface"" 1.0 . 

[Iv(as)/Iv(s) ] solution at (J "" 45°. At (J < 45°, the symmetric dipole is 

oriented more normal to the surface than the asymmetric dipole. 

Consequently, [Iv(as)/Iv(s)]surface is less than [Iv(as)/Iv(s)]solution, as 

shown in Figure 4.11. At (J > 45°, the asymmetric dipole is oriented 

more normal to the surface than the symmetric dipole. As a result, 

[Iv(as)/Iv(s)]surface is greater than [Iv(as)/Iv(s)]solution. In summary, 

these thought experiments suggest that methanol orientation may be 

determined semi-quantitatively with respect to this 45° axis. Examples 

of this type of analysis are presented in following chapters. 

-------------~.-~ ..•. - ''''-''-. 
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Conclusions 

It is apparent that SERS surface selection rules are not as 

straight-forward as those applied in surface infrared spectroscopy. 

Instead, there appear to be a number of complicating factors such as 

metal surface dielectric properties at visible wavelengths (which give 

rise to measurable Et
2) , necessity to average over all angles of 

incidence (due to the rough surface), and the possibility of surface

molecule resonance. Nevertheless, there appears to be overwhelming 

evidence that SERS surface selection rules can be used in a qualitative 

sense to confirm the orientation of a molecule which is "flat" or 

"standing up" at a rough metal surface. 

It is significant that previous experimental work has not addressed 

the possibility of a molecule oriented at an angle between 0 and 90 0
• 

The reason for this is the fact that most efforts have been focused 

on testing the utility of these rules to predict static, well-known 

orientations, such as the "flat" orientation of benzene at Au. More 

realistically, however, one ~ expect a molecule to be oriented 

somewhere between 0 and 90 0
• Theoretically predicting an exact angle 

would require a large amount of information, such as tensor quantities. 

En2/Et2, etc., and would be nothing short of an arduous task. An 

alternative approach is proposed which involves the comparison of SERS 

intensities with those from bulk solution, and which yields semi

quantitative orientation information with respect to the 45 0 axis. 

-_. - .. - .. _ •... _------ ---_ .. _._ •.. -.. . 



CHAPTER 5 

ALCOHOL ORIENTATION AND BONDING AT IN-SITU ALCOHOL-SILVER 

ELECTROCHEMICAL INTERFACES 

Introduction 
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Detailed information regarding organic solvent structure at metal 

electrodes has been somewhat elusive. In fact, several reviews [1.22, 

1.114, 5.1] have noted the lack of fundamental information regarding 

the nonaqueous electrochemical interface in general. The behavior of 

alcohols, in particular, has been of interest to electrochemists for 

many years. Methanol has received considerable attention [1.2] due to 

its importance in fuel cell applications. The adsorption behavior of 

more complex and longer chain alcohols from aqueous solutions has also 

been studied for ethanol [1.125-1.132], 1-propano1 [1.133-1.135], 

isopropanol [1.136, 1.137], 1-butano1 [1.138], isobutano1 [1.138], 2-

butanol [1.138], 1-pentano1 [1.139], propanedio1 [1.140], and ethylene 

glycol [1.141-1.143]. Studies involving a,series of alcohols [1.138, 

1.144-1.147] have been particularly useful in understanding the effect 

of molecular structure on adsorption. Towards this end, we have chosen 
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to investigate the orientation and bonding of a homologous series of 

straight-chain alcohols (methanol, ethanol, 1-propano1, 1-pentano1) at 

Ag electrodes. These alcohols are used as solvents in the presence of 

supporting electrolyte, and thus, represent nonaqueous electrochemical 

systems. 

Double-layer capacitance measurements have been widely used for 

the investigation of organic solvent structure at metal electrodes. 

However, this approach has yielded little conclusive evidence, for 

specific bond orientations of solvent molecules in the double layer. 

For example, Grahame [1.117] observed a positive shift in the potential 

of zero charge (PZC) of Hg in methanol-water mixtures with greater 

concentrations of methanol and concluded that the methanol dipole is 

directed away from the surface. However, Garnish and Parsons [1.117] 

concluded from the temperature dependence of the double layer 

capacitance that the reverse orientation is preferred. More recently, 

Fawcett [1.118] has suggested that the minimum in capacitance as a 

function of potential is due to methanol dipoles oriented parallel to 

the Hg electrode surface. In another case, Dutkiewicz and Lamperski 

[1.119] ascribed the minimum to a low po1arizabi1ity of molecules at 

the interface caused by cluster formation. 

Spectroscopic methods such as surface-enhanced Raman scattering 

(SERS) and infrared reflection-absorption spectroscopy (IRRAS) have 

provided the most detailed information about nonaqueous solvent 

orientation at electrode surfaces. The uti~ity of SERS has been 
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demonstrated in the study of methanol [5.2], acetonitrile [1.120], 

propylene carbonate [1.121], and pyridine [1.122] at Ag electrodes, 

while IRRAS has been used to evaluate the orientation of acetonitrile 

[1.123] at Pt electrodes. In most cases, molecular orientation has 

been inferred from shifts in vibrational frequencies from bulk solution. 

However, more detailed orientationa1 information can be obtained with 

the use of surface selection rules at rough surfaces first described by 

Moskovits [5.3, 5.4] and Creighton [5.5, 5.6]. These rules suggest 

that, for a selected excitation wavelength region, vibrational modes 

possessing po1arizabi1ity tensors along the surface normal will 

experience the greatest intensity enhancement, while those possessing 

tensors along the plane parallel to the surface will experience the 

least intensity enhancement. Consequently, one should be able to 

evaluate interfacial solvent orientation from the relative intensities 

in the SERS spectrum of interfacial solvent molecules. 

This chapter describes efforts to understand the orientation and 

bonding of a homologous series of simple, straight-chain alcohols at Ag 

electrodes. This approach affords a systematic variation in solvent 

properties, which provides an opportunity for better understanding some 

of the chemical interactions at the interface which control orientation 

and bonding. In addition, the alcohols are attractive and widely 

investigated fuels for use in organic fuel cells. 

The effect of in-situ and ~-situ roughening is studied for the 

case of methanol and ethanol. These results. are discussed in the first 

... - - .. _-------------_ .. - - .-. - .... -. -.' 
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half of this chapter. In the latter half of this chapter, the behavior 

of methanol, ethanol, propanol and pentanol is studied at ~-situ 

roughened Ag electrodes. The reason for this lies in the consistent 

surface morphology that should be produced by roughening in 0.4 M LiBr 

aqueous solution compared to roughening in each of the different 

solvents. Ex-situ roughening also avoids the possibility of trapping 

solvent molecules during the oxidation-reduction cycle (ORC) roughening 

procedure. One of the goals of this ,"York is to reveal some of the 

factors which control alcohol solvent orientation in the electro

chemical double layer. A second goal is to evaluate the usefulness, 

and self-consistency, of SERS selection rules for these molecules at 

Ag electrodes roughened ~-situ. 

Experimental 

Part I: Methanol at In-Situ Roughened Surfaces 

Excitation was provided exclusively by the 514.5 nrn line. All 

spectra were acquired using the PMT-Raman system and a laser power of 

130 mW at the sample. The spectral bandpass was maintained at 8.0 cm- l . 

Spectra were acquired at 2 cm- l increments over a 1-2 s integration 

period. 

A typical cyclic voltarnrnogram of Ag in a 0.4 M LiBr methanol 

solution is shown in Figure 2.13. The morphology of silver surfaces 

roughened in methanol electrolyte solutions was studied using scanning 
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electron microscopy as discussed in chapter 2. All other experimental 

conditions are described in chapter 2. 

Part II (Experimental): Alcohols at Ex-Situ Roughened Surfaces 

Excitation was provided exclusively by the 514.5 nm line of a 

Coherent Innova 90-5 Ar+ laser. All spectra were acquired with a laser 

power of 120-130 mW. Potential-dependent SERS spectra were obtained 

with incident light polarized parallel with respect to the plane of 

incidence. The reference bulk spectra for these studies were obtained 

from a 2-3 mm layer of solution between a smooth, polished 

polycrystalline Ag electrode and the quartz window of the spectro

electrochemical cell. All survey spectra were acquired with incident 

light polarized perpendicular to the plane of incidence. 

Two Raman spectrometers were used in these experiments. For the 

survey spectra in Figure 5.19, the PMT-Raman system described in chapter 

2 was used. For all other spectra, the CCD-Raman II system was used. 

SERS Investigation of Interfacial Methanol at Silver Electrodes 

[Originally published in Langmuir, 1990, 2, 43] 

Introduction 

This section describes the use of SERS and associated surface 

selection rules for the determination of potential-dependent methanol 

------- - -----------------
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orientation at po1ycrysta11ine Ag electrodes roughened in-situ, i.e. in 

the methanol solution. The effect of electrolyte cation and anion on 

SERS spectra is investigated as a function of electrode potential. 

Results 

Raman Spectroscopy of Neat Methanol and Methanol Electrolyte 

Solutions. The spectrum of neat methanol is shown in Figure 5.1. The 

effect of 4 M LiBr electrolyte on this spectrum is shown in Figure 5.2. 

A high concentration was used to mimic the probable electrolyte 

conditions in the electrochemical double layer. Peak frequencies and 

band shapes are essentially unchanged in the presence of LiBr, with the 

exception of the v(O-H) band which becomes narrower and shifted to 

higher frequencies. The presence of LiCl has a similar effect. These 

data suggest that the hydroxyl group is involved in extensive hydrogen 

bonding with the halides. This conclusion is consistent with infrared 

spectral properties of anion-containing alcohol solutions [5.7]. These 

data further indicate that, in spite of the hydrogen bonding, the v(C-O) 

and v(C-H) vibrational frequencies are relatively unchanged in the 

presence of dissolved electrolyte. A summary of solution frequencies 

in neat methanol, 4 M LiC1/methano1 and 4 M LiBr/methanol is given in 

Table 5.1. 

SERS Behavior of Methanol at Ag Electrodes. Following a double 

potential step ORC in 0.4 M LiBr, SERS spectra of interfacial methanol 

can readily be observed. These data are tabulated in Table 5.1. A 

._ .. __ .- ---.. -- --.. _- - -_ .. _._-----------, .. __ .. __ ........ - .. 
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Table 5.1. Comparison of bulk and surface Raman spectral frequencies of methanol. 

solution Frequencies (cm-1)" SERS Frequencies (cm -1) b 

MeOH Licl/M~OH LiarJM~QH LiCI/MeQH kLBr1KeJ)H AssiQnment8 

1036 1040 1038 1026-1034 1026-1034 V (C-O) 
1112 1106 1108 n.o. C n.o. CH3 rock 
1454 1453 1455 1456 1456 cS's (CH3 ) 

2836 2842 2840 2836 2842 v s (CH3 ) 

2944 2950 2947 2940 2946 cS's (CH3 ) 

2990 2990 2990 2990 2990 Va (CH3 ) 

3337 3361 3380 3256,3340d 3256,3354d 
V (O-H) 

a Electrolyte concentrations are 4 M for bulk solution spectra and 
b 0.1 M LiCl and 0.4 M LiBr in SERS spectra. 
C Not observed 
d Indicates SERS frequencies at E = -0.7 V. 
e Based on references 5.8 and 5.9 
! ot = overtone 

ott 

.... 
to 
W 
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survey spectrum of methanol between 600 and 4000 cm-1 acquired at a Ag 

electrode poised at -0.60 V is shown in Figure 5.3. Comparison of this 

spectrum with the bulk solution spectrum indicates that the most 

prominent features in the SERS spectrum are the vs (CH3 ) and va (CH3 ) 

vibrations. This is in contrast to the behavior observed in neat 

methanol in which both of these vibrations and the v(C-O) vibration are 

of considerable intensity. In going from neat solution to an adsorbed 

state, the intensity ratio of the v(C-O) band to the o(CH3 )ot band 

decreases from 0.6 to ca. 0.2. This decrease may be attributed to a 

preferred orientation of the surface-confined methanol such that the 

v(C-O) vibration cannot effectively couple with the incident electric 

field. The ability of preferred bond orientations to couple with an 

electric field at the surface is described by surface selection rules 

for SERS [5.6, 5.10] which were discussed at length in chapter 4. Based 

on these rules, vibrational motion peorpendicular to the surface will 

couple more effectively with surface electric fields than vibrational 

motion parallel to the surface. 

In addition to a change in relative intensity, the v(C-O) 

frequency is shifted to lower energies when the molecule is adsorbed. 

The v(C-O) vibration is observed at 1036-1040 cm-1 in the bulk and 1028 

cm-1 when adsorbed at Ag at positive electrode potentials. This 

observation suggests that methanol species are in a unique bonding 

environment at the interface. 

Two bands at 1390 and 3522 cm-1 are also observed in the SERS 

_________ 0 __ - ____________ 0 _____________ 0______ _ 0 
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spectrum that cannot be attributed to methanol. The band at 1390 cm-1 

may be due to the presence of an impurity species formed during the ORC. 

Although the exact nature of the species is not known, its presence can 

be minimized. by proper choice of the reduction potential during the ORC. 

The band at 3522 cm-1 is well established in the literature, and is 

ascribed to the v(O-H) of surface water with its oxygen end toward the 

metal surface. This band will be discussed in greater detail below. 

The potential dependence of the spectra in the C-H stretching 

region is shown in Figure 5.4. The band at 2990 cm-1 is due to the 

va (CH3), while the band at 2842 cm-1 is due to the vs (CH3). 

Qualitatively, as more negative potentials are applied, the va(CH3) 

intensity loss is greater than the vs (CH3) intensity loss. The 

I(CH3)a/I(CH3)s ratio change suggests a potential-dependent surface 

orientation. The relationship between this ratio and the electrode 

potential is shown more quantitatively in Figure 5.5. This plot 

suggests a preferred orientation at the most negative (-1.20 V) and 

positive (-0.60 V) potentials. Between these potentials, the 

I(CH3)a/I(CH3)s ratio is sensitive to changes in electrode potential. 

Consequently, one may conclude that the orientation is similarly 

sensitive to potential in this region. 

More easily observed from the C-H stretching region is the change 

in I [c5 (CH3)overtone]/I [vs(CH3)] intensity ratio, corresponding to the 2842 

cm-1 / 2946 cm-1 Raman bands. These are the two most prominent bands in 

the region. Figure 5.5 illustrates how this ratio changes as a 
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function of electrode potential. The trend is quite similar to the 

Iva (CH3 )/Ivs (CH3 ) ratio as a function of potential. This result 

indicates that the S(CH3 )ot vibration has its predominant po1arizabi1ity 

axis along the same direction as the va (CH3 ) vibration. In addition, 

these results lend support to the idea that methanol undergoes large 

changes in orientation between -0.8 V and -1.0 V. 

Important potential-dependent behavior is also exhibited by the 

v(C-O) band. As shown by the spectra in Figure 5.6, this band is 

shifted to lower energies for adsorbed methanol at positive potentials 

relative to its value in neat methanol. As the potential is made more 

negative, the frequency of maximum intensity in that region shifts 

toward the bulk value of 1038 cm-1 • However, the SIN is sufficiently 

poor to preclude any conclusion regarding the v(C-O) behavior. It is 

possible that this shift may be dominated by impurity bands which are 

present in the spectrum. 

SERS spectra in the v(O-H) region are shown in Figure 5.7 as a 

function of potential. Trace amounts of water are detected at the 

surface as evidenced by a relatively narrow band at ca. 3500 cm-1 • This 

band has been observed previously and is consistent with the v(O-H) 

vibration of surface water not extensively hydrogen bonded and oriented 

with its oxygen directed toward the surface [5.11]. As the potential is 

made more negative between -0.6 and -0.9 V, this band is relatively 

constant in intensity, although the loss of Br- at more negative 

potentials allows more extensive hydrogen bonding, as evidenced by the 

--------.. - --- .. 
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asymmetry on the low energy side of this band. 

In the presence of Li+, there are two additional bands, at 3256 

and 3354 cm-1 , in the v(O-H) region which cannot be ascribed to surface 

water. These bands are tentatively assigned to methanol species in two 

distinct chemical environments. The observation of two interfacial 

methanol species in the electrochemical environment:has not been made 

previously. As more negative potentiale are applied, the intensity of 

these two bands increases until a potential of -0.9 V is reached. 

At potentials more negative than -0.9 V, both methanol and water 

v(O-H) bands decrease rapidly in intensity with potential. This 

decrease may be attributed to a sudden loss in SERS activity or a 

drastic change in surface orientation. If a sudden loss in SERS 

activity beyond -0.9 V were occurring, all surface bands should undergo 

a similar loss in intensity. This is not observed for the v(C-O) or 

the v(C-H) band. Therefore, the intensity loss beyond -0.9 V must be 

associated with large changes in surface orientation. This is 

corroborated by the data in Figure 5.5 which show that the 

I a (CH3 )/I s (CH3 ) ratio is extremely sensitive to electrode potential near 

-0.9 V. 

The large spectroscopic changes observed in this potential region 

are consistent with unique behavior [5.12] often associated with 

potentials near the potential of zero charge (PZC). Therefore, it is 

assumed that the PZC is located in the potential region near -0.9 V, 

similar to its value in aqueous media [5.131. 

--- ---- ---- ------------- ------- --- _ .. _-
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The effect of electrolyte anion (Br-' Cl-) and cation (Li+, Na+, K+) 

on the v(O-H) vibration was also studied. Figures 5.7, 5.8, and 5.9 

illustrate the influence of the anion on the v(O-H) spectral region. 

In 0.4 M LiBr, the O-H intensities from interfacial methanol reach a 

maximum at -0.9 V, while in 0.1 M LiCl the intensities are maximized at 

-0.7 V. The difference in potentials of maximum intensity may be the 

result of more extensive Br- adsorption at negative potentials [5.47]. 

Another difference between these anions is that consistently more 

intense SERS of interfacial methanol v(O-H) bands are observed after an 

ORC in Br- relative to Cl-. This is apparently due to the nature of the 

Br- interaction with methanol and the Ag in the interface rather than a 

concentration effect. In the presence of 0.4 M LiCl, methanol SERS 

signals are no larger than those in the presence of 0.1 M LiCl. 

The v(Ag-Cl) and v(Ag-Br) vibrations are easily observed in 

methanol. The potential dependence of these bands is shown in Figures 

5.10 and 5.11. The Cl- signal is lost at about -1.0 V, while the Br

signal is not lost until potentials of ca. -1.2 V, consistent with 

observations in aqueous media [5.14]. The v(Ag-Cl) vibration is 

observed at 230-222 cm-1 depending on electrode potential, and is 

relatively unshifted from aqueous media. The v(Ag-Br) vibration in 

methanol is observed at 156 - 132 cm-1 depending on potential. 

Additionally, a band at 176 cm-1 is observed in this frequency region 

which is independent of potential and attributed to a Ag-cluster 

vibration at the activated Ag surface based on the previous work of 

--- .-- ----
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Furtak [5.15]. 

The cation dependence of the surface methanol v(O-H) was also 

investigated. In addition to Li+, the effects of Na+, and K+ were 

studied. The v(O-H) of surfa~e methanol was only observed in the 

presence of Li+, in spite of strong v(C-O) and v(C-H) SERS signals in 

Na+ and K+ solutions. Figure 5.9 illustrates the absence of both 

surface methanol v(O-H) bands in 0.4 M NaBr despite the strong signal 

from adsorbed water. Similar spectra are observed in the presence of 

0.4 M KBr. 

Discussion 
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Interfacial Methanol Orientation as a Function of Applied 

Potential. The potential dependence of the v(C-O), v(C-H), and v(O-H) 

bands provides insight into the orientation of methanol species 

interacting directly with the Ag electrode. A model for the potentia1-

dependent methanol orientation at Ag electrodes is shown in Figure 5.12. 

At positive potentials, the v(C-O) band is observed at ca. 1026 cm-1 . 

This v(C-O) surface vibration is shifted down by 10 cm-1 relative to 

solution, suggesting that methanol may interact with the Ag surface 

through the oxygen at, these potentials. At these potentials where the 

methanol is strongly bound, this orientation forces the methyl group to 

assume a specific orientation relative to the surface normal as 

evidenced by the change in relative vs (CH3 ) and va (CH3 ) intensities 

compared to bulk methanol. The c-o bond axi~ is largely parallel to the 
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surface at these potentials constraining the methyl group near the 

surface. Additionally, the va (CH3 ) vibration must be in a plane largely 

perpendicular to the surface. In this orientation, the va (CH3 ) 

vibration apparently couples with the electric field more effectively 

than the vs(C-H) vibration, as indicated by the relative SERS 

intensities in Figure 5.4. 

At positive electrode potentials, the v(O-H) bands from methanol 

are weak or nonexistent, depending on the electrolyte. This behavior is 

in contrast to that of the v(O-H) from surface water which is of 

significantly greater intensity. The weakness of the v(O-H) bands of 

methanol at these potentials may be explained by a parallel O-H bond 

orientation as pictured in Figure 5.12. These spectral observations 

are consistent with a molecule which interacts with Ag through a single 

oxygen lone pair of electrons rather than both lone pairs. Only in 

this configuration can the v(O-H) and v(C-O) vibrational motions remain 

largely parallel to the surface as required by surface selection rules. 

In 0.4 M LiBr, the v(O-H) bands from methanol grow in intensity as 

the PZC is approached, while the v(O-H) from water is relatively 

constant in intensity. These data suggest that near the PZC, the O-H 

bond points toward the surface with the acidic hydrogen near the 

electrode. Therefore, as the applied potential approaches the PZC, the 

O-H functionality must rotate about the c-o bond axis. The driving 

force for this rotation is apparently the presence of Li+ in the outer 

He1moltz plane, since the methanol O-H bands are not observed in the 
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presence of Na+ or K+. The surface methanol species can then solvate 

the Li+ cation as it is drawn towards the negatively charged surface. 

As lone pairs of electrons solvate this cation, the O-H bond naturally 

rotates about the c-o bond axis. 

Two additional factors may contribute to this rotation. First, the 

acidic hydrogen is not repelled by the negative surface. Secondly, the 

anion appears to stabilize the hydrogen at the surface, perhaps through 

hydrogen bonding. In LiC1, interfacial methanol v(O-H) bands are 

observed at 3256 and 3340 cm-1 , and in LiBr at 3256 and 3354 cm-1 . The 

higher O-H frequency of the second band in the presence of Br- is 

consistent with the shift to higher frequencies in solution relative to 

C1- as shown in Table 5.1 and discussed in reference 5.40. These 

frequency shifts are indicative of hydrogen bonding with the anion. 

Thus, the two observed bands may be assigned to different interfacial 

methanol species, one which has its acidic hydrogen directed toward the 

surface and hydrogen-bonded with the surface halide, and another with 

the acidic hydrogen directed away from the surface. The data suggest 

that these species exist simultaneously and, in fact, are intimately 

related. These species may be, for example, hydrogen bonded to each 

other. 

Evidence for this surface dimer is the concomitant growth of these 

bands as the potential approaches the PZC as shown in Figure 5.7. For 

this arrangement on the surface, the lower energy v(O-H) at 3256 cm- 1 is 

assigned to the methanol species with its oxygen atom pointing toward 
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the electrode and the acidic hydrogen pointing away from the surface. 

The O-H vibrational frequency of this species would be predicted to be 

relatively independent of anion type. On the other hand, the higher 

energy band is dependent on anion. In LiC1, the higher energy band is 

observed at 3340 cm-1 , while in LiBr, it is observed as high as 3354 

cm-1 • The anion-dependence of this band suggests that only the species 

with acidic hydrogens near the surface are involved in hydrogen bonding 

with surface anions. It is interesting to note that single, linear 

hydrogen bonding (LHB) between two methanol molecules in bulk solution 

predominates at low temperatures (-77°C). [5.16] The frequency of the 

v(O-H) in LHB species is found to be centered at 3220 cm-1 , close to the 
i 

3256 cm-1 observed at Ag electrodes. Therefore, the surface species 

associated with the 3256 cm-1 band is expected to be the most strongly 

hydrogen bonded of the two interfacial species observed. 

The frequency differences between the two observed v(O-H) bands are 

ca. 80 and 100 cm-1 in C1- and Br-, respectively. Chang and coworkers 

[1.81] have previously reported that surface water exhibits two vl bands 

depending on supporting electrolyte cation. These results were 

interpreted in terms of the influence of the cation on the orientation 

of surface water. Cations of low hydration energy (Cs+, Rb+, K+) allow 

the water dipole to be oriented with its oxygen end toward the metal 

surface. In the presence of these cations, water gives a narrow, 

symmetric band at ca. 3510 cm-1 • Cations of high hydration energy (Li+, 

Na+, Ba+2 , Ca+2 , Sr+2 , Mg+2) orient the water ~ipo1e such that the oxygen 

--_. __ . -. 
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end is solvating the cation. In the presence of these high hydration 

energy cations, the vl water band is observed at ca. 3550 cm-1 • The 

frequency difference for water in these two orientations is ca. 40 cm-1 . 

The frequency difference observed in methanol (80-100 cm-1 depending on 

electrolyte) is of similar magnitude, which supports the hypothesis 

that one methanol species is oriented with its acidic hydrogen towards 

the surface, while a second species is simultaneously oriented with 

its acidic hydrogen away from the surface. 

Hydrogen bonding of methanol species with the surface anion is 

further supported by a sudden loss in v(O-H) intensity just negative of 

the PZC. At these potentials, all of the v(O-H) bands lose more than 

50% of their intensity. This sudden loss in intensity is not observed 

with v(C-O) or v(C-H) bands; therefore, the loss of v(O-H) intensity 

is not attributed to a loss in SERS activity. Rather, the loss of 

v(O-H) intensity may be attributed to' a drastic change in O-H bond 

orientation. Just beyond the PZC, the halide is driven from the 

electrode surface removing the opportunity for hydrogen bonding of the 

acidic hydrogen oriented towards the surface. Under these conditions, 

no driving force exists for maintenance of the O-H bond perpendicular 

to the surface. As a result, the intensities for this band decrease. In 

total, these data suggest that both the cation and anion can play an 

important role in controlling methanol surface orientation. 

SERS spectra of the v(C-H) frequency region indicate that the 

methyl group orientation is also sensitive to changes in electrode 

- ------_._ ... _. - -_ .. ----- - .. -.--------------.-~.-.- ... ---.- ... '.- _ .................. -. 
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potential nea~ the PZC. This observation is clearly shown in the plot 

of I[va (CH3)]/I[vs (CH3)] as a function of electrode potential in Figure 

5.5. The absolute intensity of each band decreases with more negative 

applied potential; however, Figure 5.5 indicates that the va (CH3 ) 

intensity decreases more rapidly than the va (CH3 ) intensity. This 

observation is consistent with reorientation of the methyl group. More 

negative of the PZC, the CH3 group is "tilted" downward toward the 

surface as depicted in Figure 5.12. This results in an increase in 

vs (CH3 ) intensity relative to va (CH3 ) intensity. In this orientation, 

the va (CH3 ) vibration is more parallel to the surface than at positive 

potentials. One would predict that the result of this orientation 

would be a loss in intensity of the va (CH3 ) band at potentials negative 

of the PZC. As shown by the data in Figures 5.4 and 5.5 this is, in 

fact, observed. 

Comparison of Solvent Structure at Methanol/Ag and Water/Ag 

Interfaces. Cations play an important role in controlling the 

interfacial structure in both of these solvents. In solution, cations 

are more strongly solvated in methanol than in water [5.17] due to the 

more basic nature of the oxygen atom on methanol. In contrast to 

solution behavior, the SERS spectra suggest that water may solvate 

cations more strongly than methanol at the Ag/electrolyte interface. 

The predominant water orientation in the presence of Li+ is with the 

oxygen end solvating the cation in the outer Helmholtz p1ane[1.8l]. On 

the other hand, methanol does not have a preferred orientation in the 
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presence of Li+. Rather, two different orientations are allowed to 

exist simultaneously in the presence of Li+. This observation may also 

be the result of the poorer ability of methanol to solvate anions at 

the surface. In solution, it is well established that methanol does 

not solvate anions as strongly as water [5.17], due to the smaller 

dielectric constant and weaker hydrogen bonding of methanol. 

Consequently, the observation of two interfacial methanol orientations 

may be due to weaker hydrogen bonding with surface halide as compared 

to water. 

These conclusions emphasize the importance of the combination of 

cation-solvent and anion-solvent interactions in determining inter

facial solvent orientation. They further imply that both the di

electric constant (a factor in hydrogen bonding) and basicity (a 

factor in cation solvation) are important in dictating the orientation 

of protic solvents such as methanol at metal surfaces. 

Conclusions 

SERS has been used to study the electrolyte and potential-dependent 

orientation of methanol at Ag electrodes. One of the most notable 

observations is the presence of two v(O-H) vibrations from interfacial 

methanol which can exist simultaneously in the presence of Li+. The 

two bands are ascribed to different interfacial methanol species, one 

which has its acidic hydrogen directed toward the surface, and another 

with the acidic hydrogen directed away from the surface. It is 

---- ---_ .. _._. 



postulated that a methanol dimer exists at the metal surface, giving 

rise to O-H vibrational bands of different frequency. The v(D-H) of 

higher energy is anion-dependent, suggesting that the species may be 

involved in hydrogen bonding with the surface anion. 

Two methanol species are only observed in the presence of Li+. 
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More weakly solvated cations such as Na+ and K+ cannot compete 

effectively with the electrode for the methanol electron lone pairs on 

the oxygen atom. Finally, the importance of both cation-solvent and 

anion-solvent interactions implies that both the dielectric constant 

and basicity playa role in determining the surface orientation of 

methanol. 

SERS Investigation of Interfacial Ethanol at Silver Electrodes 

Introduction 

The utility of in-situ roughening was also evaluated for the study 

of interfacial ethanol solvent structure at Ag electrodes. Advantages 

of in-situ roughening include convenience and minimization of water at 

the interface. The potential dependence of the v(C-H) and v(O-H) and 

v(C-D) SERS spectra are reported. In addition, preliminary studies of 

the effect of increasing water concentration up to 10 mo1% are 

presented. 

~-~.- -_.... . .... _-- - .. _ .. -------------_.- - .-. -', .... __ .". . ... __ .... ".... .. , ~ 



>
~ -til 
Z 
W 
~ 
Z 

BOO 

BULK ETHANOL 

885 

1457 

1300 
WAVENUMBER (cm-1) 

2930 I 

~ 2880 
Cf) 

Z 
W 
~ 2847 

LJ 
2974 

3310 
• \. 

2600 3300 
WAVENUMBER (cm-1) 

EtOH 

1800 

4CXX> 

Figure 5.13 Raman spectrum. of neat ethanol. 

~ ~ ---_ .. _-------- ----_ ... - . --

207 



208 

Table 5.2 Assignments of ethanol Raman bands. 

Frequency (cm-1 ) Assignmenta Reference 

885 vs(C-C-O) 5.19, 5.29 
1054 va(C-C-O) 5.19 
1096 CHa rock 5.20 
1278 CH2 twist 5.21 
1457 c5 a (CHa) 5.22 
1482 c5 (CH2 ) scissor 5.20, 5.22 

2847 VS (CH2 ) 5.23, 5.24 
2880 vs(CHa)b 5.24 
2900 va(CH2 ) 5.25 
2930 FR(vs(CHa) + c5(CHa) ot) 5.25 
2974 va(CH3 ) 5.20 

3366 v(O-H) 5.22 

aFR = Fermi resonance ot = overtone v - stretch c5 = bend 

bTwo bands are associated with this mode; the second band is designated 
by Snyder and coworkers [5.58, 5.59] as a FR band. The notation of 
Snyder and coworkers is used here . 
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Results 

Bulk solution Raman spectra. For reference purposes the Raman 

spectrum of neat ethanol is shown in Figure 5.13. There are four bands 

to be noted in the following discussion: 2847, 2880, 2974, and 3310 

is changed from -0.8 V to -1.3 V, the 2847 cm- l and 2880 cm- l bands, 

associated with the vs (CH2 ) and vs (CH3 ) vibrations increase in intensity 

with respect to the 2972 cm- l band. These changes indicate that ethanol 

orientation changes with electrode potential. It is also of interest 

to note the presence of a band at 3062 cm- l at -0.8 V, which does not 

correspond to the bulk ethanol spectrum. This band may be ascribed to 

the v(C-H) mode of an olefin species, possibly produced during the in

situ oxidation-reduction cycle or simply from the catalysis of ethanol 

oxidation at the Ag surface. 

v(O-H) spectral region. Contrary to the case of methanol, distinct 

v(O-H) bands associated with interfacial ethanol molecules are not 

observed. At -0.9 V, a broad band at 3300 cm- l becomes discernab1e, 

but no distinct alcohol bands are observed as with methanol. However, 

water is detected at 3498 cm- l and is prominent only at potentials 

positive of -1.0 V. 

v(C-O) spectral region. This region is typically dominated by 

impurity peaks of variable intensity at ca. 1000 cm- l and 1040 cm- l • The 

band at 1000 cm- l is ascribed to the 6(C-H) mode of an olefin species, 

consistent with the observation of an olefin v(C-H) mode at 3062 cm- l at 

positive potentials. The dominance of impurity bands in the v(C-O) 

------- ... - ... --- .. _---------------- _._- _ ..... ---... .._ .. ,_.. ..... ., ..... 
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region prevents important information from being obtained. In addition, 

it raises important questions regarding the validity of in-situ 

roughening for these investigations. For example, how much impurity is 

at the interface? Is the impurity affecting solvent orientation? If 

so, how? As a result of these sorts of questions, the utility of ~

situ roughening was investigated, and is described in detail in the 

second half of this chapter. 

Mixed ethanol/water solvents. Preliminary work with selected 

ethanol/water mixtures indicates that water may play a role in 

controlling interfacial ethanol solvent orientation. Figure 5.17 

illustrates the effect of 0.04 mol%, 1 mol% and 10 mol% water on the 

SERS v(O-H) spectral region. In the case of 0.04 mol% and 1 mol% water, 

ethanol v(O-H) bands are not observed. However, in the case of 10 mo1% 

water, two distinct ethanol v(O-H) bands are observed, quite similar to 

dried methanol. Based on the previous methanol discussion, these data 

indicate that the presence of 10 mol % water may induce the formation of 

ethanol dimers at the electrochemical interface. In addition, these 

results suggest that up to ca. 10 mol % water, ethanol-ethanol 

interactions are predominant over ethanol-water interactions. However, 

further experimentation is needed to confirm these ideas. 

Conclusions 

The SERS spectra of ethanol at Ag electrodes roughened in-situ 

indicate that ethanol has some preferred orientation at the interface . 
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However, the presence of strong impurity bands raises some questions 

regarding the extraction of detailed information regarding orientation. 

Preliminary results with ethanol/water mixtures indicate that water 

concentrations less than 1 mol% do not influence the orientation of 

ethanol. However, in the presence of 10 mol% water, two distinct 

ethanol v(O-H) bands: are observed, indicating that large concentrations 

of water may induce the formation of ethanol dimers at the 

electrochemical interface. 

Determination of Alcohol Solvent Orientation and Bonding at Silver 

Electrodes Using Surface Enhanced Raman Scattering: Methanol, Ethanol, 

I-Propanol. and l-Pentanol 

[Originally submitted to Langmuir, 1991] 

Introduction 

This section describes the use of SERS and surface selection rules 

at rough surfaces to evaluate the potential-dependent bonding and 

orientation of a homologous series of primary alcohols at Ag electrodes. 

One of the primary objectives of this work is to reveal the factors 

which control alcohol solvent orientation in the electrochemical double 

layer. A second objective is to determine'the usefulness and self

consistency of SERS selection rules for these molecules at roughened Ag 

surfaces. Finally the utility of ~-situ roughening is evaluated for 

- -- -------------------------- .--. 
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the accomplishment of these goals. 

Results 

Cyclic vo1tammetry. Survey cyclic vo1tammograms of 0.4 M 

LiBr/a1coho1 solutions at smooth Ag are shown in Figure 5.18. The 

useful potential window in methanol is found to be between -0.4 V (open 

circuit potential) and -1.6 V, essentially a 1.2 V window. The cyclic 

voltammograms for the other alcohols are largely featureless and 

indicate a potential window from ca. -0.4 V to -1.8 V. 

Curve fitting. Spectral decomposition was accomplished with a 

curve fitting program available in SpectraCa1clM • The program works by 

first asking the user to make an initial guess of the number of bands 

present, their peak positions, peak widths, and whether they are 

Gaussian, Lorentzian, or a mixture. The program uses these initial 

guesses to find the combination of band heights, positions and widths 

which best fit the spectrum. Each parameter may also be independently 

constrained for the actual analysis. The X2 fit error (residual) is 

shown after each pass, indicating the "goodness" of the fit. Initial 

guesses are based on the assignments in Table 5.3. If the sum of the 

calculated peaks is not within experimental error of the actual 

spectrum, an additional peak is added in some cases to account for 

unique surface species. 

Prior to curve fitting, each spectrum was background subtracted 

using a mUltiple point polynomial baseline estimate. In general, no 

----- --- -- ---- -------- --- --- --- - ---------------- ---... --. -- . 
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parameters were constrained, except for some small broad bands whi~h, 

without peak frequency constraint, would produce extremely broad bands 

of unreasonable width. Surface peaks were decomposed using a 20% 

Lorentzian / 80% Gaussian peak shape, which was determined to give the 

smallest residual for a given number of fits with a well resolved 

surface peak. Peaks in the bulk spectrum were decomposed assuming 50% 

Lorentzian peak shape, which was determined to give the smallest 

residual for a well resolved bulk solution peak. Three criteria were 

applied for a successful curve fit: (1) the change in X2 should be less 

than 2-3% of the previous iteration, (2) the full-width-at-half-maximum 

(FWHM) of all the resulting peaks should be similar to each other 

(within a factor of ca. 2), and (3), the sum of the calculated peaks 

should be within the experimental error of the actual spectrum. In 

general, the average standard deviation in decomposed bulk spectral 

peaks is less than 1% of the average value, while the average standard 

deviation in decomposed surface spectral peaks is 10 - 15%. 

Bulk solution spectra. The solution spectra for methanol, ethanol, 

propanol, and pentanol in the presence of 0.4 M LiBr are shown in 

Figures 5.18. A consistent set of assignments for these vibrational 

bands has not been published heretofore and is shown in Table 5.3. A 

more comprehensive presentation and detailed discussion of assignments 

will be presented elsewhere [5.26]. Some polarization and temperature 

studies are presented in Appendix C. Most of the assignments are taken 

from references 5.18-5.34, while others are ,confirmed from polarization 



and temperature studies in this laboratory. These assignments are 

essential for the determination of solvent orientation from SERS 

spectra. 
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Alcohol orientation at open circuit potential. As an introduction, 

it is useful to compare survey spectra of adsorbed species with those 

in bulk solution. As shown in Figures 5.19, significant changes 

between the bulk solution and SERS spectra at open circuit potential 

are observed. 

The SERS behavior for methanol at Ag electrodes was presented 

earlier. However, the important features are noted here for 

comparative purposes. Comparison of the SERS spectrum for methanol at 

open circuit potential with the solution spectrum reveals differences 

in v(C-O), o(C-H), v(C-H) and v(O-H) regions. For instance, the ratio 

I[va (CH3)]/I[vs(CH3)] is 0.87 ± 0.15 for interfacial species as compared 

to the bulk value of 0.18 ± 0.02, a factor of 4.8 smaller. More easily 

observed, however, is the dramatic change in I[os(CH3 ).ot] / I[vs (CH3)] 

ratio from bulk solution. These are the two most intense bands in this 

region and have peaks at 2947 and 2840 cm-1 , respectively. This ratio 

is 0.51 ± 0.02 in bulk solution and 1.98 ± 0.18 for surface species, a 

factor of 3.9 larger. One explanation for these differences is that 

interfacial methanol has a preferred orientation with its symmetric 

methyl dipole more parallel to the surface than the asymmetric dipole. 

Given the orthogonal nature of the symmetric and asymmetric modes, one 

would predict that, for a 45° tilt of the c-o bond from the surface 
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Table 5.3 

0.4 M LiBr/ 
Methanol 

1036 
1112 
1160 
1454 
1471 

2840 
2920 
2947 
2990 

3358 

Raman Frequencies (cm-1 ) and Assignments for Alcohol 
Electrolyte Solutions in Liquid Phase 

Assignmentll Reference 

v(C-O) 5.27 
CH3 rock a' 5.27 
CH3 rock a" 5.27 
Os (CH3 ) 5.27 
°a(CH3 ) 5.27 

Vs (CH3 )b 5.28 
0a(CH3 ) ot 5.28 
0s(CH3 ) otb 5.28 
va(CH3 ) 5.28 

v(O-H) 5.22 

aot = overtone v = stretch ° - bend FR - Fermi resonance 

bThe bands at 2840 and 2940 cm-1 are Fermi resonance bands 
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of unequal intensity; consequently, the mixing of character should be 
small, and the band at 2840 cm-1 primarily from vs (CH3). 

cTwo bands are associated with this mode; the second band is 
designated by Snyder and coworkers [5.58,5.59] as a FR band. The 
notation of Snyder and coworkers is used here . 

... --.----------- -.. ----.- - -_._----------_._--_ .. -. - -. 



Table 5.3 (Continued) 

0.4 M LiBr/ AssignmentS Reference 
Ethanol 

885 vs(C-C-O) 5.19, 5.29 
1054 vs(C-C-O) 5.19 
1096 CHa rock 5.20 
1278 CHz twist 5.21 
1457 6' S (CHa) 5.22 
1482 6'(CHz) scissor 5.20, 5.22 

2847 lis (CHz) 5.23, 5.24 
2880 lIs(CHa)C 5.24 
2900 lIs(CHz) 5.25 
2930 FR(vs(CHa) + 6'(CHa) at) 5.25 
2974 lis (CHa) 5.20 

3366 v(O-H) 5.22 

Sot = overtone v = stretch 6' - bend FR = Fermi resonance 

bThe bands at 2840 and 2940 cm-1 are Fermi resonance bands 
of unequal intensity; consequently, the mixing of character should 
be small, and the band at 2840 cm-1 primarily from vs(CHa). 

cTwo bands are associated with this mode; the second band is 
designated by Snyder and coworkers [5.58,5.59] as a FR band. The 
notation of Snyder and coworkers is used here. 

---- -- ---.- -------- --_ .. ----_. --
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Table 5.3 

0.4 M LiBr/ 
1-Propano1 

860 
888 
970 
1060 
1073 
1104 
1278 
1300 
1458 
1482 

2861 
2880 
2900 
2914 
2938 
2964 

3371 

(Continued) 

Assignrnent8 

CH3 rock + v(C-C) 
CH3 rock + v(C-C) 
v(C-C-C-O) 
va(C-C-C-O) 
v(C-C) gauche 
v(C-C) trans 
CH2 twist 
CH2 wag 
6' a (CH3 ) 

6'(CH2 ) scissor 

v s (CH2 )C 
v s (CH3 )C 
v a (CH2 ) 

FR(vs (CH2 ) + 6'(CH2 ) ot) 
FR(vs (CH3 ) + 6'(CH3 ) ot) 

v a (CH3 ) 

v(O-H) 

Reference 

5.24 
5.24 
5.18 
5.18 
5.26,5.31,5.32 
5.26,5.31,5.32 
5.21 
5.21,5.30 
5.22 
5.22 

5.24 
5.24 
5.25 
5.25 
5.25 
5.24 

5.22 

aot = overtone v = stretch 6' = bend FR - Fermi resonance 

bThe bands at 2840 and 2940 cm-1 are Fermi resonance bands 
of unequal intensity; consequently, the mixing of character should 
be small, and the band at 2840 cm-1 primarily from vs (CH3). 

cTwo bands are associated with this mode; the second band is 
designated by Snyder and coworkers [5.58,5.59] as a FR band. The 
notation of Snyder and coworkers is used here. 

--"" - - ._---------------- ~.-. - . 
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Table 5.3 (Continued) 

0.4 M LiBr/ 
1-Pentano1 

840 
856 
888 
982 
1008 
1058 
1076 
1118 
1302 
1442 
1455 
1467 

2863 
2876 
2899 
2914 
2938 
2960 

3384 

Assignment8 

lIs(C-C-C-C-C-O) 
CH3 rock + lI(C-C) 
CH3 rock + lI(C-C) 

lIa(C-C-C-C-C-O) 
lI(C-C) gauche 
lI(C-C) trans 
CHz wag 
c5 s (CHz) (?) 
c5 a (CH3 ) 

c5(CHz) scissor 

lI s (CHz)C 
lI s (CH3)C 
lI a (CHZ) 

FR(lIs (CHz) + c5(CHz) ot) 
FR(lIs (CH3) + c5(CH3) ot) 

lIa(CH3) 

lI(O-H) 

Reference 

5.33 
5.24 
5.24 

5.29 
5.26,5.31,5.32 
5.26,5.31,5.32 
5.21,5.30 

5.29,5.34 
5.22 

5.24 
5.24 
5.25 
5.25 
5.25 
5.24 

5.22 

aot = overtone 11 = stretch c5 = bend FR - Fermi resonance 

bThe bands at 2840 and 2940 cm-1 are Fermi resonance bands 
of unequal intensity; consequently, the mixing of character should 
be small, and the band at 2840 cm-1 primarily from lIs(CH3). 

cTwo bands are associated with this mode; the second band is 
designated by Snyder and coworkers [5.58,5.59] as a FR band. The 
notation of Snyder and coworkers is used here. 
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normal, these modes would couple with an incident electric field to an 

equal extent. This is precisely the condition of these modes in the 

isotropic bulk solution where the symmetric and asymmetric modes 

interact equally with the incident electric field. Consequently, it is 

proposed that the axis along which the vs (CH3 ) occurs is more parallel 

to the surface than that of the va (CH3 ) and that it exists at an angle 

greater than 45° from the surface normal. 

The second important feature in the SERS spectrum of methanol at Ag 

is the shift of the v(C-O) frequency to lower energies, going from 1036 

cm-1 in the bulk to 1028 cm-1 at the interface. This decrease in 

v(C-O) frequency is indicative of a unique chemical environment at the 

interface. In addition, the ratio I[v(C-O)]/I[va (CH3)] is 0.13 ± 0.02 

on the surface compared to 1.33 ± 0.15 in the bulk, a factor of 10 

larger. Also notice in Figure 5.19, a factor of 10 decrease in the 

v(C-O) intensity re1ative'to the 8(CH3 ) overtone at 2947 cm-1 • These 

data imply that the va (CH3 ) can couple with the electric field better 

than the v(C-O) for methanol at the interface, thereby corroborating 

the orientation proposed above. The v(O-H) band from interfacial water 

is observed at 3520 cm-1 , while the v(O-H) band from alcohol is 

surprisingly weak (given the quantity at the interface) and difficult 

to observe using PMT detection. This suggests that the alcohol O-H 

bond is largely parallel to the surface at· open circuit potential. 

A survey SERS spectrum from ethanol at Ag is compared to the 

spectrum of bulk ethanol solution in Figure 5.19. The I[va (CH3)]/ 

.- ---_.- - ---_._----------_ ... _--------
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I[vs(CH3») ratio is 0.98 ± 0.15 for ethanol on the surface as compared 

to 0.88 ± 0.01 in the bulk. Similarly, I[va(CHz)]/I[vs(CHz») does not 

change much from 3.04 ± 0.01 in the bulk to 2.95 ± 0.39 on the surface. 

These data suggest that both the vs(CH3 ) and vs(CHz) dipoles are at a 

tilt of ca. 45°. It is interesting to note that the 6a(CH3 ) mode at 

1457 cm-1, which has a change in dipole moment similar in direction to 

the va(CH3 ) mode, remains strong relative to both the vs(C-C-O) and 

va(C-C-O) modes at 885 and 1054 cm-1 , respectively. This further 

supports a CH2 orientation of ca. 45°. No detectable shift in the v(C

C-O) bands is observed upon interfacial interaction, indicating a 

chemical environment similar to bulk solution. Water, which inevitably 

exists in these solvents as a trace impurity, is detected at the 

interface as a band at 3500 cm-1 , similar to the other alcohols studied 

here. 

SERS from propanol at open circuit potential is also shown in 

Figure 5.19. The va(C-H) modes are enhanced more than the vs(C-H) modes 

in this case. This is shown quantitatively by the surface ratio 

I[va(CH3»)/I[vs(CH3 ») of 1.35 ± 0.34 as compared to the bulk ratio of 

0.94 ± 0.05, and I[va(CHZ»)/I[vs(CHz») of 4.2 ± 1.2 as compared to the 

bulk ratio of 1.47 ± 0.14. These data suggest that both the vs (CH3 ) and 

vs(CHz) dipoles are more parallel than their asymmetric counterparts. 

No shift in vs(C-C-O) or va(C-C-O) frequencies (970 and 1060 cm-1 , 

respectively) are observed for the interfacial species with respect to 

bulk species, suggesting that the hydrogen bonding of interfacial 
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propanol molecules is similar to bulk molecules. As with ethanol, the 

band at 1458 cm-1 remains strong in the SERS spectrum relative to the 

v(C-C-O) bands. Water is also detected at the interface as a band at 

3522 cm-1 • 

SERS results from pentanol at open circuit potential are also shown 

in Figure 5.19. As in the case of propanol, the va(C-H) modes are 

enhanced more than the vs(C-H) modes, as shown quantitatively by the 

surface ratios I[va(CH3)]/I[vs(CH3)] of 1.58 ± 0.15 compared to the bulk 

ratio of 1.40 ± 0.02, and I[va(CH2 )]/I[vs(CHz)] of 1.88 ± 0.22 compared 

to the bulk ratio of 1.39 ± 0.09. The behavior of the methyl and 

methylene stretching vibrations at the surface is analogous to propanol, 

indicating that the vs (CH3 ) and vs (CH2 ) dipoles are more parallel than 

their asymmetric counterparts at open circuit potential. Although it is 

difficult to observe in the survey spectrum, the va(C-C-C-O) vibration 

at 1058 cm-1 remains unshifted from the bulk Raman spectrum. As with 

the previous two alcohols discussed, the peaks in the S(C-H) region 

(1440-1460 cm-l) remain strong in the SERS spectrum relative to the 

v(C-C-C-O) bands. Water is also detected at the interface as a band at 

3516 cm-l. 

Evidence for surface adsorbed impurities is observed to varying 

extents in the SERS spectra of the alcohols at Ag. This is particularly 

true for pentano1 where a strong band at 1118 cm-1 band is observed in 

the SERS spectrum. This band is assigned to a v(C-C) vibration for a 

C-C bond adjacent to a c-o in the correspon~ing aldehyde [5.29]. These 

---- ._ .. _-_ .... - .. -. 
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molecules are likely formed as a result of Ag catalysis of the 

oxidation of the alcohols [5.2, 5.35]. It is also reasonable that the 

excess positive surface charge ma! provide acid sites for the formation 

of Ag-OH and the subsequent formation of the aldehyde. The extent of 

aldehyde formation is highly irreproducible, and may be related to such 

factors as surface roughness, transfer time, and extent of rinsing 

after the ORC. 

Potential-dependence of SERS spectra: v(C-C) and v(C-O) regions. 

The potential-dependence of the SERS spectra in the v(C-C) and v(C-O) 

regions will be discussed by comparing the behavior of the different 

molecules. As a reference to the survey spectra discussed above, recall 

that open circuit potential is ca. -0.40 V in all media. It should be 

noted that the spectra in Figure 5.20 were acquired with the 

Trip1emate/CCD Raman spectroscopic system. Therefore, one can observe 

weak bands and fine details that were masked in the noise from survey 

spectra acquired with PMT detection. 

There are many changes in the methanol SERS spectra (Figure 5.20A) 

as the potential is changed from -0.40 V to -1.0 V (ca. location of the 

PZC [5.36-5.38]). For example, the v(C-O) frequency shifts from 1028 

to 1024 cm-1 indicating a change in chemical environment. At potentials 

negative of -1.0 V. this band shifts further sown in frequency to 1021 

cm-1 at -1.2 V and then back to 1024 cm-1 at -1.4 V. The behavior 

observed at negative potentials with the CCD system is different than 
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that at in-situ roughened surfaces. The better quality data obtained 

here is presumed to reflect the correct behavior. Two models are 

proposed to explain these shifts in v(C-D) frequency: (1) the formation 

of a Ag-D bond at the interface, and (2) the formation of a unique 

hydrogen bonding environment between solvent molecules or perhaps 

between the solvent and interfacial ions. The changes in v(C-D) 

frequency are difficult to explain by the formation of a Ag-D bond, 

since the v(C-D) frequency of the better quality data does not follow 

the changes in electrode potential as would be predicted for Ag-D bond 

formation. The formation of a Ag-D bond is inconsistent with the 

decrease in v(C-D) frequency as the potential is made more negative. 

If a Ag-D bond is formed at the interface, one would predict that the 

methanol oxygen should be repelled from the surface at negative 

potentials on the basis of electrostatics, thereby decreasing the Ag-D 

interaction and increasing the v(C-D) frequency toward the bulk value. 

Such a decrease, however, is consistent with the formation of solvent

solvent or solvent-ion hydrogen bonding at the interface which becomes 

stronger as the potential approaches the region of the PZC, Br- coverage 

decreases, and Li+ cations are drawn toward the outer Helmholtz plane. 

The band shape becomes more symmetric at -1.4 V, which suggests that 

one chemical environment predominates at these electrode potentials. 

In ethanol, no detectable shifts in the surface v(C-C-D) bands 

(1054 and 1096 cm-1 ) are noted relative to the bulk spectrum in Figure 

5.20B. However, with the CCD, surface impurities are readily detected 

... - ... _-----_._---
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at ca. 1002, 1032, and 1119 cm-1 in the SERS spectrum at -0.4 V. These 

peaks disappear as the potential is made more negative, but the bands 

associated with ethanol do not change significantly in frequency or 

relative intensity as the potential is made more negative. 

The propanol SERS spectrum shows no shift in v(C-C-C-O) bands (970 

and 1060 cm-1 ) from the bulk spectrum in Figure s.20C. Surface 

impurities are detected at -0.4 V as peaks at 1031 and 1119 cm-1 and 

rapidly diminish as the potential is made more negative. Unlike 

ethanol, significant changes in relative intensities are observed in 

this spectral region as a function of electrode potential. For example, 

there is a large change in the relative gauche and trans v(C-C) 

intensities at 1073 and 1104 cm-1 , respectively. Also, a change in 

relative methyl rock intensities at 860 and 888 cm-1 is observed, 

supporting the idea that l-propanol has a potential-dependent 

orientation. 

The pentano1 SERS spectrum also shows no shift in v(C-C-C-C-C-O) 

bands (840 and 1058 cm-1 ) relative to the bulk spectrum shown in Figure 

S.20D. Surface impurities are detected at -0.4 V as peaks at 1028 and 

1118 cm-1 , and exhibit an intensity decrease as the potential is made 

more negative. The intensity at 1118 cm-1 can be enormous for some 

roughened surfaces, indicating that an impurity band may overlap the 

pentano1 band. As the potential is changed' from -0.4 V to -1.0 V, there 

appears to be a significant change in the relative intensities of 

gauche and trans v(C-C) bands at 1076 and 1118 cm-1 , respectively. This 

---- -------"- .. --



conclusion is somewhat tentative, however, due to the presence of a 

slightly overlapping impurity band at 1118 cm-1 • 
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Potential-dependence of SERS spectra: 6(C-H) region. The bending 

modes were also investi.gated to obtain a more complete picture of the 

alcohol orientation as a function of potential. Methanol SERS spectra 

in Figure 5.21A indicate no shift in the 6s (CH3) (1454 cm-1) and 0a(CH3 ) 

(1471 cm-1 ) vibrational frequencies from the bulk spectrum. 

Furthermore, these frequencies remain unshifted with changes in 

electrode potential. Ethanol SERS spectra in Figure 5.21B indicate a 

shift in the o(CHz) scissor frequency from 1482 cm-1 in the bulk 

environment to 1472 cm-1 at the interface at -0.4 V. This shift from 

the bulk value is presumably due to a unique chemical environment at 

the surface. As the potential is made more negative, the 6(CHz) 

scissor frequency gradually shifts back to the bulk value of 1482 cm-1 • 

Propanol SERS spectra also indicate a' shift in the 6 (CHz) scissor 

frequency from 1482 cm-1 in the bulk environment to ca. 1473 cm-1 at the 

'interface. The strong impurity peak at 1637 cm-1 at -0.4 V is 

attributed to the C=C stretch of an olefinic species, likely produced 

from the catalytic oxidation of 1-propano1. This postulate is supported 

by noting that liquid ethylene and propene have peaks at 1620 cm-1 and 

1648 cm-1 , respectively [5.29]. As with ethanol, the 6(CHz) scissor 

frequency of propanol shifts back to the bulk value of 1482 cm- 1 as the 

potential is changed from -0.4 V to -1.4 V. Pentano1 SERS spectra in 

--------~-.-- .. -.- .... - .. -. _ .. - .......... -
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Figure 5.21D indicate large changes in relative intensities in the 

region 1440 to 1467 cm-1 at -0.4 V relative to bulk solution. However, 

there is no detectable shift in 6(CH2) scissor frequencies relative to 

bulk solution, as was observed with ethanol and propanol. As the 

potential is made more negative, however, the relative intensities in 

this region become more bulk-like, similar to ethanol and propanol. 

Overall, the C-H bending region of the SERS spectra indicate that the 

CH2 groups of these alcohols are in a unique environment at -0.4 V, 

perhaps due to their proximity to the surface, or possibly extensive 

interaction with adjacent molecules. These possibilities are discussed 

in greater detail below. 

Potential-dependence of SERS spectra: v(C-H) region. Perhaps the 

most striking evidence for potential-dependent changes in alcohol 

orientation is the SERS behavior in the v(C-H) region, shown in Figure 

5.22. The differences between the bulk and SERS spectra at open circuit 

potential (-0.4 V) were discussed in a quantitative fashion earlier. 

The purpose here is to give a qualitative overview of the potentia1-

dependent SERS spectra in the v(C-H) region from 2600 to 3000 cm-1 . 

Potential-dependence of SERS spectra in the v(C-H) region for 

methanol is the most dramatic of the alcohols studied, and in some 

respects the most unique. At -0.4 V, the methanol SERS spectrum has 

relative intensities extremely different than those in the bulk 

spectrum, as shown in Figure 5.22A. The difference is explained by an 
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interfacial methanol orientation with the va (CH3 ) dipole more parallel 

to the surface than the va (CH3 ) dipole, i.e. a C-O bond tilt angle 

greater than 45° relative to the surface normal. However, as the 

potential is changed from -0.4 V to -1.0 V, two changes occur: (1) the 

vs (CH3 ) intensity increases relative to the va (CH3 ) intensity, and (2) a 

second set of v(C-H) peaks emerge at 2822 and 2920 cm-1 , particularly 

noticeable at -1.0 V. These observations are discussed later in terms 

of orientationa1 changes and the presence of two, distinct methanol 

orientations at -1.0 V. As the potential is changed from -1.0 V to -1.4 

V, the v(C-H) bands at 2822 and 2920 cm-1 increase in intensity and 

begin to dominate the SERS spectrum, particularly at -1.4 V. These 

frequencies are well shifted from the bulk values (2840 and 2947 cm-1 ) 

and the relative intensities are different than those in the bulk 

spectrum. These data support the idea that methanol has some preferred, 

rather than random, orientation even at -1.4 V. 

Potential-dependent ethanol SERS spectra are shown in Figure 5.22B. 

The relative SERS intensities in the 2600 to 3000 cm-1 region at -0.4 V 

are strikingly similar to those in the bulk spectrum. This may be 

interpreted as a random ethanol orientation near the surface, or an 

orientation which allows the vibrational modes to couple with incident 

electric fields with an effectiveness equal to that experienced in bulk 

solution. As the potential is changed from -0.4 V to -1.0 V, a gradual 

increase in the vs (CH2 ) intensity at 2854 cm-1 is observed relative to 

the other bands in the spectrum. This is particularly evident at -1.0 
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V, where a new v(CH2) mode (2821 cm-1) is also noted. The band at 2821 

cm-1 from interfacial species does not have a corresponding band in the 

bulk solution spectrum. Presumably, a unique chemical environment for 

the CH2 group is experienced at -1.0 V. These v(CH2 ) modes, along with 

the vs (CH3 ) band at 2880 cm-1 , increase in intensity relative to other 

bands in the spectrum as the potential is increased from -1.0 V to -1.4 

V. Therefore, one might conclude that, at -1.4 V, ethanol is oriented 

with the symmetric methyl and methylene dipoles more perpendicular to 

the surface than at more positive potentials. This observation is used 

later with other spectral data to obtain a consistent picture of 

molecular orientation. 

Propanol SERS spectra in the v(C-H) region are shown in Figure 

S.22C as a function of potential. Unlike ethanol, the relative 

intensities in this region are different than those in the bulk Raman 

spectrum. Most notably, the vs (CH3 ) mode at 2880 cm-1 is decreased in 

intensity at -0.4 V, relative to bulk solution. Closer inspection 

reveals that the vs (CH2 ) band at 2861 cm-1 is also diminished in 

intensity relative to other bands in the spectrum at -0.4 V. These data 

indicate that the symmetric methyl and methylene dipoles are largely 

oriented parallel to the surface at -0.4 V. A small peak is observed at 

2984 cm-1 at -0.4 V which is ascribed to the vs (-CH2) mode of an olefin 

species, likely produced by the catalytic oxidation of propanol at Ag. 

The weak va (=CH2 ) mode at 3080 cm-1 is also observed under some 

conditions. 
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As the potential is changed from -0.4 V to -1.0 V, the vs(CHz) and 

vs(CH3 ) modes increase in intensity relative to other bands, indicating 

a gradual change in orientation. At -1.2 V, a new v(CHz) mode is 

observed at 2827 cm-1 , indicating a unique CHz chemical environment 

perhaps similar to that observed with ethanol at -1.0 V. The intensity 

of the propanol vs(CHz) and vs(CH3 ) modes increases from -1.0 V to -1.4 

V. This suggests vs(CH2 ) and vs (CH3 ) dipoles become oriented along the 

surface normal at -1.4 V. More quantitative data will be presented in 

the Discussion section. 

Pentanol SERS spectra are shown in Figure S.22D as a function of 

potential. At -0.4 V, the vs(CHz) and vs(CH3 ) intensities at 2863 and 

2876 cm-1 are diminished with respect to other bands in the SERS 

spectrum. As discussed earlier, this suggests that the vs (CH2 ) and 

vs (CH3 ) dipoles are largely oriented parallel to the surface. Note that 

an olefinic species is also present at the pentanol-Ag interface, as 

evidenced by the vs (=CH2 ) band at 2984 cm-1 • As the potential is changed 

from -0.4 V to -1.0 V, the vs (CH2 ) and vs (CH3 ) modes increase in 

intensity relative to other bands, indicating a gradual change in 

orientation. This change continues to -1.4 V, where a new v(CH2 ) mode 

is clearly observed at 2830 cm-1 • These changes suggest that vs (CH2 ) and 

vs (CH3 ) dipoles become, on the average, oriented more along the surface 

normal at -1.4 V compared to -1.0 V. More' quantitative data are 

presented below . 
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Potential-dependence of SERS spectra: v(O-H) region. The SERS 

spectra of the alcohols in the v(O-H) region are shown in Figure 5.23. 

The bulk liquid alcohol spectra show a very broad band due to extensive 

hydrogen bonding between ca. 3355 and 3385 cm-1 . The methanol SERS 

spectrum in Figure 5.23A indicates the presence of water at the 

interface (3520 cm-1 ) at -0.4 V [1.81]. Although these water molecules 

might be expected to influence the alcohol behavior, preliminary work 

in our laboratory has shown that interfacial ethanol orientation, for 

example, is only affected by water concentrations greater than 10 mol %. 

The frequency and broadness of the water band suggests that interfacial 

water molecules detected with SERS are oriented randomly, with some 

tendency for the oxygen to be directed toward the surface [1.81]. The 

v(O-H) band from interfacial methanol is detected at 3335 cm-1 . These 

peaks are much narrower and shifted to lower energies relative to the 

bulk solution. This can be explained by the presence of Br- ions at the 

surface at -0.4 V, which serve to break up intermolecular hydrogen 

bonds. As the potential is changed from -0.4 V to -1.0 V, the v(O-H) 

water band shifts from 3520 to 3433 cm-1 , and the v(O-H) methanol peak 

increases in intensity, and appears as two weak, broad bands. Methanol 

appears to be unique among the primary alcohols in this behavior. The 

origin and growth of the two surface methanol v(O-H) modes has been 

described at length above. This behavior was shown to be related to 

the presence of the Li+ in the outer Helmholtz layer, which apparently 

drives the rotation of the O-H bond about the c-o bond axis. This 
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rotation results in the O-H bond axis being more perpendicular to the 

surface, and therefore coupling more effectively with the electric 

field at the surface. The observation of two strong v(O-H) bands is 

consistent with the observation of two sets of v(CH3 ) bands at -1.0 V. 

As the potential is changed from -1.0 V to -1.4 V, both water and 

methanol v(O-H) bands decrease in absolute intensity and become 

broadened. This broadening is presumably due to the absence of Br

which allows the formation of an extended hydrogen bonding network. The 

location of the peak at 3368 cm-1 is close to that in the bulk methanol 

spectrum, and is different from the Raman spectrum of bulk water which 

has two maxima (3240 and 3410 cm-1 ) corresponding to the vs(O-H) and 

va(O-H) modes, respectively. However, if these two bands are not 

distinct at the interface, then it is plausible that the band at 3368 

cm- 1 is due to interfacial water, or even a water-methanol mixture. 

Ethanol SERS spectra in the v(O-H) region are shown in Figure 5.23B as 

a function of potential. The water v(O-H) band is observed at 3499 cm-1 , 

and the ethanol v(O-H) band is undetectable. The v(O-H) frequency and 

poorly-defined band shape suggest that the water molecules are largely 

oriented randomly with some preference for the oxygen at the surface 

[1.81]. As the potential is changed from -0.4 V to -1.0 V, the water 

v(O-H) band intensity is almost completely lost. The surface is still 

SERS-active, as evidenced from good signal~to-noise ratio in the v(C-H) 

region. Thus, one could conclude that either the water has a preferred 

orientation with its v(O-H) dipole parallel to the surface, or that 
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water has been displaced from the interface by ethanol molecules. Since 

-1.0 V is near the potential of zero charge (PZC) , it is proposed that 

the latter explanation is correct.. Ethanol, with a comparatively low 

dielectric constant (e-24.3 versus e-78.4 for water) can compete more 

effectively for surface sites at the PZC. As the potential is changed 

further from -1.0 V to -1.4 V, the water v(O-H) band exhibits a large 

increase in intensity, presumably due to its increased quantity at the 

interface as a result of excess negative charge on the electrode. The 

presence of two, distinct peaks at 3483 and 3548 cm-1 suggests that two, 

distinct water orientations exist simultaneously at the interface. 

Previous work [1.81] with cations of different hydration energy has 

shown that a band near 3510 cm-1 is associated with water molecules 

oriented with the oxygen toward the metal surface, and a band near 3550 

cm-1 is associated with water molecules oriented with the oxygen toward 

the outer Helmholtz plane. 

Propanol SERS spectra in the v(O-H) region are shown in Figure 5.23 

as a function of potential. The SERS spectral behavior and associated 

explanations are completely analogous to the ethanol results discussed 

above, with one exception. At -1.2 V, the dominance of a distinct, 

well-defined v(O-H) water band at 3573 cm-1 suggests the predominance 

of water molecules oriented with the oxygen toward the outer Helmholtz 

plane. Pentanol SERS spectra in the v(O-H) region are largely similar 

to those of propanol, and are shown in Figure 5.23D as a function of 

potential. The absence of water at the pentanol-Ag interface is 
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conspicuous at -1.0 V. In addition, the presence of a single v(O-H) 

band (3570 cm-1 ) at -1.4 V is unique compared to the two, distinct bands 

observed with ethanol and propanol. It is concluded that water is 

oriented in the pentano1-Ag interface solely with the oxygen directed 

toward the outer Helmholtz plane. 

Reversibility. The reversibility of the v(C-H) spectral region for 

methanol and propanol was studied with respect to changes in electrode 

potential. This study addresses the question of what causes the alcohol 

orientation to change. Possibilities include (1) potential-dependent 

changes in surface morphology, which are expected to be irreversible, 

and (2) changes in ion-surface or solvent-surface interactions, which 

are expected to be reversible. 

Figure 5.24 shows the changes in methanol SERS spectra as the 

potential is changed from -0.4 V to -1.4V and then back to -0.4 V. As 

the potential is changed from -0.4 V to -1.4 V, the relative intensity 

change and peak frequencies are shifted in the usual way. In order to 

be a reversible change, the relative intensities and peak frequencies 

must return to their original value as the potential changed from -1.4 V 

back to -0.4 V. Figure 5.24 illustrates these changes are, in fact, 

observed as the potential is returned to -0.4 V. However, the 

potential-induced spectral changes are not completely reversible. 

First, notice that the intensities are reduced after the negative 

potential excursion. This is due to the loss of unstable SERS-active 
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sites at negative potentials [5.43]. Second, the relative intensities 

are not the same at -0.4 V, before and after the negative potential 

excursion. This may be explained by the detection of bulk molecules as 

a result of weak SERS. To a great extent, however, the relative 

intensities and potential-induced peak frequency shifts appear to be 

reversible, indicating that changes in solvent orientation are 

primarily the result of changes in potential-induced ion-solvent or 

surface-solvent interactions. 

An investigation of reversibility was also carried out for propanol 

at these roughened electrode surfaces. Figure 5.25 illustrates the 

changes in the v(C-H) spectral region as the potential is changed from 

-0.4 V to -1.4 V and then back to -0.4 V. Notice an increase in v(CH2 ) 

intensity is observed at frequencies less than 2880 cm-1 as the 

potential is changed from -0.4 V to -1.4 V. Relative intensities are 

also changed during this potential excursion. As the potential is 

changed back to -0.4 V, there is a decrease in v(CH2 ) intensity and a 

shift in relative intensities toward their original values. However, 

the 2880 cm-1 band remains intense at -0.4 V. As discussed above, this 

may be the result of detecting bulk solvent molecules due to the weaker 

SERS activity of the electrode following the negative potential 

excursion. In any case, the potential-dependent behavior is largely 

reversible, with the notable exception of a loss of SERS intensity. 

These results suggest that changes in solvent orientation are not due 

to changes in surface structure, which is e~pected to be irreversible . 

. -.. - .. _-._---- --.---- . - .. --



247 

Discussion 

Use and Validity of Selection rules for SERS. The orientation of 

surface alcohol molecules may be deduced using surface selection rules 

for Raman scattering at rough surfaces as described by Moskovits [4.3, 

4.13] and Creighton [4.6-4.8], and as described in chapter 4. These 

rules essentially predict that molecular vibrations with a 

polarizability tensor component along the z-axis (where z is defined as 

the surface normal) will be enhanced more than molecular vibrations 

without a z tensor component, provided that excitation is red of the 

surface plasmon wavelength. This gives rise to spectral sensitivity for 

certain bond orientations which can be deduced semi-quantitatively as 

described in chapter 4. 

In applying these surface selection rules, several assumptions are 

made in determining molecular orientation. One assumption is that the 

change in polarizability of methyl and methylene stretches is predom

inantly along the same axis as the change in dipole moment for the group 

vibration. A second assumption is that the vectors describing the 

change in dipole moment of symmetric and asymmetric methyl and methyl

ene vibrations are largely orthogonal. Finally, it must be assumed 

that the relative scattering cross-sections for the molecule do not 

change as a result of the molecule existing in the interface. 

One way to deduce changes in orientation of these alcohols with 

potential is from plots of the ratio of symmetric and asymmetric, CHa 

and CH2 stretching intensities. Spectral deconvolution is necessary, 
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since many of these bands overlap. Examples of decomposed spectra at 

-1.4 V are shown in Figure 5.26. The bands observed at frequencies less 

than 2750 cm-1 are weak, and may be ascribed to overtone vibrations. In 

ethanol, propanol and penta~ol, bands are observed at ca. 2780 cm-1 and 

2825 cm-1 which do not correspond to any bands in the bulk Raman 

spectrum. It is proposed that these bands are associated with CH2 

groups in a unique chemical environment. All other bands are assigned 

in Table 5.3. The reproducibility of the curve fitting is found to be 

within ± 10 to 15 %, depending on the spectral resolution and number of 

peaks. In any case, the decomposed spectra allow a more quantitative 

description of the relative intensities, and thus a more quantitative 

description of orientation. 

As part of this investigation, the validity of the surface 

selection rules was evaluated in a semi-quantitative fashion. One 

prediction of EM surface selection rules is that, within a given 

molecule, vibrations with the same polarizability tensor components and 

similar magnitudes will couple with the electric field with equal 

effectiveness, regardless of orientation. Recently, it has been shown 

[5.83] that for benzene, toluene and benzonitrile at roughened Au 

electrodes, vibrations with the same polarizability tensor components 

will couple with the electric field with similar effectiveness. 

One approach to evaluate the utility of these EM surface selection 

rules is to monitor the intensities of vibrations within the molecule 

which have the same, or mutually exclusive, predominant polarizability 

...... - ............. - ..• - --------------, 
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tensor components. The simple structure of methanol makes it a good 

choice for this evaluation. The v(C-D) and vs (CH3 ) vibrations llave A' 

symmetry, and therefore, have the same Raman polarizability tensor 

components, while the v,,(CH3 ) mode is of A" symmetry, therefore 

containing tensor components (Qxz ' oyz) not accessed by the v(C-D) and 

vs (CH3 ) vibrations. In addition, the Qzz polarizability tensor component 

in an isotropic environment is expected to predominate for both 

A' symmetry vibrations. Given this information, it is predicted that 

the changes in v(C-D) intensity should follow the vs (CH3 ) intensity more 

closely than the va (CH3 ) intensity as a function of potential. Figure 

5.27A shows that this is, indeed, the case. 

The sensitivity of these ratios to electrode potential is best 

calculated from a plot of R/Ro versus potential where R is the ratio at 

any given potential and Ro is the ratio at -0.4 V. The magnitude of the 

slope in these plots is then taken as the sensitivity factor (SF). 

Using this approach, the sensitivity factor of the I[va (CH3)]/I[vs (CH3)] 

ratio is 0.31, while the I[v(C-D)]/I[vs (CH3)] ratio has a sensitivity 

factor of 0.87, indicating a factor of 3 difference in the sensitivity 

as the potential is changed from -0.4 V to -1.4 V. Also notice that the 

I[v(C-D)]/I[vs (CH3 ») ratio changes less than 3% in the potential regions 

from -0.6 V to -0.8 V and -1.0 to -1.2 V, while a change of ca. 20% 

changes occurs in the I[va (CH3 »)/I[vs (CH3 ») ratio. The fact that the 

v(C-D) and vs (CH3 ) intensities do not follow each other exactly may be 

due to differences in the relative magnitude~ of polarizability tensor 

-- - -----------
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components in these two molecular vibrations. In order to test the EM 

selection rules more rigorously, it would be useful to look at 

vibrational modes of more symmetrical molecules whose polarizability 

tensor components are mutually exclusive. 

As a second test of these EM surface selection rules, the behavior 

of the CH2 scissor intensity from ethanol is compared to the vS (CH2 ) and 

va (CH2 ) intensities. This is shown in Figure 5.27B. The 

I[vs (CH2 )]/I[S(CH2 ) scissor] ratio has a sensitivity factor of 43, while 

the I[va (CH2)]/I[S(CH2) scissor] ratio has a sensitivity factor of 7.0. 

These data indicate that the CH2 scissor intensity follows the va (CH2 ) 

intensity more closely than the vs (CH2 ) intensity suggesting that the 

predominant polarizability change for the CH2 scissoring mode is along 

the same axis as the asymmetric stretching intensity. In addition, 

since both the CH2 scissoring and vs (CH2 ) vibrations belong to the A' 

symmetry clas~, these data support the idea that surface resonance 

Raman processes do not play a dominant role in the observed relative 

intensities. 

Potential-dependence of CH3 orientation. The potential dependence 

of the I[va (CH3)]/I[vs (CH3 )] intensity ratio is shown quantitatively on 

the left-hand axes in Figures 5.28A to 5.28D for methanol, ethanol, 

propanol, and pentanol, respectively. The values for the bulk solvents 

are represented by dashed lines in these figures. At potentials 

positive of the PZC, the values of I[va (CH3)]/I[vs (CH3 )] are much larger 

--_ .. -._ ... -. 
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than the bulk values for methanol, propanol, and pentanol. In contrast, 

the value in ethanol closely approaches the bulk value at potentials 

positive of the PZC. These data imply that for methanol, propanol and 

pentanol, the symmetric methyl dipole is more parallel to the surface 

than the asymmetric dipole. Furthermore, one could make a quantitative 

estimate of the tilt angle relative to the surface normal, using the 

bulk solution value as a reference. Given the assumption that the 

symmetric and asymmetric methyl dipoles are orthogonal, the electric 

field should couple with these modes equally effectively when the c-o 

bond axis is at an angle of 45°. These modes have an equal opportunity 

to interact with the incident electric field in bulk solution such that 

a similar ratio from the surface-confined species would have its methyl 

dipole oriented 45° from normal. Using the bulk value as a reference 

then, it is concluded that the methyl dipole is oriented at an angle 

greater than 45° from normal at -0.4 V. It follows that, for the case 

of propanol and pentanol, the methyl dipole is oriented at an angle 

greater than 45° from the normal. 

In contrast, the plot for ethanol in Figure 5.28B indicates that 

both the vs (CH3 ) and va (CH3 ) dipoles are oriented very close to 45° at 

potentials positive of the PZC. It is interesting to note that the 

values of I[va (CH3)]/I[vs (CH3)] for the only even-numbered carbon chain 

alcohol studied, ethanol, are the most simIlar to the solution values 

at potentials positive of the PZC of all the alcohols studied. This 

observation suggests that the ethanol vs (CH3 ) dipole is at an angle much 

~--~~.-~---~ -~---
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closer to 45° than in the odd-numbered carbon chain alcohols. Such an 

orientation is intuitively rationalized from the tetrahedral bonding 

geometry of carbon assuming a similar chain orientation among the 

alcohols. 

Negative of the PZC, I[va (CH3)]/I[vs (CH3)] values approach the bulk 

solution values (dashed lines) for all alcohols except ethanol. This 

fact suggests that the vs (CH3 ) dipoles of methanol, propanol, and 

pentano1 are oriented, on the average, near 45° at potentials negative 

of the PZC, i.e. the alkyl chain "stands up" at more negative 

potentials. Ethanol is unique within the series in that its 

I[va(CH3)]/I[vs(CH3 )] ratio moves away from the bulk solution value at 

increasingly negative potentials. At potentials negative of the PZC, 

particularly at -1.4 V, this ratio is significantly smaller than the 

bulk solution value, suggesting an orientation in which the vs(CH3) 

dipole is tilted at an angle significantly less than 45° from normal. 

Potential-dependence of CHz orientation. Changes in 

I[va(CHZ)]/I[vs(CHz») as a function of potential are also shown in 

Figure 5.28 for ethanol, propanol and pentano1. The trends are 

generally similar to those of the methyl vibrations in that these 

ratios decrease as the potential is made more negative. From these 

results, the orientation of the methylene group as a function of 

potential can be estimated. 

In the case of ethanol at -0.4 V, Figure 5.28B shows the surface 

species to have an I[va(CHZ»)/I[vs(CHz») ratio of 2.95 ± 0.39 compared to 
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the bulk value of 3.04 ± 0.01. Using the arguments cited above, it is 

concluded that the vs (CH2 ) dipole is tilted at ca. 45° at -0.4 V. As 

the potential is changed from -0.4 V to -1.0 V, the magnitude of this 

ratio decreases dramatically, suggesting that the vs(CHz) dipole becomes 

increasingly perpendicular to the surface. 

There is relatively little change in the I[va(CHz)]/I[vs(CHz)] ratio 

from -1.0 V to -1.4 V, indicating that the vs(CHz) dipole remains 

oriented at an angle less than 45° from the surface normal. In addition 

to the decrease in this ratio at negative potentials, recall that a new 

v(CHz) band at 2821 cm-1 becomes prominent in the ethanol SERS spectrum 

at -1.0 V. This band appears to be unique to the interface and may be 

the result of the methylene hydrogen interacting with excess positive 

charge at the surface. This type of C-H ... metal interaction, or so

called agostic bonding [5.45], has been proposed for cyclohexane at Cu, 

Ni, Pt, Pd and Ru single crystal surfaces under high vacuum [5.45]. 

Agostic bonding between alkane solvents and M(CD)s (M = Cr, Mo, W) has 

been studied using photoacoustic calorimetry which revealed the agostic 

bond strength with heptane to be 9 10, and 13 kcal/mo1e for Mo, Cr, and 

W, respectively [5.46]. Therefore, it is conceivable that significant 

CH2 .•• Ag interaction exists at these negative potentials. This low 

energy vs (CH2) band is also observed with propanol and pentano1 at 

negative potentials, as discussed below. 

A similar trend is observed for the I[va(CH4)]/I[vs(CHz)] ratio as 

a function of potential for propanol as shown in Figure 5.28C. One 
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important difference, however, is the potential of maximum slope which 

occurs at ca. -0.9 V for propanol as compared to -0.7 V for ethanol. 

This ratio reaches the bulk value near the PZC, similar to the methyl 

group behavior of this molecule. It is difficult to make definitive 

conclusions regarding the CH2 orientations because of the existence of 

two methylene groups. Several orientations, discussed below, could 

explain the observed ratio. However, the presence of a new v(CH2 ) band 

at -1.2 V suggests that at least one of the CH2 groups is in a unique 

chemical environment with its symmetric dipole oriented toward the 

surface. 

In the case of pentano1, no drastic change in I[va (CH2)]/I[vs (CH2)] 

ratio as a function of potential is observed as there is with ethanol 

and propanol. However, the general trend is the same in that the ratio 

decreases from -0.4 V to -1.4 V and approaches the bulk value near the 

PZC. The new v(CH2) band noted above is clearly prominent at -1.4 V. 

An interesting trend is observed among the alcohols regarding this 

unique v(CH2 ) band in the SERS spectrum. This band becomes prominent at 

increasingly negative potentials as the alkyl chain is made longer. 

The band becomes prominent at -1.0 V, -1.2 V, and -1.4 V in the case of 

ethanol, propanol, and pentano1, respectively. These data suggest that 

the ethanol methylene exhibits significant agostic bonding at more 

posit~ve potentials than those in propanol, and particularly, pentanol. 

The trend in the behavior of these alcohols lends support to the idea of 

agostic bond formation, as will be discusse4 below. 

-------------~-.- - ... -
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Trans and gauche behavior. As a result of m~thylene multiplicity, 

propanol and pentanol may exist as gauche and trans conformers. As 

confirmed by temperature experiments of neat propanol and pentanol, 

gauche v(C-C) modes are observed at 1073 and 1076 cm-1 and trans v(C-C) 

modes are observed at 1104 and 1118 cm-1 for propanol and pentanol, 

respectively. These assignments are consistent with the analogous 

alkanethiols which have been recently studied in this laboratory [5.32]. 

In order to remove contributions to intensity from adjacent peaks, the 

spectra were decomposed using the SpectraCalcTI1 curve fitting program. 

Figure 5.29 shows the variation of the trans/gauche intensity ratio 

of propanol with electrode potential. Trans behavior dominates at 

positive potentials and decreases as the potential is made more 

negative. The trans/gauche ratio reaches the bulk value at -1.0 V and 

maintains this value out to -1.4 V. This implies that the positively 

charged electrode has an orienting effect on propanol molecules in the 

electrochemical double layer. Furthermore, these molecules appear to 

exhibit bulk-like behavior negative of the PZC (-1.0 V). The driving 

force for a relatively ordered interface positive of the PZC may be 

twofold: (1) hydrogen bonding with Br-, which has a significant surface 

coverage positive of the PZC, and (2) the possibility of van der Waals 

interactions, specifically London dispersion forces, between the alkyl 

chains. These dispersion forces can be quite significant; in the case 

of alkanethiol monolayers, for example, the interaction energy is on 

the order of 10 to 20 kJ/mol [5.47], depending on molecular spacing 
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distance. The absence of specifically adsorbed Br- at potentials 

negative of the PZC would also explain the more random orientation of 

propanol in the -1.0 to -1.4 V region. 

The results for pentanol follow a similar trend with trans. 

intensity (1118 cm-1) predominating at positive potentials and the 

trans/gauche ratio reaching the bulk value' at -0.8 V. However, this 

conclusion must be viewed as somewhat tentative, because an impurity 

peak at 1119 cm-1 extensively overlaps with the trans band. 
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Summary of potential-dependent orientations: an overview. Proposed 

models for alcohol orientation as a function of electrode potential are 

given in Figure 5.30. For methanol, the decrease in v(C-O) frequency at 

the interface suggests a unique solvent-solvent hydrogen bonding 

environment, perhaps from dimer formation. Relative intensities of 

v s (CH3 ) and va (CH3 ) bands indicate that, positive of the PZC, methanol 

is oriented with its C-O bond tilted at an angle greater than 45° from 

the surface normal. Near the PZC, the observation of two distinct sets 

of v(CH3 ) bands and two v(O-H) bands suggests that two unique chemical 

environments exist simultaneously at the interface. It is proposed that 

the growth of a second set of v(CH3 ) bands at 2822 and 2922 cm-1 at -1.0 

V arises from a methanol orientation with its methyl group towards the 

Ag surface; the initial set of SERS v(CH3 ) bands at 2840 and 2947 cm-1 

are unshifted from the bulk frequency and are, therefore, proposed to 

arise from methanol species with the methyl group directed toward bulk 

solution. The growth of both methanol v(O-H) intensities near the PZC 
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suggests that the O-H bonds become more perpendicular to the surface, 

and that these species are intimately related, perhaps through the 

formation of a hydrogen bond. The change in I[va (CH3)]/I[vs (CH3)] for 

these two sets of bands as a function of potential is similar, namely 

that the ratio decreases as the potential is made more negative. This 

observation is consistent with the idea that these two species are 

intimately related and, in fact, exhibit similar changes in orientation 

with potential. The methanol dimer depicted in Figure 5.30 is proposed 

to account for these observations. At potentials negative of the PZC, 

the v(CH3 ) bands at lower energies dominate ~he SERS spectrum, 

indicating that the species with its methyl group toward the surface is , 
predominant. 

In the case of ethanol, both the vs (CH3 ) and vs (CH2 ) dipoles are 

tilted at ca. 45° at positive potentials. Thus, unlike the "parallel" 

methyl orientation in methanol, the methyl group in ethanol is 

envisioned to point away from the surface. Another significant 

difference is that ethanol does not exhibit a shift in v(C-C-O) 

frequency upon adsorption, suggesting a hydrogen bonding environment 

similar to bulk. However, similar to methanol, the c-o bond is 

envisioned to be largely parallel to the surface at potentials positive 

of the PZC. Ethanol undergoes large changes in orientation at ca. 

-0.70 V as indicated by the decrease in I[va (CH2)]/I[vs (CH2)]. One 

orientation which would rationalize these observations is one in which 

the vs (CH2 ) dipole is directed toward the surface and the v(CH3 ) dipole 

.--- ------ .- . --
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is directed away from the surface. In addition, the unshifted CH2 

frequency implies that unperturbed CH2 groups exist at the interface, 

concurrently with the perturbed CH2 groups. As with methanol, the 

shifted frequencies may be associated with solvent molecules directly 

in contact with the surface, and the unshifted frequencies associated 

with those solvent molecules oriented in the outer Helmholtz plane. In 

addition, the surface-contacted solvent molecules appear to be involved 

in CH2 interaction with the surface, as suggested by the presence of 

shifted v(CH2 ) frequencies near -1.0 V. This type of interaction has 

also been detected for alcohols at both Pt and Cu surfaces [5.48], 

where the van der Waals attraction of the alkane chain to the surface 

was found to be 5 to 6.5 kJ/mo1 for each CH2 group at either metal. 

These CH2 ••• metal interactions are more properly defined as agostic 

bonds. Evidence for their formation has also been observed with 

cyclohexane at Pd and Ni surfaces [5.45] using electron energy loss 

spectroscopy. Negative of the PZC, ethanol orientation does not 

appear to change significantly. This is consistent with the small 

change in absolute surface Br- coverage from -1.0 V to -1.4 V [5.37]. 

Propanol is predominantly oriented in a trans conformation at 

potentials positive of the PZC, with the vs (CH3 ) dipole oriented at an 

angle greater than 45°. The I[va (CH2)]/I[vs (CH2)] ratio for interfacial 

species is much larger than bulk species at -0.4 V, which supports the 

idea that va (CH2 ) dipoles are largely perpendicular to the surface 

positive of the PZC. These observations are consistent with the 

----_ .. _-_.... . .... --- - .. _---_._----------- - ..•. -
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propanol orientation depicted in Figure 5.30. The driving force for a 

relatively ordered surface layer at positive potentials is proposed to 

be (1) the formation of Br- ... H-O-R hydrogen bonds at the surface, and 

(2) the presence of London dispersion forces between alkyl chains. The 

Br- ... H-O-R bond orients the head group while the London dispersion 

forces order the chains. In the vicinity of the PZC, the relative 

number of gauche conformers to trans conformers appears to increase 

based on the trans/gauche intensity ratios shown in Figure 5.29. 

Consistent with this change is the increase in vs(CHa) intensity 

relative to va(CHa) intensity, indicating a vs(CHa) dipole orientation 

of ca. 45° at the PZC. The decrease in relative va(CHZ) intensity, 

along with these other observations, is consistent with the increased 

predominance of gauche conformers shown in Figure 5.30. Negative of the 

PZC, the trans/gauche intensity ratio is constant and very close to the 

bulk solution value suggesting that the relative amounts of gauche and 

trans conformers are similar to bulk. This result is possibly related 

to the small change in absolute Br- surface coverage at potentials 

negative of the PZC. Finally, the presence of shifted v(CHz) 

frequencies at -1.2 V is consistent with formation of CHz ... Ag agostic 

bonds, since the surface has an excess negative charge negative of 

-1.0 V, and therefore, could interact favorably with the partial 

positive methylene hydrogen. It is proposed that the agostic bonding 

may be dominant over London-dispersion forces in controlling orientation 

negative of the PZC. 



Similarly, data are presented for pentano1 which supports a 

predominantly trans conformation at potentials positive of the PZC. 
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This orientation is supported by data in the v(C-H) spectral region 

indicating that the vs (CH3 ) dipole is oriented at an angle greater than 

45° from the surface normal. As the potential is changed from -0.4 V 

to -1.0 V, only small changes are observed in the I[va(CH3 »)/I[vs (CH3») 

and I[va(CHZ»)/I[vs(CHz») ratios, indicating only minor changes in 

pentano1 orientation. While the methyl ratio is nearly constant in this 

potential region, there is a small, but significant, decrease in the 

methylene ratio. This is explained by a rotation of the molecule, such 

that the vs(CHz) dipole is more perpendicular to the surface at the PZC 

(see Figure 5.30). However, large decreases in both I[va(CH3»)/ 

I[vs (CH3 ») and I[va(CHZ»)/I[vs (CH2 )] are observed between -1.0 V and -1.4 

V. This behavior is consistent with vs (CH3 ) and vs(CHz) dipoles which 

are oriented more perpendicular to the surface at -1.4. These data are 

also explained by a greater proportion of gauche conformer at more 

negative potentials. The presence of a shifted v(CHz) band is also 

first prominently observed at -1.4 V. Following arguments presented 

earlier, this band is associated with methylene groups involved in 

agostic bonding. 

Comparison of alcohols. The most salient difference between the 

alcohols is the unique interfacial solvent structure of methanol. 

First, the comparatively strong methanol v(O-H) SERS bands suggest that 

the methanol O-H bond is more perpendicular to the surface than the O-H 

---.-- ----
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bond in other alcohols. Second, methanol is the only alcohol to hav'e 

its methyl group interacting with the surface at any electrode 

potential. On the other hand, this behavior is consistent with the 

other alcohols in the sense that the a-carbon is near the surface. One 

further unique feature of methanol is the presence of two distinct 

methanol species at the interface, which are believed to be intimately 

related through the formation of a hydrogen-bonded dimer. This unique 

behavior of methanol is explained by a dimer hydrogen bond strength 

which is greater than the London dispersion forces between methyl 

groups. The dominance of hydrogen bonding for interfacial methanol may 

be related to a comparatively large dielectric constant of 32.6 versus 

24.3 for ethanol, 20.1 for propanol, and 13.,9 for pentanol. The absence 

of SERS bands that could be associated with dimers in ethanol, pentanol, 

or pentanol is significant, because it suggests that, for ethanol and 

longer chain alcohols, London dispersion forces between the alkyl 

chains are dominant over dimer hydrogen bond strength. 

Another unique aspect of the methanol interface is the amount of 

water at the interface near the PZC. For ethanol and longer chains the 

water v(O-H) band is almost undetectable in this potential region. In 

contrast, the methanol interface appears to retain the water. This is 

shown by the SERS spectra in the v(O-H) region in Figure 5.23. These 

observations are consistent with the much greater hydrogen bonding 

ability of methanol relative to the other alcohols. A broad v(O-H) 

band at.3368 cm-1 , attributed to extensive1y'hydrogen-bonded water, is 

....... ----- -------- -_._-_ .. - . ---
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observed at -1.4 V. Even in the case of ethanol, however, two narrow, 

distinct v(O-H) water bands are observed indicating less hydrogen 

bonding and distinct water orientations. 

Despite these differences, there exist many common aspects of 

bonding and orientation of methanol, ethanol, propanol and pentano1. In 

general, the oxygen end of these straight-chain alcohols is directed 

toward the surface at positive potentials. Hydrogen bonding of the 

hydroxyl group with surface-adsorbed Br-, or perhaps direct Ag-O 

interaction, may provide some stabilization of the alcohol O-H group at 

the surface. This, in turn, would have the effect of ordering the 

alkyl chains. The C-O and C-C bonds are largely parallel to the surface 

in this potential region with the a-carbon near the surface. This 

observation is consistent with FTIR studies of the e1ectrocata1ytic 

oxidation of ethanol, propanol, and butanol at Pt and Pd electrodes 

[5.49] in which it was concluded that, in order for the observed CO to 

be produced from primary alcohols, the a-carbon must be adjacent to the 

electrode surface. Negative of the PZC, it is interesting that all of 

the straight-chain alcohols studied here are oriented with the a-carbon 

even closer to the surface than at potentials positive of the PZC. In 

fact, negative of the PZC, shifts in v(C-H) frequencies are observed 

for all four alcohols. This is explained by the interaction of partial 

positive hydrogens at the a-carbon with the negatively charged surface. 

A comparison of methyl group orientation at potentials positive of 

the PZC, suggests that the vs (CH3 ) dipole of. the even-numbered carbon 

---.- .--. 
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species, ethanol, is at an angle closer to 450 than in the odd-numbered 

carbon chain alcohols. Such an orientation is intuitively rationalized 

from the tetrahedral bonding geometry of carbon, and a similar alkyl 

chain orientation. These ideas are being investigated further in this 

laboratory with studies of I-butanol [5.50]. 

Finally, these results suggest that interfacial alcohol orientation 

is controlled by hydrogen bonding and London dispersion forces; the 

relative importance of each depends on the length of alkyl chain and 

electrode potential. Hydrogen bonding plays a particularly important 

role in the case of methanol as discussed above. In the case of 

ethanol, the absence of a dimer suggests that dispersion forces playa 

role in determining its orientation. Furthermore, there is an 

interesting trend in the potential of maximum slope in the plot of 

I[va(CHz)]/I[vs(CHz)] versus potential (Figure 5.28). The potential of 

maximum slope becomes more negative ~ith increasing chain length: -0.70 

V for ethanol, -0.90 V for propanol, and -1.30 V for pentanol. In 

addition, the potential where a shifted v(CHz) band becomes prominent 

is also more negative with increasing chain length: -1.0 V for ethanol, 

-1.2 V for propanol, and -1.4 V for pentano1. One explanation for these 

trends might be a shift in the PZC to more negative values with an 

increase in chain length. However, SERS spectra from the v(O-H) region 

in Figure 5.23 suggest that water is mostly excluded at a potential of 

-1.0 V for ethanol, propanol and pentanol, suggesting that the PZC is 

very near -1.0 V for all three alcohols. Therefore, the observation of 
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dramatic spectral changes at increasing negative potentials is 

explained not by a shift in PZC, but rather a difference in hydrogen 

bonding ability of the alcohol or dispersion forces between the alkyl 

chains. The difference in Br- ... H-O-R hydrogen bonding strength, 

however, should result in a trend opposite to what is observed, namely 

that the potential of maximum slope should be the most positive for 

pentanol, and the most negative for ethanol. Therefore, it is concluded 

that dramatic changes in orientation at more negative potentials with 

longer chain lengths is due to greater London dispersion forces in 

longer chain alcohols which must be overcome before the methylene 

hydrogens will interact with the negatively charged surface. Changes 

in orientation may also be related to the stability of these agostic 

bonds formed at negative potentials, since the partial positive charge 

should be of the order: ethanol> propanol> pentano1. 

Conclusions 

In summary, the utility of SERS for the evaluation of potentia1-

dependent interfacial alcohol solvent structure and bonding at Ag 

electrodes has been demonstrated. Specifically, the SERS spectra 

indicate that the structura of the alcohol/Ag electrochemical interface 

is dependent on the length of the alkyl chain and hydrogen bonding 

ability. The comparatively large dielectric constant of methanol 

(£=32.6) is proposed to explain its unique ability to form a hydrogen 

bonded dimer, not observed in the case of ethanol (£-24.3), propanol 

._-- ._---- .. -- . --
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(£-20.1), or pentanol (£-13.9). At potentials positive of the PZC, the 

methyl groups in all four alcohols are largely parallel, i.e. greater 

than 45° from the surface normal, with propanol and pentanol 

predominantly in the trans conformation. It is proposed that the 

presence of specifically adsorbed Br- may dictate solvent orientation 

at these positive potentials, by "tethering" the head groups to the 

surface. 

The trend in orientation for ethanol, propanol and pentanol is for 

a dramatic change in orientation to occur at increasingly negative 

potentials as the alkyl chain length is increased. This is explained by 

the greater London dispersion forces between the longer chains which 

must be overcome before the methylene hydrogens will interact with the 

electrode surface. SERS data also suggest that all four alcohols are 

oriented with the a-carbon directed near the surface at all potentials 

studied, and exhibit specific chemical interaction with the surface at 

-1.4 V. It is proposed that the driving force here is the formation of 

CH2 ... Ag agostic bonds which may playa role in affecting orientation 

at negative potentials. 

The utility of surface selection rules in SERS is also 

demonstrated. It is found that the rules are largely self-consistent 

for these molecules at roughened Ag electrodes. For example, the v(C-O) 

intensity follows the vs (CH3) intensity much more closely than the 

va (CH3 ) intensity. Furthermore, the ethanol CH2 scissor intensity 

follows the va (CH2 ) intensity with changes in electrode potential. 

---------------_ ..•. _ ..... -_._, .... -.. -.. - ....... 



271 

Since, in this case, an asymmetric mode tracks a symmetric mode, these 

data are consistent with the idea that changes in relative intensities 

are not caused by surface resonance processes, but rather the result of 

changes in solvent orientation. 

The effect of in-situ versus ~-situ roughening procedures on 

methanol and ethanol SERS spectra was also studied. It is observed 

that alcohol SERS spectra are similar at these differently prepared 

surfaces. However, comparatively larger surface impurity intensities 

are observed at surfaces roughened in-situ, i.e. in the presence of 

the alcohol. Despite the presence of these impurities, the potentia1-

dependent orientation of methanol is the same at these differently 

prepared surfaces. 

One of the most notable observations for the in-situ roughened 

surfaces is the presence of two v(O-H) vibrations from interfacial 

methanol which can exist simultaneously in the presence of Li+. The 

two bands are ascribed to different interfacial methanol species, one 

which has its acidic hydrogen directed toward the surface, and another 

with the acidic hydrogen directed away from the surface. It is 

postulated that a methanol dimer exists at the metal surface, giving 

rise to O-H vibrational bands of different frequency. The v(O-H) of 

higher energy is anion-dependent, suggesting that the species may be 

involved in hydrogen bonding with the surface anion. Two methanol 

species are only observed in the presence of Li+. More weakly solvated 

cations such as Na+ and K+ cannot compete effectively with the electrode 

. -_ ... _--_._ .. _---------------_ .. _-
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for the methanol electron lone pairs on the oxygen atom. Finally, the 

importance of both cation-solvent and anion-solvent interactions 

implies that both the dielectric constant and basicity playa role in 

determining the surface orientation of methanol. 

-----------_ .. _-.-. - ... ,---



Chapter 6 

ALCOHOL ORIENTATION AND BONDING AT EX-SITU ALCOHOL-SILVER 

ELECTROCHEMICAL INTERFACES 

Introduction 

273 

Ex-situ studies of the electrochemical interface are an attractive 

alternative for elucidating interfacial structure which cannot be 

detected in-situ. The potential advantages for ~-situ interfacial 

analysis are two-fold: (1) amenability to UHV surface analysis which 

can reveal unique information regarding oxidation state, atomic compo

sition, etc., and (2) improvement in selectivity for interfacial species 

when using molecular spectroscopies such as IR and Raman spectroscopy. 

The primary drawback of UHV methods is that they require 

interfacial molecules to be strongly adsorbed. An alternate approach 

for weakly adsorbed species is the use of molecular spectroscopies at 

atmospheric pressure. The improvement in surface selectivity at emersed 

electrodes is particularly attractive for IR spectroscopy, which 

presently suffers from the inability to completely discriminate against 

--- - -- --- ---------- ---_._--_ .. 
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bulk solvent. However, few authors [1.111, 1.112] have reported taking 

advantage of emersion for IR investigations of the electrochemical 

interface. In addition, there is only one report of Raman spectroscopy 

of the emersed electrochemical interface. Pettinger and Tiedemann 

[1.113] reported the use of a periodical irnrnersion-emersion Raman 

spectroscopic approach to detect crystal violet adsorbed at Pt emersed 

from aqueous solution. It should be noted that detection of crystal 

violet is aided by its resonance Raman activity. In addition, these 

electrodes were only emersed at open circuit potential; thus, the 

potential-dependence of emersing this molecular interface is not known. 

The presence of solvent molecules at emersed electrodes has also not 

been reported, in spite of their well-known importance in electron 

transfer kinetics. 

This chapter addresses two of the criteria for a valid emersion of 

the "molecular" electrochemical interface from its in-situ environment 

to an Ar atmosphere: (1) no change in interfacial bonding, and (2) no 

change in molecular orientation upon emersion. The first portion of 

the chapter describes the study of Ag-a1coho1 interfaces emersed at 

open circuit potential, while the latter half describes the study of 

Ag-a1coho1 interfaces emersed at various electrode potentials. 

--- -------- ---
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Experimental 

Part I: Emersion at Open Circuit Potential 

Excitation was provided by the 488.0 nm and 514.5 nm lines of a 

Coherent Radiation Innova 90-5 Ar+ laser. Raman spectra were obtained 

with 200 mW laser light polarized parallel with respect to the plane of 

incidence. Liquid spectra were collected in the same optical 

configuration. Bulk liquid spectra were acquired by sampling a drop of 

the liquid clinging to the electrode. 

Scattered radiation was collected with a 50 mm dia f/2.0 (Pentax) 

or f/l.4 camera lens (Nikon) and focused onto the entrance slits of a 

Spex 1877 Triplemate with the PM5l2 CCD detector. Approximately 20% of 

the circular image at the entrance slit passed into the spectrometer. 

The grating in the filter stage was 600 grimm, and the gratings used at 

the spectrograph stage were 1200 grimm. Slit widths were 0.5 mm/4 

mm/0.5 mm. 

Spectra from alcohols at rough Ag electrodes were obtained after 

an ex-situ linear sweep ORC as described in chapter 2. Emersion of the 

electrodes was accomplished as described in chapter 2. 

Part II (Experimental): Emersion Under Potential Control 

Excitation was provided exclusively by the 514.5 nm line of a 

Coherent Radiation Innova 90-5 Ar+ laser. All spectra were acquired at 

a laser power of 120 to 130 mW at the sample. Spectra were obtained 

with incident light polarized parallel to the plane of incidence. 

-- ------------------------ ---.- --
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Scattered radiation was collected with a 50 mm f/1.4 crunera lens 

(Nikon) and focused onto the entrance slits of the CCD-Raman II system. 

The entire circular image at the entrance slit passed into the 

spectrometer. The grating in the filter stage was 600 grimm, and the 

gratings used at the spectrograph stage were 1200 grimm. Slit widths 

were 0.5 mm/4 mm/0.5 mm for the entrance, filter stage, and spectro

graph stage, respectively. Integration times for the acquisition of 

each spectrum are noted in the figure captions. Spectra were acquired 

with CCD temperatures between -100 and -110°C. 

A Ag electrode of large geometric area (0.709 cm2) was used to 

minimize the presence of solvent which is drawn part-way up the 

electrode by surface tension. All potentials, except where noted, are 

reported versus a Ag/Ag+ reference electrode in methanol, essentially a 

Ag wire in 0.01 M AgN03 and 0.10 M TBAP. 

Ultrahigh purity (UHP) Ar was purchased from Union Carbide 

Corporation and is reported to contain less than 2 ppm 02 and less than 

3 ppm H20. High purity (HP) Ar was purchased from the University of 

Arizona Stores gas distribution center. Impurity levels of 02 and H20 

were measured by Wayne Oxygen Co. and reported the actual tank used to 

have 16 ppm 02 and less than 1 ppm H20. 

Spectra from alcohols at rough Ag electrodes were obtained after an 

~-situ roughening procedure to avoid surface trapping of the non

aqueous solvent molecules during the ORC. The procedure is described 

in detail in chapter 2. 

--._-_._._-------------_. __ ._.- .... _ .. -



Surface Raman Scattering of Methanol, I-Propanol and l-Pentanol at 

In-Situ and Emersed Silver Electrodes 

[Originally published in J. Am. Chem. Soc., 1990, 112, 6177] 

Introduction 
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Raman spectroscopy has been shown to be a sensitive and selective 

surface spectroscopy since the discovery of surface enhanced Raman 

scattering (SERS). As a result of the 104 to 106 enhancement for 

molecules in the first few molecular layers at appropriately prepared 

electrodes, SERS exhibits interfacial selectivity and sensitivity 

unmatched by other in-situ vibrational spectroscopic probes. 

Despite these advantages of interfacial selectivity and 

sensitivity, SERS has significant limitations. The primary drawback is 

the limited number of metal surfaces (primarily Ag, Cu and Au) which 

can support surface enhancement on the order of 104 to 106
• Secondly, 

these surfaces must be appropriately roughened to obtain enhancements 

of these magnitudes. The roughness features giving rise to this 

enhancement are generally believed to be of microscopic (significantly 

larger than molecular dimensions) and submicroscopic (on the order of 

molecular dimensions) dimensions. The submicroscopic features, often 

termed SERS-active sites, are proposed to be tetramers of Ag atoms 

which are relatively unstable with respect to temperature and potential 

[6.1]. The potential existence of chemically unique SERS-active surface 

sites has stimulated some debate regarding the generality of vibrational 
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information obtained from SERS spectra at different surfaces. To date, 

this issue has not been resolved. The behavior of the simple anions 

CN-, SCN-, and N3- has been investigated by comparison of SERS results 

at roughened electrodes with IR results at smooth, polished surfaces 

[6.2]. Similar spectral behavior with these two spectroscopies is 

observed, suggesting that SERS provides information on the average 

surface species. However, the generality of this conclusion for more 

complex, neutral molecules has not been demonstrated. 

Thus, the goals of this work were two-fold. First, it was of 

interest to establish the relationship between the SERS behavior of 

interfacial molecules on roughened electrode surfaces and their 

corresponding surface Raman scattering behavior on smooth, polished 

surfaces. The second goal was to investigate the utility of emersed 

electrode techniques for the molecular characterization of 

electrochemical interfaces by comparing interfacial structure of in

situ and emersed interfaces. Towards this end, the surface Raman 

scattering behavior of a series of alcohols at rough and smooth, 

mechanically polished electrode surfaces both in-situ and emersed 

from solution has been investigated. These results have important 

implications for the general utility of SERS, and the validity of 

emersed electrode interfaces as models of in-situ interfaces. 

The extensive vibrational activity of organic molecules makes them 

ideal probes with which to address the issues of interest in these 

studies. The straight-chain alcohols, in p~rticular, are attractive 

•.... - -. ------------------ -_ .. - - . 
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organic fuels and offer a systematic variation in properties with 

variation in chain length. Thus, methanol, 1-propano1, and 1-pentano1 

were chosen as probe molecules to investigate the generality of the 

SERS response and the utility of the emersed electrode approach. These 

molecules possess a range of volatilities and adsorption strengths at 

Ag, thereby allowing important limitations of the emersed electrode 

approach to be evaluated. 

Results and Discussion 

These alcohols are studied at electrochemically roughened and 

mechanically polished, mirrored metal surfaces. Despite the fact that 

these latter surfaces are designated as "smooth" in Figures 6.1 through 

6.4, it must be recognized that they are clearly not as smooth as a 

single crystal surface. Mechanical polishing with alumina produces a 

gently corrugated surface whose roughness is confined to a size dic

tated by the size of the alumina particles. As will be discussed in 

detail below, these surfaces are actually very weakly enhancing through 

electromagnetic enhancement on the corrugated surface. It is highly 

unlikely that a significant number of chemically distinct active sites 

of the type produced by electrochemical roughening exist on these 

surfaces. Even if a small number were generated during the mechanical 

polishing procedure, it is implausible that they would be stable during 

the subsequent sonication and transfer steps. A more detailed 

~- "---~- ~------- ---- .-"-- --



description of the quantitative estimate of enhancement realized at 

these mirrored surfaces is. provided below. 

Methanol at Ag 

280 

Recent SERS investigations of methanol at Ag electrodes, as 

described in chapter 5, have shown that interfacial methanol molecules 

are oriented with the c-o bond at a tilt angle greater than 45° at open 

circuit potential. A shift in c-o stretching frequency by ca. 10 cm-1 

to lower energies upon adsorption is observed, which suggests that 

methanol is in a unique bonding environment at the surface. Finally, 

the large changes in relative v(C-H) intensities as a function of 

electrode potential suggest that these bands are highly sensitive to 

changes in solvent orientation. Consequently, the C-H stretching region 

was the primary focus in the work on the three alcohols reported here. 

The two major issues addressed in these studies were the effect of 

surface roughness on orientation and bonding of the straight-chain 

alcohols (methanol, I-propanol, l-pentanol) at Ag electrodes, and the 

effect of the emersion process on interfacial orientation and bonding 

of these alcohols at Ag'. 

Among the straight chain alcohols discussed here, methanol is 

somewhat unusual in terms of the magnitude of the shift in v(C-O) upon 

adsorption. As shown in chapter 5, alcohols longer than ethanol exhibit 

no shift in v(C-O) frequency upon adsorption at Ag electrodes at open 

circuit potentials. This observation correlates with both the 

------ -- ---_._-----_._-----._----_. 



decreasing dielectric constant and decreasing' acidity with increasing 

chain length of these alcohols. Consequently, only methanol was 

investigated in both v(C-O) and v(C-H) frequency regions. 
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C-H Stretching Region. The SERS spectrum of methanol in this 

frequency region acquired at open circuit potential after a double 

potential step ORC roughening procedure in 0.4 M LiBr is shown in Fig. 

6.1b along with the bulk liquid spectrum for this region as Figure 6.1a. 

Note the change in relative symmetric and asymmetric C-H intensities 

upon adsorption as discussed in chapter 5. In addition, considerable 

intensity is observed at ca. 2900 cm-1 which is due to an overtone of 

the C-H bending vibration at ca. 1456 cm-1 , as noted in chapter 5. The 

band at ca. 2900 cm-1 must derive its intensity from the fact that the 

C-H bending vibration, with which it is in Fermi resonance, possesses a 

significant component perpendicular to the surface. The effect of 

emersion of the rough Ag surface into air at open circuit potential on 

the spectral response of surface methanol is shown by a comparison of 

spectra in Figures 6.1b and 6.lc. The similarity of the vas (CH3 ) to 

vs (CH3 ) intensity ratio of these two spectra suggests that the methanol 

orientation is preserved during the emersion process. However, one 

subtle difference is observed between the spectra which may be 

significant. The 2947 cm-l band observed from the in-situ interface is 

broader than that from the emersed interface. The broadness of this 

band results from a peak which grows in at ca. 2919 cm-1 which does not 

-----------~--.- - .-- - ... --
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Figure 6.1 Raman spectra in vee-H) region of a) bulk liquid methanol 
at a smooth Ag electrode, b) methanol adsorbed at an in
situ rough Ag electrode, c) methanol adsorbed to an emersed 
rough Ag electrode, d) methanol adsorbed to an emersed 
smooth Ag electrode. Integration times were a) 50 s, b) 10 
s, c) 10 s, d) 30 min. 
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have a counterpart in the bulk methanol spectrum. This behavior may be 

the result of a unique chemical environment created in-situ by the 

presence of other methanol molecules in the interface which is absent 

for the emersed surface. 

The effect of surface roughness on the spectral response and 

orientation of methanol can be assessed from the spectra in Figures 

6.lc and 6.ld. The spectra from the emersed roughened electrode and the 

emersed smooth electrode are quite similar, and both are considerably 

different than that of the bulk liquid. This observation suggests that 

the methanol molecules probed in the SERS experiment at roughened 

surfaces are in similar chemical environments and orientations as those 

detected with Raman scattering at the mirrored surfaces. Subtle 

differences are observed between roughened and smooth emersed electrode 

behavior, however. The spectra from smooth electrodes exhibit better 

resolved spectral peaks than those from the roughened electrodes. 

Since these spectra were acquired under conditions of similar spectral 

bandpass, this observation may suggest that a narrower distribution of 

methanol environments e~ists at the smooth Ag electrode. 

c-o Stretching Region. Comparison of the in-situ and emersed 

roughened electrode spectra in Figures 6.2b and 6.2c shows the v(C-O) 

frequency at emersed electrodes to be the same as at electrodes in-situ. 

This result suggests that the extent of methanol bonding is retained 

following the emersion process. Similar results are obtained for the 
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Bulk liquid a 
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Wavenumber (em-I) 

Figure 6.2 Raman spectra in v(C-O) region of a) bulk liquid methanol 
at a smooth Ag electrode, b) methanol adsorbed to an in
situ rough Ag electrode, c) methanol adsorbed to an emersed 
rough Ag electrode, d) methanol adsorbed to an emersed 
smooth Ag electrode. Integration times were a) 10 min, b) 
40 min, c) 30 min, d) 30 min. Spectra smoothed once with a 
9-point Savitsky-Golay smoothing algorithm. 
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emersed mirrored Ag electrodes as shown by the spectrum in Figure 6.2d. 

In total, the results indicate that methanol bonding and orientation at 

smooth Ag electrodes mimics the methanol bonding and orientation at 

rough Ag electrodes and that the in-situ bonding is preserved after 

emersion. 

i-Propanol at Ag 

Unlike methanol, i-propanol adsorbed at Ag does not appear to have 

a bonding interaction strong enough to perturb the c-o stretching 

frequency from its bulk value. This vibration from surface confined 

i-propanol is observed at 1060 cm-1 , relatively unshifted from the 

solution band. As discussed in chapter 5, l-propanol is oriented on Ag 

with the c-o and C-C bond axes at a large angle with respect to the 

surface normal. This conclusion is based on the relative v(C-C), 

v(C-O), and v(C-H) intensities of surface confined species as compared 

to those observed in the bulk. A more detailed discussion of the 

surface orientation of these molecules was presented in chapter 5. 

C-H Stretching Region. Following the ORC roughening procedure in 

0.4 M LiBr, SERS spectra of interfacial l-propanol can be readily 

observed at open circuit potential as shown for both in-situ and 

emersed Ag/0.4 M LiBr/1-propano1 interfaces in Figure 6.3. The 

important vibrational features observed in this region are the vs (CH3 ) 

and va (CH3) vibrations at 2878 and 2962 cm-1 , respectively, the va(CHZ) 

vibration at 2914 cm-1 , and the symmetric me,thyl v(C-H) Fermi resonance 

.. ---.-------------.-~-----.--



band (coupling with the overtone of the C-H bending vibration at 1467 

cm-1 ) at 2936 cm-1 , as noted in chapter 5. This latter band is the 
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most intense in the surface spectrum due to the fact that it results 

from Fermi resonance with a vibrational mode which has a large component 

perpendicular to the surface. 

Upon adsorption, the intensity of the vs (CH3 ) band (2878 cm-1) 

decreases relative to the va (CH3 ) band (2962 cm-1). This further 

supports a preferred orientation in which the symmetric methyl dipole 

of the molecule is at a large angle with respect to the surface normal, 

hence experiencing a smaller electric field. Such an orientation would 

be realized if the C-C chain axis were at a large angle with respect to 

the surface normal as stated above. 

The effect of emersion into air at open circuit potential can be 

determined by a comparison of in-situ and emersed spectra in the C-H 

stretching region in Figures 6.3b and 6.3c. Like methanol, the relative 

C-H intensities from interfacial I-propanol remain similar after 

emersion. Consequently, one concludes that the molecular orientation 

of I-propanol is generally preserved during the emersion process. 

Figure 6.3 shows that simil~r subtleties observed for the 

methanol/Ag system are also observed in the spectra from the 1-

propanol/Ag interface. For example, the in-situ interface produces an 

va (CH3 ) band which is broader than that of the emersed interface. These 

data support the idea that bulk I-propanol species can influence 

--._- - ._---_._-------------.----. 
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Bulk liquid a 
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Figure 6.3 Raman spectra in v(C-H) region of a) bulk liquid l-propanol 
at a smooth Ag electrode, b) l-propanol adsorbed to an in
situ rough Ag electrode, c) l-propanol adsorbed to an 
emersed rough Ag electrode, d) l-propanol adsorbed to an 
emersed smooth Ag electrode. Integration times were a) 40 
s, b) 20 s, c) 30 s, d) 20 min. 

----.--- - . -.... ----.--------------.--.... -. 



288 

the distribution of interfacial molecules with a given orientation. 

Furthermore, the methylene vibration at 2914 cm-1 decreases in intensity 

upon emersion indicating some minor rearrangement of the molecule on 

the surface. A twist of the C-C chain axis possibly accompanied by 

compaction of the layer upon emersion may account for such an intensity 

decrease. Such an effect may also explain the small decrease in 

intensity observed for the va (CH3) vibration at 2962 cm-1 • 

The effect of roughness on the orientation of I-propanol at Ag is 

shown in Figures 6.3c and 6.3d. A comparison of spectra from the 

roughened and smooth Ag electrodes suggests that the I-propanol 

orientation at roughened Ag electrodes generally mimics the orientation 

at smooth Ag electrodes. However, subtle differences in v(C-H) 

bandwidths are observed for I-propanol between rough and smooth 

surfaces. 

l-Pentanol at Ag 

I-Pentanol appears to interact with Ag electrodes in a fashion 

similar to I-propanol. First, interfacial pentanol exhibits no change 

in c-o bond strength as evidenced from a c-o vibration at 1058 cm-1 , 

unshifted from the bulk solution vibration. Results described in 

chapter 5 also show that 1-pentanol is oriented in a manner similar to 

that of I-propanol in which the c-o and C-C bond axes are at large 

angles with respect to the surface normal . 

..... __ ._ .. _--_._-------_. __ ._.-
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C-H Stretching Region. Following the ORC procedure described 

earlier, SERS spectra of interfacial l-pentanol can be readily observed 

at open circuit potential. Spectra from both in-situ and emersed Ag/0.4 

M LiBr/l-pentanol interfaces are shown in Figure 6.4. The vibrational 

bands observed are the symmetric and va(CH3 ) vibrations at 2876 and 2960 

cm-1 , respectively, the vs(CHz) and va(CHZ) vibrations at 2872 and 2914 

cm-1 , respectively, and the symmetric methyl Fermi resonance band at 

2938 cm-1 • 

Upon adsorption of l-pentanol, similar changes in the spectral 

response to those discussed for I-propanol are observed. Thus, the 

intensity of the vs(CHa) vibration (2876 cm-1 ) decreases relative to the 

va(CHa) vibration (2960 cm-1) supporting the proposal that l-pentanol is 

adsorbed with the symmetric methyl dipole at large angles with respect 

to the surface normal. 

The effect of emersion into air at open circuit potential is shown 

by comparison of in-situ and emersed spectra in the v(C-H) region in 

Figures 6.4b and 6.4c. Like I-propanol, the relative C-H intensities 

from interfacial l-pentanol remain generally the same after emersion. 

One can therefore conclude that the orientation of I-pentanol is 

generally preserved during emersion, similar to the behavior observed 

for methanol and I-propanol. 

A few minor differences in the results from the in-situ and 

emersed Ag/l-pentanol interface are noted which require discussion. The 

in-situ spectrum in the v(C-H) region has a prominent peak at 2914 cm-1 

--~~'--'-'-"----------------'- -.-~ -, .. ---".~ ~"- ~- , .. "-" .. " ~ 
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Figure 6.4 Raman spectra in v(C-H) region of a) bulk liquid l-pentanol 
at a smooth Ag electrode, b) l-pentanol adsorbed to an in
situ rough Ag electrode, c) l-pentanol adsorbed to an 
emersed rough Ag electrode, d) l-pentanol adsorbed to an 
emersed smooth Ag electrode. Integration times were a) 20 
s, b) 3 min, c) 6 min, d) 30 min. 
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not observed (or not observable) in the emersed spectra. In addition, 

the va (CH3) vibration at 2960 cm-1 decreases in intensity after emersion. 

These effects can be explained by a slight reorientation of the surface 

pentanol molecules, possibly a twist of the C-C chain axis during 

emersion, analogous to that proposed for propanol. 

The effect of roughness on l-pentanol orientation is demonstrated 

by the spectra in Figures 6.4c and 6.4d. A comparison of spectra from 

the emersed smooth and roughened electrodes suggests that l-pentanol is 

oriented similarly at these different surfaces. 

Time dependence. The effect of no cell window, and subsequent 

ambient air exposure was studied for the pentanol-Ag interface as a 

function of time. Figure 6.5 shows that after 25 min at open circuit 

potential, the intensities in the v(C-H) region are increased at least 

two-fold. This result might be explained by the oxidation of Ag by O2 

or H20 in the air to form Ag-O or Ag-OH. The surface may then be photo

reduced by the incident laser beam or rearrange to create a surface 

morphology with greater SERS ability. Figure 6.6 shows that the 

increase in pentanol v(C-H) intensity is somewhat correlated with the 

increase in v(O-H) intensity at 3645 cm-1 as well as v(O-H) from water 

at 3528 cm-1 • These data indicate the necessity for a closed system. 

It should be noted that, when the cell window is in place, the 

pentanol-Ag interface is quite stable with time, except for some 

slight water absorption. 

--------... - _. - .... 
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Emersed methano1-Ag and propano1-Ag interfaces also adsorb water 

after ca. 10 minutes as indicated by an increase in v(O-H) intensity 

associated with water (3536 cm-1 ) , as shown in Figure 6.7. The effect 

of this adsorption on the v(C-H) region is not known. This preliminary 

work suggests that the pentano1-Ag interface, in particular, undergoes 

drastic chemical changes after ca. 20 min of air exposure. Surface 

oxidation, water adsorption and rearrangement of surface atoms are 

proposed. 

Enhancement Factor Calculations 

In the absence of submicroscopic SERS-active sites, the smooth, 

mechanically polished surfaces still exhibit some enhancement. From an 

analytical standpoint, it is desirable to know the enhancement factor 

at these smooth surfaces, such that one can determine how close these 

surfaces are to being truly unenhancing. Two approaches may be taken 

to estimate the enhancement factor (EF) at these smooth Ag surfaces. 

One approach, used here, is to calculate intensity on a per molecule 

basis for surface and solution species. The second approach, described 

elsewhere [6.3], involves the comparison of intensity from a monolayer 

of l-butanethiol at smooth Au and smooth Ag surfaces using 514.5 nm 

excitation. Given the EF of smooth Au at 514.5 nm, one can calculate 

the EF of smooth Ag. The first approach is described below. 

~.~---.----. -_. __ ._ .. _--------------_. __ .... -. ,,-_.-
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The SERS EF may be calculated using the following equation: 

EF - .!surf x Nstd~std 
Istd X Nsurfx Aaurf 

(6.1) 
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where I is the peak intensity for surface species or solution standard, 

N is the number density, V is the volume of solution sampled by the 

laser beam, and A is the surface area sampled by the laser beam. Given 

the sampling arrangement shown in Figure 6.8, and using some simple 

geometry, the ratio of Vstd/Asurf can be determined. Since the beam 

= 2h. The value of h is calculated using the distance between the 

working electrode and the quartz window, x, and the angle of incidence, 

8, and the trigonometric relation cos 0 - x/h. The value of x was 

determined using a micrometer with 25 ~m gradations. To ensure that 

intensity was indeed coming from solution species, the intensity of the 

vs (CH3) band at 2840 cm-1 was measured as a function of electrode-window 

distance, x. The result is shown in Figure 6.9A. The slope bisects the 

x-axis at ca. 0.1 mm, indicating the CCD-Raman system detection limit 

using 2 s integration time. In any case, the most consistent results 

are apparently obtained. at x - 1.0 mm, and so this distance was used. 

The values of I are calculated on a per integration time basis. For 

example, lsur! = lmeas / time, since intensity is directly proportional 

to integration time, as shown in Figure 6.9B. The value of Nstd 

(molecules/cm3 ) is simply calculated from the density and molecular 

weight and found to be ca. 1022 molecules/cm3
• The calculation of Nsur! 

is more complicated. If one assumes that tne SERS intensity is 

.... _._._-._------------_._-- ~--. - .. --'- . 
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predominantly from the first molecular layer, and a limiting packing 

density dictated by van der Waals radii, then Nsurf for methanol (10 to 

15 A2 molecular area) is 1.0 x 1015 - 6.7 X 1014 molecules/cm2 , depend

ing on molecular area used. The bottom Une is that the calculated EF 

for smooth, polished polycrystalline surfaces is ca. 5 x 103 • However, 

if significant SERS intensity originates in the second and third 

molecular layers, then the calculated EF would decrease to a ca. 2 x 

103 • In any case, the EF for these smooth surfaces is estimated to be 

on the order of 103 or so. Similar calculations for 0.05 pm alumina 

polished, polycrystalline Ag surfaces have been performed by Van Duyne 

and coworkers [6.4] for the model system Ag/0.05 M pyridine/O.l M KC1. 

These authors determined the enhancement factor to be ca. 104 at these 

smooth, 0.05 pm polished Ag surfaces. From these results, one might 

conclude that the true EF is ca. 103 - 104
• 

For comparison, the EF at these smooth Ag surfaces has been 

calculated using the Raman signals from a monolayer of l-butanethiol at 

Au versus Ag at 514.5 nm excitation [6.3]. Using signal-to-noise ratios 

from these surfaces, the enhancement on Ag is estimated to be ca. 100 

times that on Au. To my knowledge, the enhancement factor of these Au 

surfaces at 514.5 nm has not been determined. However, even if the EF 

is as low as la, these results would indicate that the EF at smooth, 

polished Ag surfaces is on the order of 103 , consistent with the 

results calculated above. 
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Interface Emersed Under Potential Control 
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Introduction 
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Raman and infrared spectroscopies are extremely attractive 

molecular probes for the in-situ electrochemical interface. As such, 

they have been used extensively. However, the utility of Raman and IR 

spectroscopies for emersed interface analysis has not been established, 

despite the number of advantages which should accrue to such an 

approach. The primary advantage is improved selectivity for surface 

species at smooth, unenhancing metals. However, before this approach 

can be used, the validity of emersed electrodes as models of the in

situ interface must be established. Towards this end, the work 

described above has demonstrated that the Ag-a1coho1 molecular inter

face can be emersed, intact, at open circuit potential. In other words, 

the orientation and bonding of alcohol solvent molecules can be 

maintained during the emersion process at open circuit potential. 

It is significant that, prior to this study, there was only one 

report [1.113] of Raman spectroscopy used to study the emersed 

electrochemical interface. This report describes a study of crystal 

violet at Pt which is emersed at open circuit potential. However, the 

success of emersion approaches at potentials other than open circuit 

potential was not established in this study~ nor was it established in 

---- - ----------------
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the alcohol work described above. 

Thus, the goal of the work reported here was to investigate the 

possibility of using emersed electrode techniques for the potentia1-

dependent molecular characterization of electrochemical interfaces by 

comparing solvent orientation at in-situ and emersed interfaces. 

Towards this end, the surface Raman behavior of methanol and 1-propano1 

at in-situ and emersed Ag electrodes was investigated as a function of 

potential. In particular, the orientation of these molecules was 

studied as solvents in a 0.4 M LiBr electrolyte system. The potentia1-

dependent orientation at rough versus smooth, polished electrodes was 

also investigated. These studies provide the first definitive evidence 

that potential-dependent solvent orientation can be preserved upon 

emersion. 

Results and Discussion 

Emersion from methanol electrolyte solutions. The potential

dependent SERS behavior of methanol at Ag electrodes was described in 

chapter 5. The potential-dependence in the v(C-H) region, shown in 

Figure 5.22, indicates changes in methanol orientation. A classic test 

of emersed electrode approaches is the valid emersion of the interface 

under potential control, i.e. at potentials different than open circuit 

potential. Initially, these experiments were performed at electro

chemically roughened SERS-active Ag surface such that (1) subtle 

differences between in-situ and emersed solvent orientation could 
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readily be detected, and (2) required integration time would be kept to 

a minimum so the effect of emersion time could also be investigated. 

The effect of emersing the methano1-Ag interface into high purity 

(HP) Ar versus ultrahigh purity (UHP) Ar is shown in Figure 6.10. 

Notice that when the interface is emersed into HP Ar (containing 16 ppm 

02 and less than 1 ppm H20) at -1.4 V, the frequencies and relative 

intensities return to open circuit values after 5 minutes. In addition, 

when this interface is emersed into ambient air, the frequencies and 

relative intensities return immediately (within the 60 s or so needed to 

focus the beam) to open circuit values. However, when the interface 

is emersed into UHP Ar (containing less than 2 ppm 02 and less than 3 

ppm H20) at -1.4 V, the frequencies and relative intensities do not 

return to open circuit values. Instead, they are maintained for at 

least 5 minutes. Preliminary work suggests that the integrity of this 

interface starts to degrade after 10 min. This result may be due to 

the high flow of Ar or possibly small air leaks in the cell. A more 

sophisticated cell is presently being designed in our laboratory for a 

more controlled chemical environment. In any case, these results 

indicate that the exclusion of 02 in the ambient medium is essential for 

a valid emersion of the "molecular" interface under potential control. 

Another question to be addressed is the potential region of valid 

emersion. In an attempt to address this question, the in-situ and 

emersed spectra in the v(C-H) region are compared at potentials positive 

of the PZC (-0.4 and -0.8 V), near the PZC (-1.0 V), and negative of 

---- ----. , .. - " --
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the PZC (-1.2 V and -1.4 V). In addition, cyclic vo1tarnrnetry in this 

electrolyte solution, shown in Figure 5.18, indicates intense oxidation 

positive of -0.2 V, and significant reduction negative of -1.6 V. The 

result of emersing the methano1-Ag interface into UHP Ar at -0.4 V, 

-0.8 V, -1.0 V and -1.2 V is shown in Figure 6.11. It appears that, in 

all cases, the frequencies and relative intensities are largely 

retained following emersion into UHP Ar. Notice that even some of the 

spectral subtleties, such as the 5(CH3 ) overtone band at 2900 cm-1 , are 

retained during emersion. These results are significant, since they 

are the first report of emersing the electrochemical interface under 

potential control with the solvent structure intact. 

Previous work of emersed electrodes, including studies of the ionic 

interface, have employed a variety of experimental protocols for the 

emersion of the electrochemical interface. Some authors have used 

partial emersion while others have studied electrodes which have been 

completely emersed from solution. Ultimately, one would like to 

completely emerse the electrode so that one can transfer it to a UHV 

chamber, or some other controlled chemical environment, for surface 

analysis. This question of complete emersion is addressed in Figure 

6.12 for emersion of the methano1-Ag interface at -0.8 V and -1.4 V. 
! 

Notice that even in the absence of solution contact, the frequencies 

and relative intensities are maintained during emersion at both 

potentials. Furthermore, the spectral behavior is largely unchanged 

even when the cell is turned off, i.e. no P9tentia1 is applied to the 

-------_ .. - .•.. -. 
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working electrode. This is explained by the quantitative emersion of 

the ionic double layer which not only retains the excess charge on the 

metal surface, but also ultimately retains the orientation of neutral 

solvent molecules at the interface. These results indicate 

that a valid emersion of the molecular interface can be accomplished 

using partial or complete removal of the electrode from solution. 

Ultimately, one would like to study emersed smooth electrodes which 

are unenhancing. An intermediate step, however, is to study smooth Ag 

electrodes which are a factor of ca. 103 to 104 less enhancing than 

electrochemically roughened electrodes, but 102 or so more enhancing 

than, say, smooth Pt. Towards this end, Figure 6.13 shows a comparison 

of emersed, electrochemically roughened Ag electrodes and smooth, 

polished Ag electrodes at -0.4 V and -1.2 V. In general, the relative 

intensities and frequencies are similar at these two surfaces. The SIN 

is particularly poor at smooth electrodes, in part, due to the weaker 

enhancement. In addition, these surfaces are more sensitive to 

nonoptimized focusing of collected light into the spectrometer. In 

order to minimize the time between emersion and spectral acquisition, 

only 30 to 60 s was allowed for refocusing. These initial results 

from smooth surfaces indicate that the solvent orientation is similar 

at smooth and rough surfaces under potential control, and that emersion 

at controlled potentials into UHP Ar should be a viable approach for 

studying solvent structure at smooth, unenhancing metal surfaces. 
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Emersion from l-Propanol Electrolyte Solutions 

The generality of solvent amenable to this emersion procedure was 

investigated by a study of I-propanol at selected potentials. 1-

Propanol was chosen, in part, because its in-situ, potential-dependent 

spectral behavior has been well characterized, as discussed in chapter 

5. Figure 6.14 compares the SERS spectra from in-situ and emersed 

propano1-Ag interfaces at a potential positive of the PZC (-0.4 V), at 

the PZC (-1.0 V), and at a potential negative of the PZC (-1.4 V). It 

appears that in all cases, the relative intensities and frequencies are 

maintained during emersion. This result suggests that emersion into UHP 

Ar may be a valid approach for a variety of solvents. The generality of 

emersion from different electrolytes is addressed in the next section. 

Effect of Cation on Emersion 

The effect of electrolyte cation on Ag electrode emersion from 

methanol solutions was studied. The goals of this work are two-fold: 

(1) to further evaluate the generality of the emersion approach 

discussed above, and (2) determine if the solvated cations in the outer 

Helmholtz plane (OHP) are emersed. The Li+ cation used in the studies 

described above is difficult to detect directly using Raman 

spectroscopy. An alternative is to use a cation with some vibrational 

signature, such as the tetrabuty1ammonium cation (TBA+). In addition, 

this cation should be well-solvated and, therefore, reside in the OHP 

even at extreme potentials. Since Br- was used in the experiments 
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described above, the electrolyte of choice was tetrabutylammonium 

bromide (TBABr). 
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As a reference, Figure 6.15 shows the solution Raman spectra in 

the v(C-H) region for neat methanol and TBABr saturated methanol. The 

spectra were acquired from samples in an nmr tube and with 514.5 nm 

laser light polarized perpendicular to the plane of incidence. These 

spectra indicate which bands are associated with methanol and some of 

the bands associated with TBABr. However, some of the TBABr bands 

severely overlap with some of the methanol bands. Efforts are presently 

underway in our laboratory [6.5] to more clearly identify the band 

assignments using deuterated methanol, such that the v(C-D) methanol 

bands are shifted away from the TBABr bands. In any case, these 

solution spectra should be helpful in the interpretation of SERS 

spectra from the emersed methanol/TBABr/Ag interface. 

The Ag surfaces used in these experiments were first 

electrochemically roughened in 0.4 M LiBr aqueous solution, emersed at 

open circuit potential, rinsed with copious amounts of methanol, and 

then transferred to the spectroelectrochemical cell described earlier. 

This cell is then filled with 0.4 M TBABr/methanol solution and the 

experiment carried out as described above. The SERS spectra from in

situ and emersed interfaces at -0.4 V, -1.0 V, and -1.4 V are compared 

in Figure 6.16. The bands associated with methanol, indicated by 

arrows, appear to undergo changes in relative intensity with changes 

in potential, largely consistent with the behavior in 0.4 M LiBr 

..... _-- .. _--_._----------_ .... -
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electrolyte solutions. Some of the bands associated with TBA ion are 

easily detected, while others are obscured by methanol bands. As 

mentioned above, further work is in progress to more clearly observe 

the behavior of TBABr and methanol in the interface. However, these 

spectra suggest that, in addition to methanol, TBABr is also clearly 

present at these emersed electrodes. The data further suggest that 

the emersion approach developed here is valid for different e1ectro-

1ytes as well as different solvents. 

Summary and Conclusions 

The validity of the emersed a1coho1-Ag interface as a model of the 

in-situ molecular interface has been investigated. A comparison of 

rough and smooth Ag electrodes emersed at open circuit potential 

suggests that SERS spectra are indicative of behavior of the average 

surface species. Frequency shifts from bulk solution and relative 

intensities are retained upon emersion of the methano1-Ag interface 

into air. This result suggests that interfacial bonding as well as 

molecular orientation are maintained during emersion into air. 

However, it is found that the absence of 02 in the ambient medium is 

required for the valid emersion of the a1coho1-Ag interface under 

potential control. The emersion of methano1-Ag and propano1-Ag 

interfaces appears successful using ultrahigh purity Ar, while high 

purity Ar, containing as little as 16 ppm 02' causes the surface 

potential to be driven toward open circuit potential. One possibility 
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is the reduction of 02 which consumes charge from the electrode surface. 

It is found that these a1coho1-Ag interfaces can be emersed, 

intact, over a fairly large potential window from -0.4 V to -1.4 V. 

The ability of this approach for studying smooth emersed Ag electrodes 

under potential control is demonstrated. This result suggests that 

Raman spectroscopy may be used to study solvent molecules and adsorbates 

at emersed, smooth. unenhancing Pt electrodes. Data presented indicate 

that this emersed electrode approach may be general with respect to 

type of solvent and electrolyte cation. 

Finally, these investigations further demonstrate the utility of 

GGD detection in Raman spectroscopy. Given the poor stability of these 

interfaces (5 to 10 min) and the weak signal at smooth surfaces, it is 

fair to say that these experiments would not have been possible using 

PMT detection. To put this problem into perspective, the PMT-Raman 

system requires over 6.5 min to obtai'n a typical 400 cm-1 spectrum 

shown in this chapter. assuming a typical scan rate of 1 cm-1 I s. 

Furthermore, given the same analysis time, as shown in chapter 3. the 

SIN obtained with the PMT-Raman system is expected to be almost 2 

orders of magnitude smaller than the SIN obtained with the CGD-Raman 

system. 

-------_ ... _._-_ .. 
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DOUBLE LAYER CAPACITANCE OF ALCOHOL-SILVER 

ELECTROCHEMICAL SYSTEMS 
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Measurements of double layer capacitance offer a different 

perspective regarding the electrochemical interface. In particular, 

double layer capacitance measurements can provide information about the 

presence of anions, and to a lesser extent cations, in the 

electrochemical double layer. Furthermore, absolute surface anion 

coverage (mol/cm2) can be determined as a function of electrode 

potential using the so-called Hurwitz-Parsons (HP) analysis [7.1, 7.2]. 

Capacitance measurements as a function of electrode potential are 

expected to yield important corroborative evidence for the interfacial 

solvent and ionic composition proposed from the Raman spectroscopy 

results in chapter 5. 

Double layer capacitance measurements can also yield useful 

thermodynamic information such as molecular adsorption strength [1.147]. 

While this question is not pursued in this dissertation, the necessary 

---------_.-- ..•. - '.---.' ..... - ..... 



instrumentation for such measurements has been established. The use 

of capacitance measurements for the determination of adsorption 

strength is discussed further in chapter 8. 

Determination of Double Layer Capacitance at Solid Electrodes 

318 

At liquid Hg electrodes, double layer capacitance is readily 

determined from the lifetime of the hanging Hg drop and the 

e1ectrocapil1ary equation described in chapter 1. However, this is 

obviously not a viable approach for the determination of capacitance at 

solid electrodes. An alternative method is to use a phase-sensitive 

detection technique [7.3]. In this approach, a sinusoidal electric 

field is applied to the working electrode which causes changes in 

interfacial polarization, much like the response of a dielectric 

material between two metal plates. The oscillation of interfacial 

polarization is at the same frequency as the applied field, but with a 

phase shift, O. Experimentally, the phase shift can be measured by 

comparing the applied voltage to the current admitted across the 

interface, as shown in Figure 7.1. In theory, this phase shift is 

related to double layer capacitance, C, according to the relationship: 

tan 0 - 1/211'fRC (7.1) 

where f is the ac frequency in Hz and R is the resistance in ohms. 

However, use of this equation requires a kn~w1edge of R. 

-------_ .. _._._ .. 
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Figure 7.1 Voltage-current response of dielectric materials. 
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Another approach is to measure the in-phase (ii) and out-of-phase 

(iQ), or quadrature, components of the ac current admitted across the 

solid electrode/solution interface. These currents can be measured 

directly using a lock-in amplifier (which was the case with this work) 

or from a knowledge of the total admittance current observed, IT' and 0, 

since these two parameters define ii and iQ as illustrated in Appendix 

A. From these currents, the double layer capacitance may be determined 

according to the relationship derived in Appendix A: 

C - lli2 + i,/1 
27rfiQV 

(7.2) 

where f is the ac frequency in Hz and V is the peak-to-peak voltage of 

the ac waveform in volts. This equation is referred to as the Fawcett-

Loutfy equation [7.4]. In practice, V can be used as an empirical 

constant which considers the effect of systematic error associated with 

the lock-in amplifier electronics. Consequently, V is replaced by Vamp 

which is determined experimentally using standards. To determine Vamp' 

a useful "dummy cell" is set-up which consists of a resistor and 

capacitor in series. Values are chosen to span the expected Rand C 

values of actual electrochemical systems: R - 50 to 1,000 0 and C = 10 

to 250 ~F. The results of several R-C combinations are shown in Table 

7.1. The average value of 6.2 mV may be compared to the actual peak-to-

peak ac voltage of 20 mV to obtain an idea of the systematic error 

associated with electronics. In any case, the use of Vamp is expected 

----------- -------- ---------------.----_. -



Table 7.1 Sample data for the determination of Ve~ in equation 7.2. 

R [ohms] C [~F] 

99.6 
99.6 
99.6 
99.6 

472 
472 
472 
472 

996 
996 
996 
996 

23.0 
52.7 
99.0 
234 

23.0 
52.7 
99.0 
234 

23.0 
52 .. 7 
99.0 
234 

Vemp 

R 

0.64 
2.40 
8.10 
2.73. 

1.91 
5.80 
10.17 
12.73 

2.67 
4.92 
5.97 
6.39 

c 

5.29 
11.02 
20.30 
3.06 

4.58 
6.48 
5.75 
3.10 

3.19 
2.66 
1.61 
0.76 

= 6.16 ± 0.19 mV 

-------_._---_. 

Vemp [V] 

6.2 x10-3 

5.80X10-3 

6.31X10-3 

6.23·x10-3 

6.20X10-3 

5.86X10-3 

6.36x10-3 

6.28x10-3 

6.26x10-3 

5.92x10-3 

6.37x10-3 

6.2 x10-3 
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to yield more accurate double layer capacitance values. 

This phase-sensitive detection method has been used successfully by 

Hupp et al. [7.5] for the determination of double layer capacitance at 

solid Ag electrodes in the presence of various electrolyte solutions. 

These authors output the in-phase and quadrature currents in real-time 

(as the electrode potential is changing), while our approach is to 

acquire the these currents at static potentials at 20 mV increments. 

The advantage of acquiring the data in digital form is that it can be 

directly input to the Hurwitz-Parsons (HP) algorithm. In the case of 

real-time analysis, the analog data must be converted to digital data, 

required for the HP algorithm. This can be a tedious task and a large 

source of experimental error. 

One objective of this chapter is to demonstrate the utility of this 

approach for studying double layer capacitance in nonaqueous media, in 

particular methanol and ethanol. A second major objective is to 

demonstrate the ability to obtain absolute surface anion (Br-) coverage 

from capacitance measurements in these nonaqueous media, which may be 

accomplished using the Hurwitz-Parsons analysis described in greater 

detail below. 

Determination of Absolute Surface Anion Coverage 

Absolute surface anion coverage may be determined at solid 

electrodes for specifically adsorbed anions using the Hurwitz-Parsons 

(HP) analysis. This analysis is based on th~ Gibbs adsorption isotherm 

---_.-- ... --
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which in general terms can be stated as 

(7.3) 

where l is the surface tension of the metal, r i is the surface excess 

concentration of species i, and ~i is the electrochemical potential of 

species i. If a single adsorbate is present, the equation can be 

restated as 

(7.4) 

where aM is the excess charge density on the metal, and r is the 

surface excess charge.density on the metal. At constant potential, 

this equation can be rewritten as 

r - - (dl/d~) (7.5) 

and since 

~ ... ~o + RTlna (7.6) 

equation 7.5 can be rewritten as 

r - -l/RT[dl/d(lna)]E (7.7) 

- ,-- - ._------------_.-- ~-" - . "--, . 
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This result suggests that the absolute surface coverage, r, can be 

determined at any given potential by measuring the surface tension at a 

series of bulk solution concentrations. However, this approach 

requires that the ionic strength of the solution remain constant in 

these experiments. This treatment is essentially the Hurwitz-Parsons 

analysis [7.1,7.2]. 

So how does one measure the surface tension at solid metal 

electrodes? One approach is to calculate surface tension from 

interfacial capacitance values according to 

-y'" JJCdEdE (7.8) 

where the limits of integration of the first integral are from the 

potential of zero charge to E and the limits of integration of the 

second integral are from minimum E to maximum E. Alternatively, the 

limits of both integrations may be taken from where the capacitance is 

independent of bulk adsorbate concentration and potential to E. This 

is the approach taken in the work described here. 

Optimization of Experimental Conditions for Accurate Capacitance 

Measurements 

The ability to discriminate against electronic noise, such as 60 Hz 

line noise, is very important for the accurate determination of double 

layer capacitance from phase detection methods. In fact, the use of an 

IBM potentiostat with 3 V peak-to-peak line noise precluded its use in 

these experiments. The EG&G 362 potentiostat was found to be acceptable 

'" _._._---_._-----------_ ..•. - . 



Table 7.2 Effect of using a low pass filter on measured phase 
shift, 8maas ' at f - 10 Hz, using circuit below. 

20 J1.F 

Low Pass 8maas 8 theory 
Filter Frequency (degrees) (degrees) 

(Hz) 

729 89.7 ± 0.2 90 
724 89.6 90 
328 89.2 90 
247 89.0 90 
230 85.0 90 
180 83.4 90 
150 82.3 90 
130 81.0 90 
110 79.2 90 
90 81.8 90 
60 77.4 90 
50 74.8 90 
40 71.9 90 
20 44.0 90 

- ----------- --_._- - ._---- - - .. _----------_._-_.- - .. - _ ...... - .. 
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with only 100 mV peak-to-peak 60 Hz line noise. Other efforts to 

minimize this 60 Hz noise involved the use of a low pass filter in the 

lock-in amplifier. However, the use of a low pass filter attenuates 

the phase shift, 8, the very parameter we are trying to measure. This 

problem with using the low pass filter is illustrated in Table 7.2. It 

is noted that the magnitude of in-phase and out-of-phase currents are 

measured experimentally, but these currents actually define e as shown 

in Appendix A. The flat filter, however, can be used to provide more 

accurate values than the low pass filter as shown in Table 7.3. 

In addition to instrument calibration using standards, it is 

important to establish the instrument offset, in other words establish 

a baseline. This may be accomplished by using a pure capacitor which 

is known to have e = 90 0
, or by using a pure resistor which has a e = 

00. The accuracy of these two approaches was investigated by first 

establishing a baseline with one of the two methods, and then evaluating 

the accuracy of phase shift measurement for a "dummy cell" consisting of 

a known capacitor and resistor in series. Since the phase shift can be 

calculated using tan e - l/2~fRC, the accuracy of the measurement can be 

evaluated. Results for a variety of cells are given in Table 7.4 and 

indicate that offset calibration is most accurately obtained using a 

resistor. 

Equation 7.2 becomes more valid as f ~ a [7.3]. Consequently, low 

frequencies are desirable for the phase-sensitive detection analysis of 

capacitance. The effect of input sine wave frequency on the accuracy of 

-------_.-._-.-._- .. 



Table 7.3 Effect of LIA filter type (low pass versus flat) on 
measured phase shift, 0, for a model electrochemical 
cell shown below. f - 7 Hz. 

R c 

Filter Omeas o theory I~(}I 
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R (ohms) C (J.LF) Mode (degrees) (degrees (degrees) 

496 31.1 Low Pass 
." 

52.9 55.8 2.9 
496 31.1 Flat 55.1 55.8 0.7 

100.5 103 Low Pass 
." 

61.5 65.5 4.0 
100.5 103 Flat 63.1 65.5 2.4 

." with fo set at 2.7'1 kHz 

--------~-.- ---_. _ ....... _-.. .. '.--'- .... .... . .. .. 



Table 7.4 Effect of offset calibration using a capacitorS versus 
using a resistorb • 

R c 

S 

Urneas 
b 

Umeas U theory 

328 

R (ohms) C (JLF) (degrees) (degrees) (degrees) 

502 31.1 59.0 56.4 55.6 
502 62.5 39.0 37.0 35.9 
502 103 26.0 23.7 23.7 
502 251 12.5 10.2 10.2 

1000 1.3 86.3 87.2 86.7 

- ----- --------- -----



Table 7.5 Effect of input sine wave frequency on the measured 
phase shift, 0mess. 

103 n 62.5 ILF 

f °mes5 o t.heory 1801 
(HZ) (degrees) (degrees) (degrees) 

5 80.0 ± 0.2 78.6 1.4 
7 75.6 74.2 1.4 
10 69.8 67.0 1.8 
12 66.1 64.1 2.0 
15 61.1 58.8 2.3 
20 53.9 51.0 2.9 

502 n 103 ILF 

f Omeas o t.heory 1801 
(Hz) (degrees) (degrees) (degrees) 

5 34.7 + 0.1 31.6 3.1 
7 25.9 23.7 2.2 
10 19.5 17.1 2.3 
15 14.1 11.6 2.5 
20 11. 3 8.8 2.6 
30 9.4 5.9 3.5 
40 8.5 4.4 4.1 
60 7.6 2.9 4.7 

._------------_._. -. 
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Table 7.5 Effect of input sine wave frequency on the measured 
phase shift. 0meas. 

100.5 n 31.1 J,J,F 

f Omeas o theory I~ol 
(Hz) (degrees) (degrees) (degrees) 

20 37.6 35.6 2.1 
14 47.7 45.7 2.0 
12 52.0 47.3 4.7 
10 56.9 54.8 2.1 

9 59.6 57.3 2.3 
'8 62.5 60.3 2.2 
7 65.5 63.2 2.3 
6 68.7 66.7 2.0 
5 72.0 69.8 2.2 
3 79.0 76.5 2.5 
1 trouble locking in ---- ---

100.5 n 103 J,J,F 

f Omeas o theory I~ol 
(Hz) (degrees) (degrees) (degrees) 

7 80.1 82.2 2.1 
6 81.3 83.3 2.0 
5 82.2 84.4 2.2 
4 83.3 85.5 2.2 
3 84.0 8.6.6 2.6 

'-.-- _._. --"--.'-- --_ .. _----------_.---_ ... -
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Omeas was investigated using a variety of "dummy cells", as shown in 

Table 7.5. Of notable interest is the fact that in Table 7.5, the 

error becomes quite significant as the frequency approaches 60 Hz. 

As the frequency is decreased, the error levels off at ca. 20 Hz. 

Notice that in all four cases presented, the absolute error is 

consistently smallest for f 6 Hz. However, only slight increases 

in error are observed up to 20 Hz. 
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In summary, there exist a number of specific conditions which 

consistently provide accurate capacitance values. These conditions are 

listed in Table 7.6. It is found that Vamp should be determined for 

every series of experiments and that a specific offset calibration 

procedure should be used. This latter procedure is fairly 

straightforward and is outlined in Table 7.7. The accuracy of this 

approach was evaluated with a range of capacitors and resistors in 

series. The results in Table 7.8 suggest that this approach is accurate 

to within ca. 3% for over 90% of the 15 RC combinations investigated. 

HPMode14 Spreadsheet 

A Mathp1an spreadsheet-program has been developed to incorporate 

both the "Fawcett-Loutfy" equation (equation 7.2) for calculation of C 

from ii and i Q, and the Hurwitz-Parsons (HP) analysis for calculation of 

r from C. The HP analysis algorithm was originally written into a 

Mathp1an spreadsheet by Scott [7.6]. The Fawcett-Loutfy equation was 

incorporated directly into this spreadsheet to facilitate the 

_ .. _ .. -_. __ . __ ... - .. ------ -.~------ ------ .. --
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Table 7.6 Optimized settings for analysis of double layer 

capacitance. 

LOCK-IN AMPLIFIER eLlA} 

Filter: Flat 

Time constant: 3 sec 

sensitivity: 100 ~V - 10 mV (typically) 

A input: volts 

INT, 2F: Off 

POTENTIOSTAT 

Current setting: 100 rnA/V 

WAVE GENERATOR VOLTAGE DIVIDER 

332 

Waveform: sine 1/100 such that Ein = 20 mV 
at potentiostat input 

Frequency: 6 Hz 

Vol tage output: 2 Vp_p 

Atten: 20 dB + vernier 

Generator Mode: cont 

output Location: function out 

DC Offset: off 

Trigger start/stop: 0 degrees 

Symmetry: off 

- ------_ .. _ .. __ .-------------_._----- .. -_.- ... _ .. - ......... . 



Table 7.7 Offset calibration procedure using autophase 
adjustment on the lock-in amplifier (LIA). 

1. Establish the following settings: 

potentiostat sensitivity : 100 IDA/V 

LIA sensitivity: 1 mV 

Other settings as in Figure 7.6 

333 

2. Autophase with 100 ohm resistor used as a "dummy cell": 

100.5 n 

3. Turn cell off 

4. Connect leads to actual electrochemical cell. 

5. Set LIA sensitivity appropriately (typically 100-300 ~V) 

6. Turn cellon. 

--- --_.- ._---------------- .. -- - "--'-
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Table 7.8 Comparison of theoretical and measured phase shift in 
selected model electrochemical systems. The general model 
is a resistor and capacitor in series. 

Percent 
R (ohms) C (uF) 8(theory) 8(actual) Relative 

Error 

502 1.3 88.4 87.5 -1. 0 
502 31.1 55.6 56.4 +1. 4 
502 62.5 35.9 37.0 +3.0 
502 103 23.7 23.7 0.0 
502 251 10.2 10.2 0.0 

103 1.3 89.7 87.8 -2.1 
103 31.1 82.0 79.7 -2.8 
103 62.5 74.2 73.1 -1. 5 
103 103 65.0 63.9 -1. 7 
103 251 41. 3 41. 4 +0 .. 2 

1000 1.3 86.7 87.2 +0.6 
1000 31.1 36.2 37.0 +2.2 
1000 62.5 20.0 20.2 +1. 0 
1000 103 12.4 S.7 -29.0 
1000 251 5.2 5.0 -3.8 



Table 7.9 Procedure for the transfer of (X,Y) data from 
Mathplan spreadsheet program to Grapher. 

1. Access Text In/Text out mode (cntrl-FS) 

335 

2. Access format select mode for data transfer (select #4) 

3. Select desired format for data transfer (l-Tab and 
8-LF, then press enter) 

4. Exit Text In/Text Out mode (F7) 

S. Block the desired (X,Y) data 

6. Access Text In/Text Out mode (cntrl-FS) 

7. Select text out: 2. The program asks for a filename. 
IMPORTANT: Be sure to give the filename a .dat extension 

8. The xxxx.dat file can then be automatically accessed in 
Grapher when you "import a data file" • 

...... ---.-------------.-~.--- .. -.- ... ~ .. - ,- ... 
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calculation of r from the raw i1 and iQ data. The most recent version 

of this program is HPMode14. HPMode14 can accommodate up to 100 

capacitance values at equally spaced potential intervals and can 

analyze up to eight bulk adsorbate coverages. 

The Fawcett-Loutfy analysis begins on line 114 of the HPMode14 

program, where the value of Vemp (volts), w-2~f (radians/sec), and 

electrode surface area (cm2) , may be input as constants. The program 

(see Appendix B) takes i1 and iQ in units of pA and calculates double 

layer capacitance, C, in pF/cm2 • Associated potential values are 

automatically calculated from the value input at row 120, assuming an 

increment of 20 mV in data acquisition. Once these values are input, 

pressing F9 initiates the calculation. An example of the resulting 

spreadsheet is given in Figure 7.2. At this point, the potential

capacitance data can be saved as (X,Y) data to be plotted in a graphing 

program such as Grapherru . The procedure for saving the potential

capacitance data as (X,Y) data is outlined in Table 7.9. The 

capacitance values are directly incorporated into the HP Analysis 

spreadsheet in rows 1 - 120. To initiate the calculation of r in the 

HP analys,is algorithm, press F9 again. Figures 7.3 and 7.4 give 

examples of the HP analysis spreadsheet and resulting surface coverage 

data. 

~~~~~ .. ~-~---.~-~~'" .~--- - ---~~---,----------,-------" - ,~~.-
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A B C D E F G H 

111 Differential capacitance Calculations U::;ing 
112 the Fawcett-Loutfy Equation 
113 
114 V (empirical constant, V) = 0.0060 
115 w (radians/sec) = 37.70 
116 A (electrode area, cm2) = 1. 54 
117 
118 i-in i-o E Cdl i-in i-o E Cd1 
119 (uA) (uA) (Volts) (uF/cm2) (uA) (uA) (Volts) (uF/cm2) 
120 3.20 8.10 -1. 26 26.88 3.30 9.40 -1. 26 30.31 
121 3.20 8.10 -1.24 26.88 3.30 9.<10 -1. 24 30.31 
122 3.20 8.10 -1. 22 26.88 3.30 9.40 -1. 22 30.31 
121 3.10 8.30 -1. 20 27.15 3.20 10.00 -1. 20 31. 65 
124 3.30 8.40 -1.18 27.84 3.40 11.10 -1.18 34.85 
125 3.30 8.70 -1.16 2t3.57 3.40 12.10 -1.16 37.48 
126 3.30 8.90 -1.14 29.06 3.60 13.50 -1.14 41.51 
127 3.40 9.00 -1.12 29.52 3.60 15.00 -1.12 45.54 
128 3.40 9.20 -1.10 30.02 3.60 16.30 -1.10 49.07 
129 3.30 9.50 -1. 08 30.56 . 3.90 17.90 -1.08 53.82 
130 3.40 9.50 -1. 06 30.76 4.00 19.20 -1. 06 57.51 

Figure 7.2 Screen dump of data entry section of Fawcett-Loutfy 
calculations (in HPMode14) of double layer capacitance 
from in-phase and out-of-phase currents. Data shown is 
from x M NaBr + (0.5 - x) M NaC104 system in aqueous 
solution. 
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A B C 0 Ii: F G H 
1 HELP HPModel 
2 dE = 0.02 
3 X = 0.00 0.01 0.02 0.10 0.20 
4 Ii: (volts) C1 C2 C3 C4 C5 C6 C7 
5 -1. 26 26.88 30.31 33.30 44.53 47.29 0.00 0.00 
G -1. 24 26.88 30.31 33.30 44.53 47.29 0.00 0.00 
7 -1. 22 26.88 30.31 33.30 44.53 47.29 0.00 0.00 
0 -1. 20 27.15 31. 65 36.07 49.90 51.00 0.00 0.00 
9 -1.18 27.84 34.85 39.23 54.21 55.58 0.00 0.00 

10 -1.16 26.57 37.46 43.65 58.30 59.23 0.00 0.00 
11 -1.14 29.06 41. 51 48.66 62.31 62.89 0.00 0.00 
12 -1.12 29.52 45.54 53.15 64.63 66.02 0.00 O.OU 
13 -1.10 30.02 49.07 57.51 66.95 67.93 0.00 0.00 
14 -1. 06 30.56 53.62 61. 26 66.61 69.69 0.00 0.00 
15 -1. 06 30.76 57.51 63.64 69.44 70.67 0.00 0.00 
16 -1. 04 31. 02 59.83 65.18 70.49 72.44 0.00 0.00 
17 -1. 02 31. 52 61. 99 65.84 71. 60 73.42 0.00 0.00 
18 -1. 00 31.77 63.36 66.67 73.37 75.19 0.00 0.00 
19 -0.80 32.98 64.30 68.83 75.97 76.41 0.00 0.00 
20 -0.70 33.69 66.07 70.60 77 .08 78.06 0.00 0.00 

Figure 7.3 Screen dump of potential-capacitance data in Hurwitz
Parsons (HP) analysis in HPMode14. Data shown is from x M 
NaBr + (0.5 - x) M NaCl04 system in aqueous solution . 

. _--------------- '-'-., 
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Figure 7.4 

AL AM AN AO AP AQ An 
SURFACE COVERAGE DATA 

4.00 
X = (L01 0.02 0.10 0.20 

B E = SC2 SC3 SC4 ScS 
0.16 -1.20 0.09 0.17 0.46 0.53 
O.lS -1. 08 0.90 1. 50 3.1S 3.40 
0.13 -0.9G 3.23 4.60 7.(.3 8.15 
0.11 -0.84 7.07 9.30 13.91 14.65 
0.10 -0.72 12.80 16.17 22.72 23.78 
0.08 -0.58 20.25 24.44 31. 87 32.87 
0.07 -0.46 24.90 29.03 35.92 36.63 
0.05 -0.34 27.35 31. 09 37.07 37.47 
0.04 -0.22 28.54 31. 92 37.J.7 37.34 
0.04 -0.08 29.19 32 .26 3G .91 36.813 

Surface coverage data calculated from HP analysis in 
HPMode14. Data shown is from ~ M NaBr + (0.5 - x) M 
NaCl04 system in aqueous solution. 
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Agueous Electrochemical Systems 

The ac impedance method at static potentials was tested with the 

simple aqueous systems investigated by Hupp [7.3]. In this way, the 

validity of the approach could be tested. The system of choice was 

NaBr at roughened, polycrystalline Ag. Smooth surfaces did not yield 

reproducible results, perhaps due to the presence of carbon and/or 

alumina particles not removed by sonication. It is expected that a 

chemical etch may yield better results. Oxidation-reduction cycling of 

the Ag surface is also known to produce very clean Ag surfaces [6.4]. 

This approach was found to produce results similar to Hupp. 

Consequently, electrochemically roughened Ag surfaces were studied 

exclusively here. In addition, these roughened surfaces offer a more 

valid correlation with Raman spectroscopic results. The resulting 

capacitance measurements shown in Figure 7.5 compare quite favorably 

with the real-time capacitance measurements reported by Hupp and 

coworkers [7.5]. The Br- surface coverage as a function of electrode 

potential was calculated using HPMode14, and is shown in Figure 7.6. 

These trends in surface. coverage with potential also compare favorably 

with the work of Hupp and coworkers [7.5]. However, the absolute 

values of r appear to be 2 to 3 times lower than Hupp's values. This 

conclusion was also made by Scott [7.6], using the HP algorithm 

described here, where capacitance was taken directly from Hupp's work 

and used to determine r. Thus, differences appear to lie in the manner 

------------------
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-0.10 -0.30 -0.50 -0.70 -0.90 -1.10 

E (Volts vs. Ag/Ag+) 

Figure 7.5 Double layer capacitance versus electrode potential for 
e1ectrochemcia11y roughened (0.1 M KC1) Ag in NaC104 -NaBr 
mixtures of ionic strength 0.5. Key to Br- concentrations: 
(1) 0 mM, (2) 5 mM, (3) 10 mM, (4) 50 mM, (5) 100 mM. 
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Figure 7.6 Surface coverage of specifically adsorbed Br- per real 
area (crn2) as a function of electrode potential for bulk 
concentrations of 5rnM and 50 rnM NaBr in constant ionic 
strength aqueous solution . 
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Hupp [7.4] obtained r from capacitance values, and not in the 

measurement of ii and i Q• 

Nonaqueous Media: Methanol and Ethanol 

343 

In a similar fashion, double layer capacitance was determined for 

Br- at roughened Ag electrodes in methanol and ethanol solvents. Figure 

7.7 illustrates the capacitance-potential behavior in these solvents. 

The existence of a "hump" is similar to aqueous media and is therefore 

ascribed to the specific adsorption of Br- [7.7]. Bockris and coworkers 

[1.148] consider the hump in water to be due to specific adsorption of 

anions. These authors propose that this can occur when the slope of the 

coverage versus potential passes through a maximum, and the rate of the 

increase in charge on the anions in the Helmholtz layer slows down with 

increasingly positive charge on the metal due to repulsion among the 

anions. However, this explanation does not seem plausible to this 

author, given the magnitude of the capacitance decrease as potentials 

are made more positive. An alternate explanation for decreasing 

capacitance, however, is the increase in interfacial cation 

concentration as a result of superequivalent adsorption of Br- at excess 

positive surface charge. 

The exact origin of the two local maxima ("humps") in the alcohol 

capacitance plots is not clear at this time. One plausible explanation 

is that the maximum at the more positive potential is the result of Br

specific adsorption, while the other maximum, is the result of solvent 

- - ,---- ---------- -------- ---
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Figure 7.7 A) Double layer capacitance versus electrode potential 
for electrochemically roughened Ag in LiCID4-LiBr 
mixtures of ionic strength D.? in methanol. Key to Br
concentrations: (1) 0 mM, (2) 10 mM, (3) 50 mM, 
(4) 400 mM. 
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Figure 7.7 B) Double layer capacitance versus electrode potential 
for electrochemically roughened Ag in LiCl04-LiBr 
mixtures of ionic strength 0.·5 in ethanol. Key to Br
concentrations: (1) 0 mM, (2) 10 mM, (3) 100 mM, 
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re-orientation. There is presently considerable controversy regarding 

the origin of capacitance humps [7.7]. However, it is noteworthy that 

the maxima at more negative potentials occur at ca. -0.9 V to -1.0 V, 

which is also the potential region where drastic changes are observed 

in the SERS spectra. Consequently, the capacitance data shown here 

provide corroborative evidence for the potential-dependent alcohol 

orientations proposed earlier. 

It is also worth noting that the capacitance values are 

consistently higher in methanol than in ethanol. This suggests that 

the Br- is more easily adsorbed in methanol than ethanol. It is 

noteworthy that this is consistent with the greater solvation number of 

Br- in ethanol (2) compared to the solvation number in methanol (1). 

If Br- is poorly solvated, it is reasonable that it would more readily 

adsorb and as a result, create greater interfacial capacitance. 

Figure 7.8 gives the resulting Br- surface coverage as a function 

of electrode potential. The general trend is that higher coverages are 

observed at higher bulk solution concentrations for a given electrode 

potential. This is similar to aqueous behavior. It is significant 

that the absolute Br- coverage approaches zero near -1.2 V in both 

cases. This result is consistent with observation of the loss of water 

v(OH) intensity at -1.0 V in both cases. In other words, the PZC is 

similar in ethanol and methanol. 
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Figure 7.B A) Surface coverage of specifically adsorbed Br- per 
real area (cm2 ) as a function of electrode potential 
for bulk concentrations of 0.01 and 0.4 M LiBr in 
constant ionic strength methanol solution. 
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Correlation of Double Layer Capacitance and Raman Spectroscopic Results 

Since double layer capacitance measurements offer an additional 

perspective regarding double layer behavior, it would be useful to 

compare these results with Raman spectroscopic results. Capacitance 

measurements ultimately allow the calculation of absolute Br- coverage 

as a function of potential for methanol as shown in Figure 7.9A. 

Spectroscopically, the presence of Br- can be confirmed by the 

observation of a v(Ag-Br) band at ca. 120 to 156 cm-1 , as shown in 

Figure 7.9B. These two experiments are compared in Figure 7.9. Notice 

that the v(Ag-Br) band reaches baseline level at -1.2 V, just as the 

Br- surface coverage approaches zero (as determined by capacitance 

measurements). 

Also, there is a correlation between the local maximum in 

capacitance-potential plots for methanol and drastic changes in the 

methanol surface Raman spectra. As noted earlier, both events occur at 

ca. -1.0 V. While the origin of local maxima in capacitance-potential 

data needs to be confirmed, preliminary evidence suggests that one of 

the maxima is associated with specific adsorption of anions, and the 

other solvent re-orientation. 

These results present a powerful argument for the double layer 

structure and composition proposed in chapter 5. Since independent 

methods confirm ~he potential-dependent behavior of Br-, the idea that 

Br- may orient the solvent OH group at positive potentials is even more 

plausible. 
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Conclusions 

Capacitance-potential plots shown here indicate that the Fawcett

Loutfy equation is valid in the static potential mode, in addition to 

the real-time mode used by Hupp [7.3]. The advantage of the static 

potential mode is the acquisition of digital data which can be directly 

input to the Hurwitz-Parsons algorithm. In the case of real-time 

analysis, the analog data must be converted to digital data for the HP 

algorithm. This can be a tedious task, as well as a large source of 

experimental error. Data are presented that support the valid use of 

digital acquisition for both aqueous and nonaqueous electrochemical 

systems. 

Capacitance-plots also indicate that Br- is specifically adsorbed 

in the presence of methanol and ethanol at potentials positive of 

-1.2 V. Therefore, any model of alcoho1-Ag interfacial structure must 

invoke the presence of surface Br- at potentials positive of -1.2 V. 

This conclusion is further supported by the good correlation between 

capacitance (i.e. Br- coverage) and Raman spectroscopic results (i.e. 

v(Ag-Br) intensity) in methanol solutions. 

In methanol solutions, two local maxima are observed in the 

capacitance-potential plots. The origin of these maxima are tentatively 

ascribed to Br- specific adsorption at positive potentials, and solvent 

re-orientation at more negative potentials (ca. -1.0 V). The latter 

behavior is correlated with changes in solvent orientation at ca. 

-0.9 V to -1.0 V as described in chapter 5. 

- -- ---------------- ------ --
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In summary, these data lend considerable support to the 

interfacial double layer structure proposed in chapter 5 using Raman 

spectroscopy. Since independent methods confirm the potential

dependent behavior of Br-, the idea that Br- may orient the solvent OH 

group at positive potentials is even more plausible. 

--.--- -_._--------------_ .. _.-.--_.- ... _."._ ........... ,.-, .. . 
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Chapter 8 

SUMMARY AND CONCLUSIONS 

Overview of Problem 

Compared to the aqueous electrochemical interface, there is a 

dearth of fundamental information regarding the nonaqueous electro

chemical interface. In an effort to expand our understanding of these 

nonaqueous interfaces, a homologous series of simple, straight-chain 

alcohols has been investigated. While there have been numerous studies 

of alcohols at Hg surfaces, they have not yielded consistent results. 

Consequently, there has been much debate in the literature regarding 

interfacial alcohol solvent structure. It is worth noting that even 

less is known regarding interfacial solvent structure at solid 

electrodes such as Ag. . In addition, the molecular and ionic 

composition of the alcohol/solid electrode interface has not been 

reported (excluding our work). 

Objectives of Research 

There were two primary objectives of this research: (1) to 
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characterize and develop CCD detection in Raman spectroscopy, and (2) 

evaluate the structure and composition of the alcohol-Ag electrochemical 

interface as a function of electrode potential, and degree of surface 

roughness. For the second objective, the idea was to use a variety of 

analytical tools to establish a consistent, detailed model of the 

potential-dependent interfacial structure and composition. In 

particular, Raman spectroscopy was used at smooth, rough, in-situ, and 

emersed Ag electrodes to determine interfacial bonding and orientation 

of these alcohol molecules. Scanning electron microscopy and cyclic 

voltammetry were used to characterize the surface structure and surface 

area. AC impedance methods were used to evaluate double layer 

capacitance, which was ultimately used to calculate absolute Br-

coverage. 

Summary 

The results of these studies are summarized below. 

Chapter 3: Raman Spectroscopy with Charge Coupled Device Detection 

The utility of high sensitivity CCD detection for Raman 

spectroscopy with low energy excitation (A > 600 nm) has been 

demonstrated. The results suggest that Raman spectroscopy with CCD 

detection coupled with low power diode or HeNe lasers may provide an 

alternate approach to the use of FT-Raman methods for samples which are 

--------_._-. -. 
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photo-labile, highly fluorescent, or thermally labile. 

CCD detectors appear to have the potential to revolutionize Raman 

spectroscopy. In addition to their sensitivity characteristics 

demonstrated above. these detectors are robust. They cannot be 

destroyed by exposure to normal room light as can a PMT. One can 

envision a rugged, reliable Raman spectrometer field or quality control 

instrument when a CGD is used with an inexpensive, reliable, low power 

laser. 

Chapter 4: Surface Selection Rules in Raman Spectroscopy 

From the discussion in chapter 4, it is apparent that SERS surface 

selection rules are not as straight-forward as those applied in surface 

infrared spectroscopy. Instead, there appear to be a number of 

complicating factors such as metal surface dielectric properties at 

visible wavelengths (which give rise to substantial values of Et
2 ), 

necessity to average over all angles of incidence (due to the rough 

surface), and the possibility of surface-molecule resonance. 

Nevertheless, there appears to be overwhelming evidence that SERS 

surface selection rules can be used in a qualitative sense to confirm 

the orientation of a molecule which is "flat" or "standing up" at a 

rough metal surface. 

It is significant that previous experimental work has not addressed 

the possibility of a molecule oriented at an angle between 0 and 90°. 

The reason for this in the fact that most efforts have been focused 
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on testing the utility of these rules to predict static, well-known 

orientations, such as the "flat" orientation of benzene at Au, More 

realistically, however, one ~ expect a molecule to be oriented 

somewhere between 0 and 90 0
, Theoretically predicting an ~ angle 

would require a large amount of information, such as tensor quantities, 

En2/Et2 , etc., and would be nothing short of an arduous task, An 

alternative approach is proposed which involves the comparison of SERS 

intensities with those from bulk solution, and which yields semi

quantitative orientation information with respect to the 45 0 axis. 

Chapter 5: Alcohol Orientation and Bonding at In-Situ Alcohol-Silver 

Electrochemical Interfaces 

In chapter 5, the utility of SERS for the evaluation of potentia1-

dependent interfacial alcohol solvent structure and bonding at Ag 

electrodes has been demonstrated. Specifically, the SERS spectra 

indicate that the structure of the a1coho1/Ag electrochemical interface 

is dependent on the length of the alkyl chain and hydrogen bonding 

ability. The comparatively large dielectric constant of methanol 

(£=32.6) is proposed to'exp1ain its unique ability to form a hydrogen 

bonded dimer, not observed in the case of ethanol (£-24.3), propanol 

(£=20.1), or pentano1 (£-13.9). At potentials positive of the PZC, the 

methyl groups in all four alcohols are largely parallel, i.e. greater 

than 45 0 from the surface normal, with propanol and pentano1 

predominantly in the trans conformation. It is proposed that the 

.... _-- - .. ------------------- .•. - .... _ .. -.. ' -.... - ..... 



presence of specifically adsorbed Br- may dictate solvent orientation 

at these positive potentials, by "tethering" the head groups to the 

surface. 
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The trend in orientation for ethanol, propanol and pentanol is for 

a dramatic change in orientation to occur at increasingly negative 

potentials as the alkyl chain length is increased. This is explained 

by the greater London dispersion forces between the longer chains which 

must be overcome before the methylene hydrogens will interact with the 

electrode surface. SERS data also suggest that all four alcohols are 

oriented with the a-carbon directed near the surface at all potentials 

studied, and exhibit specific chemical interaction with the surface at 

-1.4 V. It is proposed that the driving force here is the formation of 

CH2 ... Ag agostic bonds which may playa role in affecting orientation 

at negative potentials. 

The utility of surface selectiori rules in SERS is also 

demonstrated. It is found that the rules are largely self-consistent 

for these molecules at roughened Ag electrodes. For example, the v(C-O) 

intensity follows the v&(CH3) intensity much more closely than the 

va (CH3 ) intensity. Furthermore, the ethanol CH2 scissor intensity 

follows the va (CH2) intensity with changes in electrode potential. 

Since, in this case, an asymmetric mode tracks a symmetric mode, these 

data are consistent with the idea that changes in relative intensities 

are not caused by surface resonance processes, but rather the result 

of changes in solvent orientation. 

-------- .. - .. --
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The effect of in-situ versus ~-situ roughening procedures on 

methanol and ethanol SERS spectra was also studied. It is observed 

that alcohol SERS spectra are similar at these differently prepared 

surfaces. However, comparatively larger surface impurity intensities 

are observed at surfaces roughened in-situ, i.e. in the presence of 

the alcohol. Despite the presence of these impurities, the potential

dependent orientation of methanol is the same at these differently 

prepared surfaces. 

One of the most notable observations for the in-situ roughened 

surfaces is the presence of two v(O-H) vibrations from interfacial 

methanol which can exist simultaneously in the presence of Li+, The 

two bands are ascribed to different interfacial methanol species, one 

which has its acidic hydrogen directed toward the surface, and another 

with the acidic hydrogen directed away from the surface. It is 

postulated that a methanol dimer exists at the metal surface, giving 

rise to O-H vibrational bands of different frequency. The v(O-H) of 

higher energy is anion-dependent, suggesting that the species may be 

involved in hydrogen bonding with the surface anion. Two methanol 

species are only observed in the presence of Li+. More weakly solvated 

cations such as Na+ and K+ cannot compete effectively with the electrode 

for the methanol electron lone pairs on the oxygen atom. Finally, the 

importance of both cation-solvent and anion-solvent interactions implies 

that both the dielectric constant and basicity play a role in 

determining the surface orientation of methanol. 

----------_. -"- -. . 
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The validity of the emersed alcohol-Ag interface as a model of the 

in-situ molecular interface has been investigated. A comparison of 

rough and smooth Ag electrodes emersed at open circuit potential 

suggests that SERS spectra are indicative of behavior at the average 

surface species. Frequency shifts from bulk solution and relative 

intensities are retained upon emersion of the methanol-Ag interface into 

air. This result suggests that interfacial bonding as well as molecular 

orientation are maintained during emersion into air. However, it is 

found that the absence of O2 in the ambient medium is required for the 

valid emersion of the alcohol-Ag interface under potential control. 

The emersion of methanol-Ag and propanol-Ag interfaces appears 

successful using ultrahigh purity Ar, while high purity Ar, containing 

as little as 16 ppm °2 , causes the surface potential to be driven 

toward open circuit potential. One possibility is the reduction of 

02 which consumes charge from the electrode surface. 

It is found that these alcohol-Ag interfaces can be emersed, 

intact, over a fairly large potential window from -0.4 V to -1.4 V. 

The validity of this approach for studying smooth emersed Ag electrodes 

under potential control is demonstrated. These results suggest that 

Raman spectroscopy may be used to study solvent molecules or adsorbates 

at emersed, smooth, unenhancing Pt electrodes. Data presented indicate 

that this emersed electrode approach may be general with respect to 

--- ------ - --
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type of solvent and electrolyte cation. 

Finally, these investigations further demonstrate the utility of 

CCO detection in Raman spectroscopy. Given the poor stability of these 

interfaces (5 to 10 min) and the weak signals at smooth surfaces, it is 

fair to say that these experiments would not have been possible using 

PMT detection. To put this problem into perspective, the PMT-Raman 

system requires over 6.5 min to obtain a typical 400 cm-1 spectrum 

shown in this chapter, assuming a typical scan rate of 1 cm-1 I s. 

Furthermore, given the same analysis time, as shown in chapter 3, the 

SIN obtained with the PMT-Raman system is expected to be ca. 2 orders 

of magnitude smaller than the SIN obtained with the CCO-Raman system. 

Chapter 7: Double Layer Capacitance Measurements of Alcohol-Silver 

Electrochemical Systems 

The results from chapter 7 illustrate that the Fawcett-Loutfy 

equation is valid in the static potential mode as well as real-time 

analysis. The advantage of the static potential mode is the acquisition 

of digital data which can be directly input to the Hurwitz-Parsons 

algorithm. In the case of real-time analysis, the analog data must be 

converted to digital data for the HP algorithm. This can be a tedious 

task, as well as a large source of experimental error. Data are 

presented that support the valid use of digital acquisition for both 

aqueous and nonaqueous electrochemical systems. 

Furthermore , it is found that the Br- surface coverage approaches 

------,--
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zero at -1.2 V in both ethanol and methanol. This result is consistent 

with the location of the PZC at -1.0 V, as indicated by the absence of 

waters v(OH) intensity at -1.0 V. Implicit in these results is that Br

is specifically adsorbed in the presence of the alcohols at potentials 

positive of -1.2 V. Therefore, any model of alcohol-Ag interfacial 

structure must invoke the presence of surface Br- at potentials 

positive of -1.2 V. This conclusion is further supported by the good 

correlation between capacitance (i.e. Br- coverage) and Raman 

spectroscopic results (i.e. v(Ag-Br) intensity) in methanol solutions. 

In summary, these results lend considerable support to the 

interfacial double layer structure proposed in chapter 5 using Raman 

spectroscopy. 

Overview 

In conclusion, this work suggests that several new analytical 

methodologies are promising for liquid-solid and gas-solid interface 

analysis: (1) CCD-Raman spectroscopy, (2) a semi-quantitative method 

for molecular orientation determination with respect to the 45° surface 

axis, and (3) emersed electrode technologies based on the appropriate 

transfer of electrodes to controlled chemical environments. 

Future Work 

Although significant progress has been made regarding our under

standing of a1coho1-Ag interfaces, there remains a great deal to be 

---"------ ----""- . _._-- - - ------------.. -- .- --
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learned. This is true of the a1coho1-Ag interface, and especially for 

the nonaqueous interface in general. Proposed studies of the nonaqueous 

electrochemical interface are categorized as (1) solvent effects, and 

(2) ion effects. In addition, future studies regarding the utility of 

surface selection rules and emersed electrode technologies are proposed. 

Nonaqueous Electrochemical Interface 

Recall that the primary impetus for these studies is to better 

understand the role of nonaqueous solvents in controlling electron 

transfer behavior. If one is to systematically optimize electron 

transfer, it is necessary to obtain an empirical understanding of 

interfacial structure. 

Effect of solvent. It is proposed that a study of solvents which 

vary systematically in dielectric constant or electron donicity be 

investigated. For example, a study of butanol (e-18) , dimethylsulfoxide 

(e=4S), and propylene carbonate (e-64) may be of interest. In addition, 

all three of these solvents are commonly used in selected 

electrochemical systems. It may also be useful to characterize the 

orientation and bonding' of a series of molecular structures, such as 

butanol isomers, and correlate these characteristics with electro

chemical reactivity. Since the reactivity of the butanol isomers has 

been characterized [8.1], these isomers may be an attractive system to 

investigate. 

It is proposed that there may also be a correlation between 

.. ~ -.. -.-.--~-------... -.. --._- . _._-_._------------- - .. - _ ..... - ... 
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structure and adsorption strength. This idea could be investigated by 

studying a small concentration (mM) of nonaqueous solvent (e.g. 

butanol) in water, similar to fuel cell systems. In addition, this 

would allow the calculation of aGads of the alcohol using capacitance 

measurements as outlined by Holze [1.147]. 

Finally, preliminary SERS studies of ethanol-water mixtures ~uggest 

that interfacial solvent orientation may be controlled using a 

judicious choice of solvent mixing ratios. It is also reasonable that 

a judicious choice of type of solvent may also offer control of 

orientation in these systems. 

Effect of Ions. Due to the tremendous lack of fundamental 

information regarding the molecular details of the nonaqueous 

electrochemical interface, there are a number of simple, extremely 

insightful investigations which could be performed. The studies of Li+ 

versus Na+ reported here for methanol' suggest that cations can play an 

important role in controlling interfacial structure. Given this result, 

it is reasonable that the alkaline earth dications should also affect 

interfacial structure. Another question of interest is the exact 

location of cations in the interface. If the cation is strongly

solvated, it distance of closest approach should be more limited than a 

cation which readily removes its solvent sheath. This question might 

be addressed using double layer capacitance measurements, since cation 

effects have been reported in aqueous solvent, and show some 

correlation with solvation radius. 

--. -.--- -"-.-----.---------~-- -.- - .. _- - .. 
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Anions can also play an important role in controlling nonaqueous 

interfacial solvent structure. In chapter 5, it is proposed that 

specifically adsorbed Br- orients the solvent OH head group at the 

surface, allowing the alkyl chains to favorably interact in a trans 

conformation. It would useful to test this hypothesis by studying the 

effect of anion type and concentration on alcohol orientation and chain 

conformation. First, the effect of lower Br- concentration should shift 

the onset of increased trans conformation to more positive potentials, 

since the adsorption isotherm is shifted to more positive potentials. 

Similarly, a study of more strongly adsorbed ions, such as 1-, should 

shift the onset of increased trans conformation to more negative 

potentials. Finally, the presence of weakly-specifically adsorbed 

anions, such as Cl04- and N03-, may not orient the OH head group at all, 

resulting in no observed increase in trans conformation at positive 

potentials. 

Another question regarding ions is the effect of ion concentration 

on the interface structure. For example, in aqueous systems the double 

layer is quite diffuse at 10-3 M NaCl04 , while at 0.1 M it is quite 

compact. It seems reasonable that double layer compaction may have a 

profound effect on structure, such as orientation and bonding of 

solvent and analyte molecules. 

Surface Selection Rules 

Chapter 4 raises some important questions regarding the use of 

-----.---- - -.----- - _._---------------- ~-'-' - .. 
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surface selection rules. particularly at rough surfaces. For example, 

how well do these rules work for molecules which are not oriented 

"flat" or "standing up". This question is intimately related to the 

question: what is ~2/Et2 at a given surface and excitation wavelength? 

While Moskovits has performed some elegant calculations regarding this 

question, the behavior of ~2/Et2 for actual rough Ag surfaces remains 

unknown. While it would be difficult to obtain an actual En2/E~ value, 

the changes with excitation wavelength could be evaluated, and would be 

an extremely useful step toward quantitation of average bond angles 

with respect to the surface normal. One approach would be to study 

molecules with known orientation and high symmetry at surfaces with 

various degrees of surface roughness. The relative intensities of 

vibrations which have orthogonal polarizability tensor components could 

be studied as a function of excitation wavelength. It would be useful 

to determine if longer excitation wavelengths would yield a larger 

En2/Et2. If so, excitation at these wavelengths would yield a more 

sensitive approach for studying changes in molecular orientation. 

Another interesting question is the orientation and bonding (and 

reactivity) of organic analyte molecules in nonaqueous solvents. For 

example, it would be interesting to compare the orientation behavior 

of phenol in water versus methanol, ethanol, propanol, butanol, etc. 

Variations on this theme are obvious. 

---- ----.. - -- -- . 
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Emersed Electrode Investigations 

One of the primary motivations for emersed electrode investigations 

is the desire to improve selectivity for interfacial species over bulk 

solution species. Results presented here suggest this may be a viable 

approach for the study of weakly adsorbed analytes or solvent molecules. 

However, one of the ultimate goals is to study emersed electrodes which 

are difficult or impossible to study in-situ. Along these lines, there 

is a tremendous interest in the study of Pt and Pt alloy electrodes 

which exhibit high levels of catalytic activity, but which presently 

cannot be studied by in-situ Raman spectroscopy as a result of bulk 

solvent interference. A similar problem is predicted for other 

catalytic surfaces, such as Ni, Mo, Fe, etc., which do not exhibit 

surface Raman enhancement. One approach would be to study surfaces 

which are weakly enhancing (smooth Au at selected wavelengths) and 

gradually work down to very low enhancement levels. 

Another area which is relatively uninvestigated is the 

corresponding emersed electrode IR spectroscopic investigations. Data 

presented here suggest that this should be a useful approach, 

particularly since surface IR experiments suffer from the ability to 

completely discriminate against bulk species. 

An important question regarding the emersion technology used in 

chapter 6 is the thickness of the emersed layer. This question may be 

addressed using ellipsometry experiments, and extremely flat, perhaps 

atomically smooth, electrode surfaces. 

---- ----- --------. 
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Finally, the stability of these emersed interfaces with time is 

presently a severe problem. However, since this problem is· likely 

related to small leaks in the make-shift cell, this should be a 

correctable problem. If the stability of these interfaces can be 

increased to a time of 20 to 30 min, it may be feasible to perform some 

interesting experiments. For example, if the emersed interface could 

. be frozen. species in unique chemical environments may be more readily 

observed using vibrational spectroscopy. Increased stability of these 

interfaces may also allow them to be transferred to an ultrahigh vacuum 

environment where various electron spectroscopies can be performed. In 

any case, the ability to emerse these molecular interfaces under 

potential control offers much promise for the use of emersed electrode 

technologies as a tool for electrochemical interface analysis. 

---- - -_ .. _._------ ----... - - -- . 
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APPENDIX A: 

DERIVATION OF THE FAWCETT-LOUTFY EQUATION 

Consider a resistance and capacitance in series: 

Now consider the experiment described in chapter 7, where a sinusoidal 

voltage is input to the potentiostat at some frequency, and a current, 

with the same frequency, is observed at the potentiostat current output, 

as shown in Figure 7.1. In this approach the observed output current 

is actually the current that is admitted. Consequently, the current is 

directly related to the admittance, A, which is inversely related to 

the impedance, Z, as shown below. 

A ... 1 / Z (A.1) 

where 

Z - R + l/jwC (A.2) 

and where j ~ J=I, w - angular frequency (radians/sec), and C -

capacitance (Farads). Impedance is a resistance to current like R; 

however, unlike resistance, impedance is a function of frequency and 

capacitance. Notice that Z contains both real and imaginary components. 

. __ .- ----- .. ---------- --_._-. --
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These components are vectors which describe Z, as shown in Figure A.2. 

z" 

Z' 

Figure A.2 Imaginary impedance (Z") vs. real impedance 
(Z'). 0 - phase shift. 

Or 

Figure A.3 

1 1 A" - - - - - -

A 

11 A' 

Inverse imaginary admittance (l/A") vs. inverse 
real admittance (l/A'). 0 - phase shift. 
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Now, according to Sluyters-Rehbach and Sluyters [A.l] impedance and 

admittance are related by 

L Zll - (Z/)2 + ( Z") 2 
= - -

A' A" 

Or 

Z" 1 
= (A:)2 (A,,)2 Pl.' + 

Rearranging yields 

1 
Z" = 

Now, consider the resistor and capacitor in Figure A.l which are 

characterized by their impedance or admittance: 

resistance: , 
Z=R 

capacitance: 
Z'=A'=O 

1 I' A=-= ..J.. 
R V 

z" = -.L. We 

. Z" = A' = 0 

where i1 = in-phase current, and iQ - out-of-phase or quadrature 

current. Using these definitions in equation A.4, one obtains: 

.-.. --.- .•• ---------____ • __ •.•. _ ••.. _._ .. 0.,. _ .•.•.. 

(A.3) 

(A.4) 

(A.5) 



Rearrang' ~ng, 

Or, -I 

I 

1 

we 

1 -
C 

C 
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= (A.6) 

. 
IQ • Y 

= (A.7) 
( i. )2 + (. )2 

I IQ 

. 
= ~Q. fA).y 

OJ)2 + (i )2 
(A.S) 

Q 

, 
(. 2 

= ~Q) + (j.)2 
. L 
IQ' W· Y 

(A.9) 

--1 



APPENDIX B: 

MODIFICATIONS OF HPMODEL TO INPUT RAW 

AC IMPEDANCE DATA AND CALCULATE CAPACITANCE USING 

THE FAWCETT-LOUTFY EQUATION 
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The purpose of this appendix is to create a permanent record of 

the modifications and additions to the original HPMode1 program written 

by Scott [7.7]. The changes to the HELP menu are shown in Figure B.1 

and a list of the Fawcett-Loutfy calculations are displayed in Figure 

B.2. Also shown in Figure B.2, are the formulas which automatically 

increment the electrode potential by 20 mV for each sequential data 

point. If a different potential increment is desired, an earlier 

version, HPMode13, may be used. 

--- - ------------------------------- --



HPmodel4 will first calculate the differential capacitance (uF/cm2) from 
ac impedance spectroscopy data (in-phase and out-of~phase currents (uA», 
and then calculate surface coverage using the Hurwits-Parsons analysis. 
50 to 100 capacitance values may be calculated and the potential 
values must be equally spaced. 
DATA INPUT INSTRUCTIONS: 
Input the potential increment (dE) in units of volts in cell B2. 
Input the bulk adsorbate concentrations (X) in mole fraction in row 3, 

columns B-1. 
Input the in- and out-of-phase currents in uA in rows>110. 
Press F9 (recalculate) to initiate calculation. Check that the calculation 

was successful before proceeding (it is sometimes necessary to press 
F9 twice to get correct results). 

CALCULATION: 
The excess charge on the metal is calculated in uC/cm2 and 

reported in columns K-R. 
The surface tension is calculated in uJ/cm2 and reported 

In columns T-AA. 
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The natural log of sorted surface tension values (at evenly spaced potentials) 
appear in columns AC-AK. The slope of InS vs InX at constant E, (B) 
appears in column AL. 

The surface coverage in Ell mole/cm2 appears in columns AN-AU. 
Surface tension values ar~ subtracted out at this time. 

Figure B.l Screen dump of HELP menu in HPMode14 program. 

- ________ - -_ - - _____ - - _________________ • _____ -0 _. ______ ._ 



Figure B.2 List of formulas in HPMode14 which are used in 
Fawcett-Loutfy calculations. 

D120 - (A120*A120+B120*B1201/W/V/EA/B120 
H120 - (E120*E120+F120*FI201/W/V/EA/F120 
L120 - (I120*I120+JI20*J1201/W/V/EA/J120 
P120 - (H120*H120+NI20*NI201/W/V/EA/N120 
T120 - (Q120*Q120tR120*R1201/W/V/EA/R120 
C121 - C120+.02 
D121 - (A121*A121+B121*B1211/W/V/EAlB121 
G121 - GI20+.02 
H121 - (E121*E121+F121*F1211/W/V/EA/F121 
K121 - K120+.02 
L121 - (I121*I121+JI21*J1211/W/V/EA/J121 
0121 - 0120+.02 
P121 - (H121*HI21+N121*N1211/W/V/EA/N121 
S121 - SI20+.02 
T121 - (QI21*QI21+RI21*R1211/W/V/EA/R121 
C122 - C121+.02 
D122 - (A122*AI22+B122*B1221/W/V/EA/D122 
G122 - GI21+.02 
H122 - (E122*E122+F122*FI221/W/V/EA/FI22 
K122 - K121+. 02 
L122 - (I122*I122tJ122*J1221/W/V/EA/JI22 
0122 - 0121t.02 
P122 - (HI22*H122tN122*NI221/W/V/EA/NI22 
S122 - S121+.02 
T122 - (Q122*QI22tRI22*R1221/W/V/EA/RI22 
C123 - CI22+.02 
D123 - (A123*A123+BI23*BI231/W/V/EA/BI23 
G123 - G122t.02 
H123 - (EI23*EI23tF123*F1231/W/V/EA/F123 
K123 - K122+.02 
L123 - (I123~I123+J123*J1231/W/V/EA/JI23 
0123 - 0122+.02 
P123 - (H123*H123tNI23*NI231/W/V/EA/N123 
S123 - 5122t.02 
T123 - (QI23*Q123+RI23*R1231/W/V/EA/RI23 
C124 - C123t.02 
D124 - (A124*AI24+BI24*B1241/W/V/EA/B124 
G124 - GI23+.02 
H124 - (E124*EI24tF124*FI241/W/V/EA/FI24 
K124 - KI23+. 02 
L124 - (I124*I12HJI24*JI241/W/V/EA/JI24' 
0124 - 0123t.02 
P124 - (HI24*H124+N124*NI241/W/V/EA/NI24 
5124 - 5123+.02 
T124 - (Q124*QI24+R124*RI241/W/V/EA/RI24 
C12S - CI24+.02 
D12S - (AI2S*AI25tB12S*BI251/W/V/EA/BI25 
G125 - GI24+.02 
H125 - (EI25*E125+FI25*FI251/W/V/EA/FI25 
K125. - KI24+.02 
L125 - (II25*I125+J125*J1251/W/V/EA/J125 
0125 - 0124+.02 
P125 - (H125*H125+NI2S*N1251/W/V/EA/N125 
5125 - 5124+.02 
T125 - (QI25*Q125+R125*RI251/W/V/EA/R125 
C126 - c125+.02 
D126 - (A126*AI26+B126*B1261/W/V/EA/BI26 
G126 - GI25+.02 
H126 - (E126*E126+F126*F1261/W/V/EA/FI26 
K126 - K125+.02 
L126 - (II26*I126+J126*JI261/W/V/EA/J126 
0126 - 0125+.02 
P126 - (H126*HI26+NI26*N1261/W/V/EA/N126 
5126 - 5125+.02 
T126 - (QI26*QI26+RI26*RI261/W/V/EA/RI26 

... -.. ._._--,,--------- ----- .. - .•. -. 
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C127 - C126 •• 02 
0127 - (AI27*AI27.B127*B1271/W/V/EA/B127 
G127 - G126+.02 
H127 - (E127*EI27+F127*F1271/W/V/EA/F127 
K127 - K126+.02 
L127 - (II27*II27+J127*J1271/W/V/EA/J127 
0127 - 0126+.02 
P127 - (H127*H127+N127*N1271/W/V/EA/N127 
8127 - 8126+.02 
T127 - (Q127*Q127+R127*R1271/W/V/EA/R127 
C128 - C127+.0~ 
0128 - (A128*A128+B128*B1281/W/V/EA/B128 
G128 - G127 •• 02 
H128 - (E128*E128.F128*F1281/W/V/EA/F128 
K128 - K127 •• 02 
L128 - (I128*I128+J128*J1281/W/V/EA/J128 
0128 - 0127 •• 02 
P128 - (H128*H128+N128*N1281/W/V/EA/N128 
812/l - 812".02 
T128 - (Q128*Q128.R128*R1281/W/V/EA/R128 
C129 - C128 •• 02 
0129 - (A129*A129+B129*B1291/W/V/EA/B129 
G129 G128+.02 
H129 - (E129*E129+F129*F129)/W/V/EA/F129 
K129 - K128+.02 
L129 - (I129*I129+J129*J129)/W/V/EA/J129 
0129 - 0128+.02 
P129 - (H129*H129+N129*N129)/W/V/EA/N129 
8129 - 8128+.02 
T129 - (Q129*Q129+R129*R1291/W/V/EA/R129 
C130 - C129+.02 
0130 - (A130*A130+B130*B1301/W/V/EA/B130 
G130 - G129+.02 
H130 - (E130*E130+F130*F1301/W/V/EA/F130 
K130 - K129+.02 
L130 - (I130*I130+JI30*J130)/W/V/EA/J130 
0130 - 0129+.02 
P130 - (H130*H130+N130*N130)/W/V/EA/N130 
8130 - 8129+.02 
T130 - (Q130*Q130+R130*R1301/W/V/EA/R130 
C131 - C130+.02 
0131 - (A131*A131+B131*B1311/W/V/EA/B131 
G131 - G130+.02 
H131 - (E131*E131+F131*F131)/W/V/EA/F131 
K131 - K130+.02 
Ll31 - (I131*I.131+J131*J131)/W/V/EA/Jl31 
0131 - 0130+.02 
P131 - (H131*H131+N131*N1311/W/V/EA/N131 
8131 - 8130+.02 
T131 - (Q131*Q131+R131*R131)/W/V/EA/R131 
C132 - C131+.02 
0132 - (A132*A132+B132*B1321/W/V/EA/B132 
G132 Gl31+. 02 
H132 - (E132*E132+F132*F132)/W/V/EA/F132 
K132 - K131+.02 
L132 - (I132*I132+J132*J1321/W/V/EA/J132 
0132 - 0131+.02 
P132 - (H132*H132+N132*N1321/W/V/EA/N132 
5132 - 8131+.02 
T132 - (Q132*Q132+R132*R132)/W/V/EAlR132 
C133 - C132+.02 
0133 - (A133*A133+B133*B1331/W/V/EA/B133 
G133 - G132+.02 
H133 - (E133*E133+F133*F133)/W/V/EA/F133 
K133 - K132+.02 

- ---- - ----------------
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L133 - (I133*I133+J133*J133,/W/V/EA/J133 
0133 - 0132+.02 
P133 - (H133*H133+N133*N133,/W/V/EA/N133 
5133 - 5132+.02 
T133 - (Q133*Q133+R133*R133,/W/V/EA/R133 
C134 - C133+.02 
0134 - (A134*A134+B13C*B134,/W/V/EA/B134 
G134 - G133+.02 
H134 - (E134*E134+F13C*F134,/W/V/EA/F134 
K134 - K133+.02 
L134 - (I134*I134+J134*J134,/W/V/EA/J134 
0134 - 0133+.02 
P134 - (H134*H134+N134*N134,/W/V/EA/N134 
5134 - 5133+.02 
T134 - (Q134*Q134+R134*R134,/W/V/EA/R134 
C13S - C134+.02 
0135 - (A13S*A135+B13S*B13S,/W/V/EA/B135 
G13S - G134+.02 
H135 - (E13S*E135+F13S*F135,/W/V/EA/F135 
K13S - K134+.02 
L13S - (I13S*I135+J13S*J13S,/W/V/EA/J13S 
0135 - 0134+.02 
P135 - (H13S*H135+N13S*N135,/W/V/EA/N135 
S135 - 5134+.02 
T13S - (Q13S*Q135+R135*R135,/W/V/EA/R135 
C136 - C135+.02 
0136 - (A136*A136+B136*B136,/W/V/EA/B136 
G136 - G13S+.02 
H136 - (E136*E136+F136*F136,/W/V/EA/F136 
K136 - K13S+.02 
L136 - (I136*I136+J136*J136,/W/V/EA/J136 
0136 - 0135+.02 
P136 - (H136*H136+N136*N136,/W/V/EA/N136 
5136 - S135+.02 
T136 - (Q136*Q136+R136*R136,/W/V/EA/R136 
C137 - C136+.02 
0137 - (A137*A137+B137*B137,/W/V/EA/B137 
G137 - G136+.02 
H137 - (E137*E137+F137*F137,/W/V/EA/F137 
K137 - K136+.02 
L137 - (I137*I137+J137*J137,/W/V/EA/J137 
0137 - 0136+.02 
P137 - (H137*H137+N137*N137,/W/V/EA/N137 
5137 - 5136+.02 
T137 - (Q137*Q137+R137*R137,/W/V/EA/R137 
e138 - C137+.02 
0138 - (A138*A138+B138*B138,/W/V/EA/B138 
G138 - 0137+.02 
H138 - (E138*E138+F138*F138,/W/V/EA/F138 
K138 - K137+.02 
L138 - (I138*I138+J138*J138,/W/V/EA/J138 
0138 - 0137+.02 
P13.8 - (H138*H138+N138*N138,/W/V/EA/N138 
5138 - S137+.02 
T138 - (Q138*Q138+R138*R138,/W/V/EA/R138 
e139 - C138+.02 
0139 - (A139*A139+B139*B139,/W/V/EA/B139 
0139 - G138+.02 
H139 - (E139*E139+F139*F139,/W/V/EA/F139 
K139 - K138+.02 
L139 - (I139*I139+J139*J139,/W/V/EA/J139 
0139 - 0138+.02 
P139 - (H139*H139+N139*N139,/W/V/EA/N139 
5139 - 5138+.02 
T139 - (Q139*Q139+R139*R139,/W/V/EA/R139 

-_ .. _._--._-------------- _._. -...... _.-. 
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C140 
D140 
G140 
H140 
K140 
L140 
0140 
P140 
S140 
THO 
Cl41 
D1U 
Gl41 
H1U 
Kl41 
LIU 
0141 
p141 
S141 
Tl41 
C142 
D142 
G142 
H142 
K142 
L142 
0142 
P142 
S142 
T142 
C143 
D143 
G143 
H143 
K143 
L143 
0143 
P143 
S143 
T143 
C144 
D144 
G144 
H144 
K144 
L144 
0144 
p144 
S144 
Tl44 
e145 
D145 
G145 
H145 
K145 
L14S 
0145 
pUS 
SUS 
T145 
C146 
D146 
G146 
H146 
K146 

- C139+.02 
- (A140*A140+B140*B1401/W/V/EA/B140 
- G139+.02 
- (E140*E140+F140*F1401/W/V/EA/F140 
- K139+.02 
- (I140*I140+J140*J1401/W/V/EA/J140 
- 0139+.02 
- (H140*H140+N140*N1401/W/V/EA/N140 
- S139+.02 
- (Q140*Q140+R140*R1401/W/V/EA/R140 
- C140+.02 
- (A141*A141+B141*B1411/W/V/EA/B141 
- G140+.02 
- (E141*E141+F141*F1411/W/V/EA/F141 
- K140+.02 
- (I141*I141+J141*J1411/W/ V/EA/J141 
- 0140+.02 
- (H141*H141+N141*N1411/W/V/EA/N141 
- S140+.02 
- (Q141*Q141+R141*R1411/W/V/EA/R141 
- C141+.02 
- (A142*A142+B142*B1421/W/V/EA/B142 
- Gl41+.02 
- (E142*E142+F142*F1421/W/V/EA/F142 
- K141+.02 
- (I142*I142+J142*J1421/W/ V/EA/J142 
- 0141+.02 
- (H142*H142+N142*N1421/W/V/EA/N142 
- s141+.02 
- (Q142*Q142+R142*R1421/W/ V/EA/R142 
- C142+.02 
- (A143*A143+B143*B1431/W/ V/EA/B143 
- G142+.02 
- (E143*E143+F143*F1431/W/ V/EA/F143 
- K142+.02 
- (I143*I143+J143*J1431/W/V/EA/J143 
- 0142+.02 
- (H143*H143+N143*N1431/W/V/EA/N143 
- s142+.02 
- (Q143*Q143+R143*R1431/W/V/EA/R143 
- e143+.02 
- (A144*A144+B144*B1441/W/V/EA/B144 
- G143+. 02 
- (E144*E144+F144*F1441/W/V/EA/F144 
- K143+.02 
- (I144*I144+J144*J1441/W/V/EA/J144 
- 0143+.02 
- (H144*H144+N144*N1441/W/V/EA/N144 
- S143+.02 
- (Q144*Q144+R144*R1441/W/V/EA/R144 
- e144+. 02 
- (A14S*Al~S+B145*B14SI/W/V/EA/B14S 
- G144+.02 
- (E145*E14S+F145*F1451/W/V/EA/F14S 
- Kl44+.02 
- (I14S*I14S+J145*J1451/W/V/EA/J14S 
- 0144+.02 
- (H14S*H14S+N14S*N14SI/W/V/EA/N14S 
- S144+.02 
- (Q14S*Q14S+R14S*R14SI/W/V/EA/R14S 
- c14S+.02 
- (A146*A146+B146*B1461/W/V/EA/B146 
- GUS+. 02 
- (E146*E146+F146*F1461/W/V/EA/F146 
- K145+. 02 

_______ • -----------_____ -0 __ -----
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L146 - (I146*I146+J146*J146,/W/V/EA/J146 
0146 - 0145+.02 
P146 - (H146*H146+H146*H146,/W/V/EA/H146 
8146 - 8145+.02 
T146 - (Q146*Q146+R146*R146,/W/V/EA/R146 
C147 - C146+.02 
0147 - (A147*A147+B147*B147,/W/V/EA/B147 
G147 - G146+.02 
H147 - (E147*E147+F147*F147,/W/V/EA/F147 
K147 - K146+.02 
L147 - (I147*I147+J147*J147,/W/V/EA/J147 
0147 - 0146+.02 
P147 - (H147*H147+H147*H147,/W/V/EA/H147 
8147 - 5146+.02 
T147 - (Q147*Q147+R147*R147,/W/V/EA/R147 
C148 - C147+.02 
0148 - (A148*A148+B148*B148,/W/V/EA/B148 
G148 - G147+.02 
H148 - (E148*E148+F148*F148,/W/V/EA/F148 
K148 - K147+.02 
L148 - (I148*I148+J148*J1481/W/V/EA/J148 
0148 - 0147+.02 
P148 - (H148*H148+H148*H1481/W/V/EA/H148 
8148 - 5147+.02 
T148 - (Q148*Q148+R148*R1481/W/V/EA/R148 
C149 - C148+. 02 
0149 - (A149*A149+B149*B1491/~/V/EA/B149 
G149 - G148+.02 
H149 - (E149*E149+F149*F1491/W/V/EA/F149 
K149 - K148+. 02 
L149 - (I149*I149+J149*J1491/W/V/EA/J149 
0149 - 0148+.02 
P149 - (H149*H149+H149*H1491/W/V/EA/H149 
5149 - 514 8+.02 
T1C9 - (Q149*Q149+R149*R1491/W/V/EA/R149 
C1S0 - C149+.02 
0150 - (A1S0*A150+B150*B1501/W/V/EA/B1S0 
G1S0 - G149+.02 
H150 - (E150*E1S0+F150-F1501/W/V/EA/F1S0 
K1S0 - K149+.02 . 
L1S0 - (I1S0*I150+J1S0*J1501/W/V/EA/J150 
0150 - 0149+.02 
P150 - (H1S0*H150+H1S0*H1S01/W/V/EA/H1S0 
5150 - 5149+.02 
T150 - (Q150*Q1S0+R1S0*R1501/W/V/EA/R150 
C1S1 - C1S0+.02 
0151 - (A1S1*A1S1+B151*B1S11/W/V/EA/B151 
G1S1 - G1S0+.02 
H151 - (E1S1*E151+F1S1*F1S11/W/V/EA/F1S1 
K1S1 - K1S0+.02 
L151 - (I151*I151+J151*J1511/W/V/EA/J151 
0151 - 0150+.02 
P1S1 - (H151*H151+H1S1*H1511/W/V/EA/H1S1 
5151 - 5150+.02 
T151 - (Q151*0151+R151*R1511/W/V/EA/R151 
C152 - C151+.02 
0152 - (A152*A152+B152*B1521/W/V/EA/B152 
G152 - G151+.02 
H152 - (E152*E152+F152*F1521/W/V/EA/F152 
K152 - K151+.02 
L152 - (I152*I152+J152*J1521/W/V/EA/J152 
0152 - 0151+.02 
P152 - (H152*H152+H152*H1521/W/V/EA/H152 
5152 - 5151+.02 
T152 - (0152*0152+R152*R1521/W/V/EA/R152 

._ ... _--_._-------_._---,. __ ._--.---- .. 
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C153 - CI52+.02 
0153 - (A153*A153+B153*B1531/W/V/EA/B153 
G153 - G152+.02 
H153 - (EI53*E153+F153*F1531/W/V/EA/F153 
K153 - K152+.02 
L153 - (I153*I153+J153*J1531/W/V/EA/JI53 
0153 - 0152+.02 
P153 - (H153*H153+N153*N1531/W/V/EA/NI53 
5153 - 5152+.02 
T1S3 - (Q1S3*Q1S3+R1S3*RI531/W/V/EA/R1S3 
C154 - CI53+.02 
0154 - (A154*A154+B154*B1541/W/V/EA/BI54 
G154 - G153+.02 
H154 - (E154*E154+F154*FI541/W/V/EA/FI54 
Kl54 - KI53+.02 
L154 - (I154*II54+JI54*JI541/W/V/EA/JI54 
0154 - 0153+.02 
P154 - (H154*HI54+N154*NI541/W/V/EA/N154 
5154 - 5153+.02 
T154 - (Q1S4*QI54+R154*RI541/W/V/EA/RI54 
c155 - CI54+.02 
0155 - (A155*AI55+BI55*BI5SI/W/V/EA/BI55 
G155 - GI54+.02 
HISS - (E155*E155+FI55*FI551/W/V/EA/FI55 
K155 - KI54+.02 
L155 - (I155*II55+J155*J1551/W/V/EA/J155 
0155 - 0154+.02 
P155 - (H155*H155+NI55*N1551/W/V/EA/N155 
5155 - 5154+.02 
T155 - (Q155*Q155+R155*R1551/W/V/EA/RI55 
C156 - C155+.02 
0156 - (A156*A156+B156*B1561/W/V/EA/B156 
G156 - G155+.02 
H156 - (E156*EI56+F156*F1561/W/V/EA/F156 
K156 - K155+.02 
L156 - (I156*I156+J156*JI561/W/V/EA/J156 
0156 - 0155+.02 
P156 - (H156*H156+N156*N1561/W/V/EA/NI56 
5156 - 5155+.02 
T156 - (Q156*Q156+R156*RI561/W/V/EA/R156 
C157 - C156+.02 
0157 - (AI57*A157+B157*B1571/W/V/EA/B157 
G157 - G156+.02 
H157 - (E157*EI57+FI57*FI571/W/V/EA/FI57 
K157 - Kl56+. 02 
L157 - (I157*I157+J157*J1571/W/V/EA/J157 
0157 - 0156+.02 
P157 - (H157*H157+N157*N1571/W/V/EA/NI57 
5157 - 5156+.02 
T157 - (Q157*Q157+RI57*R1571/W/V/EA/RI57 
C158 - C157+.02 
0158 - (A158*A158+BI58*B1581/W/V/EA/B158 
~158 - G157+.02 
H158 - (EI58*E158+F158*F1581/W/V/EA/F158 
K158 - K157+.02 
L158 - (I158*I158+J158*J158)/W/V/EA/J158 
0158 - 0157+.02 
P1S8 - (H158*H158+N158*N1581/W/V/EA/N158 
5158 - 5157+.02 
T158 - (Q15S*Q158+RI58*RI581/W/V/EA/R158 
C159 - CI58+.02 
0159 - (A159*AI59+B159*B1591/W/V/EA/B159 
GIS9 - GI58+.02 
H159 - (E159*EI59+F159*F1591/W/V/EA/F1S9 
K1S9 - KI58+.02 

.-----_._ ... -- ._-- ---- ---------------_.- -.-. --,-_._--,,-
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L159 
0159 
P159 
5159 
T159 
C160 
0160 
G160 
H160 
K160 
L160 
0160 
P160 
5160 
T160 
C161 
0161 
G161 
Hl61 
K161 
L161 
0161 
p161 
5161 
T161 
C162 
0162 
G162 
H162 
K162 
L162 
0162 
p162 
5162 
T162 
C163 
0163 
G163 
H163 
K163 
L163 
0163 
P163 
5163 
T163 
C164 
0164 
G164 
H164 
K164 
L164 
0164 
P164 
5164 
Tl64 
cl65 
0165 
Gl65 
H16S 
Kl6S 
L165 
0165 
P165 
5165 
T165 

- (I159*I1S9+J159*J1591/W/V/EA/J159 
- 0158+.02 
- (H159*H159+N159*N1591/W/V/EA/N159 
- 5158+.02 
- (Q159*Q159+R159*R1591/W/V/EA/R159 
- C159+.02 
- (A160*A160+B160*B1601/W/V/EA/B160 
- G159+.02 
- (E160*E160+F160*F1601/W/V/EA/F160 
- K159+.02 
- (I160*I160+J160*J1601/W/V/EA/J160 
- 0159+.02 
- (H160*H160+N160*N1601/W/V/EA/N160 
- 5159+.02 
- (Q160*Q160+R160*R1601/W/V/EA/R160 
- C160+.02 
- (A161*A161+B161*B1611/W/V/EA/B161 
- G160+.02 
- (E161*E161+F161*F1611/W/V/EA/F161 
- K160+.02 
- (I161*I161+J161*J1611/W/V/EA/J161 
- 0160+.02 
- (H161*H161+N161*N1611/W/V/EA/N161 
- 5160+.02 
- (Q161*Q161+R161*R1611/W/V/EA/R161 
- C161+.02 
- (A162*A162+B162*B1621/W/V/EA/B162 
- G161+.02 
- (E162*E162+F162*F1621/W/V/EA/F162 
- K161+.02 
- (I162*I162+J162*J1621/W/V/EA/J162 
- 0161+.02 
- (H162*H162+N162*N1621/W/V/EA/N162 
- 5161+.02 
- (Q162*Q162+R162*R1621/W/V/EA/R162 
- C162+.02 
- (A163*Al63+B163*B1631/W/V/EA/B163 
- G162+.02 
- (E163*E163+F163*F1631/W/V/EA/Fl63 
- K162+.02 
- (I163*I163+J163*J1631/W/V/EA/J163 
- 0162+.02 
- (H163*H163+N163*N1631/W/V/EA/N163 
- 5162+.02 
- (Q163*Q163+R163*R1631/W/V/EA/R163 
- C163+.02 
- (A164*A164+B164*B1641/W/V/EA/B164 
- G163+.02 
- (E164*E164+Fl64*F1641/W/V/EA/F164 
- K163+.02 
- (I164*I164+J164*J1641/W/V/EA/J164 
- 0163+.02 
- (Hl64*Hl64+Nl64*N1641/W/V/EA/N164 
- 5l6H.02 
- (Ql64*Q164+Rl64*Rl641/W/V/EA/Rl64 
- C164+. 02 
- (Al65*A16S+Bl6S*B16SI/W/V/EA/B16S 
- Gl64+. 02 
- (E16S*E16S+F16S*F16SI/W/V/EA/F16S 
- K164+.02 . 
- (I165*Il6S+J16S*J16SI/W/V/EA/J16S 
- 0164+.02 
- (H16S*H16S+N16S*N1651/W/V/EA/N165 
- 5164+.02 
- (Q165*Q16S+R165*R16SI/W/V/EA/R16S 

-------- ---.-.. - - ---- - ---------------
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....... 

C166 
D166 
G166 
H166 
K166 
L166 
0166 
P166 
S166 
T166 
C167 
D167 
G167 
H167 
K167 
L167 
0167 
P167 
s167 
T167 
C16B 
D16B 
G16B 
H16B 
K16B 
L16B 
016B 
P16B 
S16B 
T16B 
C169 
D169 
G169 
H169 
K169 
L169 
0169 
P169 
S169 
T169 
C170 
D170 
G170 
H170 
K170 
L170 
0170 
P170 
S170 
T170 
C171 
D17l 
G17i 
HI7l 
K171 
L171 
0171 
P171 
SI71 
T171 
C172 
D172 
GI72 
H172 
KI72 

- CI65+.02 
- (A166*A166+BI66*B166)/W/V/EA/B166 
- GI65+.02 
- (B166*E166+F166*FI66)/W/V/EA/F166 
- K165+.02 
- (II66*II66+J166*J1661/W/V/EA/J166 
- 0165+.02 
- (H166*HI66+N166*N166)/W/V/EA/N166 
- S165+.02 
- (Q166*QI66+R166*R166)/W/V/EA/R166 
- C166+.02 
- (A167*A167+B167*B167)/W/V/EA/B167 
- G166+.02 
- (E167*E167+FI67*F1671/W/V/EA/F167 
- K166+.02 
- (I167*I167+J167*J1671/W/V/EA/J167 
- 0166+.02 
- (H167*H167+N167*N1671/W/V/EA/N167 
- S166+.02 
- (Q167*Q167+R167*R1671/W/V/EA/R167 
- cI67+.02 
- (A16B*A16B+B16B*B16BI/W/V/EA/B168 
- G167+.02 
- (E168*E168+F168*F1681/W/V/EA/F168 
- K167+.02 
- (I168*I168+J168*J16BI/W/V/EA/J168 
- 0167+.02 
- (H168*H168+N168*N1681/W/V/EA/N168 
- S167+.02 
- (Q168*Q168+R168*R1681/W/V/EA/R168 
- C168+.02 
- (A169*A169+B169*B1691/W/V/EA/B169 
- GI68+.02 
- (E169*E169+F169*F1691/W/V/EA/F169 
- K168+.02 
- (I169*I169+J169*J1691/W/V/EA/J169 
- 0168+.02 
- (H169*H169+N169*N1691/W/V/EA/N169 
- SI68+.02 
- (Q169*Q169+R169*R1691/W/V/EA/RI69 
- C169+.02 
- (A170*A170+B170*B1701/W/V/EA/B170 
- G169+.02 
- (E170*E170+F170*F1701/W/V/EA/FI70 
- K169+.02 
- (I170*I170+J170*J1701/W/V/EA/J170 
- 0169+.02 
- (H170*H170+N170*N1701/W/V/EA/NI70 
- S169+.02 
- (Q170*Q170+R170*R1701/W/V/EA/R170 
- c170+.02 
- (A171*A171+B171*B1711/W/V/EA/B171 
- G170+.02 
- (E171*E171+FI71*F1711/W/V/EA/F171 
- K170+.02 
- (1171*1171+J171*J1711/W/V/EA/J171 
- 0170+.02 
- (H171*H171+N171*N1711/W/V/EA/N171 
- SI70+.02 
- (Q171*Q171+R171*R1711/W/V/EAlR171 
- C171+.02 
- (A172*A172+B172*B1721/W/V/EA/B172 
- G171+.02 

(E172*E172+F172*F172)/W/V/EA/F172 
- K171+.02 

- ._--------- ._---- ---
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L172 
0172 
P172 
S172 
T172 
C173 
0173 
G173 
H173 
K173 
L173 
0173 
P173 
5173 
T173 
C174 
0174 
G174 
Hl74 
Kl74 
Ll74 
0174 
P174 
5174 
Tl74 
Cl7S 
0175 
G17S 
H17S 
K17S 
L175 
0175 
P17S 
5175 
T17S 
C176 
0176 
G176 
H176 
K176 
L176 
0176 
P176 
5176 
T176 
C177 
0177 
Gl77 
H177 
K177 
Ll77 
0177 
Pl77 
5177 
T177 
C178 
0178 
G178 
H178 
K178 
L178 
0178 
P178 
5178 
T178 

- (I172*I172+J172*J172)/W/V/EA/J172 
- 0171+.02 
- (H172*H172+N172*N172)/W/V/EA/N172 
- S171+.02 
- (Q172*Q172+R172*R172)/W/V/EA/R172 
- Cl72+.02 
- (A173*A173+B173*B173)/W/V/EA/B173 
- G172+.02 
- (E173*E173+F173*F173)/W/V/EA/F173 
- K172+.02 
- (I173*I173+J173*J173)/W/V/EA/J173 
- 0172+.02 
- (H173*H173+N173*N173)/W/V/EA/N173 
- 5172+.02 
- (Q173*Q173+R173*R173)/W/V/EA/R173 
- C173+.02 
- (A174*A174+B174*B174)/W/V/EA/B174 
- G173+.02 
- (E174*E174+F174*F174)/W/V/EA/F174 
- K173+.02 
- (I174*I174+J174~J174)/W/V/EA/J174 
- 0173+.02 
- (H174*H174+N174*N174)/W/V/EA/N174 
- 5173+.02 
- (Q174*Q174+R174*R174)/W/V/EA/R174 
- C174+.02 
- (A17S*A17S+B17S*B17S)/W/V/EA/B17S 
- G174+.02 
- (E17S*E17S+F17S*F175)/W/V/EA/F175 
- K174+.02 
- (I175*I175+J175*J175)/W/V/EA/J175 
- 0174+.02 
- (H17S*H175+N175*N175)/W/V/EA/N17S 
- 5174+.02 
- (Q175*Q17S+R175*R175)/W/V/EA/R17S 
- C175+.02 
- (A176*A176+B176*B176)/W/V/EA/B176 
- G175+.02 
- (E176*E176+F176*F176)/W/V/EA/F176 
- K175+.02 
- (I176*I176+J176*J176)/W/V/EA/J176 
- 0175+.02 
- (H176*H176+N176*N176)/W/V/EA/N176 
- 5175+.02 
- (Q176*Q176+R176*R176)/W/V/EA/R176 
- C176+.02 
- (A177*A177+B177*B177)/W/V/EA/B177 
- G176+.02 
- (E177*E177+F177*F177)/W/V/EA/F177 
- K176+.02 
- (I177*l177+J177*J177)/W/V/EA/J177 
- 0176+.02 
- (H177*H177+N177*N177)/W/V/EA/N177 
- 5176+.02 
- (Q177*Q177+R177*R177)/W/V/EA/R177 
- C177+.02 
- (A178*A178+B178*B178)/W/V/EA/B178 
- Gl77+.02 
- (E178*E178+F178*F178)/W/V/EA/F178 
- Kl77+.02 
- (I178*I178+J178*J178)/W/V/EA/J178 
- 0177+.02 
- (H178*H178+N178*N178)/W/V/EA/N178 
- 5177+.02 
- (Q178*Q178+R178*R178)/W/V/EA/R178 

----- ------- . ---
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C179 - C178+.02 
0179 - (A179*A179+8179*81791/W/V/EA/8179 
G179 - G178+.02 
H179 - (E179*E179+F179*F1791/W/V/EA/F179 
K179 - K178+.02 
L179 - (I179*I179+J179*J1791/W/V/EA/J179 
0179 - 0178+.02 
P179 - (H179*H179+N179*N1791/W/V/EA/N179 
S179 - S178+.02 
T179 - (Q179*Q179+R179*R1791/W/V/EA/R179 
C180 - C179+.02 
0180 - (A180*A180+B180*B1801/W/V/EA/8180 
G180 - G179+.02 
H180 - (E180*E180+F180*F1801/W/V/EA/F180 
K180 - K179+.02 
L180 - (I180*I180+J180*J1801/W/V/EAlJ180 
0180 - 0179+.02 
PI00 - (H180*H180+N180*N1801/W/V/EA/N180 
S180 - S179+.02 
T180 - (Q180*Q180+R180*R1801/W/V/EAlR180 
C181 - C180+.02 
0181 - (A181*A181+8181*B1811/W/V/EAl8181 
G181 - G180+.02 
H181 - (E181*E181+F181*F1811/W/V/EA/F181 
K181 - K180+.02 
L181 - (I181*I181+J181*J1811/W/V/EAlJ181 
0181 - 0180+.02 
P181 - (H181*H181+N181*N1811/W/V/EAlN18l 
S181 - S180+.02 
T181 - (Q181*Q181+R181*R1811/W/V/EAlR181 
C182 - C181+.02 
01S2 - (A182*A182+B182*81821/W/V/EAl8182 
G182 - G181+.02 
H182 - (E182*E182+F182*F1821/W/V/EA/F182 
K182 - K181+.02 
L182 - (I182*I182+J182*J1821/W/V/EAlJ182 
0182 - 0181+.02 
P182 - (H182*H182+N182*N1821/W/V/EAlN182 
S182 - S181+.02 
T182 - (Q182*Q182+R182*R1821/W/V/EAlR182 
C183 - C182+.02 
0183 - (A183*A183+B183*81831/W/V/EA/B183 
G183 - G182+.02 
H183 - (E183*E183+F183*F1831/W/V/EA/F183 
K183 - K182+.02 
L183 - (I183*I183+J183*J1831/W/V/EAlJ183 
0183 - 0182+.02 
P183 - (H183*H183+N183*N1831/W/V/EA/N183 
S183 - S182+.02 
T183 - (Q183*Q183+R183*R1831/W/V/EAlR183 
C184 - C183+.02 
0184 - (A184*A184+B184*B1841/W/V/EAlB184 
G184 - G183+.02 
H184 - (E184*E184+FI04*F1841/W/V/EAlF184 
K18 •. - K183+.02 
L184 - (1184*1184+J184*J1841/W/V/EA/J184 
0184 - 0183+.02 
P184 - (H184*H184+N184*N1841/W/V/EAlN184 
S184 - s183+.02 
T184 - (Q184*Q184+R184*R1841/W/V/EAlR184 
C18S - C184+.02 
0185 - (A18S*A18S+B18S*818SI/W/V/EAlB18S 
G18S - G184+.02 
H18S - (E18S*E18S+F18S*F18SI/W/V/EA/F185 
K18S - K184+.02 

----- ----- .. -- . --
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L18S - (I18S*I18S+J18S*J185)/W/V/EA/J18S 
0185 - 0184+.02 
P18S - (H18S*H18S+N18S*N185)/W/V/EAlN18S 
S185 - S184+.02 
T18S - (Q18S*Q18S+R18S*R18S)/W/V/EAlR185 
C186 - C18S+.02 
0186 - (A186*A186+B186*B186)/W/V/EA/B186 
G186 -
H186 
K186 
L186 
0186 
P186 
S186 
T186 
C187 
0187 
G187 
H187 
K187 
L187 
0187 
P187 
S187 
T187 
C188 
0188 
G188 
H188 
K188 
L188 
0188 
P188 
S188 
T188 
C189 
0189 
G189 
H189 
K189 
L189 
0189 
P189 
S189 
T189 
C190 
0190 
G190 
H190 
K190 
L190 
0190 
P190 
S190 
T190 
C191 
0191 
G191 
H191 
K191 
L191 
0191 
P191 
S191 
T191 

G185+.02 
(E186*E186+F186*F186)/W/V/EAlF186 
K185+.02 
(I186*I186+J186*J186)/W/V/EAlJ186 
0185+.02 
(H186*H186+N186*N186)/W/V/EAlN186 
S185+.02 
(Q186*Q186+R186*R186)/W/V/EAlR186 
C186+.02 
(A187*A187+B187*B187)/W/V/EAlB187 
G186+.02 
(E187*E187+F187*F187)/W/V/EAlF187 
K186+.02 
(I187*I187+J187*J187)/W/V/EA/J187 
0186+.02 
(H187*H187+N187*N187)/W/V/EAlN187 
S186+.02 
(Q187*Q187+R187*R187)/W/V/EAlR187 
C187+.02 
(A188*A188+B188*B188)/W/V/EAlB188 
G187+.02 
(E188*E188+F188*F188)/W/V/EA/F188 
K187+.02 
(I188*I188+J188*J188)/W/V/EAlJ188 
0187+.02 
(H188*H188+N188*N188)/W/V/EA/N188 
S187+.02 
(Q188*Q188+R188*R188)/W/V/EAlR188 
C188+.02 
(A189*A189+B189*B1891/W/V/EA/B189 
G188+.02 
(E189*E189+F189*F1891/W/V/EA/F189 
K188+.02 
(I189*I189+J189*J1891/W/V/EA/J189 
0188+.02 
(H189*H189+N189*N1891/W/V/EAlN189 
S188+.02 
(Q189*Q189+R189*R1891/W/V/EA/R189 
C189+.02 
(A190*A190+B190*B1901/W/V/EA/B190 
G189+.02 
(E190*E190+F190*F1901/W/V/EA/F190 
K189+.(l2 
(I190*I190+J190*J1901/W/V/EAlJ190 
0189+.02 
(H190*H190+N190*N1901/W/V/EAlN190 
S189+.02 
(Q190*Q190+R190*R1901/W/V/EAlR190 
C190+.02 
(A191*A191+B191*B1911/W/V/EAlB191 
G190+.02 
(E191*E191+F191*F1911/W/V/EAlF191 
K190+.02 
(I191*I191+J191*J1911/W/V/EA/J191 
0190+.02 
(H191*H191+N191*N1911/W/V/EA/N191 
S190+.02 
(Q191*Q191+R191*R1911/W/V/EA/R191 

-- .. _-_ .. _------------_.- ~ .. -
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C192 
0192 
G192 
H192 
K192 
L192 
0192 
P192 
5192 
T192 
C193 
0193 
G193 
H193 
K193 
L193 
0193 
P193 
5193 
T193 
C194 
0194 
G194 
H194 
K194 
L194 
0194 
P194 
5194 
T194 
C195 
0195 
G195 
H195 
K195 
L195 
0195 
P195 
5195 
T195 
C196 
0196 
G196 
H196 
K196 
L196 
0196 
P196 
5196 
T196 
C197 
0197 
G197 
Hl97 
K197 
Ll97 
0197 
P197 
5197 
T197 
C198 
0198 
G198 
H198 
K198 

- C191+ .02 
- (A192*A192+B192*B192)/W/V/EAlB192 
- G191+.02 
- (E192*E192+F192*F192)/W/V/EAlF192 
- K191+.02 
- (I192*I192+J192*J192)/W/V/EAlJ192 
- 0191+.02 
- (H192*H192+N192*N1921/W/V/EAlNl92 

5191+.02 
(Q192*Q192+R192*R192)/W/V/EAlR192 
C192+.02 
(A193*A193+B193*B193)/W/V/EAlB193 
G192+.02 
(E193*E193+F193*F193)/W/V/EAlF193 
K192+.02 
(I193*r193+J193*J193)/W/V/EAlJ193 
0192+.02 
(H193*H193+N193*N193)/W/V/EA/N193 
5192+.02 
(Q193*Q193+R193*R193)/W/V/EA/R193 
C193+.02 
(A194*A194+B194*B194)/W/V/EAlB194 
G193+.02 
(E194*E194+F194*F194)/W/V/EA/F194 
K193+.02 
(I194*I194+J194*J194)/W/V/EAlJ194 
0193+.02 
(H194*H194+N194*N194)/W/V/EAlN194 
5193+.02 
(Q194*Q194+R194*R194)/W/V/EA/R194 
C194+.02 
(A195*A195+B195*B195)/W/V/EAlB195 
G194+.02 
(E195*E195+F195*F195)/W/V/EAlF195 
K194+.02 
(I195*I195+J195*J195)/W/V/EA/J195 
0194+.02 
(H195*H195+N195*N195)/W/V/EA/N195 
5194+.02 
(Q195*Q195+R195*R195)/W/V/EA/R195 
C195+.02 
(A196*A196+B196*B196)/W/V/EA/B196 
G195+.02 
(E196*E196+F196*F196)/W/V/EA/F196 
K195+.02 
(I196*I196+J196*J196)/W/V/EA/J196 
0195+.02 
(H196*H196+N196*N196)/W/V/EAlN196 
5195+.02 
(Q196*Q196+R196*R196)/W/V/EAlR196 
C196+.02 
(A197*A197+B197*B1971/W/V/EAlB197 
G196+.02 
(E197*E197+F197*Fl971/W/V/EAlF197 
K196+.02 
(I197*I197+Jl97*J1971/W/V/EAlJl97 
0196+.02 
(H197*H197+N197*N1971/W/V/EA/N197 
5196+.02 
(Q197*Q197+R197*R1971/W/V/EAlR197 
C197+.02 
(A198*A198+B198*B1981/W/V/EAlB198 
G197+.02 
(E198*E198+F198*F198)/W/V/EA/F198 
K197+.02 

._----------_ .. - _ ..•. -
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L198 - (I198*I198+J198*J198'/W/V/EA/J198 
0198 - 0197+.02 
P198 - (H198*H198+N198*N198'/W/V/EA/N198 
S198 - S197+.02 
T198 - (Q198*Q198+R198*R198'/W/V/EA/R198 
C199 - C198+.02 
0199 - (A199*A199+B199*B1991/w/V/EA/B199 
0199 - 0198+.02 
H199 - (E199*E199+F199*F199,/W/V/EA/F199 
K199 - K198+.02 
L199 - (I199*I199+J199*J199,/W/V/EA/J199 
0199 - 0198+.02 
P199 - (H199*H199+N199*N1991/W/V/EA/N199 
S199 - S198+.02 
T199 - (Q199*Q199+R199*R199,/W/V/EA/R199 
C200 - C199+.02 
0200 - (A200*A200+B200*B200,/W/V/EA/B200 
0200 - 0199+.02 
H200 - (E200*E200+F200 RF200,/W/V/EA/F200 
K200 - K199+.02 
L200 - (I200*I200+J200*J200'/W/V/EA/J200 
0200 - 0199+.02 
P200 - (H200*H200+N200*N2001/W/V/EA/N200 
S200 - s199+.02 
T200 - (Q200*Q200+R200*R2001/W/V/EA/R200 
c201 - C200+.02 
0201 - (A201*A201+B201*B201,/W/V/EA/B201 
0201 - 0200+.02 
H201 - (E201*E201+F201*F2011/W/V/EA/F201 
K201 - K200+.02 
L201 - (I201*I201tJ201*J2011/W/V/EA/J201 
0201 - 0200t.02 
P201 - (H201*H201+N201*N2011/W/V/EA/N201 
S201 - S200+.02 
T201 - (Q201*Q201+R201*R201,/W/V/EA/R201 
c202 - C201+.02 
0202 - (A202*A202+B202*B202'/W/V/EA/B202 
0202 - 0201+.02 
H202 - (E202*E202+F202*F202,/W/V/EA/F202 
K202 - K201+.02 
L202 - (I202*I202+J202*J202,/W/V/EA/J202 
0202 - 0201+.02 
P202 - (H202*H202+N202*N202,/W/V/EA/N202 
S202 - S201+.02 
T202 - (Q202*Q202+R202*R2021/W/V/EA/R202 
C203 - C202+.02 
0203 - (A203*A203+B203*B2031/W/V/EA/B203 
0203 - 0202+.02 
H203 - (E203*E203+F203*F203,/W/V/EA/F203 
K203 - K202+.02 
L203 - (I203*I203+J203*J203,/W/V/EAlJ203 
0203 - 0202t.02 
P20'3 - (H203*H203tN203*N2031/W/V/EAlN203 
S203 - S202+.02 
T203 - (Q203*Q203tR203*R2031/W/V/EA/R203 
C204 - C203+.02 
0204 - (A204*A204+B204*B2041/W/V/EAlB204 
0204 - G203t.02 
H204 - (E204*E204+F204*F2041/W/V/EAlF204 
K204 - K203+.02 
L204 - (I204*I204+J204*J2041/W/V/EA/J204 
0204 - 0203+.02 
P204 (H204*H204+N204*N2041/W/V/EA/N204 
S204 - S203+.02 
T204 - (Q204*Q204+R204*R204,/W/V/EA/R204 
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C205 - C204+.02 
0205 - (A20S*A20S+B205*B20SI/W/V/EA/B20S 
0205 - G204+.02 
H205 - (E20S*E205+F205*F2051/W/V/EA/F20S 
K20S - K204+.02 
L205 - (I205*I20S+J20S*J20SI/W/V/EA/J205 
020S - 0204+.02 
P205 - (H20S*H205+N205*N2051/W/V/EA/N20S 
S205 - S204+.02 
T205 - (Q205*Q20S+R20S*R20SI/W/V/EA/R205 
C206 - C20S+.02 
0206 - (A206*A206+B206*B2061/W/V/EA/B206 
0206 - 0205+.02 
H206 - (E206*E206+F206*F2061/W/V/EA/F206 
K206 - K20S+.02 
L206 - (I206*I206+J206*J2061/W/V/EA/J206 
0206 - 0205+.02 
P206 - (H206*H206+N206*N2061/W/V/EA/N206 
S206 - S205+.02 
T206 - (Q206*Q206+R206*R2061/W/V/EA/R206 
C207 - C206+.02 
0207 - (A207*A207+B207*B2071/W/V/EA/B207 
G207 - G206+.02 
H207 - (E207*E207+F207*F2071/W/V/EA/F207 
K207 - K206+.02 
L207 - (I207*I207+J207*J2071/W/V/EA/J207 
0207 - 0206+.02 
P207 - (H207*H207+N207*N2071/W/V/EA/N207 
S207 - S206+.02 
T207 - (Q207*Q207+R207*R2071/W/V/EA/R207 
C208 - C207+.02 
0208 - (A208*A208+B208*B2081/W/V/EA/B208 
G208 - G207+.02 
H208 - (E208*E208+F208*F2081/W/V/EA/F208 
K208 - K207+.02 
L208 - (I208*I208+J208*J2081/W/V/EA/J208 
0208 - 0207+.02 
P208 - (H208*H208+N208*N2081/W/V/EA/N208 
S208 - S207+.02 
T208 - (Q208*Q208+R208*R2081/W/V/EA/R208 
C209 - C208+.02 
0209 - (A209*A209+B209*B2091/W/V/EA/B209 
G209 - G208+.02 
H209 - (E209*E209+F209*F2091/W/V/EA/F209 
K209 - K208+.02 
L209 - (I209*I209+J209*J2091/W/V/EA/J209 
0209 - 0208+.02 
P209 - (H209*H209+N209*N2091/W/V/EA/N209 
S209 - S208+.02 
T209 - (Q209*Q209+R209*R2091/W/V/EA/R209 
C210 - C209+.02 
0210 - (A210*A210+B210*B2101/W/V/EA/B210 
G210 - G209+.02 
HHO - (E210*E210+F210*F2101/W/V/EA/F210 
K210 - K209+.02 
L210 - (I210*I210+J210*J2101/W/V/EAlJ210 
0210 - 0209+.02 
P210 - (H210*H210+N210*N2101/W/V/EAlN210 
S210 - S209+.02 
T210 - (Q210*0210+R210*R2101/W/ V/EA/R210 
C211 - C210+.02 
0211 - (A211*A211+B211*B2111/W/V/EA/B211 
G211 - G210+.02 
H211 - (E211*E211+F211*F2111/W/V/EA/F211 
K211 - K210+.02 
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L211 - (I211*I211+J211*J211)/W/V/EA/J211 
0211 - 0210+.02 
P211 - (H211*H211+N211*N211)/W/V/EA/N211 
S211 - S210+.02 
1211 - (Q211*Q211+R211*R211)/W/V/EA/R211 
C212 - C211+.02 
0212 - (A212*A212+B212*B212)/W/V/EA/B212 
G212 - G211+.02 
H212 - (E212*E212+F212*F212)/W/V/EA/F212 
K212 - K211+. 02 
L212 - (I212*I212+J212*J212)/W/V/EA/J212 
0212 - 0211+.02 
P212 - (H212*H212+N212*N212)/W/V/EA/N212 
S212 - S211+.02 
1212 - (Q212*Q212+R212*R212)/W/V/EA/R212 
C213 - C212+.02 
0213 - (A213*A213+B213*B213)/W/V/EA/B213 
G213 - G212+.02 
H213 - (E213*E213+F213*F213)/W/V/EA/F213 
K213 - K212+.02 
L213 - (I213*I213+J21J*J21J)/W/V/EA/J21J 
0213 - 0212+.02 
P213 - (H21J*H21J+N21J*N2131/W/V/EA/N21J 
5213 - 5212+. 02 
1213 - (Q21J*Q21J+R21J*R2131/W/V/EA/R213 
C214 - C213+.02 
0214 - (A214*A214+B214*B2141/W/V/EA/B214 
G214 - G21J+.02 
H214 - (E214*E214+F214*F2141/W/V/EA/F214 
K214 - K21J+. 02 
L214 - (I214*I214+J214*J2141/W/V/EA/J214 
0214 - 0213+.02 
P214 (H214*H214+N214*N2141/W/V/EA/N214 
5214 - S213+.02 
1214 - (Q214*Q214+R214*R2141/W/V/EA/R214 
C215 - C214+.02 
0215 - (A215*A215+B21S*B2151/W/V/EA/B21S 
G215 - G214+.02 
H215 - (E215*E21S+F21S*F21SI/W/V/EA/F21S 
K215 - K214+.02 
L215 - (I21S*I21S+J21S*J21SI/w/V/EA/J21S 
0215 - 0214+.02 
P215 - (H21S*H215+N21S*N21SI/W/V/EA/N215 
5215 - 52lH. 02 
1215 - (Q215*Q21S+R21S*R21SI/W/V/EA/R21S 
C216 - C215+.02 
0216 - (A216*A216+B216*B2161/W/V/EA/B216 
G216 - 0215+.02 
H216 - (E216*E216+F216*F2161/W/V/EA/F216 
K216 - K21S+.02 
L216 - (1216*I216+J216*J2161/W/V/EA/J216 
0216 - 0215+.02 
P216 - (H216*H216+N216*N216)/W/V/EA/N216 
5216 - 521S+.02 
1216 - (Q216*Q216+R216*R2161/W/V/EA/R216 
C217 - C216+.02 
0217 - (A217*A217+B217*B217)/W/V/EA/B217 
G217 - G216+.02 
H217 - (E217*E217+F217*F2171/W/V/EA/F217 
K217 - K2l6+.02 
L217 - (I217*I217+J217*J2171/W/V/EA/J217 
0217 - 0216+.02 
P217 - (H217*H217+N217*N217)/W/V/EA/N217 
S217 - 5216+.02 
1217 - (Q217*Q217+R217 t R2171/W/V/EA/R217 
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e210 - e217+.02 
0210 - (A210*A210+B218*B2101/W/V/EA/9218 
G218 - G217+.02 
H218 - (E218*E218+F218*F2181/W/V/EA/F218 
K21B - K217+.02 
L218 (I218*I218+J218*J2181/W/V/EA/J218 
0218 - 0217+.02 
P218 - (H218*H218+N218*N2181/W/V/EA/N218 
S218 - S217+.02 
T218 - (Q218*Q218+R218*R2181/W/V/EA/R218 
e219 - e210+.02 
0219 - (A219*A219+B219*B2191/W/V/EA/B219 
G219 - G218+.02 
H219 - (E219*E219+F219*F2191/W/V/EA/F219 
K219 - K218+.02 
L219 - (I219*I219+J219*J2191/W/V/EA/J219 
0219 0218+.02 
P219 - (H219*H219+N219*N2191/W/V/EA/N219 
S219 - S218+.02 
T219 - (Q219*Q219+R219*R2191/W/V/EA/R219 

- -------------
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APPENDIX C: 

POLARIZED AND TEMPERATURE-DEPENDENT RAMAN SPECTRA 

USED FOR ALCOHOL BAND ASSIGNMENTS 

390 

A primary mothration for the study of polarized and temperature

dependent Raman spectra was the absence and/or lack of consistent band 

assignments in the literature for simple, straight-chain alcohols. The 

need for a closer inspection of polarized Raman spectra is demonstrated 

by the wrong assignments that are prolific in the recent literature for 

simple, presumably well-understood, molecules such as methanol. 

Raman bands from liquid methanol in the v(C-H) region have 

generally been assigned with the two most intense bands, at 2840 and 

2947 cm-1 , as the vs (CH3 ) and vB(CH3 ) modes, respectively. However, 

based on recently published polarization spectra of liquid methanol 

[5.28], the 2840 cm-1 band is confirmed to be a symmetric mode, while 

the 2947 cm-1 band is also assigned as a symmetric mode, presumably 

associated with an overtone of the symmetric bend, designated 0s(CH3 ) ot 

in Table 5.3. Furthermore, polarized spectra indicate that the vB(CH3 ) 

mode is located at 2990 cm-1 rather than at 2947 cm-1 , as previously 

assumed. Finally, the weak band at 2920 cm-1 is an asymmetric mode, 

presumably associated with an asymmetric bending overtone, 0B(CH3 ) ot. 

The band at 1112 has also previously been misassigned as the vB(C-

0) mode [5.18]. A more consistent assignment from deuterated methanol 
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investigations [5.27] and polarized ethanol spectra [5.20] is that the 

1112 cm-1 band is associated with the CH3 rock. 

Another problem with the assignment of bands in alcohol Raman 

spectra is that many of the assignments are from the infrared 

spectroscopy literature. For example, the Raman bands at 1054, 1060, 

and 1058, for ethanol, propanol, and pentano1, respectively, are 

generally assigned as the v(C-O) mode from infrared spectra. However, 

there are two problems with this assignment especially for short-chain 

alcohols. First, Raman spectra arise from changes in po1arizabi1ity. 

Consequently, the carbon chain is expected to be intimately involved 

with any Raman intensity arising from the c-o vibration, especially for 

short chains. Second, the assignment does not indicate any symmetry. 

These observations, along with the polarized Raman spectra shown in 

this appendix, suggest that a more accurate assignment is vaCC-C-O) in 

ethanol, vaeC-C-C-O) in 1-propano1, and vaeC-C-C-C-C-O) in 1-pentano1. 

The literature assignments of Raman bands from alcohols in the 

veC-H) region are generally incomplete, i.e. many of the bands are not 

assigned. However, the literature assignments of Raman bands from 

saturated aliphatic hydrocarbons is much more complete. The use of 

polarized spectra and normal coordinate analysis has been more 

extensive for these molecules. Consequently, these assignments are 

used in this dissertation to explain the origin of Raman bands from 

alcohols in the vee-H) region. In particular, the possibility of 

Fermi resonance between fundamental veC-H) modes and SeC-H) overtones 

---- - -----_._------_.- .... --
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is used to explain many of the observed bands, listed in Table 5.3. 

Normal coordinate analysis has also been used to evaluate the 

accuracy of previous assignments. For example, the Raman bands from 1-

propanol at 860 and 888 cm-1 have generally been assigned as v(C-C) 

modes. However, recent calculations [5.24] have shown that these bands 

actually arise from a 50/50 mixture of CH3 rock and v(C-C) vibrations. 

This assignment severely limits the use of these modes for the 

evaluation of molecular orientation, and demonstrates the importance 

of accurate band assignments in this dissertation research. 

Some of the Raman band assignments described in chapter 5 were 

confirmed and/or obtained from polarized spectra and temperature

dependent spectra presented in this appendix. Polarized spectra were 

used to evaluate the symmetry of the band, while the temperature 

studies were used to determine if the band was related to molecular 

conformation, e.g. gauche versus trans. Since the intensity from a 

symmetric vibration is sensitive to polarization and the intensity from 

an asymmetric vibration is not, polarized studies are often useful for 

the assignment of Raman bands. Furthermore, if the band is related to 

molecular conformation, 'then decreasing the temperature should result 

in a decrease in the number of gauche conformations, and consequently 

a decrease in intensity associated with these modes. 

Polarized spectra and temperature-dependent spectra are used to 

explain the origin of several alcohol Raman bands. Figure C.l suggests 

that ethanol bands at 2847, 2880, and 2930 cm-1 are from symmetric 
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vibrations, while bands at 2900 and 2974 are from asymmetric vibrations. 

In the case of I-propanol, figure C.2 suggests that bands at 860, 888, 

1073, 1104, 2861, 2880, 2914, and 2938 cm-1 are from symmetric 

vibrations, while bands at 970, 1060, 2900, and 2964 are from 

asymmetric vibrations. Figure C.3 suggests that 1-pentano1 bands at 

2863, 2876, 2914, and 2938 cm-1 are from symmetric vibrations, and 

bands at 2899 and 2960 cm-1 are from asymmetric vibrations. 

The presence of v(C-C) vibrations associated with gauche and 

trans conformations in 1-pentanol was also investigated. Figure C.4 

suggests that bands at 840 and 1073 cm-1 arise from v(C-C) modes in a 

gauche conformation, and that the band at 1118 cm-1 is from a v(C-C) 

mode in the trans conformation. The origin of the 1442 cm-1 band was 

also investigated as shown in figures C.4. It appears that this band 

is not related to a 8(CHz) mode in a gauche or trans conformation. 

Further work is necessary to determine the origin of this Raman band. 

------ - ---------------.------ --
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Figure C.l Polarized Raman spectra from ethanol in an nmr tube. 
Conditions: lmrn/4mrn/.2mrn slits, 100 mW, 514.5 nm 
excitation. Polarization is with respect to the plane 
of incidence. 
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1-Propanol 
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Figure C.2 Polarized Raman spectra from I-propanol in an nmr tube. 
Conditions: lmm/4mm/.2mm slits, 100 mW, 514.5 nm 
excitation. Polarization is with respect to the plane 
of incidence . 
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1-Pentanol 
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2800 2900 3000 
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Figure C.3 Polarized Raman spectra from 1-pentano1 in an nmr tube. 
Conditions: 1mm/4mm/.2mm slits, 100 mW, 514.5 nm 
excitation. Polarization is with respect to the plane 
of incidence. 

---- ---- "- ..•. --

396 



p 
Ul 
C 
OJ 

-+-' 
C 

397 

800 950 1100 

Wavenumber (em -1 ) 

1300 1450 1600 

Wavenumber (em -1 ) 
Figure C.4 Temperature dependence of Raman spectra from I-pentano1 in 

an nmr tube. Spectra A and C are from the liquid phase at 
room temperature (25°C) and spectra Band D are from the 
solid phase (frozen by contact with liquid N2 ). Spectral 
conditions: 1mm/4mm/.2mm slits; 100 mW, 514.5 nm 
excitation. 
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