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ABSTRACT 

The overall goal of this research is to characterize the solvent and 

electrolyte structure of the nonaqueous electrochemical double layer in the 

isomers of butanol on Ag and Au electrodes. Electrochemical and spectroscopic 

methods are employed to obtain structural information about the interface. 

In order to gain a better understanding of the Raman vibrational 

assignments of these alcohols, the Raman vibrational assignments were determined 

for a series of n-alcohols (n = 3 - 6, 8, 12, 14, and 18) in the spectral region from 

700 to 1320 cm-! and 2800 to 3000 cm-!. 

Solvent structure of the butanol isomers, I-butanol, 2-butanol, and iso

butanol, were determined in-situ on rough Ag and Au electrodes using surface 

enhanced Raman scattering. Surface Raman selection rules were used to 

determine the average molecular orientation of these solvents at the electrode 

under potential control. 

The electrolyte structure in the nonaqueous electrochemical double layer 

has been determined using surface enhanced Raman scattering and differential 

capacitance measurements. Surface enhanced Raman scattering studies of the 

electrolyte structure were focused on probing the molecules solvating the cation 

and anion species, namely the alcohol and water impurity species. The II(O-H) 

bands from these solvation species were monitored in these nonaqueous systems 

under potential control. These II(O-H) bands distinctly describe the behavior of 

the LiClO., LiCI, LiBr, and LiI at the electrode under potential control. 

Differential capacitance measurements using an AC impedance method 
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were performed to quantify anion coverages at smooth Ag electrodes in the 

butanol isomers. CI- and Br- coverages were determined in the butanol isomers. 

This technique, coupled with SERS, provides complementary information about 

the electrolyte structure at the nonaqueous electrochemical double layer. 

The solvent and electrolyte structure is also determined ex-situ on emersed 

rough and smooth Ag and Au electrodes using Raman spectroscopy. Upon 

emersion of the electrodes into an inert Ar environment, solvent orientation and 

electrolyte behavior are investigated using Raman spectroscopy. These studies 

demonstrate both the utility of using Raman spectroscopy to probe emersed 

electrodes and the validity of emersing the electrode while preserving the double 

layer structure. 
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Chapter 1 

CHAPTER 1. INTRODUCTION: INVESTIGA TING THE ELECTROCHEMICAL 

DOUBLE LA YER 

Overview 

Presently, our nation is dependent on the electrochemical industry for 

present and future technology. Electrochemical batteries provide power for 

calculators, radios, computers, toys, and automobiles, to name a few. 

Electrosynthesis is the major source of the nation's chemical supply of products 

such as ethylene. Clothes are commonly made of materials such as nylon, which 

is made from electrochemically-synthesized adiponitrile.1 Electrochemical 

biosensors are used to test for biochemical species such as toxins, glucose, and 

minerals. Success of biotechnological devices such as cardiac pacemakers and 

replacement body parts are dependent on the electrochemical reactions occurring 

between these metal devices and the body. Furthermore, cordless power tools such 

as screw drivers are gaining popularity. 

Future technologies are also expected to be dependent on electrochemistry. 

For instance, automobiles powered by fuel cells are predicted to be prevalent in 

order to minimize the depletion of fossil fuels. Electrochemical extractions 

(desalination) might be necessary to purify the world's water supply to provide 

potable water. Large scale electrometallurgical extractions of materials might 
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occur on the moon to compensate for our diminishing mineral and metal supply.l 

Great advances in biotechnology are predicted to occur that are increasingly 

dependent on electrochemical advances. 

Thus, further advances in the electrochemical field are vitally important 

in future technological developments, including economical, environmental, and 

medical. These electrochemical advances will ultimately depend on our 

understanding of the structure and the processes occurring in the electrochemical 

double layer. Thus, research focusing on understanding and characterizing the 

electrochemical double layer are now underway. 

Modelling the Electrochemical Double Layer 

The behavior of the electrode-solution interface is analogous to that of a 

capacitor. A capacitor is a circuit element composed of two sheets of metal 

separated by a dielectric material whose behavior is governed by the equation 

c=!I 
E 

(1.2) 

where q is the charge on the capacitor, and E is the potential applied across the 

capacitor. When a potential is applied across a capacitor, charge will accumulate 

on the metal plates until q is satisfied in this equation. The charge on the 

capacitor consists of an excess of electrons on one plate and a deficiency of 

electrons on the other. The electrode-solution interface has been shown 

experimentally to behave like a capacitor, and a model of the interfacial region 

somewhat resembling a capacitor can be given. 
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Consider a charged metal in an electrolyte solution. Any excess charge on 

the metal will reside at the outermost edges of the valence orbitals of the surface 

atoms. Thus, if the metal has an excess negative charge, then this charge will lie 

at the metal surface. This negative charge will be counteracted by positive 

solution species at the interface, resulting in a "double layer" structure equivalent 

to a parallel-plate capacitor. The differential capacitance in this case is expressed 

as 

EEo 
C=-

d 
(1.3) 

where € is the dielectric constant of the medium, €o is the dielectric constant of 

the metal, and d is the double layer thickness. This is the model that Helmholtz2 

proposed to describe the electrochemical double layer structure. A problem with 

this model, however, is that it predicts that the capacitance is a constant, 

independent of potential. Experimentally, double layer capacitance has been 

shown not to vary with potential. 

Years later, Gouy3,4 and Chapman5 proposed a model, known as the 

Gouy-Chapman (GC) model, that takes into consideration the fact that a finite 

distance in solution is required to accumulate enough charge to balance the charge 

at the electrode surface. This layer of charged species in solution is called the 

diffuse layer. The thickness of this diffuse layer will depend on both the 

electrode potential and the electrolyte concentration. As more charge is placed on 

the metal or as the electrolyte concentration increases, the diffuse layer will 

become more compact, resulting in a larger capacitance. These trends are found 
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experimentally, but the measured capacitance values are usually lower than the 

predicted values. Inconsistencies in the predicted versus experimental capacitance 

values also exist at extreme concentrations. These problems arise, because the ions 

in this model were assumed to be point charges that could closely approach the 

electrode surface. 

Stern6 modified the GC model by defining a distance of closest approach 

of the ion centers to the metal. This distance of closest approach is dependent on 

the radius and solvation of the ion as well as the solvation of the metal surface. 

This model is known as the Gouy-Chapman-Stern (GCS) model and predicts the 

gross features of behavior in the electrochemical double layer. This model divides 

the double layer in two regions, the compact double layer (CH, also referred to as 

the Helmholtz double layer) existing between the electrode and the plane of 

closest approach, and the diffuse double layer (CD) extending from the plane of 

closest approach to the bulk solution. The differential capacitance in this model 

is expressed as 

(1.4) 

C = _E_ 
H 41td 

(1.5) 

22", 
Z eoEJC zeo't'o 
-- Ccosh(--) 
21tkT 2kT 

(1.6) 
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where z is the valency of the ion, eo is the electronic charge, € is the dielectric 

constant, c is the concentration, and 4>0 is the potential on the metal. 

Mathematically, the lower of the two capacitive components dominates Cd' The 

potential at which the surface excess charge reaches electroneutrality is referred 

to as the potential of zero charge (PZC). At low electrolyte concentrations and at 

the PZC, the double layer is the most "diffuse", and therefore, CD predominates 

in dilute solutions and at the PZc. Figure 1.1 shows the capacitance-potential plot 

for Hg in a series of NaF concentrations.7 The capacitance minimum in this plot 

corresponds to the PZC of the system,7 in this case around -0.2 V. This is one 

method of determining the PZC. 

The GCS model describes the behavior of species that are nonspecifically 

adsorbed to the metal. In nonspecific adsorption, long-range electrostatic forces 

perturb the ionic distribution near the electrode surface.s Deviations from the 

GCS model are found as ions become specifically adsorbed to the metal, forming 

an actual chemical bond. Specific adsorption refers to the situation in which ions 

are adsorbed in an amount greater than that of the charge on the metal.9 This 

is caused by the strong interaction of the ion with the electrode. It was observed 

by Esin and Markov lO that the PZC varies linearly with the logarithm of the 

electrolyte concentration. Any shift in PZC is termed an Esin-Markov effect. The 

PZC shifts towards increasing negative potentials for predominant anion specific 

adsorption, and towards positive potentials for predominant cation adsorption. 

The GCS model also does not take into account solvent effects on the 

double layer structure. Most solvents contain functional groups with). and lone

pair electrons that interact with the metal, producing strong solvent adsorption 
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at the metal. Thus, solvents have a wide variety of adsorption strengths at the 

metal. Also, most electrochemical solvents such as water, dimethyl sulfoxide, and 

methanol have a dipole moment. The overall interfacial electric field is thought 

to dictate solvent dipole orientation at the electrode. 

Bockris and coworkers9 proposed a model considering both ionic specific 

adsorption and solvent structure at the metal. This model is shown in Figure 1.2. 

The plane through the center of the specifically adsorbed ions is called the inner 

Helmholtz plane (IHP). The plane of closest approach of the solvated counter ions 

is called the outer Helmholtz plane (OHP). According to this model, the 

adsorption of anions and cations at a charged metal surface will depend on three 

things: the ion size, the ion type (i.e. anion or cation), and the extent of ionic 

solvation.9 Shown in Figure 1.3 is a plot of the degree of specific adsorption of 

a series of anions and cation (obtained from electrocapillary data on Hg) as a 

function of the ionic radius.9 The specific adsorption of an ion increases as the 

ionic radius increases. Additionally, cations tend to be adsorbed about one-third 

to one-forth as much as anions of the same radius at a given potential. Table 1.1 

lists the primary hydration (or solvation) numbers for a series of cations and 

anions.9 Primary hydration numbers refer to the number of solvent molecules 

near the ion which have lost their translational degrees of freedom, and therefore, 

move with the ionY Figure 1.3 and Table 1.1 show that the more solvated ions 

such as K + and F- tend to be less specifically adsorbed than those that are less 

solvated such as R4N+ and 1".9 

Anson l2 described the process of specific adsorption in Figure lA, where 

A is the adsorbate, S is the solvent, and E is the electrode. To form the adsorbate-
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Table 1.1. Primary hydration numbers.9 

Cation Hydration Number Anion Hydration Number 

Li+ 4.5 F- 4 

Na+ 4.5 Cl- 2.2 

K+ 3.8 Br- 1.8 

Rb+ 3.0 r 1.5 

Cs+ 2.5 

R N+ 4 0 
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Figure 1.4. Process of specific adsorption,12 (Reproduced with permission) 
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metal bond, the adsorbate, A, must shed some of its solvation sheath in the act of 

adsorption, while some of the solvent molecules initially adsorbed on the electrode 

surface must be displaced by the adsorbate. 

In the absence of specific adsorption, the double layer properties are 

strongly dependent on the crystallographic structure of the metal. The primary 

effect of the crystallographic structure on the double layer structure is related to 

the position of the PZCP The PZC of a metal is closely related to the electronic 

work function of the metal. Since the electronic work function is dependent on 

the crystalline surface orientation, the PZC is also dependent on the crystal 

orientation. In fact, the PZC of Ag(ll 1) is ca. -0.69 V, while of Ag(lIO) is ca. -0.98 

V.I3 

This leads to questions of the meaning of the PZC on polycrystalline 

electrodes, which is considered to consist of small patches of the various 

crystalline orientations. IS Polycrystalline electrodes have, without a doubt, more 

complicated double layer structures than single crystal electrodes. Recently, 

Valette and Hamelin I4 produced a capacity curve approximating that of a 

polycrystalline electrode by combining the data for the three low-index planes in 

the proportion that they were observed on the polycrystalline electrodeP This 

evidence suggests that the properties of the polycrystalline electrode represent an 

average of the properties of the cystalline orientations present. 

The structure of the electrochemical double layer is defined not only by 

the adsorption and interaction of the electrolyte species at the interface and the 

physical properties of the electrode, but also by the structure and properties of the 

solvent. To illustrate the importance of the solvent structure on the 
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electrochemical double layer, Parsons compared the rational potential scale of Hg 

in various solvents, shown in Figure 1.5. This figure demonstrates that the 

position of the PZC for a given metal varies as the properties of the solvent varies. 

This change in position of the PZC reflects subtle changes occurring in the double 

layer structure and environment due to the solvent properties. 

The most recent models of the electrochemical double layer have stressed 

the contribution of solvent structure and orientation to the interfacial structure. 

These models essentially account for the "chemical" part of the potential drop due 

to solvent dipoles. I5 For a water molecule at the interface, for instance, the 

minimum effective dipole moment at the interface is predicted to be the 

orientation shown in Figure 1.6a.I5 Water is oriented parallel to the electrode, 

giving rise to a zero net dipole moment perpendicular to the electrode. The 

maximum effective dipole moment is predicted to be felt with water oriented as 

shown in Figure 1.6b and c, where the molecular dipole forms an angle of ca. 35° 

to the surface. These types of considerations must be taken into account when 

modelling the solvent structure at the interface. 

Parsons I6 models the electrochemical double layer using a four-state 

model for solvent in the interface. In this model, four types of water molecules 

are present at the interface: free water, oriented in two opposite orientations at 

the electrode depending on the potential field, and small clusters of water, also 

oriented in opposite orientations. Statistical and quantum mechanical modelling 

are then performed in order to generate various parameters of the interface. 

The ability to model the electrochemical double layer has advanced 

considerably since the days of Helmholtz, Gouy, Chapman, and Stern, even to the 
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Orientations of adsorbed water molecules on metal surfaces. a) 
Minimum interaction; b) and c) maximum interaction.IS 

(Reproduced with permission) 
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point where real-time electrochemical scenarios are modelled, filmed, and 

replayed on videos players during scientific conferences. Recently, Philpott17 

performed molecular dynamic simulations of ion adsorption from aqueous 

solutions onto electrodes using the ST2 model. In the simulation, 216 water 

molecules were first placed between two charged electrodes. These water 

molecules position themselves with their negative ends towards the electrode 

surface. Next, Li+ and 1- were added to the water. Li+, being extremely well 

solvated, never lost any of its primary solvation shell upon interaction with the 

charged electrode. r, on the other hand, contact adsorbed strongly to the metal. 

The adsorbed r was only weakly solvated on the solution side to water molecules 

that were hydrogen bonded to the bulk network. This simulation modelled the 

events occurring in the electrochemical double layer in electrochemical-time 

durations between 200 and 800 picoseconds. 

Characterizing the Electrochemical Double Layer In-situ 

Overview 

In order to prove or disprove proposed models of electrochemical double 

layer structure, the electrochemical interface is experimentally characterized 

using various in-situ and ex-situ analytical surface science techniques. Since the 

electrochemical environment consists of a metal surface in contact with the 

electrolyte solution, in-situ measurements must be made in the presence of the 

bulk solution. The bulk solution limits the type of techniques that can be used for 

the surface analysis. In-situ techniques used previously to characterize the 

electrochemical dou ble la yer ha ve incl uded electrochemical methods (voltammetry 
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and double layer capacitance measurements), spectroscopic methods (in order of 

decreasing source probe energy: extended X-ray absorption fine structure, X-ray 

diffraction, Mossba uer spectroscopy, ultra violet-visi ble absorption spectroscopy, 

ellipsometry, Raman spectroscopy, second harmonic generation, and infrared 

spectroscopy), as well as other analytical methods (electrochemical quartz crystal 

microbalance and scanning tunneling microscopy). These techniques provide a 

wealth of information about electrochemical double layer structure, and are 

therefore pertinent to the discussion in this dissertation. 

Double layer characterization can also be performed ex-situ due to the 

recent successes of emersing the electrode with the double layer remaining intact. 

Characterizing the electrode ex-situ permits ultrahigh vacuum surface analytical 

techniques to be used, such as x-ray photoelectron spectroscopy (XPS), ultraviolet 

photoelectron spectroscopy (UPS), high resolution electron energy loss 

spectroscopy (HREELS), low energy electron diffraction (LEED), and Auger 

electron spectroscopy. The in-situ techniques listed above are also being 

performed ex-situ on emersed electrodes. Because of the absence of bulk solvent 

in these emersion studies, bulk interferences are virtually eliminated. The 

characterization of emersed electrodes will also be discussed in this section to lend 

validity to this approach of characterizing the electrochemical double layer. 

Electrochemical Methods 

Voltammetry 

VoItammetry is a class of fundamental electrochemical techniques in 

which monitors the current output is monitored while controlling the potential. 
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The cyclic voltammogram of a monolayer of electroactive material exhibits a peak 

with an integrated area corresponding to the amount of material on the electrode 

surface. Additionally, the peak potential is a direct measure of the redox 

potential of the couple on the surface.18 The interactions of the electroactive 

centers causes the peaks to become broader (repulsions) or narrower (attractions). 

Inhomogeneity of the surface sites leads to peak deformations or to the 

appearance of peak shoulders.19 With this type of information available, cyclic 

voltammetry is a powerful surface sensitive technique for investigating electrode 

processes occurring in electrochemical systems, as long as the adsorbed species is 

electroacti ve. 

Cyclic voltammetric current-potential curves generally contain a great deal 

of structural information about the electrode surface, since adsorption reactions 

depend greatly on the crystallographic orientation of the substrate.2o Thus, this 

technique is often used to characterize well defined surfaces. Figure 1.7 shows 

the cyclic current-potential curves for Au (100), Au (110), and Au (111) electrodes 

in 0.01 M HCI04.20 From the differences in these curves, one can characterize the 

quality of a well-defined electrode surface. 

This technique is also one of the most important methods of characterizing 

underpotential deposition (UPD) of an adsorbate metal onto a metal substrate.21 

UPD is monitored by. scanning the potential at a constant scan rate while 

recording the current due to deposition or stripping of the metal adsorbate. 

Voltammetry, or more specifically thin layer voltammetry (TLV) has been 

used to determine organic adsorbate coverage and orientation on metal electrodes. 

This is accomplished by quantitatively reacting the adsorbed organic layer and 
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measuring the total charge transferred. This total charge is related to the number 

of organic molecules present on the electrode, and therefore, surface coverages are 

determined. The molecular coverage and orientation of various diphenols and 

quinones22 on Pt have been determined. 

Double Layer Capacitance Measurements 

Most of the theoretical modelling and experiments performed using 

differential capacitance measurements have been on the Hg interface. Interfacial 

measurements such as surface tension measurements are physically easier to 

measure on the liquid Hg electrode than on solid electrodes. Hg has a consistently 

uniform, clean surface which makes reproducibility easier. 

In an attempt to model the solvent structure in the double layer, Parsons 16 

classified solvents into three groups according to their capacitance behavior on 

Hg. These are shown in Figure 1.8a, b, and c. These classifications were 

established by comparing experimental capacitance results and fitting these data 

with his four-state model described earlier in order to generate the 

electrochemical parameters involved. Figure 1.8a has been called the water-like 

capacity curve containing a hump and two minima with a rising section on each 

side. The solvents adhering to this behavior include water, formamide, the N

mono substituted formamides and related solvents, and dimethyl sulfoxide. 

Figure 1.8b is the "purely humped capacity curve" that does not contain a 

minimum. It was suggested, however, that the behavior seen in this capacitance 

curve may be a direct result of experimental limitations, since these most of the 

experimental evidence comes from work on Hg.16 These solvents are all cyclic, 
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Three groups of capacity-potential curves, a) water-like, b) 
purely-humped, and c) water-unlike capacity curves.16 

(Reproduced with permission) 
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including ethylene and propylene carbonate, sulpholane, 4-butyrolactone, and 4-

valerolactone. Figure 1.8c is the water-unlike capacity curve which contains an 

inverted parabola. These solvents include the alcohols, N,N-dimethyl acetamide, 

acetonitrile, acetone, ethylene glycol, diethylene glycol, diethylene glycol, and 

pyridine. Parsons' work on modelling experimental capacitance results proved 

interesting, but the parameters generated were not assigned up with any physical 

meaning by Parsons. 

Borkowska23 recently reviewed the nonaqueous capacitance literature 

and classified the inner-layer solvent properties at the nonaqueous solvent-Hg 

interface into two groups according to capacity and entropy data. Aprotic 

solvents such as N,N-dimethyl formamide, propylene carbonate, and acetone 

comprise one group, while the hydrogen-bonded, protic solvents such as methanol 

and N-methylformamide comprise the other. 

Borkowska23 also revealed a counter-ion dependence on the double layer 

capacitance values in most nonaqueous solvents. The double layer capacitance 

increases in the order Li+ < Na + < K +, in accordance with the radius of the 

solvated cation. Identical trends were also observed in aqueous solutions. 

Apparently, as the size of the cation increases, the extent of cation solvation 

decreases, and thus, the cations are attracted closer to the electrode, increasing the 

double layer capacitance. An anion dependence was also demonstrated at positive 

potentials in the region of the capacity maximum. The capacity increases in the 

order PFs- < BF,,- < CIO,,- < F-, corresponding to the increasing ability of the 

anion to approach the electrode surface. 

Differential capacitance measurements are performed not only to locate 
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the PZC, as discussed earlier, but also to calculate anion, cation, and molecular 

coverages and to obtain thermodynamic and kinetic information. Chapter 7 of 

this dissertation discusses the theory and method behind determining electrolyte 

surface coverage on solid electrodes. In this study, Cl- and Br- coverages were 

determined on Ag in 1- and iso-butanol. 

Spectroscopic Methods 

Extended X-ray Absorption Fine Structure 

Extended X-Ray absorption fine structure (EXAFS) refers to modulations 

in X-ray absorption coefficient beyond an absorption edge. The technique 

involves measuring the absorption coefficient of a sample as a function of photon 

energy. EXAFS is a useful technique from which one can obtain information 

about the short-range order around an absorbing atom and can also yield 

information on the identity of its nearest neighbors.24 One can tune to an 

environment around a particular element by using x-ray energies around an 

absorption edge of the element of interest.25 EXAFS, once limited to analysis 

in the UHV environment, is gaining popularity in the study of electrochemical 

interfaces in-situ. Recently, this technique has been used to study the 

coordination numbers and bond lengths of various metal clusters such as the 

ferro-ferricyanide couple and the [Ru(NHs)6]+s/+2 couple at metal electrodes. 

Efforts have also been made to use this technique to characterize chemically 

modified electrodes such as [M(v-bpyh]2+ (where v-bpy = 4-vinyl,4'methyl-

2,2'bipyridine, and M = Ru, Os) and [Os(v-bpY)2(phen)]+2 electropolymerized onto 

a Pt electrode. An electrochemically-induced roughening of a Pt(I 11) electrode 
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pretreated with a chemisorbed layer of iodine has also been investigated using this 

technique.26 Information such as differences in metal/ligand bond distances as 

a function of surface coverage were obtained. EXAFS has also been used to study 

metal passivation and corrosion, electrochemical battery and fuel cell systems, and 

metal layers deposited at underpotential (UPD). The UPD of Cu on Au(l1l),27 

Ag on Au(lII),28 and Pb on Ag(lII)29 were studied in-situ. The geometric and 

electronic structure of adsorbates can also be determined using this technique. 

The structural orien ta tion of poly(3-methylthiophene) electrochemically deposited 

onto Pt was determined.3o The major drawback of this technique is that a very 

intense X-ray source is required, namely a synchrotron radiation source. As of 

1990, only three laboratories in the United States have the necessary facilities: 

Cornell High Energy Synchrotron Source (CHESS), Stanford Synchrotron 

Radiation Laboratory (SSRL), and National Synchrotron Light Source (NSLS at 

Brookhaven National Laboratory). 

X-ray Diffraction 

X-ray diffraction has been recognized for years as extremely powerful in 

probing long-range order in solids. Thus, this technique provides a direct 

determination of the positions of atoms at an interface. While EXAFS gives 

information on local oraer, diffraction gives information on long-range order. X

ray diffraction has the advantage of being amenable to condensed phases. Thus, 

one can probe structures that are otherwise buried beneath a condensed phase or 

film. X-ray diffraction is not inherently sensitive to surfaces or interfaces. One 

method of achieving surface sensitivity is to use a grazing incidence geometry.31 



45 

For a metal/liquid interface, the incident beam impinges on the metal surface at 

an incidence angle greater than the critical angle for the air/water interface but 

near the critical angle for the metal/liquid interface.s1 This technique can 

provide direct information on atomic distances and crystallographic structureS1 

since hard X-rays have a significant penetration depth in solution and the because 

of the absolute magnitude of the wavelengths. Thus, this technique has been used 

both ex-situ and in-situ to study electrodeposited films. Most of the work to date 

with this has been focused on analyzing UPO monolayers, including Pb on Ag32 

and TI on Ag and Au.33 Dahn et al.34 have used this technique to monitor 

changes in lattice spacings of intercalation compounds as a function of electrode 

potential. X-ray diffraction has also been used to characterize electrode surface 

structures after surface reconstruction.3s Future work in this area will be 

extending this technique to other aspects of electrochemical interfaces such as 

characterizing the roughness features on roughened electrodes and the passivation 

and corrosion of metals.32 The major drawback of this technique is the same as 

EXAFS: a synchrotron SOUTce is almost always required to do surface X-ray 

diffraction studies due to the low scattering cross-section of atoms and to the low 

photon fluxes of conventional X-ray tubes. 

Mossbauer Spectroscopy 

Mossbauer spectroscopy provides information regarding electronic and 

nuclear spin states, oxidation states, and certain aspects of the local geometry 

surrounding the active nucleus.s6 Mossbauer spectroscopy can be performed 

either in the transmission or emission mode. This technique has been used 
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extensively to understand Fe passivation37 and corrosion.3a,39 It has also 

been used to understand the nature of the redox processes associated with the 

electrochromic effect of Prussian blue films on electronically conducting 

substrates.4o Numerous transition metal macrocycles that catalyze the reduction 

of 02' such as iron phthalocyanine and iron tetramethoxyphenyl porphyrin jj-OXO, 

have been successfully characterized using this technique.41 The major 

drawback of this technique is that samples can only be analyzed if they contain 

a certain type of metal, such as Fe and Sn. Additionally, the abundance of 

Mossbauer active isotopes tends to be rather low (8.58% for 119Sn and only 2.19% 

for 57Fe). Furthermore, the timespan of these experiments is extremely long, up 

to several days, so this technique lacks the time resolution of other techniques.36 

Finally, difficulty arises in interpreting the complex emission spectra. 

Ultra violet - V isi ble A bsorption Spectroscopy 

Ultraviolet - visible (UV-VIS) spectroscopy has been used to monitor 

electrochemical processes in-situ. One of the first UV -VIS spectroelectrochemical 

techniques utilized optically transparent electrodes (OTE)42 in which light was 

able to pass directly through the electrode and adjacent solution. Only optically 

active species will be monitored at the electrode. Therefore, charging of the 

electrochemical interface does not directly effect the signal response. The 

requirement that the electrodes must be optically transparent, however, ultima tely 

limits the type and number of systems that can be probed using this technique. 

Electroreflectance spectroscopy (ER) in the UV -VIS mode is a technique 

which utilizes UV-Vis light to monitor the optical properties of the metal 
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electrode as a function of electrode potential. Since adsorbed anions modify the 

electroreflectance spectrum substantially, this is an attractive method of studying 

specific adsorption. The reflectivity change of Br- on Au at 500 nm has been 

shown to be proportional to the amount of Br- adsorbed at a given potential.43 

This technique has also been used recently to monitor the influence of specific 

adsorption on the surface states of Ag (111) and Ag (100) electrodes.44 

Differential reflection spectroscopy (DRS) has also utilized UV -VIS 

radiation to elucidate the optical, and hence, electronic properties of metal 

adsorbates.45 In these studies, the normalized reflectance change, ~R/R, due to 

the adsorption process is measured. ~R/R ultimately reflects the optical 

properties of the adlayers. The optical properties of pyridine on Au (I 10) under 

potential control has been recently studied using this technique.46 

Ellipsometry 

Ellipsometry is a technique involving the analysis of the phase change 

(delta) and the change in amplitude intensity ratio (tanlj!) of polarized light 

reflected from a surface. This technique is often used in the study of very thin 

films and of ions and molecular adsorption at electrode surfaces. It can only be 

applied to ions and molecules which have refractive indices significantly 

different from that of solution. The theory of ellipsometry is based upon 

reflection from an ideally smooth surface of a substrate. Therefore, conclusions 

obtained from optical measurements at a roughened electrode are expected to 

include error due to the non-ideality of the surface topography. The data can be 

corrected using standards. For example, in analyzing passivating films, one can 



48 

compare the optical parameters measured on the clean metal surface with those 

measured on the passivated surface. Bockris and coworkers have recently used 

time-resolved ellipsometry to determine the orientation and adsorption of a series 

of acetylenic alcohols on Fe electrodes.47 They have also studied the adsorption 

process of horse heart cytochrome C on Au and 4,4'-dipyridyl disulfide-modified 

Au electrodes.48 

Raman Spectroscopy 

Raman spectroscopy is a vibrational technique which analyzes the visible 

light scattered from an electrode surface to obtain molecular information about 

species adsorbed to the metal electrode. Unlike IR methods, Raman analysis is 

routine and well-suited for analysis in aqueous media. Additionally, the low 

frequency region is easily accessible, which contain the metal-adsorbate 

vi bra tions. 

Surface enhanced Raman scattering (SERS) is routinely used to obtain 

molecular information about the double layer structure. This technique has 

provided orien ta tiona I informa tion a bou t pol ya tomic ions, adsorba tes, and sol ven t 

species at the electrode using surface Raman selection rules.49 Interpreting these 

rules to obtain molecular orien tation will be discussed in the following chapters. 

One limitation of surface enhanced Raman scattering has been the type of 

electrode surface that can be used as a substrate for analysis, typically limited in 

the past to rough Ag, Cu, and Au. There has been a large motivation recently to 

extend surface Raman scattering to other metals such as Pt, Rh, and Ni, as well 

as other surface morphologies, such as smooth electrodes. Campion has reported 
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unenhanced Raman scattering of 4-cyanopyridine on Rh in-situ.5o Raman 

scattering has also been reported of CI04- in-situ on pt51 and crystal violet on 

Pt ex-situ.52 SERS has also been reported of pyridine on thin layer Ni 53 and 

Fe,54 both electrodeposited on SERS-active Ag. Recently, Raman scattering of 

a series of alcohols has been reported ex-situ on rough and smooth Ag, providing 

solvent orientational information.121 

SERS on other types of surfaces has been reported. Carron and 

coworkers,55 for instance, used surface enhanced Raman fiber optic probes to 

examine the methyl red, cresol red, and 4-pyridinethiol for their ability to 

determine the pH at the surface. Moskovits and coworkers56 used SERS to 

investigate the reaction of ethylene oxide on coldly-deposited Ag. The reaction 

products and mechanisms were characterized as a function of temperature. 

One of the hottest areas in SERS has been in the development of better 

detection instruments to improve the sensitivity of this low light level technique. 

One instrument to be developed is the Fourier transform-Raman system (FT

Raman). This spectrometer has all of the benefits of a FT system, including great 

sensitivity and short spectral acquisition times. It has been reported that a 

fluorescence-free spectrum is obtained. This technique has its limitations, 

including the v 4 dependence of the inelastically scattered light.57 · FT-SERS has 

been employed to study the adsorption of pyridine on Ag and Au,58 3-picoline 

and 3-chloropyridine on Cu,59 pyridine, ferricyanide, and ferrocyanide ions on 

Cu, Ag, and Au,60,61 dyes and pyridyls on Au and Cu colloids,62 and pyridine 

and ruthenium complexes on Cu and Au colloids.63 FT-SERS has also been used 

to study the adsorption of vanadylphthalocyanine and 3,4,9,10-
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perylenetetracarboxylic dianhydride on metal island films on Au and on Au films 

roughened with underlayers of CaF2•64 These surfaces showed an enhancement 

factor of ca. 100. 

The Raman spectrometer has also been coupled with the charged couple 

device detector (CCO). The CCO is a silicon metal-oxide detector which is 

extremely sensitive to low light levels. They have very high quantum efficiencies, 

even into the red spectral region, with negligible dark current. They also exhibit 

sufficient sensitivity to enable surface spectra to be obtained in seconds, even for 

weak Raman scatterers. The excellent sensitivity and short spectral acquisition 

times allow for real-time sequences of SERS spectra to be readily obtained. 

Weaver and coworkers65 have coupled cyclic voltammetry with sequences of 

SERS to study the adsorption and electrooxidation pathways for sulfide on Ag in 

aqueous alkaline and acidic media. This real time analysis is facilitated using 

CCO detection. 

Second Harmonic Generation 

Second harmonic generation (SHG), the production of light at twice the 

fundamental frequency of an incident laser beam used to monitor adsorptive and 

reactive processes in-situ in both static and time-resolved modes.66 This 

technique can be perfo!med on a variety of materials, does not require surface 

roughness, and has submono]ayer sensitivity. This technique enjoys the benefit 

of being inherently sensitive to the interfacial region. This technique also has an 

extremely fast time response, so can be used to investigate dynamic processes 

occurring over a wide range of time scales. SHG has been shown to be extremely 
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sensitive toward both ionic and molecular adsorption. It has been used 

extensively for determination of average molecular orientations within the 

interfacial region. As an example, methylene blue adsorbed to sulfur-modified 

polycrystalline Pt has been studied to monitor the orientational change of the 

molecule as a function of potential.67 SHG has also been used to quantify the 

relative surface coverage of iodide, chloride, bisulfate ions, and other 

chemisorbed species on electrodes,68 and to monitor hydrogen 

adsorption/desorption on polycrystalline and single crystal electrodes.67 It has 

also been used to identify average surface symmetry at single crystal surfaces 

such as Ag(lll),69 Cu(lII),70 Au(lll),71 and Pt(l11).72 The influence of 

halide adsorption on surface reconstruction of Au(111) has also been studied.73 

SHG has also been used to study UPD of foreign metals on an electrode surface 

such as Pb 74 and TI 75,76 on Ag and Cu, Ag, Pb, and TI on Au(lll ).77 SHG 

is still in the early stages of development. One drawback of this technique is that 

it is a highly theoretically-based technique. An additional problem is absorption 

of the incident infrared light source at the solid/aqueous electrolyte interface.66 

Infrared Spectroscopy 

Infrared spectroscopy is a vibrational technique which provides molecular 

information about double layer structure. The greatest problem of using IR to 

analyze electrode surfaces in-situ is the discrimination of the surface signal over 

the bulk. Electrochemical solvents, such as water, tend to be large IR absorbers, 

making it difficult to obtain surface selectivity. To get around this surface 

selectivity problem, there have been several advances in IR instrumentation, 
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including the use of Fourier transform (FT) instrumentation and thin layer 

electrochemical cells. 

There have also been several IR techniques developed to maximize the 

surface signal over bulk, including electrochemically modulated IR spectroscopy 

(EMIRS) and infrared reflection-absorption spectroscopy (IRRAS). EMIRS 

involves electrochemically modulating the electrode potential between two 

limiting potentials which affects species adsorbed on the electrode, but not species 

in the bulk solution. This modulation of the electrode potential produces a 

difference spectrum of the electrode/electrolyte interface at two electrode 

potentials. This technique has been used extensively for studying electrode 

processes, including azide adsorption on Ag 78 and CO poisoning on pt.79 

Information about the solvent structure at the electrode has also been obtained 

using this technique. By studying the II(O-H) band from water on Pt and Au,80 

water at the interface was proposed to be bulk-like at the PZC, while the structure 

broke up into clusters as a more negative or positive potential was applied. 

Another approach to obtaining surface selectivity and sensitivity is by 

modulating the polarization of the incident light, a technique called IRRAS. The 

polarization of the incident IR radiation is modulated between the s- and p- states 

to distinguish between adsorbed and solution infrared absorbers. This technique 

discriminates between vibrations in the plane of the electrode and those 

perpendicular to the electrode, so provides orientational information about the 

adsorbate at the electrode. Numerous systems have been studied, including CN

adsorption on Ag,81,82 CU,82 and AU,82 KOCN adsorption on AU,83 and CO 

poisoning on Rh.84 
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Miscellaneous Methods 

Electrochemical Quartz Crystal Microbalance 

The electrochemical quartz crystal microbalance (EQCM) is a mass 

sensitive detector, extremely sensitive to mass changes at solid-solution interfaces. 

This technique is based on the linear change of the quartz crystal oscillator with 

the amount of rigidly attached mass.85 In this technique, one of the oscillator 

electrodes is also the working electrode in the electrochemical cell. The overall 

response contains elements related to the attached mass and liquid present in a 

thin modulation layer adjacent to the electrode surface. The inherent lack of 

selectivity is the major limitation of this technique. 

The EQCM has recently been used to monitor the effects of surface 

reconstruction and surface roughening upon oxidation/reduction cycles on Cu, 

Ag, Au, and Pt electrodes.86 Also investigated has been the UPD of Pb on 

Ag,87 Pb, Bi, Cu, and Cd on Au,88 and Hg on AU.89 The electrosorption of Br

and .- on polycrystalline Au has also been monitored using EQCM. The growth 

of a polypyrrole film was studied using this technique. In this study, the number 

of electrons transferred to each pyrrole molecule during film growth and the 

reaction order of the polymerization process were obtained. Finally, the 

deposition of mono- and multilayer Langmuir-Blodgett films of Ca stearate on Au 

has been investigated.9o 

Scanning Tunneling Microscopy 

Scanning tunneling microscopy (STM) has recently developed as an in-situ 

probe of electrochemical interfaces. Atomic-scale resolution images can be 
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obtained with an STM even on surfaces immersed in concentrated solutions. For 

STM to produce images in solution, the atomically sharp structure of the tip must 

be stable in the electrolyte solution, and electrochemically derived currents 

through the tunneling tip must not overwhelm the tunneling current.91 

Sonnenfeld and coworkers92,93 first applied STM in-situ to study Ag and Au 

deposition on highly oriented pyrolytic graphite (HOPG). Pb UPD on Au has also 

been recently studied.94 STM has also provided atomic-level information about 

surface structures brought about by surface reconstruction. Weaver and 

coworkers95,96 identified that Au(lll) undergoes relaxation to (j3 x 22) upon 

introduction into aqueous solution, Au(lIO) yields a mix of (I x 2) and (I x 3) 

patterns, and Au(lIO) yields a series of structures having symmetries close to (5 

x 27). STM has also been used to characterize Cso and C70 on Au (Ill) and Au 

(110) in air and in aqueous HCI04 solution.97,98,99 Information concerning 

intermolecular packing and molecular stereochemistry as well as information on 

the spacial electronic properties of Cso was provided. STM has also been used in

situ to determine the adsorption of CO on Rh(lII).100 STM is limited, however, 

to measurements of very small electrode surface areas. 

Characterizing the Electrochemical Double Layer Ex-situ 

Many surface analytical techniques can only be used in an ultrahigh 

vacuum environment (UHV), including photoelectron spectroscopy (XPS), Auger 

electron spectroscopy (AES), low energy electron diffraction (LEED), and high 

resolution electron energy loss spectroscopy (HREELS). These techniques provide 

valuable surface-specific information. Both XPS and AES provide elemental 
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quantitation and identification of adsorbed layers on surfaces. LEED probes 

long-range order of the surface, and identifies the crystalline order on well

defined surfaces. HREELS provides vibrational information about the species 

adsorbed to the electrode surface. 

There has been much work recently in using these ex-situ techniques to 

characterize the electrochemical double layer. In order to use these methods, the 

electrode must be emersed from solution and introduced into UHV, leaving the 

double layer intact. Numerous studies have been performed to check the validity 

of electrode emersion. 

One measure of valid electrode emersion is the retention of electrode 

potential. The potential represents the electrochemical potential of the electrons 

in the electrode. The potential can thus be considered as an electrochemical work 

function, or the work required to promote an electron from the metal into the 

solution. There has been much work correlating the work function and the 

electrode potential of the emersed electrode to assess whether the potential of the 

emersed electrode is retained. The work function can be measured by the Kelvin 

probe lOI and by ultra violet photoelectron spectroscopy (UPS).I02,110 Both of 

these techniques have revealed a I: I correlation of the measured work function 

with the electrode potential applied prior to emersion of Au, Ag, and Pt. These 

results suggests that the potential is retained on the emersed electrode. The 

emersed double layer, however, was found to be stable only in the range in which 

there are no electrochemical reactions taking place. Additionally, the absolute 

electrode potential of the standard hydrogen electrode was measured to be 4.85 

V,110 extremely close to the IUPAC recommended value of 4.44 V,I03 lending 
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to the validity of emersion. 

Another measure of the retention of the electrochemical double layer upon 

emersion is the concentration of the anions and cations at the electrode before and 

after emersion. XPSI05.106.107 and Auger l04 have been the main techniques 

used to quantify adsorbed cations and anions at the electrode. 'Cs2S04, CsX where 

X = CI, Br, and I, and NaCIO" have been quantified at emersed Cu l05 and 

AUI06.107 using XPS. Figure 1.9 shows the surface concentration of Cs+ and 

CI- in the electrochemical double layer on emersed Au electrodes as a function of 

electrode potential.108 The coverage of Cl- increases and that of Cs+ decreases 

as more positive potentials are applied. This coverage behavior is similar to that 

seen in-situ using techniques such as double layer capacitance. I09 These studies 

of emersed electrodes have established that the interactions of the anions and 

cations with the electrode are relatively undisturbed upon careful emersion into 

an inert environment. 

Another measure of the retention of the double layer upon emersion is the 

presence of solvent at the interface. It is expected that some solvent molecules 

remain with the electrolyte on the electrode upon emersion into an inert 

atmosphere. Upon introduction into vacuum, however, there is no doubt that 

solvent evaporation will occur. The extent of solvent remaining at the electrode 

has been hotly debated .• Neff and Kl>tz found no water on Au emersed in vacuum 

using UPS and XPS.I02.110 Gordon 114 Hansen III and Peuckert112 have all , , 

reported evidence of water remaining at the electrode surface. Recently the ° Is 

XPS of emersed Au was monitored as a function of electrode potential.111 A 

correlation between the surface concentration of cation (Cs+) and amount of 
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water (based on 0 Is intensity) was observed. As the signal intensity of Cs+ 

decreased, so did the 0 Is signal. The 0 Is signal was thus attributed to the water 

adsorbed on the electrode associated with Cs+. These studies suggest that the 

electrolyte-solvent interaction might be a strong enough driving force to permit 

the solvent to remain at the emersed surface. 

The thickness of the emersed double layer has been measured recently 

using ellipsometry, ll3 Auger, ll7 a ttenuated total reflection, ll4 and infrared 

measurements. ll5 The emersed double layer thickness reported varies from 38 

A on Ag emersed from 0.1 M NaF, ll4 to 103 to 104 A on polycrystalline Ni, Cu(I II), 

and Pt(IOO) emersed from NaF solutions.ll7 Studies that have quantified the 

double layer thickness upon emersion have led to the belief that there are two 

kinds of emersion: dry and wet emersion,u4,ll6,ll7 Dry emersion is 

essentially emersion of the electrode into a dry inert environment. It has been 

estimated that this dry emersion occurs from peeling of the electrolyte solution 

from the double layer close to the outer Helmholtz plane (OHP). This type of 

emersion suffers from substantial solvent evaporation. The wet emersed 

electrode, on the other hand, is in equilibrium with solvent vapor, with the solvent 

continuously evaporating and condensing on the electrode surface. The wet

emersed interface has been shown to be ca. four times thicker than the dry

emersed interface in aqueous systems due to an abundance of water vapor 

presen t. ll4,ll6,117 

Bonding and interaction of solvent and adsorbate molecules have been 

extensively investigated at emersed interfaces by Hubbard and coworkers using 

Auger, HREELS, and LEED. The adsorption of a variety of molecules at the 
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electrode was characterized, incl uding alcohols,118 acetone,119 acetic acid,119 

ammonia,119 and substituted thiophenes.120 These ex-situ results are comparable 

to the corresponding in-situ results by other researchers. 

There has also been a push to characterize emersed electrodes using 

techniques once limited to in-situ studies. Surface enhanced Raman scattering, 

for instance, demonstrates enormous sensitivity and selectivity for surface species, 

but can only be used on certain metals that have been appropriately roughened. 

Studies on smooth, unenhancing metals would have to be done on emersed 

electrodes to eliminate bulk interferences. 

Recently, Ag electrodes emersed from n-alcohols, including methanol, 

ethanol, propanol, and pentanol, have been studied ex-situ using Raman 

spectroscopy.121,137 The energy of interaction of these solvents with Ag is 

grea ter than tha t of H 20, suggesting tha t these electrodes would not be as prone 

to evaporation. The emersed results were compared to the corresponding in-situ 

results, and it was discovered that the solvent structure and orientation is 

relatively undisturbed upon electrode emersion.121,137 Questions still remain 

concerning the structure and orientation of the solvent on the electrode upon 

emersion. 

Characterizing the Nonaqueous Electrochemical Double Layer 

Overview 

Nonaqueous solvents are commonly used in electrochemical systems. 

Nonaqueous solvents are used when the electrodes are coated with adsorbed 

species, such as self-assembled monolayers and polymer coatings. These coatings 



60 

are routinely used in modeling biochemical membranes, in electrochemical sensors, 

and in electrocatalysis. Water tends to readily reduce at negative potentials, so 

nonaqueous solvents are commonly used to extend the potential window on the 

electrode. This allows reactions to occur at extreme negative potentials that 

would not be permitted in aqueous systems, such as CO2 reduction in CO2 

electrochemical sensors. Nonaqueous solvents are also used in fuel cells and 

batteries. Li batteries utilize nonaqueous solvent because of the strong reactivity 

of Li with H20. 

Most characterizations of the electrochemical double layer have been 

performed on aqueous systems. H20 is cheap, plentiful, easy to purify, and 

nontoxic. From the discussion above, it is evident that there is a need for 

characterizations of nonaqueous electrochemical systems. There are a variety of 

nonaqueous solvents used in electrochemical systems, such as alcohols, acetonitrile, 

dimethyl sulfoxide, dimethyl formamide, and propylene carbonate. These solvents 

each possess their own characteristic dielectric constants, polarizability 

parameters, solubilities, solvent strengths, and so forth to make each behave 

differently in the electrochemical double layer. 

Electrochemical Methods 

The nonaqueous electrochemical double layer has been characterized using 

electrochemical techniques such as voltammetry and capacitance. As discussed 

earlier, Hubbard and Soriaga have investigated the adsorption of various organic 

adsorbates on Pt electrodes using thin layer voltammetry.22 In these studies, they 

have investigated not only the surface coverage and orientation of these species 
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at the electrode, but also the effects of solute concentration,122 

temperature,128 supporting electrolyte,124 surface roughness125 and 

pretreatment,126 and the organic solvent127 on the orientation of these 

adsorba tes. 

Cyclic voltammetry has also been used to characterize the electrochemical 

double layer. Since alcohols such as methanol and ethanol have been used as fuels 

in battery and fuel cell as well as fuel additives in gasoline, understanding their 

electrooxidation has tremendous industrial importance. Towards this end, the 

investigation of alcohol electrooxidation has recently received considerable 

a tten tion.128,129 

Double layer capacitance measurements have also been performed to 

characterize the nonaqueous electrochemical double layer. As discussed earlier, 

these investigations have provided information about the solvent orientation and 

electrolyte coverage at the interface. The orientation of solvents such as 

methanol,130,131 I_butanol,9,130 phenol,130 and ethylene carbonate132 at 

Hg electrodes has been determined. The proposed solvent orientations determined 

using this technique are controversial, since the orientations are only as good as 

the model. 

Spectroscopic Methods 

Spectroscopic methods are ideal for solvent structural determinations, since 

they provide molecularly-specific information. Surface enhanced Raman 

scattering has been used to investigate electrode-solvent interactions in 

nonaqueous solvents such as dimethyl sulfoxide, acetonitrile,188,184 
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propylene carbonate, 186 and pyridine136 on Ag electrodes. These studies 

have provided molecular information about the behavior and interactions of the 

solvent species within the interfacial region. 

Recently in this laboratory, the potential-dependent solvent structure and 

orientation of the alcohol-Ag electrochemical interface have been characterized 

in_situ l34,187 and ex_situ l21 ,138 using surface enhanced Raman scattering. 

The structure of the alcohol! Ag interface, including methanol, ethanol, propanol, 

and pentanol, was found to be dependent on the length of the alkane chain and 

hydrogen bonding ability. These orientations are displayed in Figure 1.10188• 

Methanol forms a hydrogen bonded dimer at the interface while the other 

alcohols do not. This was proposed to be due to the difference in the dielectric 

constant of methanol (£=32.6) compared to ethanol (£=24.3), propanol (£=20.1) and 

pentanol (£=13.9). All four alcohols are oriented with their methyl groups parallel 

to the electrode at positive potentials. At negative potentials, the molecular 

orientation changes such that the alkane end of the molecule is repelled from the 

electrode surface and the a-carbon interacts with the electrode surface, forming 

CH2"Ag agostic bonds. 

The alcohol! Ag electrochemical interface was also characterized using 

surface Raman scattering on emersed Ag electrodes.121,138 Potential-dependent 

spectra were collected from rough Ag emersed from the alcohol electrolyte under . 
potential control. Raman spectra were also collected from emersed, smooth Ag 

electrodes, but only at open circuit potentials since the cell suffered from 

impurity leaks. The Raman spectra from smooth, emersed Ag at open circuit 

potentials resembled in-situ and ex-situ rough SERS spectra at similar 
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corresponding potentials, suggesting that the solvent orientations at rough and 

smooth electrodes in-situ and ex-situ were the same. These results lend credibility 

to the emersed investigations of the electrochemical double layer structure as a 

model for the in-situ electrochemical double layer. 

Research ob jectives 

The overall goal of this research project is to investigate the double layer 

structure formed in the nonaqueous butanol isomers (1-, 2- and iso-butanol) at 

polycrystalline Ag and Au electrodes using electrochemical and Raman 

spectroscopic methods. Specific research goals include: 

1. To determine the Raman vibrational assignments of the n-alcohols, where 

n = 3-6, 8, 9, 12, 14, and 18 in the vCC-C), vCC-O), and aCC-H) regions from 

780 to 1300 cm-I and the vCC-H) region from 2800 to 3000 em-I. 

2. To determine the in-situ potential-dependent solvent orientation and 

structure of the butanol isomers on rough Ag electrodes. 

3. To determine the in-situ potential-dependent solvent orientation and 

structure of the butanol isomers on rough Au electrodes. 

4. To determine the in-situ potential dependent electrolyte structure and 

behavior of LiX, where X = CI04, Cl, Br, and I, on rough Ag electrodes in 

the butanol isomers by monitoring the vCO-H) region from trace water 

species and the vCM-X) region. 

5. To quantitate the extent of Cl- and Br- adsorption at smooth Ag electrodes 

using differential capacitance methods. 

6. To determine the potential-dependent solvent orientation and electrolyte 
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structure on emersed rough and smooth Ag and Au electrodes in the 

butanol isomers. 

Raman vibrational assignments of the n-alcohols were investigated to 

provide a basis for the Raman vibrational assignments for the butanol isomers. 

The result of this investigation are presented in Chapter 3. SERS was used to 

characterize the structure and orientation of the butanol isomers on rough Ag and 

Au electrodes in-situ. Solvent orientation was determined by applying the surface 

Raman selection rules to the spectral data. The results of these investigations are 

presented in Chapters 4 and 5. SERS was also used to characterize the structure 

and interaction of the LiX electrolytes at a rough Ag electrode in the butanol 

isomers. The results of this investigation are presented in Chapter 6. Cl- and Br

coverages were quantified at smooth Ag electrodes using AC impedance. The 

double layer capacitance was calculated using the Fawcett-Loutfy equation while 

the surface coverage was determined from a Hurwitz-Parsons analysis of the data. 

The results of this investigation are presented in Chapter 7. The double layer 

solvent and electrolyte structure in the butanol isomers was investigated ex-situ 

at emersed rough and smooth Ag and Au electrodes using surface enhanced and 

unenhanced Raman scattering. In this investigation, the spectroelectrochemical 

emersion cell was optimized to provide a routine method of emersed Raman 

studies. The results of this investigation are presented in Chapter 8. 
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Chapter 2 

CHAPTER 2: EXPERIMENTAL 

Details of the instrumentation, materials, and experimental procedures 

used in this work are described in this chapter. 

Raman Spectroscopic Instrumentation 

Laser exci ta tion 

Laser excitation at 514.5 nm was provided by a Coherent Radiation Innova 

90-5 Ar+ laser. Laser powers of 130 mW were typically used. The Ar+ plasma 

lines were removed using bandpass filters from Pomfret Research Optics, Inc. 

Laser excitation at wavelengths in the red was provided by an Ar+ laser-pumped 

Coherent CR-599 tunable dye laser containing either a Rhodamine 6G/ethylene 

glycol dye solution (Rhodamine 590 Chloride, Exciton) for 600.0 nm and 620.0 nm 

or a pyridin 2/ethylene glycol dye solution (LDS 722, Exciton) for 720 nm. A 

narrow bandpass birefringent filter was used in the dye laser to select the desired 

excitation wavelength. Fluorescent lines from the dye were removed with 

bandpass filters also from Pomfret Research Optics, Inc. 

CCD-Raman System 

Raman spectra were acquired using a Photometries PM512 CCD mounted 
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on a Spex 1877 Triplemate. This system is shown in Figure 2.l. Scattered 

radiation was collected and focused onto the slits of the triple monochromator 

using a SO mm focal length Pentax f 12 or Minolta f I l.2 camera lens with a 

depolarization scrambler. The triple monochromator is shown in Figure 2.2. The 

gratings in the filter stage (G1 and G2) were 600 grimm blazed at 7S0 nm while 

the grating in the spectrograph stage (Gs) was an ion-etched holographic 1200 

grimm grating. Slit widths were varied, although 0.4 mm/2.7 mm/0.2S mm were 

typically used to acquire surface Raman spectra. The maximum spectral region 

accessible on this CCD-Raman system is ca. 800 nm. 

Detection was accomplished using a Photometrics PMSl2 frontside

illuminated charge coupled device (CCD) cooled with liquid N2 to temperatures 

between -lOS and -120°C. The CCD images were processed using a Photometrics 

RDS200 system equipped with a custom version of SpectraCalc™. Raw CCD 

video images were used to decide on the appropriate binning. The binning height 

was selected by determining the height of the video image along the intensity axis. 

The binning offset was selected determining the position of the image on the 

CCD. During SERS experiments, the CCD was typically binned at a height of ca. 

60 to 100 and at an offset of ca. 160 to 180. During sampling of solids and liquids, 

the CCD was typically binned at a height of ca. 100 to 4S0 and at an offset from 

20 to 400. The binning offset was carefully controlled during SERS experiments 

to avoid the defected areas on the CCD chip. Controlling the binning offset was 

not critical during the solid and liquid experiments, since the Raman signals were 

typically strong enough to minimize interferences due to defects on the CCD. 

A binning slit grouping of 10, i.e. the number of row groups binned along the 
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intensity axis, was found to provide spectra with an optimum SIN without 

perturbing the peaks, and was thus used. Integration times for acquisition of each 

spectrum are noted in the figure captions. 

The spectra were calibrated using two methods. With the first method, 

templates in all spectral regions were made using standards of I-butanol or using 

the plasma lines from the Ar+ laser. With the second method, designed by David 

A. Carter, a template is made at the beginning of the day using the plasma lines 

centered at 617.4 nm. Spectra were then collected in nm and converted to cm-1 

using the Deltawn program written by Carter. 

Electrochemical Instrumentation 

Electronics 

Electrode potentials for all electrochemical experiments excluding the 

double layer capacitance studies were controlled using an IBM Instruments model 

EC/225 Voltammetric Analyzer. Total charge passed during oxidation-reduction 

cycles was monitored using a Princeton Applied Research model 379 digital 

coulometer. The cyclic voltammograms were recorded and plotted on a Hewlett

Packard 70 15B X-Y recorder. 

Differential capacitance measurements were made using a phase-sensitive 

detection method. The instrumental set-up is shown in Figure 2.3. A Wavetek 143 

wave generator supplied an AC sine wave (6 Hz, 20 mV peak-to-peak) as a 

reference signal for the EG&G Princeton Applied Research Model 5210 lock-in

amplifier. This sine wave is also input to the external input of the EG&G 

Princeton Applied Research Model 362 potentiostat. This sine wave is combined 
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with the static potential from the potentiostat and applied to the electrochemical 

cell. The output current from the cell is input to the signal A channel of the lock-

in-amplifier. The in-phase (ii) and quadrature (out-of -phase) (iQ) current 

amplitudes displayed on the lock-in-amplifier as Display 1 and Display 2, 

respectively, are then recorded as a function of electrode potential. These current 

measurements are related to the double layer capacitance (J.'F) by: 

(2.1) 

where V is the amplitude of the AC voltage and f is the frequency of the sine 

wave in Hz. A more detailed description of this equation is included in Chapter 

7 of this dissertation. 

Electrochemical Cells 

The electrochemical cell used to perform cyclic voItammetry experiments 

and ex-situ ORCs was a standard three-electrode cell shown in Figure 2.4. 

Ag/ AgCl in saturated KCI or NaCI solution was used as a reference electrode in 

the aqueous systems, while a Ag/Ag+ in saturated KNOs-methanol solution was 

used in nonaqueous systems. A Pt wire wrapped around the Luggin capillary 

served as the auxiliary electrode. The working electrode was made by cutting 

sections from a Ag rod or punching disks from Ag or Au foils. These disks were 

mounted on brass stubs using Ag solder. The working electrode was mounted in 

a brass holder or a micrometer. 



Figure 2.4. 
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The electrochemical cell used to perform double layer capacitance 

measurements is shown in Figure 2.5. The auxiliary electrode consisted of a Pt 

gauze of high surface area (ca. 88.5 cm2) to provide uniform current density at the 

working electrode. The design of this cell allows for the removal and cleaning of 

this counter electrode. A teflon lid was used to minimize air and impurities in the 

electrochemical cell. Gaseous N2, entering the cell through a valve on the side of 

the cell, flowed over the top of the solution and exited through a hole in the 

teflon lid. The working electrode was mounted in a brass holder that was 

positioned through the other hole in the teflon lid. The working electrode was 

positioned directly above the Luggin capillary, allowing for close approach of the 

working electrode to the reference electrode to minimize uncompensated solution 

resistance. 

Spectroelectrochemical Cells 

The spectroelectrochemical cell used in the in-situ Raman studies is shown 

in Figure 2.6. The cell body is made of Kel-F and holds approximately 5 mL of 

solution. The Pt auxiliary electrode is housed in a separate glass compartment 

which fits into the side of the cell body. The reference electrode was attached to 

the cell body through a right angle Hamilton valve. The working electrode was 

mounted on a microme.ter and was positioned in the cell body. Teflon O-rings 

were used to seal both the quartz window and backplate to the cell body. 

The spectroelectrochemical cell used in the emersed electrode Raman 

studies is shown in Figure 2.7. The cell is made of glass with a teflon lid and 

electrode sleeve. A glass solution port on the side of the cell delivers solution 
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Schematic diagram of the spectroelectrochemical cell used for in
situ Raman studies. 
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through a Luggin capillary to the surface of the working electrode. The total 

volume of the solution port is ca. 2 mL. The working electrode slides into the 

teflon sheath, which then fits into the grounded-glass joint on the side of the cell. 

This electrode is routinely rotated during the course of the experiment. 

Electrochemical contact is achieved in a drop of solvent separating this solvent

filled Luggin capillary tube and the lower portion of the working electrode. The 

auxiliary and reference electrodes were also immersed in this drop. The auxiliary 

electrode consisted of a Pt wire (99.9%, 0.5 mm dia, Johnson Matthey) that curls 

around the Luggin capillary tube. The reference electrode consisted of a Ag wire 

(99.999%, 1 mm dia, Johnson Matthey) which is wrapped in parafilm and rests 

directly above the counter electrode. Towards the top of the cell is an inlet valve 

to allow for the flow of Ar during the experiment. In an absence of Ar flow, the 

whole in the top of the teflon lid was sealed with a teflon plug to reduce impurity 

con tam ina tion. 

Materials 

Polycrystalline foils of Ag (99.999%) and Au (99.95%) were purchased from 

Johnson Matthey. 

I-Butanol and iso-butanol were purchased as high purity solvents from 

Burdick and Jackson with water content of 0.007% (3 mM) for both. 2-Butanol 

was purchased from Fisher Scientific, containing 0.005% water (2 mM). Methanol 

and propanol were also purchased as high purity solvents from Burdick and 

Jackson (99+%). Ethanol (200 proof) was purchased from Quantum Chemical 

Corporation (99+%). I-Pentanol (amyl alcohol) was purchased from Fisher 
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Sciehtific (99%). I-Hexanol (98%), l-octanol (99%), I-dodecanol (98%), 1-

tetradecanol (97%), and l-octadecanol (99%) were purchased from Aldrich. All 

of the alcohols were used as received. Aqueous solutions were made from water 

obtained from a Millipore-UV system or water that was doubly deionized, doubly 

distilled (001), the first distillation being basic permanganate. 

LiCIO" (Fluka, 99.9%) and LiCI (Mallinckrodt, 99.9%) were dried at 100°C 

under vacuum (0.17 torr) for at least 24 h prior to use. LiBr (Aldrich, anhydrous, 

99%) was dried at 160°C under vacuum (0.17 torr) for at least 24 h prior to use. 

LiI (Aldrich, anhydrous, 99%) was used as received. 

Ultrahigh purity (UHP) Ar was purchased from University of Arizona 

Stores gas distribution center. Impurity levels of less than 2 ppm 02 and 3 ppm 

H20 were reported. 

Procedures 

Electrode Mechanical Polishing Procedures 

Polycrystalline Ag and Au were mechanically polished to a mirror finish 

using successively finer grades of alumina ranging from 1.0 to 0.05 pm (Buehler), 

rinsed with Millipore-UV or 001 water and sonicated for 2 min in water to 

remove any trapped alumina. 

Electrode Roughening Procedures 

Both Ag and Au polycrystalline electrodes were electrochemically 

roughened ex-situ. Ag was roughened in either aqueous 0.4 M LiBr or aqueous 0.4 

M LiCIO". In the LiBr roughening procedure, the potential was scanned 
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anodically at 5 mV Is from -0.4 V to ca. -0.02 V, resulting in ca. 60 mC/cm 2 of 

anodic charge being passed. The charge recovery in this oxidation-reduction cycle 

(ORC) is ca. 99%. In the LiCI04 roughening procedure, a potential step was 

applied from +0.1 V to +0.65 V until ca. 36 mC/cm2 charge was passed. The 

potential was stepped back to +0.1 V for ca. 2 min. 75% of the anodic charge 

passed is typically recovered in this ORe. 

Au was roughened in aqueous 0.1 M KCI. The potential was scanned from 

-0.4 V to +1.2 V at 500 mV Is. The potential was held at +1.2 V for ca. one second, 

then scanned back to -0.4 V and held at this potential for 30 seconds. This 

procedure was repeated 25 times to obtain a creamy-tan surface on the gold.139 

Charge recovery on each successive ORC was relatively constant and was typically 

ca. 65%. 

Raman Spectral Acquisition Procedures for Alcohol Studies 

Spectra of bulk alcohols were acquired with the liquid or solid in a scaled 

capillary or NMR tube. Solid alcohol spectra were acquired from the liquid 

alcohols by freezing the liquid in the capillary tube with liquid N 2• Liquid 

alcohol spectra were acquired from the solid alcohols by heating the solid in the 

capillary tube using a heat gun or boiling water. 

Polarization studies were performed using a Tiffen 55 mm polarizer that . 
fits onto the Minolta camera lens. 130 mW of laser power was typically used on 

the liquid and solid samples. Acquisition times ranged from 10 s to three min 

depending on the quality of the Raman signal. 

In-situ SERS spectra were acquired from roughened electrodes in the SERS 
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cell. The roughened electrode was first removed from the aqueous electrolyte 

solution used in the ex-situ roughening procedure and rinsed with Millipore-UV 

or 001 water and then with the alcohol solvent of study. Occasionally, the 

electrode was sonicated in the alcohol solvent in order to remove any trapped 

water remaining at the electrode surface from the roughening procedure. The 

roughened electrode was transferred into the air-tight SERS cell which was filled 

with a solution of the electrolyte in neat alcohol. During SERS spectral 

acquisition, the electrode was pushed against the window of the cell, leaving only 

a very thin layer of solution, to minimize bulk spectral interferences. 130 mW of 

laser power was routinely used and SERS spectra were typically acquired from 10 

s to 4 m, depending on the spectral region of interest and the quality of the SERS 

signal. 

Surface Raman spectra on emersed surfaces were acquired from the 

roughened or smooth electrode in the emersion cell. Following electrode 

pretreatment, the electrode was rinsed with Millipore-UV water and immediately 

transferred to the emersion cell. Ar gas was flowed in the cell at ca. 100 mL/min 

until the electrode surface appeared dry. The cell was then filled with deaerated 

solution in the solution port. Electrochemical contact at the working electrode 

was achieved in a drop of solvent separating the solvent-filled Luggin capillary 

tube and the lower portion of the working electrode. The auxiliary and reference 

electrodes were also immersed in this drop. The working electrode was backed 

away from the auxiliary and reference electrodes to prevent physical contact of 

these electrodes, and hence, shorting of the electrochemical cell. The working 

electrode was rotated at ca. 2 rotations per min between spectral acquisitions in 
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order to repeatably immerse/emerse the electrode. The laser beam was directed 

at the top portion of the electrode at ca. 30° with respect to the surface normal. 

The scattered radiation was collected at ca. 60° with respect to the surface normal. 

Collection at 60° was shown by Campion to provide optimum surface Raman 

intensity.140 Ar gas was flowed through the cell between spectral acquisitions. 

In an absence of Ar flow, the cell was sealed to reduce impurity contamination. 

Approximately O.S mL of solvent is added to the bottom of the cell to maintain 

sufficient solvent vapor pressure. Optimal emersion was achieved in an Ar filled, 

static environment. 

Curvefitting Procedures 

Some spectral regions were subjected to curve fitting using the Curvefit 

program available in Spectracalc™. In particular, curve fitting was performed 

to decompose the large number of overlapping bands in the v(C-H) region. Curve 

fitting these bands from the alcohols in their solid and liquid states as well as the 

polarization spectra from the liquids facilitated vibrational assignments in the 

complex v(C-H) region. Peaks in the bulk liquid spectra were decomposed 

assuming a SO% Lorenzian/SO% Gaussian peak shape, which visibly fit best and 

was determined to give the smallest residual for a given number of fits with a 

well-resolved bulk liquid peak. Surface peaks were decomposed using a 20% 

Lorenzian/80% Gaussian peak shape, which visibly fit best and was determined 

to give the smallest residual for a well resolved surface peak. 
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Chapter 3 

CHAPTER 3: RAMAN SPECTROSCOPY OF A SERIES OF n-ALCOHOLS 

Introduction 

Surface enhanced Raman scattering (SERS) experiments in the short-chain 

alcohol solvents at Ag and Au electrodes have been performed in order to assess 

the solvent structure and orientation of the electrochemical double layer in these 

media. The results are described in Chapters 4 and 5. Through these extensive 

efforts, a working knowledge of the Raman vibrational assignments of the n

alcohols has thus been established. 

Very few reports have been published on the Raman vibrational 

assignments for n-alcohols. Previous work on n_alcohols141 ,142,143,144 

in regions other than the v(O-H) region and on n_alkanethiols145,146,147 

have primarily focused on short-chain molecules. A series of n-alcohols from 

methanol to dodecanol was studied by Wood and CoIIins, but only a few 

vibrational assignments were made. 

One expects the Raman spectra of alkanethiols and alcohols to be similar 

to those of n-alkanes and other molecules with significant alkane segments such 

as phospholipids. The v(C-H) region for alkanes148,149,150,173 and 

alkanoic acids149 has been characterized using Raman spectroscopy. Indeed, 

Raman spectra in the v(C-H) region for alkanethiols and alcohols are similar to 
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those of other alkane molecules. The v(C-H) region for these species tends to be 

extremely complex, with as many as fourteen bands appearing in the spectra of 

the bulk solids.149 

Raman and IR assignments for alkanes, alcohols, and similar molecules 

prior to ca. 1963 conflict with assignments made after 1963. In 1963, the first of 

a series of papers was published by Snyder and Schachtschneider which 

revolutionized our knowledge of the vibrational analysis and assignments of a 

series of long chain hydrocarbons. These papers included comprehensive 

investigations of the infrared assignments of a series of normal alkanes (CnH2n+2, 

n = 3 through 19).151,152,164 In several spectral regions, the number of bands 

in the alkanes and alcohols were found to be linearly related to the molecular 

chain length. In fact, trends established by relating the spectral band progression 

as a function of the alkane chain length were used in conjunction with normal 

coordinate analysis to help assign spectral peaks.151 ,152,154,164 These studies are 

considered the cornerstone for present vibrational assignments for alkane 

molecules. 

Since the work of Snyder and Schachtschneider, only a few papers on the 

Raman assignments of alcohols have appeared. Crowder and coworkers153 

investigated the Raman spectra of butanol, but assigned only a few bands. One 

comprehensive IR study has been published for a series of n-alcohols.154 In 

this work, Tasumi and coworkers systematically investigated the IR spectral 

behavior of normal alcohols (CnH2n+lOH, n = 12 through 37) and reported spectral 

band assignments similar to Snyder and Schachtschneider. Spectral similarities 

in long chain alcohols and alkanes are expected, since long chain alcohols 



85 

approach the long chain alkane structure. Tasumi and coworkers did not make 

IR assignments for alcohols shorter than twelve carbons, however. 

The II(C-C) region has been extensively studied in phospholipid 

systems.148,166,166,167,168,169 Raman spectroscopy has been used to 

assess information about the conformations of the acyl segments of phospholipid 

molecules in model membrane studies. However, there are striking differences in 

the II(C-C) region of the Raman spectra for related molecules in the solid state. 

In the region from 1050 to 1140 cm-l, two bands are observed for long-chain n

alkanes,l60 three bands are observed for phosphatidylcholines,l48,166 and four 

bands are observed for hexadecanethiol.161 Consequently, confusion in the 

literature exists in the assignment of bands in the II(C-C) region for these type of 

molecules. 

The goal of this paper is to present comprehensive Raman spectral 

assignments for normal alcohols (CnH2n+lOH, n = 3-6,8,12,14,18). Such an under 

taking has not been accomplished, especially in the IR or Raman for the shorter 

chain molecules. The spectral regions from 2800 - 3000 cm-l, which includes the 

II(C-H) bands, and from 650 to 1300 cm-l, which includes the II(C-C), c5(C-H), and 

II(C-O) (alcohols) bands are thoroughly analyzed. Several approaches have been 

undertaken to confirm or revise previous peak assignments. Bands associated with 

gauche (G) and trans (T) conformers are made by comparing liquid and solid 

spectra. Additionally, bands are identified with predominantly symmetric or 

antisymmetric vibrations according to their polarization behavior. Trends in the 

spectra for all regions are investigated with respect to chain length. 
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Results and Discussion 

Three vibrational regions were studied for the alcohols: the 650 to 950 cm-

1 region containing the v(C-C) and the CH2 and CH3 rocks, the 950 to 1220 cm-1 

region containing the v(C-C), the v(C-O), and the CH2 and CHs rocks and twists, 

and the 2800 to 2980 cm-1 region containing the v(C-H) bands. 

In general, vibrations involving the CHs group are more intense than those 

involving the CH2 groups.151,152,164 This rule of thumb is largely independent of 

chain length, since CH2 vibrations do not tend to ,couple to form one intense 

vibration. There are exceptions to this rule, however. 

In the solid spectra, vibrations involving CHs groups are generally constant 

in frequency as the alkane chain length increases.151,152,164 This effect arises 

since the addition of CH2 groups to the alkane chain does little to effect the CHs 

vibrations. In the solid spectra, the CH2 groups are greatly affected by the 

addition of CH2 groups to the alkane chain, so there is a continual and linear 

progression in the CH2 frequencies as the alkyl chain length increases. This is a 

result of the inability of the CH2 vibrations to couple. 

In general, as the alkane chain length increases, the similarity in the 

Raman spectra of alcohols, alkanes, alkanethiols, and halogenated alkanes 

increases. By the same token, as the alkyl chain length decreases, spectral 

differences begin to st~nd out. Previous spectral assignments for alkanes and 

alcohols in the IR and in alkanethiols and the phospholipid molecules in the 

Raman will be used as the basis to assign the spectral bands for the alcohols, 

especially for the longer chain species. To make assignments for the shorter chain 

species, trends in the band progressions observed in the alcohol spectra are 
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correlated with band progressions in other structurally-related molecules. 

The polarization behavior of the v(C-H) bands has been used to confirm 

symmetric/antisymmetric assignments. Polarization studies were performed using 

excitation with incident radiation polarized perpendicular to the plane 

determined by the incident beam, sample and spectrometer entrance slits and 

collection of scattered radiation parallel and perpendicular to the incident 

beam.162.163 

Trans bands, denoted as T bands in the text and tables, are vibrational 

bands for molecules in a trans conformation. The presence of these bands denotes 

order in the molecule. Thus, they are more intense in the solids than in liquids. 

Gauche bands, denoted as the G bands in the text and tables, arise while the 

molecule is in the gauche conformer. These bands denote disorder and are often 

shifted in frequency compared to the T band counterpart. G bands are usually 

more intense in the liquid spectra than in the solid spectra. 

650 - 950 cm-1 Region 

Figures 3.la through i and 3.2a through i show the liquid and solid spectra, 

respectively, for the n = 3-6, 8, 12, 14, and 18 alcohols in the 700 to 1000 cm-1 

region. Band assignments and frequencies for each molecule in this region are 

given in Tables 3.1 and 3.2 for the liquid and solid spectra, respectively. 

There are distinct differences between the liquid and solid spectra in 

Figures 3.1 and 3.2. These differences arise because G bands are prevalent in the 

liquid spectra and virtually all disappear in the solid spectra. Snyder discovered 

a difference in behavior between the G versus T bands in this region. G bands 
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Raman spectra from 650 to 950 cm-1 of liquid alcohols: a) 
propanol, b) butanol, c) pentanol, d) hexanol, e) octanol, f) 
dodecanol, g) tetradecanol, and h) octadecanol. 
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Figure 3.2 Raman spectra from 650 to 950 cm-1 of solid alcohols: a) 
propanol, b) butanol, c) pentanol, d) hexanol, e) octanol, f) 
dodecanol, g) tetradecanol, and h) octadecanol. 



Table 3.1. 

Assignment" 

CH2 rockG 

CH2 rockG 

CH2 rockG 

CH2 rockG 
CH 2 rock G 
CH2 rockG 

CHs rockG 

CHs rock T 

CH 2 rockG 

CH 2 rockG 

v(C-O)T 

90 

Raman Vibrational Assignments and Peak Frequencies in the 650 
- 1000 em-1 Region of Liquid CnH2n+10H. 

Frequency, cm-l 

:1 ~ ~ §. B. 11. 1A 
769 747 735 728 

784 771 757 734 722 722 722 
810 783 768 769 755 750 747 

778 775 769 
847 840 817 815 812 809 807 

849 845 843 843 
860 825 856 862 873 872 869 869 
889 901 890 891 890 891 887 887 

879 912 921 925 922 921 921 
961 961 963 976 972 

951 972 977 

" G = gauche, T = trans, v s= stretch 



Table 3.2. 

Assignmenta 

CH 2 rock T 

CH2 rock T 

CH2 rock T 

CH 2 rock T 

CH2 rockT 

CH2 rockT 

CH 2 rockT 

CH2 rockT 

CH2 rockT 

CHs rock G 
CH., rock T 

CH 2 rockG 

CH2 rockG 
CH 2 rock T 

CH 2 rock T 

II(C-C-C-O) 

CH 2 rockG 
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Raman Vibrational Assignments and Peak Frequencies in the 650 
- 1000 cm-1 Region of Solid CnH 2n+lOH. 

Frequency. cm-l 

~ ~ ~ B. 11. 1.1 11 
770 

743 768 824 
765 

730 808 837 873 
754 857 872 

874 929 970 
749 80] 907 965 

738 778 949 982 
768 807 835 
862 825 859 

844 
875 

889 898 890 892 892 887 896 893 
9]4 945 972 

94] 
95] 976 988 987 987 
965 995 997 997 ]004 1004 

a G = gauche, T = trans, II = stretch 
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tend to be constant in frequency as the alkyl chain length increases while T bands 

tend to progress linearly with frequency, unless the band involves a CHs group.151 

Thus, the liquid spectra contain intense G bands that are relatively constant in 

frequency as the alkyl chain length increases while the solid spectra contain T 

bands which linearly increases in frequency with increasing chain length. 

Assignments in this spectral region were made by comparing the spectra 

of alcohols, alkanes, and alkanethiols. As the alkyl chain length increases, the 

spectra of all molecules look similar, suggesting that the C-O and C-S character 

of the molecule does not stand out in this region. Otherwise, distinctive 

differences would be observed. As the chain length of the alcohols decreases, the 

C-O character of the molecule increases. Thus, one might expect that C-O bands 

would appear. However, no distinctively new band is observed for shorter chain 

lengths, and therefore, no v(C-O) bands are assigned in this region. Additionally, 

Snyder and Schachtschneider I52 and Tasumi l54 did not observe v(C-C) or v(C-O) 

bands in the IR spectra of alkanes and alcohols, respectively, until ca. 960 cm-I. 

For this reason, v(C-C) and v(C-O) bands were not assigned in this region for the 

alcohols in this work. 

All of the bands in this spectral region are assigned to CH2 and CHs 

rocking-twisting bands and follow the trends and behavior observed by Tasumi 

and coworkers I54 in the IR spectra of n-alcohols and by Snyder and 

Schachtschneider I52,I64 in the IR spectra of n-alkanes. The bands in this spectral 

region are described as CH2 rocks in Table 3.1 and 3.2 to avoid confusion with a 

similar series in the 1100-1300 cm-l region, which will be described as CH2 twists. 

The number of CH2 rocking bands in solid alcohols, alkanethiols, and alkanes in 
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the 650 to 1000 cm- l region increases systematically with chain length. For 

instance, two bands are observed in this spectral region for solid pentane while 

eight bands are observed for solid dodecane.152 The lower frequency limit of 

these bands is ca. 720 cm-l , while the upper limit is ca. 1060 cm-I .152 These limits 

were calculated by Schachtschneider and Snyder using normal coordinate 

analysis. 164 

In liquid alcohols, a G CHs rock is observed at ca. 865 cm- l and a T CHs 

rock is observed at ca. 890 cm- l . In hexanol and longer alcohols, the G CHs band 

disappears upon freezing. The G CHs band is still present in solid propanol, 

butanol, and pentanol, suggesting that significant disorder is still present in these 

systems. The G CHs band in solid and liquid butanol at ca. 825 cm- l is at a 

significantly lower frequency than in the other alcohols, ca. 865 cm- l . This 

behavior parallels that seen in the solid and liquid n-alkanes by Schachtschneider 

and Snyder.151 ,164 It has been proposed that this frequency shift in shorter 

alcohols is a result of the coupling of the CHs rock with a carbon skeletal 

backbone stretch, v(C-C-C).164 

950 - 1320 cm-1 Region 

The spectra for liquid and solid alcohols in the frequency region from 950 

to 1320 cm-1 are shown in Figures 3.3 and 3.4, respectively. The corresponding 

peak frequencies and assignments for the alcohols are in Tables 3.3 and 3.4, 

respectively. 

There are three bands in the region from ca. 1050 to 1130 cm-1 whose 

frequencies are relatively independent of alkane chain length. The first two 
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Figure 3.3 Raman spectra from 950 to 1320 cm-1 of liquid alcohols: a) 
propanol, b) butanol, c) pentanol, d) hexanol, e) octanol, f) 
dodecanol, g) tetradecanol, and h) octadecanol. 
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Figure 3.4 Raman spectra from 950 to 1320 cm-1 of solid alcohols: a) 
propanol. b) butanol, c) pentanol, d) hexanol, e) octanol, f) 
dodecanol, g) tetradecanol, and h) octadecanol. 



Table 3.3. 

As~jgnm~nt· 

CH 2 rockG 

v(C-O) G 

G 

v(C-C-O) T 

v(C-C) T 

v.(C-C)T 

v(C-C)G 

v.<C-C) T 

v(C-C) 

CH2 twistG 
CH 2 twistG 
CH2 twistG 
CH2 twistG 
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Raman Vibrational Assignments and Peak Frequencies in the 950 
- 1320 cm-! Region of Liquid CnH2n+10H. 

Frequency, cm-! 

l ~ ~ ~ B- tl H 11 
965 982 1000 1027 1025 1030 1029 

970 992 1008 1025 1048 
1012 1019 

1022 1030 
1050 

1058 1061 1058 1061 1063 1063 1064 1061 
1073 1071 1076 1076 1076 1080 1079 1079 
1104 1113 1118 1119 1122 1125 1123 1122 
1133 1134 1139 1140 
1242 1220 1204 1191 1177 
1276 1254 1236 1224 1211 

1274 1267 1248 
1300 1300 1300 1301 1301 1301 1302 1302 

D G = gauche, T", trans, v = stretch 



Table 3.4. 

A~~jgnmenta 

CH 2 rockT 
CH 2 rockT 
v(C-C-O)G 

v(C-C-O)T 

II(C-C) 

II(C-C)T 

v(C-O) 

" a(C-Ch 
v(C-C)G 

v.(C-C)T 

v(C-C) 

v(C-C) 

CH2 twistT 
CH2 twistT 
CH2 twistT 
CH 2 twistT 
CH2 twistT 
CH2 twistT 
CH 2 twistT 
CH 2 twistT 
CH 2 twistT 
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Raman Vibrational Assignments and Peak Frequencies in the 950 
- 1320 cm-1 Region of Solid CnH2n+lOH. 

Frequency, cm-1 

! ~ ~ a II .l4. 
1016 
1030 

972 992 1008 1025 1038 
1022 1029 

1045 1044 1039 
1010 1027 1042 1065 1088 1094 1105 
1050 

1057 1057 1058 1062 1055 1062 1061 1061 
1072 1071 1075 1073 1073 
1107 1113 1119 1120 1124 1130 1128 1129 
1125 1131 1143 

1143 1160 1159 
1239 1225 1205 1204 1190 1169 1168 1162 
1277 1257 1235 1230 1205 1180 1175 1173 

1194 1191 1188 
1273 1255 1234 1206 

1253 1225 1220 1207 
1268 1234 

1252 1236 
1265 1271 1270 

1299 1297 1300 1297 1296 1294 1295 1295 

a G = gauche, T c trans, II '" stretch 
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bands at ca. 1060 cm-1 and 1130 cm-1 have been assigned by Harrand 165 as the 

lIa(C-C)T and lIs(C-C)T modes, respectively, in both solid and liquid alcohols. The 

work of Rabe and coworkers is consistent with these peak assignments.166 

These bands are observed, however, at slightly lower frequencies for the lowest 

chain length alcohols. 

The third band, assigned as a lIT(C-C), is observed between 1010 and 1105 

cm-1 in the spectra of solid pentanol through octadecanol, increasing in frequency 

with increasing chain length. This band is also observed in the Raman spectra of 

solid octanethiol through octadecanethiol between 1064 and 1104 cm-1.167 

This band is not observed in the Raman spectra of long-chain solid alkanes,160 

although it is observed in the Raman spectra of 

phospha tid ylcholines.148,155,l56,l57,l58,159 Snyder and Schach tschneider report 

a similar sequence in the IR spectra for solid alkanes.152 This lI(C-C) band is 

observed at ca. 1065 cm-1 for pentane and increases to 1125 cm-1 for n-CSOH62. 

In the liquid alcohol Raman spectra, shown in Figure 3.3, the bands are 

significantly broader and G bands have been introduced. In the lI(C-C) region, the 

lIa(C-C)T shifts slightly to higher frequencies, to ca. 1064 cm-1, in octanethiol, 

octanol, and the other long-chain molecules. The lIs(C-C)T band shifts ca. 8 cm-1 

lower in frequency and is weaker in intensity than the lIa(C-Ch band. A new 

band is present at ca. 1078 cm-l in the liquid alcohol spectra and has been assigned 

as the 1I(C_C)G.148,155,168,169,170 This band is observed at slightly lower 

frequencies for shorter alcohols. 

Complex progressions of bands are observed from ca. 975 to 1070 cm-1 in 

the IR spectra of short and long chain solid alkanes and alcohols. In the short 
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chain alkanes, most of the bands, assigned as II(C-C) bands, are observed a t the 

higher frequency limit. As the chain length of the alkane increases, however, 

more II(C-C) bands are observed at the lower frequency limit as well as the higher 

limit. Because infrared spectroscopy detects changes in the dipole moment of the 

vibrating bond, distinct spectral beha vior is observed with the addition of the C-O 

bond. Band intensities in this region for the alcohol are much greater, and a 

distinct II(C-O) band is observed in the IR alcohol spectra at ca. 1125 em-I. The 

shorter chain alcohols were not investigated in this study, so information on band 

progression in short chain alcohols in the IR is not available. 

The Raman spectral behavior of the long chain alcohols is distinctly 

different than the IR in that there are not as many Raman bands observed in this 

region. The IR spectra for long chain alcohols exhibit a large influence of the C

O group, whereas the Raman spectra do not. Raman spectra of long chain alcohols 

look almost identical to those of alkanes and alkanethiols in this region, due to 

only a subtle difference in polarizability change of the (C-C)n-O-, (C-C)n-C-, and 

(C-C)n -S- grou PS.l71 

Several bands are observed in the region from ca. 950 to 1050 cm-1 in the 

short-chain alcohol spectra and disappear as the chain length increases. These 

bands are not observed in the Raman alkanethiol spectra. 167 Since the C-O 

contribution to the alcohol increases as the chain length decreases, more distinct 

and more intense II(C-O) bands should be observed for short-chain alcohols. 154 

The II(C-O) band in methanol is observed at 1036 cm-l .172 Many of the bands 

from 950 to 1050 cm-1 in the short-chain alcohols are therefore assigned to II(C-C-

0) bands. No II(C-C-O) bands are observed or assigned in the solid or liquid 
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alcohol spectra for dodecanol through octadecanol. 

The bands observed between 950 and 1060 cm-1 in the liquid alcohol 

spectra, shown in Figure 3.3 are much broader than observed in the solid spectra, 

Figure 3.4. The peak frequencies of these broad liquid bands are also shifted 

from the frequencies of the solid bands, probably due to differences in the 

intermolecular interactions in the solid with those in the liquid. 

A progression of bands is observed at ca. 1175 cm-1 and higher for solid 

alcohols, alkanes, and alkanethiols in the IR and Raman. As was the case in the 

CH2 rocking-twisting region, the number of bands observed increases with 

increasing chain length. Snyder and Schachtschneider152 and Tasumi and 

coworkers observed two band progressions in this region in the IR.152 The first 

band progression is observed from ca. 1174 to ca. 1300 cm-I with a clustering of 

bands at ca. 1300 cm-I. This progression has been assigned as the CH2 twisting

rocking bands and are also observed in the alcohol and alkanethiol Raman 

spectra. I7l The intense band at ca. 1300 cm-1 has been assigned to a CH2 

twiSt.148,166 The second band progression is observed from ca. 1170 to 1415 cm-1 

and has been assigned to the CH 2 wagging modes. Snyder and 

Schachtschneider,15I,I52 and Tasumi 154 assigned every other band as a twist or 

a wag. There does not seem to be a visible distinction between twisting-rocking 

and wagging modes in this work or in previous work, so a distinction will not be 

made in the assignments of the twists and wags. Instead, everything in the 1150 

to 1320 cm-1 region in this work will be assigned as CH2 twisting-rocking modes 

for simplicity, but there could also be CH2 wags in this region. 
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2800 - 3000 em-l region 

The 2800 to 3000 cm- l region is quite complex and contains at least ten 

Raman vibrational bands.149,150,173 These bands include the Vs and va modes of 

CH3 and CH2 groups and Fermi resonances (FR) of these vibrations with o(C-H) 

overtones. The spectra for liquid and solid alcohols are shown in Figures 3.5 and 

3.6 and the peak frequencies and assignments are listed in Tables 3.5 and 3.6. The 

Raman liquid alkanethiol and alcohol spectra are similar in this region. l7l The 

assignments in this spectral region were chiefly adapted from polyethylene 

Raman assignments made by Snyder and coworkers.173 The frequencies of the 

liquid spectral bands have been determined with the aid of curvefit routines 

described in Chapter 2. Typically, the least number of bands were used in the fit, 

since an unlimited number of bands could conceivably be used to obtain a best fit. 

The least number of bands necessary for a good fit was determined by visible 

observation and by the ability to obtain a minimized residual. 

In the alcohols, two vS<CH 2) bands are observed at ca. 2850 and 2860 cm-I • 

The 2860 cm- I band corresponds to the vs(CH 2) adjacent to the CH3 group, while 

the other band corresponds to the remaining CH 2 groups. These particular 

assignments were determined by comparing the relative peak intensities of the 

bands with increasing chain length. The lower frequency band is more intense in 

the long chain molecules, and is therefore assigned as the vs(CH 2) from the series 

of CH 2 groups within the alkane chain. 

Two bands from the Fermi resonance of the vs(CH 2) band with the 

overtone of the o(CH 2) band l73 appear in the alcohols at ca. 2914 and ca. 2927 cm

I. The frequency of the band at 2914 cm- I is relatively independent of alkyl 
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Figure 3.5 Raman spectra from 2800 to 3000 cm-1 of liquid alcohols: a) 
propanol, b) butanol, c) pentanol, d) hexanol, e) octanol, f) 
dodecanol, g) tetradecanol, and h) octadecanol. 
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Figure 3.6 Raman spectra from 2800 to 3000 cm-1 of solid alcohols: a) 
propanol, b) butanol, c) pentanol, d) hexanol, e) octanol, f) 
dodecanol, g) tetradecanol, and h) octadecanol. 



Table 3.5. 

A~sjgnm!::nt· 

v.(CH 2) 

v.(CH 2) 

v.(CH3) 

v.(CH 2) 

v.(CH 2) 

v.(CH 2,FR) 

v.(CH 2,FR) 

v.(CH3.FR) 
v.(CH3) 
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Raman Vibrational Assignments and Peak Frequencies in the 
2800 to 3000 cm-l Region of Liquid CnH2n+lOH. 

Frequency. cm-1 

J. ! ~ ~ B. 11 H ll. 
2840 2848 2850 2850 2852 2851 

2891 2860 2859 2860 2861 2861 2861 2862 
2880 2873 2875 2875 2872 2872 2873 2874 

2898 2882 2886 2885 2884 2884 2886 
2900 2907 2893 2896 2900 2897 2899 2899 
2914 2914 2916 2914 2913 2915 2914 2913 

2928 2927 2928 2928 
2938 2936 2937 2937 2938 2937 2936 2938 
2964 2963 2960 2960 2959 2958 2958 2958 

a G £: gauche, T::: trans, v '" stretch 



Table 3.6. 

Assignm~nta 

v.(CH2) 

v.(CH 2) 

v.(CHs) 

v.(CH 2) 

va(CH 2) 

v.(CH 2,FR) 

v.(CH2,FR) 

v.(CHs,FR) 

va(CHs)oop 
va(CHS) 

"a(CHS)ip 
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Raman Vibrational Assignments and Peak Frequencies in the 
2800 to 3000 cm-1 Region of Solid CnH2n+lOH. 

Frequency. cm-1 

l ~ ~ §. B- 12. H II 
2840 284] 2848 2844 2846 2845 

2864 2857 2853 2855 2857 2854 285] 2853 
2872 287] 287] 2874 2868 2872 2873 2873 
2897 290] 289] 2880 2880 2880 288] 2882 

2906 2904 2898 2895 2894 
29] ] 29]5 29]4 29]6 29]7 2909 2900 290] 

293] 2928 2932 2932 
2935 2935 2936 2935 

2943 
2954 2954 2956 2956 

2964 2960 2960 2966 
2965 2964 2969 2966 



106 

chain length for the liquids, but shifts to ca. 2900 cm- l in the solid spectra. 

Additionally, the band at 2927 cm- l does not appear in alcohols shorter than 

octanol. Snyder and coworkers l73 observed the CH 2 FR bands at ca. 2900 and 

2925 cm- l for polyethylene and associated these bands with order in the molecule. 

In particular, the ratio of the intensity of the 2925 cm- l band to that of the 

vs(CH 2) band at 2850 cm-l is indicative of molecular order. The ratio is larger in 

solids and smaller in liquids. These trends seem to hold for these molecules, but 

further work must be performed to make any further conclusions since FR bands 

still seem to be a mystery. 

Two va(CH 2) bands at ca. 2885 and ca. 2895 cm-l are observed in the liquid 

and solid alcohols and assigned on the basis of their liquid polarization behavior. 

The two bands are hard to resolve in shorter chain length alcohols, perhaps due 

to band overlap. The bands are resolved at longer chain length, especially in the 

solid spectra. The v a(CH 2) has been described as a broad band with asymmetric 

peak shape.173 

One vs(CH3) band is observed at ca. 2873 cm-l in the solid and liquid 

alcohols, verified by the polarization behavior in the liquid. Additionally, the 

v a(CH3) band in liquid alcohols is observed at ca. 2960 cm-l . This band is also 

observed in solid propanol, butanol, and pentanol, but splits into two bands at ca. 

2955 and 2965 cm- l in the alcohols longer than pentanol, except octadecanol. This 

splitting has been previously observed l50 in polyethylene, and assigned as the out

of-plane (oop) va(CH3) at lower frequency and the in-plane (ip) va(CH3) at higher 

frequency. A v
8
(CH3,FR) band is observed at ca. 2936 cm-l , corresponding to 

previous assignments.173 The vs(CH3), va(CH3), and v8(CH3,FR) bands decrease 
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in intensity relative to the CH 2 bands as the alkane chain length increases, 

reflecting the increasing number of CH2 groups on the molecules. 

Conclusions 

The Raman vibrational bands in the spectral regions from ca. 650 to 1320 

cm- I and from ca. 2800 to 3000 cm-I have been assigned for a series of n-alcohols. 

The CH 2 and CH3 rocking-twisting bands were observed predominantly from 650 

to 950 cm-I, the v(C-C) and v(C-O) bands were observed predominantly from 950 

to 1150 cm-I , and the CH 2 twisting-rocking and wagging bands were observed 

from 1150 to 1320 cm- I . T and G assignments for each band were identified. v(C

H) bands were observed from ca. 2800 to 3000 cm-I . The v(CH3) bands decrease 

in intensity relative to the v(CH 2) bands as the alkane chain length increases, 

reflecting the increasing number of CH 2 groups on the molecules. 
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Chapter 4 

CHAPTER 4: A SERS INVESTIGATION OF INTERFACIAL STRUCTURE AT 

Ag ELECTRODES IN ELECTROLYTE SOLUTIONS OF THE ISOMERS OF 

BUTANOL 

Introduction 

Little is known about the molecular structure of the metal-electrolyte 

interface in electrochemical systems, especially in nonaqueous media. 

Nevertheless, nonaqueous solvents such as acetonitrile, the alcohols, dimethyl 

sulfoxide, and dimethyl formamide are commonly used in electrochemical systems. 

Industrially, alcohols have been of interest as oxidant fuels in organic fuel 

cells. Thus, the adsorption and electrooxidation of alcohols has been a prosperous 

field of study. Recently, it has been suggested that electrooxidation of I-butanol 

on Pt involves cleavage of the o.-C-f3-C bond, producing carbon monoxide and a 

propylidyne species.114 In addition, Takky and coworkers115 investigated 

the effects of molecula~ structure of the butanol isomers on their electrochemical 

reactivity at Pt electrodes. I-Butanol and iso-butanol were found to be more 

reactive towards oxidation than 2-butanol, presumably due to the greater 

accessibility of the electrode to the C-O bond in the former two molecules as 

compared to the latter. The secondary C in 2-butanol is more sterically hindered, 
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and thus, may be less able to attain the necessary orientation on the electrode for 

facile oxidization. 

Hubbard and coworkers176 recently studied the adsorption of a series 

of saturated alcohols on an ordered Pt surface in-situ using cyclic voltammetry 

and emersed into an ultrahigh vacuum environment using Auger and electron 

energy-loss spectroscopies. The alcohols were found to attach to the Pt surface 

through the O-atom with a possible contribution from the adjoining carbon atom. 

Surface orientations of the alcohols on Pt emersed at negative potentials were 

presented. The straight chained alcohols were proposed to lie parallel to the 

electrode. The branched-chained alcohols such as 2-butanol could not lie parallel 

with the surface due to steric effects with the electrode surface. 

Gellman and coworkers177 recently studied the adsorption of a series of 

alcohols on a Ag(lIO) surface in an ultrahigh vacuum environment using 

desorption experiments, work function measurements, and x-ray photoelectron 

spectroscopy. They concluded that the heat of interaction of the alkyl chains with 

the metal surface is large enough to keep the chains at the metal surface in this 

environment. They speculated, however, that this may not be the case in-situ, 

since solvation of both the metal surface and the alkyl chains will decrease the 

barriers to chain dissociation from the surface. 

SERS has been used previously in this laboratory to study the interfacial 

sol yen t structure of methanol, ethanol, I-propanol and I-pen tanol at Ag electrodes 

in LiBr alcohol electrolyte solutions.134 ,178,246 These straight-chain alcohols 

interact with the Ag electrode through the 0 end of the molecule. At potentials 

positive of the potential of zero charge (PZC), the longer chain alcohols interact 
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with the electrode through both 0 lone pairs of electrons. In this environment, 

the alkane chain is oriented at a large tilt angle with respect to the electrode 

surface normal. At more negative potentials, the alcohols reorient such that only 

one lone pair of electrons interacts with the electrode. This interaction places the 

C backbone in a position more perpendicular to the electrode. 

Other species that are present in the nonaqueous electrochemical interface 

incl ude electrolyte ions and trace wa ter. The wa ter-electrolyte, wa ter-nonaqueous 

solvent, and electrolyte-nonaqueous solvent interactions must be thoroughly 

characterized in these environments in order to fully understand the molecular 

structure of and the interactions occurring within the interface. The water

electrolyte behavior in aqueous media has been well characterized.179 Chang 

and coworkers l8o studied the effects of electrolyte cation on the SERS of 

interfacial water and observed a correlation between the cation hydration energy 

and the frequency of the v(O-H) band. The lower hydration energy cations Cs+, 

Rb+, and K + allow the 0 end of the water molecule to interact with the electrode 

resulting in a v(O-H) band at ca. 3510 cm- I . Higher hydration energy cations, 

including Na+, Li+, and Ba+2, are oriented such that the 0 end of the water 

molecule solvates the cation in the outer Helmholtz plane resulting in a v(O-H) 

band at ca. 3550 cm- l . 

The goal of the work presented here was to use SERS to obtain potential

dependent orientational information on the butanol isomers in LiBr solutions at 

Ag electrodes. The isomers studied include I-butanol, 2-butanol, and iso-butanol. 

2-Methyl-2-propanol (tert-butanol) could not be studied due to the fact that it is 

a solid at room temperature. The potential-dependent behavior of interfacial 
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water species in these alcohols was also investigated. Surface selection rules are 

used to interpret potential-dependent orientational information from the SERS 

spectra. 

Results and Discussion 

Surface Raman Section Rules 

Four vibrational regions were studied to obtain information on interfacial 

solvent structure of the alcohol isomers: the v(C-C) and v(C-O) region between ca. 

800 and 1150 em-I, the v(C-H) region between ca. 2800 and 2980 em-I, and the v(O

H) region between ca. 3300 and 3600 em-I. The v(Ag-Br) band at 156 cm-l was 

also monitored, but since this region looks identical for all three isomers, only 

results in I-butanol will be shown. Most orientational information was obtained 

by analyzing the v(C-H) region and by comparing the relative intensities of the 

v(C-H) and the v(C-O) and v(C-C) regions. 

In order to ascertain the orientation of these alcohols from the SERS 

results, surface selection rules are applied. These rules have been previously 

discussed by Moskovitsl81 and Creighton.182 The interpretation of these 

rules for orientational information on low symmetry molecules at metal electrodes 

has been discussed further elsewhere.1g4 ,249 The vibrations of the methyl group 

are particularly useful in this regard. It is assumed that the major change in 

polarizability ellipsoid is along the direction of the C-CHg bond axis for the 

vs(CHg) mode and that the major change in the polarizability ellipsoid for the 

corresponding va(CHg) is orthogonal to this direction, namely in the plane 

containing the three methyl H atoms.249 The ratio of intensities of these two 



112 

vibrations of known spatial relationship provides a useful measure of orientation 

of this group based on surface selection rules. When the methyl group is oriented 

with the antisymmetric stretch plane perpendicular to the electrode, maximum 

enhancement is achieved for the va(CH3) band relative to the v
8
(CH3) band. As 

this plane becomes less perpendicular, less enhancement is seen for the v a(CH3) 

band relative to the v8(CH3) band. In the bulk liquid, the orientation of the 

methyl group is random with respect to the electric field. Thus, the symmetric 

and antisymmetric modes experience an equivalent electric field. The difference 

in intensities of these two modes is simply the difference in scattering cross

sections for the two vibrations. An analogous situation is realized for the surface

confined methyl group when it is at an angle of 45° with respect to the surface 

normal. In this orientation, the electric fields experienced by both modes 

vectorially sum to the same value. Thus, the intensity ratio of the two modes is 

dictated by the scattering cross-sections and becomes equal to the value observed 

in the bulk liquid. If the surface intensity ratio is larger than the bulk ratio, the 

methyl group is oriented at a tilt angle of the C-CH3 bond greater than 45° with 

respect to the surface normal. If the surface ratio is smaller than the bulk ratio, 

the methyl group is oriented at an angle less than 45°. A detailed description of 

the justification for this approach is provided elsewhere.249 

Orientational information can also be obtained from the change in the 

intensity of the va(CH2) band relative to that of the vs(CH 2) band for the adsorbed 

molecule. The polarizability of the v8(CH 2) lies in the plane containing the C and 

two H atoms. Since this is a symmetric vibration, the change in the polarizability 

ellipsoid upon vibration is a disk shape. Maximum enhancement of the symmetric 
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mode is seen when this disk is oriented perpendicular to the electrode. The 

enhancement decreases as the disk becomes more parallel to the electrode. The 

lIa(CH2) also occurs in the plane containing the C and the two H atoms. The 

direction of the polarizability change, however, is towards one of the H atoms. 

Thus, it can be approximated as a line connecting the average position of the two 

H atoms. When the methylene is oriented such that the line containing the two H 

atoms is perpendicular to the electrode, maximum enhancement of the 

antisymmetric mode is achieved. This enhancement decreases as this line becomes 

less perpendicular to the electrode. 

l-Butanol 

I-Butanol was chosen for study as an extension of a previous study of 

straight-chain alcohols in this laboratory.246 Figures 4.1 through 4.5 show the 

behavior in the lI(Ag-Br), lI(C-C) and lI(C-O), v(C-H), and v(O-H) frequency 

regions of the bulk liquid and SERS spectra in this system. Peak frequencies and 

assignments are given in Table 4.1. No comprehensive set of vibrational 

assignments for I-butanol have been reported in the literature,I53 although 

assignments for structurally similar molecules can be found. I47,152,154,183,184 

The assignments shown in Table 4.1 are based on a detailed, comprehensive 

study of a series of alcohols and alkanethiols and are discussed in detail 

elsewhere. l71 

Figure 4.1 shows the potential-dependent behavior of the v(Ag-Br) stretch 

which is observed at 156 em-I. This stretch is lower in frequency than the 

corresponding stretch in aqueous environments, but is similar to that observed 
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Figure 4.l. Raman spectra in v(Ag-Br) region of I-butanol containing 0.4 M 
LiBr in a SERS (30 s integration) experiment. 
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Figure 4.2. Raman spectra in II(C-C) region of I-butanol containing 0.4 M 
LiBr in a bulk liquid (20 s integration) and SERS (120 s 
integration) experiments. 
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Figure 4.3. Raman spectra in v(C-H) region of I-butanol containing 0.4 M 
LiBr in a bulk liquid (5 s integration) and SERS (30 s 
integration) experiments. 
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Figure 4.4. Plot of I[va(CHS)]/I[va(CHs)] versus potential for I-butanol. 
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Figure 4.5. Raman spectra in lI(O-H) region of I-butanol containing 0.4 M 
LiBr in a bulk liquid (5 s integration) and SERS (45 s 
integration) experiments. 
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Table 4.1. Peak Assignments and Raman Frequencies (em-I) for I-Butanol. 

Frequency, cm·1 

A~sjgl!m~Dl l.iruill! :OA....Y. :.L2..Y. -1.4 V E!:Cm,OS;!:5 
• 
CH2 rocke 808 807 807 808 )47,)S2,183 
II(CCCCO) 
+CH3 rockT 825 825 825 825 )S2,)54 
CH 2 rocke 844 846 845 845 )52,154 
CH 2 rocke 876 876 877 877 )52,)54 
CH3 rockT 898 899 898 900 )47,)S2,)83 

923 923 
CH 2 rockT 941 937 937 938 152,154 
II(C-C-Oh 951 95) 949 949 )47,153,183 
CH 2 rocke 965 960 960 962 )71 
II(C-C-O)e 992 992 992 992 )53 

1012 )012 1012 )012 )71 
II(C-C-O)T 1028 )027 )029 )029 17) 
II(C-C)T 1050 )049 )048 1048 )52,)S4 
II(C-C)T )057 )060 )060 )061 )52,183,199 
II(C-C)e 1071 )067 1070 1070 171 
II(C-C)T )) 13 )))3 )) )2 )) )2 )S2,)83 
1I.(CH2) 2840 2840 2840 2840 )7) 
1I.(CH2) 2860 2860 2860 2860 171 
1I.(CH3) 2873 2873 2873 2873 171 
1I.(CH2.FR) 2898 2898 2898 2898 )71 
1I.(CH2) 2907 2907 2907 2907 )71 
1I.(CH2.FR) 2914 2914 29)4 2914 171 
1I.(CH3.FR) 2936 2936 2936 2936 )71 
1I.(CH3) 2963 2963 2963 2963 171 
II(O-H) 3300 3350 )89 
II(O-H) 3633 )89 

&11 .. stretch, FR .. Fermi resonance, T - trans, G .. gauche 
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previously in other straight-chain alcohol environments. ls4 Such a decrease in 

frequency may be the result of hydrogen bond formation between the specifically 

adsorbed Br- and the O-H of the alcohol or trace water on the surface. This 

interaction would weaken the Ag-Br bond causing a shift to lower frequencies. 

The intensity of this band decreases and ultimately disappears as the potential 

approaches the PZC I85 due to Br- desorption at more negative potentials. 

Figure 4.2 shows the bulk and SERS spectra in the lI(C-C) and lI(C-O) 

regions. The lI(C-O) and lI(C-C) bands occur predominantly from ca. 960 to 1115 

em-I. Also found in this region are CH2 and CH3 rocks, generally occurring 

between ca. 800 to 960 em-I. Weak bands due to trace impurities formed by the 

catalytic oxidation of the alcohol at Ag are seen at 860 em-I, 1028 em-I, and 1118 

em-I. These bands were also seen for the other straight-chain alcohols previously 

studied in this laboratory.246 The bands in this region are relatively insensitive 

to changes in potential and look similar to those in bulk I-butanol. The fact that 

most of the bands in this region remain relatively unchanged with potential 

suggests that a drastic rearrangement of the molecule does not occur as the 

potential changes. 

Figure 4.3 shows the potential-dependence of the lI(C-H) region. This 

region is quite complex and contains a collection of symmetric and antisymmetric 

CH2 and CH3 vibratiopal bands. Figure 4.4 shows the intensity ratio of the 

lIa(CH3) band at 2963 cm-I to the lIs(CH3) band at 2873 em-I. The lIs(CH3) band 

increases in intensity relative to the lIa(CH3) band at more negative potentials. 

This behavior suggests that at potentials positive of the PZC, the methyl group is 

tilted large"Iy parallel to the electrode, and at more negative potentials, the methyl 
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group is oriented at a tilt angle less than 45° with respect to the surface normal. 

The va(CH2) bands at 2840 and 2860 cm-l increase in intensity relative to 

the va(CH2) band at 2907 cm-l as the potential is made negative. This result 

suggests that at positive potentials, the methylene is positioned such that the line 

containing the H atoms is perpendicular to the electrode. As the potential is made 

negative, the methylene orientation changes so that this line is more parallel to the 

electrode. In addition, a new vs(CH2) band grows in at 2830 cm-l at negative 

potentials, similar to the one observed in the SERS of ethanol, propanol, and 

pentanol at Ag.246 This new band has been attributed to a methylene undergoing 

H···Ag agostic interactions. The significance of this band is discussed below. 

It is also interesting to note that the widths of the bands in the v(C-H) 

region are potential-dependent. The bands at potentials positive of the PZC 

appear to be broader and less distinct than those at potentials negative of the PZC. 

This difference in band width with potential may be the result of steric 

perturbation caused by the proximity of the methylene and methyl groups to the 

Ag surface, resulting in a distribution of orientations at the surface or a 

distribution of surface sites at these potentials or both. 

Figure 4.5 shows the spectra in the spectra in the v(O-H) region. Two v(O

H) bands are observed in bulk liquid I-butanol. A broad band is observed at 3300 

cm- l from the I-butanol species that undergo extensive H-bonding. This band is 

not seen in vapor phase studies.153 The second band, not seen in this figure, is a 

small, sharp band at 3633 cm- l that corresponds to monomeric I-butanol species 

that do not undergo H-bonding interactions in the bulk solvent.153 

At -0.4 V, the v(O-H) band for I-butanol is observed at 3350 em-I. The 
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shift to higher frequencies upon interaction with the Ag surface suggests that 

intermolecular H-bonding typically found in the solvent is disrupted for surface 

I-butanol possibly due to interaction with specifically adsorbed Br-,134 or with 

interaction of the 0 with the surface. This band disappears as the potential 

approaches and is made negative of the PZc. 

The potential-dependence of the v(O-H) band intensity suggests that at 

positive potentials, this vibration has a component perpendicular to the electrode. 

As the potential reaches the PZC, the molecule rearranges so that this bond lies 

essentially parallel to the electrode, indicated by the disappearance of the v(O-H) 

band at 3350 cm- l . This band does not grow in intensity at negative potentials, 

suggesting that this bond remains parallel to the electrode at these potentials. 

v(O-H) vibrations from the ea. mM quantities of water that are invariably 

present in these nonaqueous solvents can also be observed. At -0.4 V, a water band 

is observed at 3508 em-I. As the potential reaches the PZC, this band disappears, 

but as the potential is made negative of the PZC, another water v(O-H) band 

appears at 3567 em-I. The v(O-H) band at 3508 cm- l has been previously assigned 

to interfacial water species with the 0 end interacting with the electrode surface 

at positive potentials. ISO This surface water could also be involved in H-bonding 

with specifically adsorbed Br-. However, the decrease in the intensity of this 

band as the potential approaches the PZC parallels the intensity behavior of the 

v(Ag-Br) band, suggesting that the water leaves the surface with the desorbing Br-. 

As the potential is made negative of the PZC, a water v(O-H) band at 3567 cm- l 

grows in intensity. This band has been previously assigned to water with the H 

end towards the surface and the 0 end solvating Li+ species that are approaching 
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the outer Helmholtz plane at negative potentials. ISO 

The SERS spectra of the interfacial water in this nonaqueous environment 

are quite remarkable in that they are extremely well-defined relative to the SERS 

spectra observed in aqueous environments. ISO This effect may be the result of the 

isolated nature of the water molecules on the surface. The effect of dilution on 

the water SERS spectra is being investigated in this laboratory and will be 

reported at a later date. In addition, it is important to note that the SERS method 

reported here may be useful as an indicator of the PZC. The SERS spectra of 

interfacial water demonstrates pronounced changes in the vicinity of the PZC. 

Given the difficulty inherent in estimating the PZC by electrochemical methods, 

the utility of this approach is significant. 

The potential-dependent orientations of I-butanol at Ag electrodes 

deduced from these data are shown in Figure 4.6. Included are the front and side 

views of I-butanol. At potentials positive of the PZC, the O-H bond in I-butanol 

has a component perpendicular to the electrode, as evidenced by the v(O-H) band 

observed at 3350 cm-l . The large value of I[va(CH3)]/I[vs(CH3)] for the surface 

species suggests that the methyl group is largely parallel to the surface. Assuming 

that the alkane chain is in its most favorable trans conformation, this large ratio 

suggests that the chain is mostly parallel to the electrode at positive potentials. 

Finally, the methylene is positioned such that the line containing the H atoms is 

perpendicular to the electrode, as evidenced by the relative intensity difference 

of the vs(CH 2) bands to the va(CH 2) band compared to bulk I-butanol. 

At the PZC, the disappearance of the v(O-H) band at 3350 cm- l suggests 

that the O-H bond is parallel to the electrode surface. The value of 
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Figure 4.6. Proposed potential-dependent orien ta tion of I-butanol, front and 
side views. 
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I[vn(CHS}]/I[vs(CHs)] is close to that for the bulk liquid at the PZC, suggesting that 

the alkane chain is repelled from the electrode surface. Thus, the methyl group 

is oriented at ca. 45° with respect to the surface normal. 

At potentials negative of the PZC, no further reorientation of the O-H 

bond is observed. The methyl end of the molecule is further repelled from the 

negatively charged surface. The average methylene orientation at these potentials 

is such that the line containing the two H atoms is largely parallel to the electrode. 

This orientation is supported by the large enhancement of the vs(CH2) intensity 

relative to the va(CH2) intensity. Finally, the H atom of the a-CH2 adjacent to the 

o appears to undergo agostic bonding with the Ag surface. This interaction is 

supported by the appearance of a new vs(CH 2) band at 2830 cm-1 and by previous 

results of other straight-chain alcohols on Ag electrodes.246 

2-Butanol 

The vibrational peak frequencies and assignments for 2-butanol bulk 

liquid and SERS spectra at -0.2, -1.0, and -1.4 V are shown in Table 4.2. The v(O

H) band is the only vibration that shifts in frequency upon interaction with the 

surface. Assignments in this table are based on previous 2-butanol 

assignments186 as well as assignments of structurally-related molecules 

including 2-butanethiol,187.188 2-chlorobutane,18S.189 and 2-

methylbutane. 190 

Three rotational conformers exist for 2-butanol which are shown in 

Figure 4.7 as viewed along the central C-C axis. Bernstein and Pederson 191 

studied the rotation of 2-butanol as a function of temperature in order to 



126 

Table 4.2. Peak Assignments and Raman Frequencies (em-I) for 2-Butanol. 

Frequency, em-1 

A~sign!!1~l!t Lim!il1. :U.Y ~ :.lA.Y. B~[~[~n£~~ 
a 

CH 2 rock 775 779 780 779 186,188,190 
II(C·C) + 

CH2 rock 792 792 794 793 187,188,190 
v(CCCO) 821 821 821 821 186 
CHlS rock 912 911 912 912 186,187,190 

937 937 937 
II(C·C) 967 967 963 963 186 
II(C-C)C 979 979 979 979 187,190 
CH:s rock 991 991 991 991 186,187 
".(CCO) 1032 1031 1032 1032 186 

1053 1056 1057 171 
CH lS rock 1109 1107 1107 1107 186,190 

1116 11 14 11 IS 
".(CCO) 1128 1126 1128 1128 187 
II(C-C)C 1140 1140 1140 1140 187,190 
II(C-Ch 1161 1162 1160 1160 186,187,190 
II(CH) 2832 2832 2832 2832 171 
.... (CH 2) 2852 2852 2852 2852 171 
".(CH2) 2866 2866 2866 2866 171 
".(CH:s) 2880 2880 2880 2880 171 
".(CH2.FR) 2895 2895 2895 2895 171 
".(CH 2.FR) 2913 2913 2913 2913 171 
" a(CH 2) 2927 2927 2927 2927 171 
".(CHlS.FR) 2939 2939 2939 2939 171 
" a(CH:s) 2955 2955 2955 171 

2973 2973 2973 2973 171 
lIa(CH:s) 3315 3359 189 
II(O-H) 3629 189 
II(O-H) 

all '" stretch, FR • Fermi resonance, T - trans, G - gauche 
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Figure 4.7. Rotational conformers for 2-butanol. 
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determine the relative amounts of the various conformers in solution. They 

concluded that conformers I and II have equal and lowest energy. Conformer III 

was found to exist only ca. 10% of the time. Similar rotational isomers have been 

used by other authors to help interpret thermodynamic and spectroscopic 

properties of 2-chlorobutane I8S,I92 and 2-butanethiol. I87 The analogous 

conformers I and II were found to dominate in these solvents as well. Thus, it is 

assumed that rotational isomers I and II are present in equal proportions at room 

temperature in liquid 2-butanol. Once this alcohol is confined to the electrode 

surface, however, this assumption is no longer valid; the surface could influence 

the stability of one conformer over another. For obvious steric reasons, conformer 

III is assumed to be present only in very small amounts. 

Shown in Figures 4.8, 4.9, and 4.11 are the SERS spectra of 2-butanol at Ag 

electrodes under potential control. Figure 4.8 shows the potential-dependence of 

the v(C-O) and v(C-C) regions. The v(C-O) and v(C-C) bands occur predominantly 

from ca. 790 to 1160 cm- I . A v(C-C-C-O) backbone vibration is observed at 821 

cm-I . Also found in this region are CH 2 and CHs rocking vibrations, generally 

occurring from ca. 770 to 1110 cm- I . The surface spectra contain a band for the 

v(C-C) + CH 2 rock vibration at 791 cm-I , and to some extent, the CH2 rock at 775 

cm- I , which are of larger intensity relative to the backbone stretch at 821 cm- l 

than the corresponding bands in the bulk liquid spectrum. A band due to trace 

impurities formed by the catalytic oxidation of the alcohol by Ag246 is seen at ca. 

1033 cm- I in the surface spectra, overlapping with the v(C-O) at that same 

frequency. This band is similar to the one observed in the I-butanol surface 

spectra. The only band in this region that demonstrates significant potential-
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Figure 4.8. Raman spectra in lI(C-C) region of 2-butanol containing 0.4 M 
LiBr in a bulk liquid (20 s integration) and SERS (180 s 
integration) experiments. 
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Figure 4.9. Raman spectra in II(C-H) region of 2-butanol containing 0.4 M 
LiBr in a bulk liquid (5 s integration) and SERS (50 s 
integration) experiments. 
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dependence is the impurity band at 1033 em-I. Thus, no drastic potential-

dependent changes occurs in the orientation of the C-C or C-O bonds. 

Figure 4.9 shows the potential-dependence of the v(C-H) region. As was 

noted for I-butanol, the bands in this region are broader at positive potentials 

than at negative potentials. The assignments for bulk 2-butanol in Table 4.2 show 

only one va(CHg) band at 2973 cm- l and one vD(CHg) band at 2880 em-I. However, 

upon curvefitting the SERS spectra, a second antisymmetric methyl stretch can 

be identified at 2955 cm- l which is not found in the bulk liquid spectrum. This 

band will be designated as the va(CHg)· band. The presence of two va(CHg) bands 

suggests that the two methyl groups reside in different environments for the 

surface-confined molecule. However, a second vs(CHg) band is not observed in the 

bulk liquid spectrum. 

Figure 4.lOa is a plot of the intensity ratio of the va(CHg) band at 2973 cm

I to the vs(CHg) band at 2880 cm- l for the bulk liquid and SERS results as a 

function of potential. The methyl intensity ratio for the surface species remains 

relatively constant with potential and is slightly greater than that for the bulk 

liquid. The values of the ratios suggest that the plane of the H atoms is oriented 

at a tilt angle slightly larger than 45° with respect to the surface normal at all 

potentials. The intensity ratios of the va(CHg)· band at 2955 cm- l to the va(CHg) 

band at 2973 cm- l for the SERS results is plotted in Figure 4.10 as a function of 

potential. The intensity of the va(CHg)· band at 2955 cm- l decreases relative to 

the va(CHg) band at 2973 cm- l as the potential becomes more negative. The 

behavior of this ratio suggests that the second methyl group displays potential

dependent behavior. In particular, the second methyl group is oriented at a larger 
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angle with respect to the surface normal at positive potentials than at negative 

potentials. This methyl group must be the one adjacent to the methylene group, 

since this group is more flexible than the other one, allowing it to respond to 

changes in potential. This assignment is also consistent with the observed 

behavior of the methylene group presented below. 

Two vs(CH2) bands are observed at 2852 and 2866 cm-I for 2-butanol in 

both the bulk liquid and SERS spectra. Both bands exhibit identical potential

dependent behavior. Figure 4.IOb is a plot of the peak intensity ratio of the 

va(CH 2) band at 2927 cm-l to the vs(CH 2) band at 2866 cm-l as a function of 

potential. This ratio decreases slightly at more negative potentials indicating that 

the line containing the methylene H atoms becomes less perpendicular to the 

electrode as the potential is made negative. 

Figure 4.11 shows the v(O-H) region for 2-butanol. These spectra are 

similar to the ones for I-butanol, and thus, similar conclusions can be drawn. As 

with I-butanol, two v(O-H) bands are observed in bulk liquid spectrum. The first 

is a broad band observed at 3315 cm- l from the 2-butanol that undergoes extensive 

H-bonding. The second band, not shown in this figure, is a weak, sharp band at 

3629 cm- l corresponding to monomeric 2-butanol units not involved in H-bonding. 

At -0.2 Y, the v(O-H) band for surface-confined 2-butanol is observed at ca. 3360 

cm- l , higher in frequency than in the bulk liquid due to disruption of H-bonding 

caused by the presence of specifically adsorbed Br-.134 At this same potential, a 

trace water v(O-H) band is observed at 3500 cm- I . As the PZC is reached, the 

intensities of the 2-butanol and trace water v(O-H) bands decrease and disappear. 

At potentials negative of the PZC, neither of these bands reappear, but a new 
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Figure 4.11. Raman spectra in v(D-H) region of 2-butanol containing 0.4 M 
LiBr in a bulk liquid (5 5 integration) and SERS (20 5 

in tegra tion) experimen ts. 
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trace water band grows in at 3560 cm- l . 

As with I-butanol, there is a perpendicular component to the 2-butanol 0-

H bond at positive potentials. At potentials near and negative of the PZC, this 

lI(O-H) band is not present, suggesting that this bond is largely parallel to the 

electrode. The trace water lI(O-H) bands in 2-butanol at ca. 3500 and 3560 cm- l 

exhibit the same behavior as those in I-butanol. The importance of these lI(O-H) 

bands was discussed above. 

Figure 4.12 shows the proposed potential-dependent orientation of 2-

butanol. At positive potentials, the O-H bond has a perpendicular component, 

illustrated by the presence of the lI(O-H) band at 3360 cm- l . The methyl group 

attached to the Q-C is oriented at an angle slightly larger than 45° with respect to 

the surface normal. This postulate is supported by the slightly larger value of 

I[lIa(CH3)]/I[lIs(CH3)] for the surface spectra compared to that of the bulk liquid. 

The exact orientation of the second methyl group is unknown. Based on the 

potential dependence of I[lIa(CH3)]/I[lIs(CH3)J, this methyl group is shown to be 

oriented at an angle greater than 45° with respect to the surface normal. Finally, 

the methylene group is oriented such that the line of its H atoms is perpendicular 

to the electrode, indicated by its larger value of I[lIa(CH 2)]/I[lIs(CH 2)] as compared 

to that of the bulk liquid. 

As the PZC is approached, the O-H bond becomes more parallel to the 

electrode. The orientation of the methyl group attached to the Q-C stays the same 

as indicated by the independence of I[lIa(CH3)]/I[lIs(CH3)]. The methyl group of 

the ethyl unit is oriented at a smaller angle at the electrode than at positive 

potentials, consistent with the decrease of the I[lIa(CH3)·]/I[lIa(CHs)] with 
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Figure 4.12. Proposed potential-dependent orientation of 2-butanol, front and 
side views. 
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increasing nega tive poten tial. Finally, the methylene group reorien ts such tha t the 

line containing its H atoms is less perpendicular to the electrode than at positive 

poten tials. 

At potentials negative of the PZC, the O-H bond remains parallel to the 

electrode. The orientation of the methyl group attached to the a-C remains 

unchanged. The second methyl group is oriented at an angle even less than that 

noted at the PZC, consistent with the decreasing value of I[vn(CH3)*]/I[va(CH3}] 

for the two methyl groups. This reorientation places the line containing the 

methylene H atoms even less perpendicular to the electrode than at the PZC, 

supported by the decrease in I[va(CH 2»)/I[vs(CH 2}] at negative potentials. 

Iso-bu tanol 

The vibrational assignments for iso-butanol are shown in Table 4.3. As for 

I-butanol, no comprehensive vibrational assignments for iso-butanol exist in the 

literature. The assignments in Table 4.3 were compiled using vibrational 

assignments from structurally similar molecules including l-chloro-2-

methylpropane,193,194,195 I -bromo-2-methylpropane, 193,196 and 2-methyl

l_propanethiol. 195,197,198 

Two conformers of iso-butanol are possible and are shown in Figure 4.l3. 

Brown and Sheppard 199 proposed the analogous conformers of 2-methyl- 1-

chloropropane and proposed that conformer I dominates in solution. Scott and 

coworkers198 also proposed the analogous conformers for 2-methyl-l-propanethiol 

and presented evidence for only conformer I in solution spectroscopic studies. 

Based on these results, conformer I is assumed to be the dominant conformer in 
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Table 4.3. Peak Assignments and Raman Frequencies (em-I) for Iso-butanol. 

Frequency, em-I 

A~~ignm$;nl LiIDllil :M..Y :LQ..Y. :U...Y. B!;f!;[~n!:~s 
a 

CH 2 rock 785 787 787 787 183,189 
vI(C-C)T 820 820 820 820 199 

859 
903 903 904 903 

v(C-C) 923 923 923 923 183,194,197 
CH!! rock 942 942 943 942 183,194,197 
CH!! rock 961 961 961 961 183,193,194 

1004 1005 1006 1004 
v(C-O) 1032 1032 1032 1032 171 
v(C-O) 1051 1050 1048 1048 171 
CH!! rock 183,193,194 
+ v(C-C) 1126 1124 1126 1125 171 

CH!! rock 1175 1177 1177 1175 183,194,197 
vl(CH2) 2840 2840 2840 2840 171 
vl(CH 2) 2857 2857 2857 2857 171 
vl(CH!!) 2873 2873 2873 2873 193 
vl(CH:.FR) 2889 2889 2889 2889 171 
va(CH2) 2910 2910 2910 2910 171 
v.(CH!!.FR) 2934 2934 2934 2934 171 
va(CH!!) 2961 2961 2961 2961 193 
va(eH!!) 2977 2977 2977 2977 193 
v(O-H) 3287 3330 189 
v(O·H) 3643 189 

av .. stretch, FR .. Fermi resonance, T. trans, G • gauche 
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iso-butanol. 

Figures 4.14, 4.15, and 4.17 show the SERS spectra of iso-butanol at Ag 

electrodes as a function of potential. Figure 4.14 shows the bulk liquid and SERS 

spectra for iso-butanol in the v(C-C) and v(C-O) region. These spectra show 

relatively few changes as a function of potential. In fact, the bulk liquid 

spectrum is essentially identical to those for the interfacial species at all 

potentials suggesting that there is no drastic potential-dependent change in the 

orientation of the C-C or C-O bonds. 

Figure 4.15 shows the potential-dependence of the v(C-H) region. Two 

va(CH3) bands at 2961 and 2977 cm-l are observed for both bulk liquid and 

in terfacial iso-bu tanol. However, onl y one va(CH 3) band is observed. Figure 4.16a 

is a plot of the intensity ratios of both va(CH3) bands to the v a(CH 3) band as a 

function of potential. These ratios remain reasonably constant with potential and 

are slightly larger than the corresponding values for the bulk liquid. These data 

suggest that both methyl groups are at angles close to 45" with respect to the 

surface normal and do not undergo significant reorientation as the potential 

changes. 

Figure 4.16b shows a plot of the intensity ratios of the va(CH 2) band at 

2889 cm- l to the v a(CH 2 ) band at 2857 cm- l as a function of potential. Although 

this intensity ratio is fairly constant with potential, its magnitude is considerably 

lower than observed in the bulk liquid spectrum. This indicates a greater 

enhancement of the va(CH 2) band relative to the va(CH2) band. 

The most significant intensity changes in the v(C-H) region occur in the 

v(CH 2) and v(CHs) Fermi resonance bands at 2910 and 2934 em-I, respectively. 
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Figure 4.14. Raman spectra in v(C-C) region of iso-butanol containing 0.4 M 
LiBr in a bulk liquid (20 s integration) and SERS (120 s 
in tegra tion) experiments. 
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Figure 4.15. Raman spectra in v(C-H) region of iso-butanol containing 0.4 M 
LiBr in a bulk liquid (5 s integration) and SERS (20 s 
integration) experiments. 
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Figure 4.16. Plot of a) l[va(CHS»)/I[ve(CHS») versus potential and b) 
I[va(CH 2»)/I[vs(CH2)] versus potential for iso-butanol. 



144 

These bands are combinations of 5(C-H) and either vs(CH2) or vs(CHg) vibrations. 

The potential-dependence of these bands does not correspond to changes in the 

5(C-H) region, since no change in this bending region is detected. 

Figure 4.17 shows the behavior in the v(O-H) region. As with 1- and 2-

butanol, two v(O-H) bands are observed in bulk liquid iso-butanol. The first band 

is a broad band at 3287 cm- l corresponding to the v(O-H) band for iso-butanol 

involved in extensive H-bonding. The second band, not seen in this figure, is a 

small, sharp band at 3643 cm- l corresponding to monomeric iso-butanol species not 

involved in H-bonding. 

At -0.4 Y, the v(O-H) band for surface confined iso-butanol is observed at 

3330 cm- l . This value is higher in frequency than that of the bulk liquid due to 

disruption of H-bonding caused by the presence of specifically adsorbed Br-. l34 

At this same potential, a trace water v(O-H) band is observed at 3490 cm- l . As the 

PZC is reached, the intensities of both II(O-H) bands decrease, and ultimately, the 

bands disappear. At potentials negative of the PZC, neither of these bands 

reappear, but a trace water v(O-H) band grows in at 3570 cm- l . 

As for both 1- and 2-butanol, the O-H bond for iso-butanol has a 

component perpendicular to the surface at positive potentials. As more negative 

potentials are applied, this band disappears, suggesting a rearrangement of the 0-

H bond to a more parallel orientation. The trace water II(O-H) bands in iso

butanol at 3490 and 3570 cm- l exhibit the same behavior as seen in the other 

alcohols. The importance of these II(O-H) bands was discussed above. 

Figure 4.18 shows the proposed potential-dependent orientation of iso

butanol. At positive potentials, both methyl groups are oriented at an angle 
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Figure 4.17. Raman spectra in ,,(O-H) region of iso-butanol containing 0.4 M 
LiBr in a bulk liquid (5 s integration) and SERS (45 s 
integration) experiments. 



146 

Figure 4.18. Proposed potential-dependent orientation of iso-butanol, front 
and side views. 
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slightly larger than 45° with respect to the surface normal. The methylene is 

oriented such that the line containing the H atoms is parallel to the electrode, but 

the C-H bonds themselves contain a small component perpendicular to the 

electrode. This orientation is verified by the large enhancement of the vs(CH2) 

band relative to the va(CH 2) band. 

The iso-butanol orientations at potentials in the vicinity of and negative 

of the PZC are identical to the orientation proposed for more positive potentials 

except for the orientation of the O-H bond with respect to the electrode surface. 

This picture is based on the relatively potential-independent behavior of the v(C-

0), v(C-C), and v(C-H) regions. The v(O-H) band is the only band for this 

molecule tha t shows significant potential-dependent beha vior. This band is absent 

at and more negative of the PZC, suggesting that this O-H bond is parallel to the 

electrode. 

Conclusions 

Two driving forces appear responsible for the potential-dependent 

orientations of these alcohols, namely the interactions of both 0 lone pairs of 

electrons and the alkane chain with the surface. At positive potentials, both 0 

lone pairs interact with the electrode. As the potential reaches the PZC and 

beyond, only one 0 lone pair interacts with the electrode. The consistency of this 

interaction is evident in all frequency regions for all three isomers. 

Both I-butanol and 2-butanol undergo significant changes in orientation 

with potential. In both cases, the molecules reorient in response to the change in 

interaction of the 0 atom and the alkane chain with the surface. Iso-butanol 
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shows little potential-dependent behavior of the alkane chain as a result of the 

fewer number of rotational isomers that exist for this molecule. 

Water species at the electrode also demonstrate potential-dependent 

behavior. At positive potentials, a v(O-H) band due to trace water is observed at 

ca. 3500 cm- I , corresponding to water with the 0 end interacting with the 

electrode surface. This surface water could also be involved in H-bonding with 

specifically adsorbed Br-. As the PZC is reached, both the water v(O-H) and v(Ag

Br) bands disappear suggesting desorption of both species from the electrode 

surface as the potential approaches the potential of zero charge. Alternately, the 

water could be reorienting such that the O-H bonds become relatively parallel to 

the surface, and thus, relatively invisible to the SERS probe. As potentials more 

negative of the PZC are applied, a new water v(O-H) band at ca. 3560 cm-1 

appears. This band corresponds to water with the 0 end solvating Li+ species that 

approach the outer Helmholtz plane. The drastic change in the v(O-H) band with 

potential suggests that the SERS method reported here may be useful for 

estimation of the PZc. Given the difficulty inherent in estimating the PZC by 

electrochemical methods, the utility of this approach is significant. 
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Chapter 5 

CHAPTER 5: DETERMINATION OF INTERFACIAL SOLVENT STRUCTURE 

USING SERS ON THE ISOMERS OF BUTANOL ON Au. 

Introduction 

Solvent interactions with the electrode are of great interest to 

electrochemists. The solvent plays an important role in electrochemical systems, 

including solvating the electrode, electrolyte and electroactive species. The 

solvent therefore defines the interfacial environment, and thus, heavily 

influences the rate and efficiency of electrochemical reactions at the interface. 

The solvent can also interact with the electrode, promoting side reactions, such as 

solvent oxidation and reduction. Understanding the solvent structure and 

interactions within the electrochemical double layer should lead to a better 

understanding of electrochemical processes. 

Surface enhanced Raman scattering (SERS) has been used extensively to 

characterize in-situ the identity, structure, and orientation of adsorbates at the 

electrochemical double layer.2oo SERS has also been used to investigate 

electrode-solvent interactions in nonaqueous solvents such as dimethyl sulfoxide, 

acetonitrile 134,201 propylene carbonate,202 and pryridine203 on Ag 

electrodes. These studies ha ve provided molecular inf orma tion a bou t the beha vior 
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and interactions of the solvent species within the interfacial region. 

Recently in this laboratory, the potential-dependent solvent orientation of 

a series of alcohols, including normal alcohols (CnH2n+lOH, n = 1 - 3, 5)IS4,IS7 and 

butanol isomers (I-butanol, iso-butanol, and 2-butanol, as described in Chapter 4) 

has been determined in-situ on Ag using SERS. These solvents possess relatively 

weak Raman cross sections, and therefore, discriminating the bulk solvent signal 

from the interfacial solvent signal is critical. Ag is an especially attractive metal 

for SERS studies such as this one, in which the enhancement for surface species 

over bulk species on Ag is particularly large, from ca. 104 to 106 at 514.5 nm 

excitation. 

SERS investigations on Au are also attractive in that Au provides a larger 

potential window at both negative and positive potentials. Ag, on the other hand, 

oxidizes readily at a relatively negative potential, especially in the presence of 

complexing ligands. SERS active sites on Au are also more stable than those on 

Ag. The major drawback of SERS on Au is that the enhancement of surface 

species over bulk on Au is much lower than on Ag, ca. lOS lower at 514.5 nm. 

Thus, to increase surface discrimination, the analysis is performed at longer 

wavelengths where Au is more enhanc~ng. Multiple ORC's must be applied to the 

electrode during electrode pretreatment to further increase surface 

enhancement.204 Additionally, the electrode can be pressed close to the cell 

window to limit the number of bulk solvent molecules contributing to the 

observed spectra. 

The SERS investigations of the alcohol/Ag electrochemical double layer 

presented in Chapter 4 and by Sobocinski1S4,1S7 identified two driving forces 
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responsible for the potential-dependent orientations of the molecules. These 

forces include the interaction of both 0 lone pair electrons and the alkane chain 

with the Ag surface. Both I-butanol and 2-butanol undergo significant changes 

in orientation with potential. In both cases, the molecules reorient in response to 

the change in interaction of the 0 atom and the alkane chain with the surface. 

Iso-butanol shows little potential-dependent behavior of the alkane chain as a 

result of the fewer number of rotational isomers that exist for this molecule. 

The bonding and orientation of a series of n-alkanethiols on Ag and Au 

were recently compared in this laboratory using SERS.205 The orientation of 

these species on Ag was shown to be different than that on Au in air. 206 These 

differences in orientation were correlated with differences in the surface 

electronegativity, demonstrating the importance of the metal-S bonding in 

determining the alkanethiol orientations. In the electrochemical environment, 

however, these species were found to exhibit similar potential-dependent 

orientations on Ag and Au.205 The C-S bond lies more perpendicular at potentials 

positive of the PZC on Ag and Au and less perpendicular at negative potentials. 

The orientational differences in air compared to the electrochemical environment 

were attributed to differences in the open circuit potential in air of the two 

metals.205 

This goal of this work is to compare the interaction and orientation of the 

butanol isomers on Au with that on Ag in the electrochemical environment. 

Towards this end, SERS is performed in the butanol isomers I-butanol, iso

butanol, and 2-butanol in LiBr on electrochemically roughened Au electrodes. 

These results are compared with the results on rough Ag presented in Chapter 4. 
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Results and Discussion 

The orientations of the butanol isomers on Ag, presented in Chapter 4 of 

this dissertation, were determined by applying the surface Raman selection rules 

to the SERS spectra. Three spectral regions were monitored in the SERS studies, 

including the II(C-C) and II(C-O) region between ca. 800 and 1150 cm-I , the II(C-H) 

region between ca. 2800 and 2980 cm-I, and the II(O-H) region between ca. 3300 

and 3600 cm- I . Interpreting these rules for orientational information on low 

symmetry molecules at metal electrodes was also discussed in Chapter 4. 

The potential-dependent orientations of 1-,2-, and iso-butanol on Ag are shown 

in Chapter 4, Figure 4.6, Figure 4.12, and Figure 4.18, respectively. 

LiBr was the electrolyte used in the butanol isomers in these SERS studies 

on Ag and Au. LiBr was also used to roughen the Ag electrode. The Au electrode, 

however, was electrochemically roughened in KCI since this roughening procedure 

has been previously shown to provide maximum SERS enhancement.207 Trace cr 

remaining on the Au surface could conceivably affect the solvent orientation at 

the electrode. Double layer capacitance measurements presented in Chapter 7 

demonstrate that Br- and CI- quantitatively display different potential-dependent 

coverages on the metal electrodes. Specifically, Br- is adsorbed to a larger extent 

at more negative potentials than CI-. Weaver and coworkers207 investigated 

rough Au surfaces using Auger electron spectroscopy and discovered no traces of 

CI- provided that the electrodes were thoroughly rinsed with distilled water. 

Therefore, even though the electrochemical roughening procedure for the Ag and 

Au electrodes were different, it is assumed that Br- is the only anion at the 

electrode surface. 
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In this study, the v(Au-X) region was monitored for the presence of Br-

and cr at the surface. lI(Au-Br) occurs at ca. 176 cm-I while v(Au-CI) occurs ca. 

260 cm-I . Figure 5.1 shows the potential-dependent SERS spectra in the lI(Au-X) 

region for 2-Butanol in LiBr. The only band detected in this region is the band 

at 176 cm- I corresponding to specifically adsorbed Br- at the Au surface. Cl- was 

not detected at the surface. 

The butanol isomers in LiBr were found to have a potential window on Ag 

ranging from ca. -0.2 V to -1.8 V and on Au ranging from ca. +1.0 V to -1.8 V. 

Both Ag and Au oxidize in the alcohols at potentials more positive than the 

positive potential limit indicated. Trace water reduces at potentials more negative 

than the negative limit indicated. The potential-dependent behavior of all three 

isomers is reversible, as long as exposure to extreme potentials for significant 

periods of time is avoided. The PZC on Ag is ca. -I V, while on Au, it is ca. 0 V. 

Shown in Figures 5.2 and 5.3 are the SERS spectra in the lI(C-H) and lI(C-C) 

regions, respectively, for I-butanol on Ag and Au. Peak frequencies and 

assignments for I-butanol are given in Table 4.1. The spectra at these potentials 

for Ag and Au look similar. The I[lIa(CHg)/vs(CHg)] of the surface spectra are also 

comparable. At more negative and positive potentials, the spectra continue to be 

similar, indicating that the orientations are similar. The I[lIa(CH3)/lIs(CH3)] are 

also comparable. 

Figures 5.4 and 5.5 show the SERS spectra in the v(C-H) and lI(C-C) 

regions, respectively, for 2-butanol on Ag and Au. Figure 5.6 and Figure 5.7 show 

the SERS spectra in the v(C-H) and v(C-C) regions, respectively, for iso-butanol 

on Ag and Au. Tables 4.2 and 4.3 list the peak assignments and frequencies for 
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Figure 5.1. Raman spectra in lI(Au-Br) region of 2-butano1 containing 0.4 M 
LiBr on a Au electrode at a) +0.3 V, b) 0.0 V, c) -0.3 V, d) -0.6 V, 
and e) -0.9 V. 
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Figure 5.2. Raman spectra in the v(C-H) region of I-butanol containing 0.4 
M LiBr in bulk liquid (5 s integration), and on a) Au (120 s) and 
b) Ag (30 s) electrodes. 
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Figure 5.3. Raman spectra on Au and Ag in /.I(C-C) region of I-butanol 
containing 0.4 M LiBr in bulk liquid (20 s integration), and on a) 
Au (240 s) and b) Ag (I20 s) electrodes. 
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Figure SA. Raman spectra on Au and Ag in the v(C-H) region of 2-butanol 
containing 0.4 M LiBr in bulk liquid (5 s integration), and on a) 
Au (60 s) and b) Ag electrodes (50 s). 
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Figure 5.5. Raman spectra on Au and Ag in the II(C-C) region of 2-butanol 
containing 0.4 M LiBr in bulk liquid (20 s integration), and on a) 
Au (60 s) and b) Ag (180 s) electrodes. 
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Figure 5.6. Raman spectra on Au and Ag in the II(C-H) region of iso-butanol 
containing 0.4 M LiBr in bulk liquid (5 s integration), and on a) 
Au (60 s) and b) Ag (20 s) electrodes. 
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Figure 5.7. Raman spectra on Au and Ag in the v(C-C) region of iso-butanol 
containing 0.4 M LiBr in bulk liquid (20 s integration), and on a) 
Au (90 s) and b) Ag (120 s) electrodes. 



161 

2-butanol and iso-butanol, respectively. Both isomers show similar behavior on 

Au compared with Ag in both spectral regions. The I[va(CHS)/v8(CHs)] for both 

of these isomers on Au is also similar to that on Ag. These data indicate that the 

orientations, and thus interactions, of the butanol isomers on Ag and Au are 

essentially the same in comparable potential regions. 

This observation suggests that the driving force behind the reorientation 

of the alcohols at Ag and Au are the same, namely the interactions of the 0 lone 

pair and the alkane chain. These results are analogous to the potential-dependent 

orientational behavior discussed above for the n-alkanethiols on Ag and Au in the 

electrochemical environment.205 

Conclusions 

The similar SERS spectral behavior of the butanol isomers on Ag and Au 

indicate that the interactions and orientation of these solvents are similar on the 

two metals. This spectral similarity suggests that the metal-solvent interactions 

in the butanol isomers are not strong enough on either metal to have a substantial 

effect on solvent orientation. Differences in solvent orientation in various metals 

would probably be seen in systems with stronger solvent-metal interactions. The 

driving forces responsible for the potential-dependent orientations of these 

alcohols on both metals appear to be the interactions of both 0 lone pairs of 

electrons and the alkane chain with the surface. At positive potentials, both 0 

lone pairs interact with the electrode. As the potential reaches the PZC and 

beyond, only one 0 lone pair interacts with the electrode. The consistency of this 

interaction is evident in all frequency regions for all three isomers. 
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Both I-butanol and 2-butanol undergo significant changes in orientation 

with potential. In both cases, the molecules reorient in response to the change in 

interaction of the 0 atom and the alkane chain with the surface. Iso-butanol 

shows little potential-dependent behavior of the alkane chain as a result of the 

fewer number of rotational isomers that exist for this molecule. 
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Chapter 6 

CHAPTER 6: INVESTIGATIONS OF ELECTROLYTE STRUCTURE AT Ag IN 

NONAQUEOUS BUTANOL SOLVENTS USING SURFACE ENHANCED 

RAMAN SeA TTERING 

Introduction 

Raman spectroscopy has been used recently to understand H 20 structure 

in a series of aqueous electrolyte solutions.208 Four characteristic bands in the 

v(O-H) region were identified. The frequency of the v(O-H) band decreases as the 

extent of intermolecular interactions between H20 and other species increases. 

Therefore, a v(O-H) band at high frequencies corresponds to unassociated H20 

species, whereas a band at low frequencies corresponds to a quasi-crystalline 

phase consisting of rigidly hydrogen-bonded dimers and tetramers. 

SERS has been widely used to provide information about the interfacial 

electrolyte structure at Ag electrodes in aqueous solutions using the v(O-H) 

region.180,209,210,211,212,213,214,215,216,217,218,219,220 

H20 tends to strongly solvate cations. H20 also solvates anions through hydrogen

bonding. These solvation interactions result in destruction of the extensive H20 

structure at the interface leading to distinct v(O-H) bands that are characteristic 

of the electrolyte species at the electrode. v(O-H) bands were detected in solutions 
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containing all types of cations, and anions such as cr, Br-, and 1-, but not in F-, 

ClOo{-, or S0o{ -.210,218,219 The line widths and number of lI(O-H) bands observed 

were generally found to depend on the nature of the cation present. 

The lI(O-H) bands originate from the H20 interacting with electrolyte 

species. Two bands can be observed in the interface depending on the nature of 

the cation.213,216,217 A narrow, symmetric band at ca. 3510 cm-1 is observed for 

cations with small hydration energies such as Cs+, Rb+, and K+. Due to their low 

hydration energies, these cations are not well solvated, and thus, can adsorb to the 

electrode surface. In this case, H20 molecules are preferentially aligned so that 

the ° atom interacts with the electrode surface. A broader, more asymmetric 

band at ca. 3550 cm-1 is observed for cations with large hydration energies such 

as Na+, Li+, B2+, Sr 2+, Ca2+, and Mg2+. These cations are strongly solvated; thus, 

they can not specifically adsorb to the electrode surface. The resulting lI(O-H) 

bands are those due to H20 molecules in the solvation shell of these cations. These 

H 20 molecules are preferentially aligned in the interface with their H toward the 

electrode and the ° interacting with the cation. Variations in these lI(O-H) bands 

result from interaction of the H20 with anions adsorbed to the 

electrode.211 ,213,216,217 

OH- species formed by H20 reduction at negative potentials or by a change 

in pH of the solution have also been monitored at Ag electrodes.180 OH- can 

either solvate high hydration energy cations or interact directly with the electrode 

surface. These interactions result in distinct lI(O-H) bands occurring at ca. 3680 

cm-1 for OH- in the cation solvation shell and 3600 cm-1 for OH- adsorbed to the 

electrode surface.180 
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Recently, SERS in the lI(O-H) region was studied in H 20/ethanol 

mixtures.209 Greater SERS signals were detected as the concentration of the 

ethanol in the mixture increased. This effect was proposed to be a result of the 

destruction of the H-bonded H 20 complex by ethanol, resulting in an increase in 

distinct H20-electrolyte interactions. 

The goal of the work presented here is to extend the studies of the lI(O-H) 

region to nonaqueous environments. In the investigation of double layer solvent 

structure of butanol isomers on Ag described in Chapter 4, distinctive lI(O-H) 

band behavior was observed, indicative of cation and anion interactions. lI(O-H) 

bands originating from the trace H 20 present in these solvents provide 

information about the interfacial electrolyte structure. The nonaqueous 

environment should help to break the H 20 structure present at the interface to 

resolve the H20 bands. The lI(O-H) region in the butanol isomers has been 

characterized in a series of lithium salts, including LiCl, LiBr, LiI, and LiCI04. 

Information about the electrolyte movement through the double layer is obtained. 

Results and Discussion 

Figure 6.1 shows the SERS spectra at Ag in the lI(O-H) region for I-butanol 

containing 0.4 M concentration of LiCI04, LiCI, LiBr, and LiI. Figure 6.2 shows 

the spectra at Ag in the lI(O-H) region for iso-butanol containing 0.4 M 

concentrations of LiCI04, LiCl, LiBr, and LiI, and Figure 6.3 shows the spectra at 

Ag in the lI(O-H) region for 2-butanol containing 0.4 M LiBr and LiI. Solubility 

limitations of LiCI04 and LiCl in 2-butanol prevented the study of these anions 

in this solvent. Consideration of these spectra reveals five distinct lI(O-H) bands 
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which define the behavior of the electrolyte in the interfacial region. Table 6.1 

contains the assignments and corresponding frequencies of three of these bands. 

The A Band 

The first II(O-H) band at ca. 3520 cm-l has been assigned to H20 that 

solvates the anion at the electrode surface. This band will be referred to as the 

anion band and is denoted as band A in the figures. This band is strongest in 

intensity at positive potentials and disappears as the PZC is reached. This 

behavior tracks the anion desorption behavior at the electrode as more negative 

potentials are applied. Differential capacitance measurements of LiCI and LiBr 

in these isomers have been performed in order to quantify the coverage of CI- and 

Br- at the electrode surface. The results are be presented in Chapter 7. 

Figure 6.4a and b show the spectra in I-butanol and iso-butanol, 

respectively, containing LiCI04, LiCI, LiBr, and LiI at -0.4 V, where the anion 

bands, if present, are at their maximum intensities. The anion band in the figures 

is best resolved and is greatest in intensity in CI04- compared to the halides. In 

fact, the A band intensity decreases in the order Cl04- > CI- > Br- and is not even 

detected in 1-. The greater intensity of the A band might be a result of a larger 

amount of solvation around the particular anion. This suggests that Cl04- is more 

solvated than CI-, which is more solvated than Br- and 1-. This difference in 

solvation order is in good agreement with the theory of anion solvation: the anions 

are solvated in the order Cl04- > CI- > Br- > r.22l In fact, the smaller the ion 

and the greater its charge, the more highly solvated it is. Thus, it is not surprising 

that an anion band is not seen in r, since it is not expected to have a large 
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Table 6.1. v(O-H) band assignments and frequencies (em-I). 

Assignment EIe~trQI~te J-ButanQI iso-ButanQI ~-l!ul!!noI fQtential (V} 

A Band LiCI 3506 3499 -0.4 

LiBr 3520 3505 3505 -0.4 

LiCIO. 3537 3517 -0.4 

F Band LiCI 3598 3597 -0.2 

LiBr 3627 3646 3624 -0.4 

LiI 3654 3648 3647 -0.6 

LiCIO. 3628 3603 -0.4 

C Band LiCI 3566 3557 -1.4 

LiBr 3567 3573 3571 -1.6 

LiI 3562 3572 3566 -1.6 

LiCIO. 3558 3557 -1.4 
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Figure 6.4. SERS spectra in a) I-butanol and b) iso-butanol, containing 
LiCIO .. (60 s, 60 s), LiCI (60 s, 60 s), LiBr (60 s, 120 s), and Lil (30 
s, 30 s) at -0.4 V. 
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sol va tion shell. 

The frequency of the A band is also anion-dependent. The A band 

decreases in frequency in the order Cl04- > Br- > Cl-. This decrease in frequency 

corresponds to an increased strength of the H-bonding interaction between H20 

and the anion.222 This has been observed previously in investigations of anion 

solvation in aqueous solutions using IR and Raman,222 where a decrease in 

v(O-H) frequency was observed in the order Cl04- - BF 4- > 1- > Br- > Cl- > F-. 

This shift in frequency is caused by the larger extent of H20 interaction with CI

compared to Br- and Cl04-. An increased interaction of the anion with the H-O 

dipole would weaken the O-H bond, resulting in a shift of the A band to lower 

frequencies. 

The frequency and behavior of the A band is not solvent-dependent in 

these isomers, suggesting that the solvation properties of the butanol isomers do 

not influence the H20-anion behavior in the interface considerably. This would 

be expected if H20 is, in fact, the solvation species that is being observed. 

The F Band 

A second v(O-H) band is observed in the spectra between ca. 3600 and 3655 

cm- I . This band is assigned to the H20 in the second solvation shell of Li+. This 

band is referred to as tJ:e free H20 band, or the F band in the spectra. 

Figures 6.1, 6.2, and 6.3 show that the intensity of the F band is generally 

greatest at positive potentials, and decreases and disappears as the potential is 

made negative of the PZC. This decrease in intensity at more negative potentials 

is attributed to the peeling of this secondary solvation shell of Li+ as the Li+ 
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approaches the electrode surface in response to the increasing negative surface 

charge. This effect actually represents compaction of the Helmholtz layer at more 

nega ti ve poten tials. 

Li+ is known to have a large solvation shell due to its large ionic potential. 

The solvation number for the ion, however, will vary with the solvent. The 

solvation number of Li+ varies between solvents ranging from 1.4 in sulfolane, 7 

in methanol, 9 in acetonitrile, and 21 in H20.221 The relative intensity of the F 

band in all three isomers is approximately the same, suggesting that the properties 

of the isomers do not heavily influence this band. This observation could suggest 

that the solvation number of Li+ is the same in all three solvents. It could also 

indicate that the F band originates exclusively from the H20 in the solvation shell 

of the Li+, which would not be solvent dependent. 

The frequency of the F band exhibits a dependence on the nature of the 

anion. The frequency increases in the order CIO.(- < Cl- < Br- < 1- in all solvents. 

In I-butanol, the frequencies vary from 3628 cm-1 in CIO.(-, 3598 cm-1 in CI-, 3627 

cm-1 in LiBr, to 3654 cm-1 in LiI. This frequency behavior parallels the anion 

adsorption strength on the electrode, increasing in the order CIO.(- < Cl- < Br- < 

1-. This anion-dependence suggests that the H 20 species in the secondary 

solvation shell of Li+ interact with the anions at the electrode surface. As the 

strength of this in teraction increases, the strength of the F O-H bond decreases, 

leading to a decrease in the frequency of the resulting II(O-H) F band. Based on 

the lower frequencies observed for the F band in Cl- and Br- relative to 1-, one 

can conclude that the interactions of the secondary solvation shell H20 species 

with cr and Br- are greater than with 1-. This order is consistent with the 
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rela tive hydrogen bonding strengths of the halides as discussed above. This 

reasoning, however, does not explain the relatively low frequency of the F band 

in CI04-, since the hydrogen bonding interactions of CI04- with H20 are weak 

compared with those of the halides. The lower frequency of the F band in CI04-

might be related to the extensive solvation around both CIO,,- and Li+. This 

extensive anion and cation solvation prevents adsorption of both these species to 

the electrode. Since CIO" - does not adsorb much to the electrode, there might not 

be a big difference in energy between the O-H bond strength from the solvation 

shell species of CIO,,- with the secondary solvation shell of the Li+ interacting 

with CI04-. This mutual interaction of the solvation shells with the charged 

species is a result of ion pairing. Thus, the A and F band frequency could be 

similar. 

The width of the F band is also anion-dependent, decreasing in the order 

CI04- - Cl- > Br- > r. This effect is related to the larger propensity of the anion 

to interact with the solvation shell of the Li+, since this order also tracks the 

order of the H20 solvation of the anions. Increased interaction of the free water 

with the anion may result in a greater distribution of interaction energies, leading 

to band broadening. 

The C Band 

A v(O-H) band grows in at negative potentials in this region and occurs at 

ca. 3550 - 3580 cm-I• This band is assigned to the v(O-H) of the H20 in the 

primary solvation shell of Li+ and will be referred to as the cation band, or the 

C band. As Li+ approaches the electrode at more negative potentials, its 
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secondary solvation shell is removed. The cation, and therefore, the primary 

solvation shell, is allowed closer to the electrode. Thus, the C band is produced. 

The frequency of the C band decreases as the potential is made more 

negative. This decrease in frequency is related to the proximity of the Li+ to the 

electrode. The Li+, and therefore, its primary solvation shell, move closer to the 

electrode as the potential is made more negative. The interaction and adsorption 

of the primary H20 to the electrode will both weaken the O-H bond and increase 

its reduced mass. These two effects shift the band to lower frequencies. The 

frequency of this band does not show any clear solvent-dependence. This is 

expected if the species being monitored is H20 in the solvation shell, which would 

not be isomer-dependent, or if the cation solvation strength and number are 

comparable in all three isomers. 

Figures 6.5a and b show the spectra for I-butanol and iso-butanol, 

respectively, in LiCI04, LiCI, LiBr, and LiI at -1.4 V. In both solvents, the spectra 

in LiCl and LiCI04 clearly show a narrow cation band. The presence of this 

narrow cation band suggests that Li+ species are found extremely close to the 

electrode, and therefore, only H20 from the primary solvation shell are detected. 

The spectra in LiBr contain a broader band containing both the cation band and 

traces of the free H20 band. This suggests that, while most of the Li+ are 

extremely close to the electrode at this potential, some Li+ are still further from 

the electrode. Th us, traces of the secondary sol va tion shell are seen. Spectra in 

LiI, however, show large C and F bands. Evidence of both bands indicates that, 

although some Li+ are close to the electrode, there are still large amounts of Li+ 

relatively far from the electrode at -1.4 V. This results in II(O-H) bands from H20 
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Figure 6.5. SERS spectra in v(O-H) region for a) I-butanol and b) iso
butanol containing LiCIO .. (60 s, 60 s), LiCI (60 s, 60 s), LiBr (60 
s, 120 s), and Lil (30 s, 30 s) at -1.4 V. 
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in both the primary and secondary solvation shells. 

Differences in the relative intensities of the C and F bands in Figures 6.5a 

and b for the various electrolytes indicate a shift in the PZC as a function of the 

anion, known as the Esin-Markov effect.223 Specifically, the Esin-Markov 

effect predicts that, as the adsorption strength of the anion increases, the PZC 

shifts to more negative potentials. Therefore, since anion adsorption strength on 

Ag increases in the order CI04- < CI- < Br- < r, the PZC will shift accordingly. 

This explains the intensity of the F band observed in 1- compared to the other 

anions at -1.4 V. Figure 6.1c shows only traces of the secondary solvation shell 

remaining on Li+ at -2.0 V in I-butanol. 

The HI and H2 Bands 

Two II(O-H) bands occurring at ca. 3600 cm- l and 3660 cm- l have been 

assigned to OH- species formed at the electrode by the reduction of H20 at 

negative potentials. The band at 3660 cm- l , referred to as the HI band, has been 

previously shown to be due to OH- in the inner Helmholtz plane with the 0 atom 

attached to the electrode.180,224 The band at 3600 cm-l , referred to as the H2 

band, corresponds to OH- oriented with the 0 atom pointed away from the 

electrode and toward the Li+, possibly in the primary solvation shell of Li+. The 

H on this OH- does not coordinate well to the Ag surface, since OH- is a poor 

proton donor.180 This H2 band is never as well resolved from the cation and F 

band as is the HI band, and is usually seen as a weak shoulder on the cation band. 

This band is best resolved in Figure 6.2c at -1.6 V and in Figure 6.3a and 

Figure 6.3b at -1.4 V. Both OH- bands appear to be relatively narrow having 
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FWHM of ca. 12 cm- I . 

The frequencies of the HI and H2 bands appear to be both anion and 

solvent-independent. Since both bands are first observed at extremely negative 

potentials, ca. -1.4 V, both are anion-independent since anions are not present at 

the electrode to any great extent at these potentials. The fact that the frequency 

of the HI band is solvent-independent implies that the OH- adsorption strength 

is solvent independent. This is a reasonable conclusion since OH- easily displaces 

the solvent at the electrode surface. The solvent-independent behavior of the H2 

band is not surprising, since the C band also demonstrated solvent-independence. 

Conclusions 

Interactions of the interfacial H20 species with the electrolyte in these 

nonaqueous media result in five distinct v(O-H) bands that ultimately define the 

behavior of the electrolyte ions at the electrode under potential control. Trace 

H20 solvating anions and cations in 10 and 20 solvation shells provides three 

distinct v(O-H) bands. Two bands from OH- are detected at the electrode and 

correspond to OH- species formed from H20 reduction at negative potentials. OH

is found in two different environments, one in which the 0 end interacts with the 

surface and a second in which the OH- is incorporated in the primary solvation 

shell of the cation. 

The behavior of the v(O-H) bands in these spectra, and thus, the behavior 

of the electrolytes, correlates well with the Gouy-Chapman-Stern model of the 

electrochemical double layer. Spectral evidence suggests a shift of the PZC to 

more negative potentials as the anion adsorption strength increases, confirming 
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the Esin-Markov effect. These spectral results also provide information about the 

extent of anion solvation by H20 in these media. CI04- and CI- are more 

extensively solvated by H20 than either Br- or 1- in these butanol isomers. 
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Chapter 7 

CHAPTER 7: DETERMINING CHLORIDE AND BROMIDE SURFACE 

COVERAGE IN BUTANOL ISOMERS AT SMOOTH Ag ELECTRODES 

Introduction 

Most differential capacitance measurements have been done on interfaces 

formed at liquid Hg electrodes. This arrangement routinely provides clean 

surfaces and a large potential range to perform the experiment. The surface 

tension of the Hg liquid is easily measured, and thus readily provides the double 

layer capacitance and the position of the potential of zero charge (PZC). 

Measurements of double layer capacitance can then be used to quantify absolute 

surface coverage on the electrode. 

Extending the measurements of capacitance on other metals such as Ag and 

Au are undoubtably important. The overpotential range on these metals extends 

further positive from the PZC than on Hg, allowing, in some cases, measurement 

of full monolayer coverages of the anion. I3 It has been suggested that molecular 

adsorption on solid electrodes follows the same pattern as on Hg electrodes. The 

specific capacitance features are reportably smeared on polycrystalline electrodes 

due to surface heterogeneities and slower adsorption/desorption processes. IS 

Anion adsorption and coverage on Ag and Au have recently been studied 

in aqueous solutions. F- has been shown to be more strongly adsorbed than larger 
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Shlepakov and Sevast'yanov, 227 

Fleischmann and coworkers,22B and Hupp and coworkers233,23. have 

determined the capacitance behavior of CI-jF- mixed systems on Ag 

polycrystalline electrodes. The results of these independent investigations of CI

adsorption conflict. These experiments are not trivial, as evidenced by the 

discrepancies in the data. 

Hupp and coworkers 233,234 measured the real-time differential capacitance 

and quantified anion coverage in a series of aqueous solutions containing F-, Cl-, 

Br-, 1-, N3-, and NCS- in a ClO.- supporting electrolyte on smooth and rough Ag 

electrodes. It has been established9,229 that the capacitance maximum in these 

aqueous electrolyte solutions results from ca. half coverage of the anion at the 

electrode. At potentials positive of this maximum, anion-anion repulsive 

interactions slow down anion adsorption at the electrode, resulting in a maximum 

in the slope of the coverage versus potentia1.9 This maximum in the surface 

coverage slope results in a corresponding decrease in the measured capacitance.9 

The capacitance decreases negative of this maximum due to anion desorption. 

The measurements were proven to be reliable and reproducible, provided that no 

other electrochemical reaction occurs on the electrode which perturbs the 

electrode surface. 

Recently, an algorithm was written to provide a method of determining the 

double layer capacitance in a static potential mode using the Fawcett-Loutfy 

equation and a phase-sensitive detection method.13B In particular, this ac 

impedance method has been shown previously in this laboratory to provide very 

reasonable data in a simple configuration. The capacitance-potential data are 
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then used in another algorithm based on the Hurwitz-Parsons analysis to calculate 

the absolute anion surface coverages of Br- in methanol and ethanol nonaqueous 

systems.138,253 

This chapter describes experiments that were designed to investigate the 

double layer structure at Ag in the butanol isomers. The double layer capacitance 

and Br- and Cl- surface coverages on smooth Ag electrodes in I-butanol and iso-

butanol are determined. The phase-sensitive detection method was used along 

with the Fawcett-Loutfy equation to determine the double layer capacitance in 

these systems. The Hurwitz-Parsons (HP) analysis is then used to quantitate Cl-

and Br- coverages at various potentials at the electrode. Differences in Br- and 

Cl- adsorption in I-butanol and iso-butanol are compared to reveal the effect of 

solvent interactions in the interface with anion adsorption. 

Results and Discussion 

The Method 

Absolute electrolyte surface coverages can be calculated using the Gibbs 

adsorption isotherm, in which 

(7.1) 

where -y is the surface tension of the metal, fj is the surface excess concentration 

of species i, and J1. is the electrochemical potential of species i. The Gibbs 

adsorption isotherm can be applied to any interface. In the case of the 

metal\solution interface, the change in the interfacial tension, d-y, is given by 
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(7.3) 

where qM is the excess charge density on the metal, E is the potential with respect 

to some reference electrode, and r is the surface excess concentration on the metal. 

At constant potential, this equation can be rewritten as 

(7.4) 

and 

(7.5) 

This last equation is known as the Lippmann equation, which allows the charge 

density as a function of potential to be calculated from measurements of the 

surface tension variation with potential. 

The Lippmann equation can be differentiated with respect to potential, 

leading to 

c = (dqM) 
dE II 

(7.6) 

The differential capacity obtained in this manner is rather inaccurate, since it is 

the double differentiation of the experimental 'Y versus E data. Instead, 

rearranging this equation gives 
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(7.7) 

and 

y = ffCdEdE (7.8) 

where the limits of both integrations are the potential at which the capacitance 

is independent of bulk adsorbate concentration to a potential, E. Thus, the charge 

density and surface tension at different potentials can be calculated from 

measurements of the differential capacity as a function of electrode potential. 

The absolute electrolyte coverage can be calculated from equation 3, using 

-y calculated from equation 7. Equation 3 can be simplified, since 

(7.9) 

where aj is the activity of the species i in the system, resulting in the expression, 

. 

1 dy r = --(-) 
RT dina E 

(7.10) 

This result suggests that the absolute surface coverage, r j, can be determined by 

measuring the surface tension in a series of electrolyte concentrations at a given 

potential. This approach requires that the ionic strength of the solution remain 

constant in these experiments. This is essentially the Hurwitz-Parsons analysis for 
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determining electrolyte coverage at electrodes.230,231 

Capacitance measurements in this work are obtained using a phase-

sensitive electrochemical detection technique. lSB A sinusoidal electric field is 

applied to the working electrode, ca using changes in the in terfacial polariza tion. 

The oscillating polarization is at the same frequency as the applied electric field, 

but at a phase shift 8. The phase shift can be measured by comparing the applied 

voltage to the current admitted across the interface. The phase shift is related to 

the double layer capacitance by 

1 tana =--
21tfRC 

1 (7.11) 
(J)RC 

where f is the ac frequency in Hz, R is the cell resistance, and V is the peak-to-

peak voltage of the ac waveform in volts. This technique of calculating 

capacitance, C, requires knowledge of the cell resistance, R, which is often tedious 

to measure. 

Another method of determining capacitance is embodied by the Fawcett-

Loutfy equation. First, the in-phase (i j ) and out-of-phase (or quadrature) (iQ) 

components of the ac current admitted across the metal/solution interface is 

measured using a lock-in-amplifier. Details of the data collection and 

instrumentation are located in the Chapter 2. Next, capacitance, C, is calculated 

using the Fawcett-Loutfy equation,2S2 

(7.12) 



186 

where V is the peak-to-peak voltages and f is the frequency in Hz. 

This phase-sensitive detection method has been used successfully by Hupp 

et al.233 for the determination of double layer capacitance at solid Ag electrodes 

in the presence of various electrolyte solutions in real-time. This approach is 

implemented by measuring the in-phase and quadrature components as a function 

of potential. In systems of slow adsorption/desorption, real-time ac measurements 

of the capacity can lead to non-equilibrium values. The advantage of acquiring 

the data in digital form is that it can be directly input to Hurwitz-Parsons (HP) 

algorithms. In the case of real-time analysis, the analog data must be converted 

to digital information, required for the HP algorithm. This can be tedious and a 

source of considerable error. The method reported here measures the currents at 

static potentials, and is offered as an attractive alternative. 

Capacitance results were obtained on a single smooth Ag surface for all 

anion concentrations for one butanol isomer to improve experimental 

reproducibility. The capacitance values are reported in units of ",F/cm2, so ca. 10 

- 15 % error in the capacitance values are expected due to the error in electrode 

area determination during each particular experiment, temperature fluctuations 

during the hours of data collection, and instrument drift. 

cr Coverages 

The differential capacitance of XM LiCI in (O.4-X)M LiClO,., where X = 

ca. 0.003, 0.010, 0.075, and 0.4, was measured as a function of potential at smooth 

Ag electrodes in nonaqueous solutions. CIO,.- is used to maintain constant ionic 

strength, a requirement in the Hurwitz-Parsons analysis. The capacitance results 
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in I-butanol are shown in Figure 7.1 while the results in iso-butanol are shown in 

Figure 7.2. 

The capacitance maxima in the capacitance-E plots indicate the point of 

half anion coverage at the electrode. Anion-anion repulsive interactions occur 

positive of this potential, resulting in a decrease in the measured capacitance. The 

capacitance values also decrease negative of this potential due to anion desorption 

from the electrode surface. The potentials of the capacitance maxima in the 

various Cl- concentrations are similar in both solvents, ca. -0.8 V in 0.4 M LiCI/O.l 

M LiCI04. The peak maxima shift to more positive potentials as the electrolyte 

concentration decreases. This shifting occurs since the less concentrated the 

solution, the more positive potentials have to be applied before half anion 

coverage is achieved. This shifting in peak maximum is a demonstration of the 

Esin-Markov effect in which the PZC shifts with respect to adsorbate 

concentration. In this case, there is a shifting of the PZC to more positive 

potentials as the Cl- concentration decreases. This shifting is also observed in 

both isomers. 

The capacitance values at the peak maxima are similar for both isomers at 

each concentration. The capacitance of I-butanol is slightly higher than in iso

butanol, but well within experimental error. 

The absolute CI- surface coverage was calculated for several bulk Cl

concen tra tions using the H urwi tz-Parsons algori thm wri tten by Scott. 253 These are 

shown in Figures 7.3 and 7.4 for I-butanol and iso-butanol, respectively. The CI

surface coverage in 0.075 M LiCI is ca. 5.0 x 10-10 mol/cm2 in I-butanol and 5.5 x 

10-10 mol/cm2 in iso-butanol. The trends in surface coverage with potential 
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compare favorably with those in the work of Hupp and coworkers.233 In their 

work, a coverage of 10.5 x 10-10 mOljcm2 was measured for aqueous 0.1 M NaCI 

on smooth Ag.233 Na+ could not be used in the butanol isomers due to solubility 

problems, so a direct comparison of the capacitance data can not be made. The 

maximum surface concentration of CI- is estimated to be 16 x 10-10 moljcm2, 

assuming the ionic radius be 0.18 nm.234 This suggests that the coverage of cr 

by Hupp is near surface saturation in the aqueous electrochemical double layer. 

Maximum CI- coverage in the nonaqueous double layer might be different than 

in aqueous systems due to the larger interactions of the butanol isomers at the 

electrode compared with H 20, leading to lower CI- adsorption. 

Br- Coverages 

The differential capacitance of XM LiBr in (O.4-X)M LiCI04, where X = 

ca. 0.003, 0.010,0.075, and 0.4, was measured as a function of potential at smooth 

Ag electrodes and is presented in Figure 7.5 in I-butanol and in Figure 7.6 in iso

butanol. Again, CI04- is used to maintain constant ionic strength. 

The potentials of the capacitance maxima are similar in each isomer, ca. -

0.9 Y in each isomer in 0.75 M LiBr. This potential is shifted ca. 200 mY more 

negative than the corresponding peak maximum of ca. -0.7 Y in 0.75 M LiCI. This 

is expected, since the PZC shifts to more negative potentials as a function of 

increasing anion adsorption strength. Br- adsorbs more strongly than Cl-, so a 

shift of the PZC to more negative potentials is seen in Br-. 

The capacitance maxima values in Br- are not as similar in the two isomers 

as they were in Cl-, perhaps due to greater experimental error. The capacitance 
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in I-butanol is again larger than that in iso-butanol, perhaps due to trace solvent 

impurities. 

Absolute Br- surface coverages were calculated and are presented in 

Figures 7.7 and 7.8 for I-butanol and iso-butanol, respectively. The Br- surface 

coverage in 0.075 M LiBr is ca. 9.0 x 10-10 mol/cm2 in I-butanol and ca. II x 10-10 

mol/cm2 in iso-butanol. 10.5 x 10-10 mol/cm2 coverage was observed by HUpp233 

in aqueous 0.1 M NaBr on smooth Ag, which compares extremely well with the 

value determined in this work. The maximum surface concentration of Br- has 

been estimated by Hupp et al. to be ca. 13.5 x 10-10 mol/cm2, suggesting that the 

Br- coverage on the electrode surface in this work and by Hupp is near surface 

sa tura tion. 

The Ct- surface coverage on smooth Ag was found in this work to be lower 

than the Br- surface coverage at all potentials. This finding is complementary to 

the results of Hupp and coworkers233 in aqueous systems. The variances in the 

exact value differences might be due not only to differences in surface 

preparation and roughness features, but also in differences in the solvent 

behavior in these systems. 

Br- and Ct- surface coverage is greatest in iso-butanol compared to 1-

butanol. This suggests that the I-butanol-metal interactions are stronger and 

effect anion adsorption to a greater extent compared to that in iso-butanol. 

Previous electrochemical studies129, 175 ha ve demonstrated that the electrochemical 

reactivity of I-butanol is slightly greater than iso-butanol. This difference in 

electrochemical reactivity might be a result the difference in the extent of solvent 

adsorption at the electrode. Thus, it is concei va ble tha t I-butanol is adsorbed to 
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the electrode at a greater extent compared to iso-butanol. This larger extent of 

solvent adsorption of I-butanol could decrease the Cl- and Br- coverage at the 

electrode. 

Conclusions 

The Fawcett-Loutfy equation is used to obtain capacitance-E data in the 

static potential mode using ac impedance. The advantage of static potential 

measurements is the acquisition of digital information which can be directly 

input to the Hurwitz-Parsons algorithm. This Hurwitz-Parsons algorithm is used 

to calculate Br- and CI- coverages on smooth Ag electrodes in the butanol isomers 

form capacitance-potential plots. A shift in the capacitance maximum with anion 

concentration is observed for Br- and Cl-, demonstrating the Esin-Markov effect. 

The coverage of Br- at a given potential was higher than that of Cl-, consistent 

with previous work in this area.233 Br- and CI- coverage in iso-butanol is greater 

than in I-butanol, suggesting that the I-butanol-metal interactions are stronger 

than the iso-butanol-metal interactions. 
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Chapter 8 

CHAPTER 8: SURFACE RAMAN SCATTERING OF THE BUTANOL ISOMERS 

ON EMERSED Ag AND Au ELECTRODES 

Introduction 

Many in-situ techniques are used to characterize the electrochemical 

double layer, including electrochemical methods (voltammetry and double layer 

capacitance measurements), spectroscopic methods (in order of decreasing source 

probe energy - extended X-ray absorption fine structure, X-ray diffraction, 

Mossba uer spectroscopy, ul tra violet-visi ble absorption spectroscopy, ellipsometry, 

Raman spectroscopy, second harmonic generation, and infrared spectroscopy), as 

well as other analytical methods (electrochemical quartz crystal microbalance and 

scanning tunneling microscopy). These techniques provide a wealth of 

information about the electrochemical double layer structure, including solvent, 

electrolyte, and electrode structure at the interface. 

There has been a large push to extend the characterization of the double 

layer structure to ex-situ techniques such as photoelectron spectroscopy 

(XPS),110,235 ultra violet photoelectron spectroscopy (UPS), high resolution 

electron energy loss spectroscopy (HEELS),236 low energy electron diffraction 

(LEED),104 work function studies,110 and Auger electron spectroscopy.104,236 
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Because of the absence of bulk solvent in these ex-situ studies, bulk interferences 

are virtually eliminated. In order to use these methods, the electrode has to be 

emersed from solution and introduced into UHV while leaving the double layer 

intact. Numerous studies ha ve been performed to check the validity of electrode 

emersion. 

One measure of valid electrode emersion is the retention of electrode 

potential. There has been much work correlating the work function with the 

electrode potential of the emersed electrode to assess whether or not the potential 

of the emersed electrode is retained. The work function can be measured by the 

Kelvin probe method 1l5 or by ultraviolet photoelectron spectroscopy (UPS).102,110 

Both of these techniques have revealed a J:I correlation of the measured work 

function with the electrode potential applied prior to emersion of Au, Ag, and Pt. 

This suggests that the potential is retained on the emersed electrode. The emersed 

double layer, however, was found 0 be stable only in the range in which there are 

no electrochemical reactions taking place. Additionally, the absolute electrode 

potential of the standard hydrogen electrode was measured to be 4.85 V,110 

compared with the IUPAC recommended value of 4.44 V.237 

Another measure of the retention of the electrochemical double layer upon 

emersion is the concentration of the anions and cations at the electrode before and 

after emersion. XPS105,106,107 and Auger104 have been the main techniques used 

to quantify adsorbed cations and anions at the electrode. CS2S04, CsX where X 

= CI, Br, and I, and NaCI04 have been quantified at emersed Cu 105 and AU 106,107,? 

using XPS. Upon monitoring the surface electrolyte concentration as a function 

of electrode potential, the anions increased in coverage while the cations 
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decreased in coverage as more positive potentials were applied. The coverage 

beha vior of these electrolytes is similar to that seen in-situ using techniques such 

as double layer capacitance.23B These studies of emersed electrodes have 

established that the interactions of the anions and cations with the electrode are 

left relatively undisturbed upon careful emersion into an inert environment. 

Another measure of the retention of the double layer upon emersion is the 

presence of solvent at the interface. It is expected that some solvent molecules 

remain with the electrolyte. Upon introduction into vacuum, however, there is no 

doubt that solvent evaporation will occur. The extent of solvent remaining at the 

electrode has been hotly debated. Neff and K~tz found no water on Au emersed 

in vacuum using UPS and XPS.I02,110 Gordon,1l4 Hansen,Ill and Peuckert239 

have all reported evidence of water remaining at the electrode surface. Recently, 

the 0 Is XPS signal of emersed Au was monitored as a function of electrode 

potential. lli A correlation between the surface concentration of cation (Cs+) and 

amount of water (based on 0 Is intensities) was observed. As the signal intensity 

of Cs+ decreased, so did the 0 Is signals. The 0 Is signal was thus attributed to 

the water adsorbed on the electrode associated with Cs+. These studies suggest 

that the electrolyte-solvent interaction could be a strong enough driving force to 

permit the solvent to remain at the emersed surface. 

The thickness of the emersed double layer has been measured recently 

using ellipsometry,240 Auger, 117 a tten ua ted total reflection,114 and infrared 

measurements.1ls The emersed double layer thickness reported varies from 38 A 

on Ag emersed from 0.1 M NaF,114 to 103 to 104 A on polycrystalline Ni, Cu(I II), 

and Pt(IOO) emersed from NaF solutions,u7 Studies that have quantified the 
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double layer thickness upon emersion have led to the belief that there are two 

kinds of emersion: dry and wet emersion.1H.116.117 Dry emersion is essentially 

emersion of the electrode into a dry inert environment. It has been estimated that 

this dry emersion results from peeling of the electrolyte solution from the double 

layer close to the outer Helmholtz plane (OHP). This type of emersion suffers 

from substantial solvent evaporation. The wet emersed electrode, on the other 

hand, is in equilibrium with solvent vapor, with the solvent continuously 

evaporating and condensing on the electrode surface. The wet-emersed interface 

has been shown to be ca. four times thicker than the dry-emersed interface due 

to the abundance of solvent present.114.116.117 

The bonding and interaction of adsorbate molecules has been extensively 

investigated at the emersed interface by Hubbard and coworkers using Auger, 

HREELS, and LEED. The adsorption of a variety of molecules at the electrode 

were characterized, incl uding alcohols,241 acetone,119 acetic acid,119 

ammonia,119 and substituted thiophenes.242 These ex-situ results are 

comparable to the corresponding in-situ results by other researchers. 

There has also been a push recently to characterize emersed electrodes 

using techniques once limited to in-situ studies, such as infrared115.243 

spectroscopy and surface enhanced Raman scattering (SERS).121.244.245 

SERS, for instance, demonstrates enormous sensitivity and selectivity for surface 

species, but can only be used on certain metals that have been appropriately 

roughened. Extending Raman studies to other nonenhancing electrodes such as 

Pt and single crystal electrodes is of tremendous interest to electrochemists. 

Raman studies at smooth, unenhancing metals would have to be performed on 
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emersed electrodes to eliminate bulk interferences. 

Recently, Ag electrodes emersed from n-alcohols, including methanol, 

ethanol, propanol, and pentanol, have been studied ex-situ using Raman 

spectroscopy.121,246 These solvents are probably more interactive with the Ag 

surface than H20, and thus, less prone to evaporation. The results on emersed 

surfaces were compared to the corresponding in-situ results, and it was concluded 

that the solvent structure and orientation are left relatively undisturbed upon 

electrode emersion.121,246 

esta blished. 

The generality of this conclusion remains to be 

The goal of this work is to further extend the Raman spectroscopy of the 

emersed electrode to smooth Ag and Au electrodes. Towards this end, rough and 

smooth Ag and Au electrodes have been emersed from the butanol isomers, 

including I-butanol, iso-butanol, and 2-butanol, and analyzed using Raman 

spectroscopy in an emersion cell of a new design. The ex-situ results are compared 

to the corresponding in-situ results presented in Chapters 4 and 5 of this 

disserta tion. 

Results and Discussion 

Solvent Behavior on Emersed Electrodes 

The interaction and orientation of a series of saturated alcohols246 and 

alkanethiols247,248 on Ag and Au surfaces have been investigated previously 

in this laboratory using Raman spectroscopy. The Raman scattering in the v(C-H) 

region was found to be extremely intense and sensitive to molecular 

orientation.249 In fact, the relative intensity behavior of the vsym(CH S) and 
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lIasym(CHg) bands and the IIsym(CH 2) and lIasym(CH2) bands can be used to deduce 

the orientation of these molecules at the electrode surface. Therefore, the II(C-H) 

region was used in this work as an indicator of solvent orientation on the 

electrode surface. 

In-situ SERS studies on the potential-dependent interfacial solvent 

orientation of the isomers of butanol have been reported on rough Ag in Chapter 

4 and rough Au in Chapter 5. It was concluded from these studies that the solvent 

orientation on both metals is similar in the same potential region relative to the 

potential of zero charge (PZC). The PZC on Ag is estimated to be ca. -1.0 V versus 

Ag/ Ag/CI and on Au ca. 0.0 V versus Ag/ AgCI. Thus, this work demonstrated 

that the orientation of I-butanol, for example, had the orientation shown at the 

top of Figure 4.6 at potentials positive of the PZC on both Ag and Au, the 

orientation in the middle of Figure 4.6 in the vicinity of the PZC on both metals, 

and the orientation at the bottom of Figure 4.6 at potentials negative of the PZC 

on Ag and Au. Figures 4.18 and Figure 4.12 show the potential-dependent 

orientations deduced for iso-butanol and 2-butanol, respectively, as a function of 

potential at rough Ag and rough Au. 

Figures 8.1, 8.2, and 8.3 show the surface Raman spectra of I-butanol, iso

butanol, and 2-butanol, respectively, on in-situ rough, emersed rough, and emersed 

smooth Ag electrodes at -0.4 V, -1.0 V, and -1.4 V. Figures 8.4, 8.5, and 8.6 show 

the surface Raman spectra of I-butanol, iso-butanol, and 2-butanol, respectively, 

on in-situ rough, emersed rough, and emersed smooth Au electrodes at + 0.4 V, 0 

V, and -1.2 V. A direct comparison of the Ag and Au surface spectra cannot be 

made, since the Ag and Au data were colIected at different excitation 
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Figure 8.S. Raman spectra of bulk iso-butanol, in-situ rough, ex-situ rough, 
and ex-situ smooth Ag in iso-butanol at a) +0.4 V (5 s, 60 s, 120 
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wavelengths, Ag at 514.5 nm and Au at 600 nm. This wavelength difference 

imparts large differences in the spectra because of surface selection rules,250 

especially in the Fermi resonance bands in iso-butanol which are not completely 

understood. 

In all cases, the spectra acquired on the emersed rough and emersed smooth 

surfaces appear strikingly similar to the spectra obtained in-situ on rough 

surfaces. As described above, evaluation of the relative intensity ratio of the 

lIasym(CH3) band to the lIsym(CH3) band is one indication of solvent orientation, 

because it can be used to deduce the orientation of the methyl group. These ratios 

remain essentially unchanged after emersion of either the rough or smooth metals 

from all solvents studied. This observation suggest that the solvents retain their 

in-situ orientations upon emersion. 

Differences are observed, however, in the resolution of bands in this 

spectral region between the in-situ and emersed surfaces. The bands measured in

situ are not as well resolved as those measured on the emersed surfaces, especially 

in 1- and 2-butanol at positive potentials. The band broadening observed in-situ 

is probably due to greater solvent-solvent interaction which leads to an increase 

in the heterogeneity of chemical environments of these molecules as reflected in 

the peak widths. These interactions are not as likely on the emersed surfaces 

given the smaller amourt of solvent present. The band broadening observed in

situ may also indicate that a greater thickness of solvent is being sampled. The 

well-resolved lIasym(CHg) band in the ex-situ 1- and 2-butanol spectra are 

particularly noteworthy. 

A significant difference in the time-dependence of the spectra on in-situ 
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and emersed surfaces is observed that is not evident in these figures. The in-situ 

spectral behavior is relatively time-independent, and therefore, extremely stable. 

The emersed spectral behavior, on the other hand, tends to be extremely time

dependent. The retention of excess surface charge, and hence, solvent orientation 

were found to be relatively unstable over time. The time dependence can 

substantially affect spectra from smooth surfaces, since considerably longer 

integration times are required. The time-dependence is partially the result of 

solvent evaporation from the electrode. This evaporation is dependent on a 

number of factors, including the solvent-metal interaction strength, the rate of Ar 

gas flow through the cell, the solvent vapor pressure in the cell, and the 

competition between solvent and any gas-borne impurity for the metal surface. 

To combat the problem of solvent evaporation, several steps were taken. 

First, Ar flow through the cell was shut off during spectral acquisition. Excess 

solvent (ca. 0.5 mL) was added to the cell in order to maintain the maximum 

solvent vapor pressure. Additionally, the air-tight cell was designed so as to 

minimize impurity contamination in the cell. Finally, continuous rotation of the 

electrode while acquiring spectra also decreased the effects of evaporation on the 

resulting spectra. This approach was previously used by Hansen and Hansen. U5 

This technique essentially allows for frequent cycles of electrode 

immersionjemersion. If the ,electrode is not turned slowly enough, however, the 

bulk liquid tends to interfere in the resulting spectra. 

The issue of solvent evaporation from emersed electrodes has been 

problematic in previous work as well. It has been previously reported that 

emersion of Au from aqueous solution into an ultrahigh vacuum environment 
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results in complete or nearly complete evaporation of surface H 20YO,1l4,1l6,251 

This H20 evaporation results from a relatively low adsorption strength of H20 

with Au. The interaction of the butanol isomers on both Ag and Au is stronger 

than that for H20. Thus, those alcohols are not expected to evaporate as readily 

upon electrode emersion. 

The solvent-saturated, inert Ar environment used in these butanol studies 

leads to "wet" emersion as opposed to "dry" emersion based on previous 

descriptions in the literatureY4,1l6,1l7 The thickness of the emersed films in this 

work is presently unknown, but efforts to quantify it by ellipsometry are 

presently underway in this laboratory. However, based on the signal intensity of 

the spectra relative to other systems known to be single monolayers, such as 

alkanethiols on Ag and Au, these emersed layers are not very thick. 

Collecting spectra at wet-emersed, smooth Au was particularly challenging, 

since the enhancement of the surface molecules over the bulk is rather small. This 

small enhancement results in emersed spectra containing varying degrees of 

interferences from solvent molecules in a bulk-like environment. Better spectra 

could be collected using longer excitation wavelengths, such as 720 nm, where 

surface enhancement at Au is even greater. Unfortunately, instrumental 

limitations presently preclude spectral acquisition at these wavelengths. 

Another factor influencing the spectral time-dependence is the extent to 

which the interface at the emersed electrode stays charged. Any electrochemical 

process occurring on the emersed electrode will consume the excess surface charge, 

and therefore, affect the stability of the electrode potential. Solvent, vapor, and 

electrode surface purity, in particular, playa large role in the occurrence of 
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electrochemical side reactions. The stability of the electrode potential at negative 

potentials is especially sensitive to both impurity 02 and H20 in the solvent and 

Ar gas, since both species can be reduced at these potentials. 

Electrolyte Behavior on Emersed Electrodes 

Information about the electrolyte species can also be obtained at the 

emersed electrode. In particular, the v(M-X) region (X = halide ion) and the v(O

H) region from trace impurity H20 can be probed. Figure 8.7 shows the potential

dependent behavior of the v(Au-Br) band at ca. 175 cm-1 on rough Au emersed 

from 2-butanol. The v(Au-Br) band is most intense at positive potentials, is barely 

present at the PZC, and is completely absent at negative potentials. This behavior 

is indicative of the Br- desorbing from the electrode as more negative potentials 

are applied. 

Figure 8.8 illustrates the growth of the v(Au-Br) band with time after 

emersion at -1.2 V. The v(Au-Br) band is not detected initially at -1.2 V as 

expected, since this potential is negative of the PZc. This band grows in 

intensity, however, after 20 minutes. The presence of this band at negative 

potentials indicates instability of the surface excess charge at these negative 

potentials. The growth of the v(Au-Br) band suggests that more than one layer of 

solvent species is emersed since Br- diffuses to the interface while being emersed. 

Solvent evaporation of the multilayer solvent species could be increasing Br

concentration at the electrode, therefore shifting the effective electrode potential 

to more positive values. The v(Au-Br) band at +0.4 V and 0.0 V was also 

monitored over time, but no changes were detected in the peak intensity with 
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Figure 8.7. Potential-dependent Raman spectra of 2-butanol on emersed 
rough Au in the II(Au-Br) region (60 s, 60 s, 120 s). 
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Figure 8.8. Time-dependent Raman spectra of 2-butanol on emersed rough 
Au at -1.2 V in the v(Au-Br) region at t = a) 0 min, b) 5 min, c) 
10 min, d) 20 min. (60 s integration time) 
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Figure 8.9. Raman spectra in the ,,(O-H) region of I-butanol containing LiBr 
at rough Ag a) in-situ (60 s) and b) ex-situ (60 s). 
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time. These bands are not expected to disappear, since Br- literally has no where 

to go. 

The spectral behavior in the v(O-H) region was monitored to provide 

information about the solvated electrolytes at the electrode surface. SERS in the 

v(O-H) region has been recently studied on rough Ag in the butanol isomers and 

is discussed more thoroughly in Chapter 6 of this dissertation. It was shown that 

the spectral behavior in this region is correlated with the electrolyte behavior. 

More specifically, at posi ti ve poten tials, anions adsorbed to the electrode hydrogen 

bond with the trace H20, resulting in a specific v(O-H) band at ca. 3510 cm-l • 

This band disappears as the anion desorbs from the electrode at negative 

potentials. A free v(O-H) band is detected at ca. 3600 cm- l , corresponding to the 

water species that are not associated with ions in the nonaqueous environment. 

This band disappears at more negative potentials, perhaps interacting with the 

cation that is drawn in the interface at negative potentials. A third band is 

detected at ca. 3575 cm- l at negative potentials that corresponds to v(O-H) from 

water solvating the cation. A fourth band corresponding to the v(O-H) at ca. 3660 

cm- l results from adsorbed HO- produced by water reduction at the interface. A 

fifth band observed at ca. 3600 cm- l also corresponds to HO- produced as a result 

of water reduction. This HO-, however, has been proposed to be in solvation shell 

of the cation. The spectral behavior in the v(O-H) region has been shown to be 

relatively independent of the isomer of butanol used as the solvent. 

The v(O-H) spectra for I-butanol at rough Ag in-situ and emersed are 

shown in Figure 8.9 a and b, respectively. The in-situ and emersed spectra at 

positive potentials exhibit two v(O-H) bands, corresponding to the anion solvation 
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band (A) and the free water band (F). The free water band is clearly detected at -

1.0 V in-situ whereas only traces of this band are detected on emersed electrodes. 

The relative intensity of the F band on emersed electrodes suggests that there is 

not a great excess of the diffuse layer being emersed. Three v(O-H) bands are 

detected in-situ at -1.4 V, corresponding to H20 in the Li+ solvation sphere (C) 

and the two HO- species (the 3600 cm- I band is obstructed by the C band at 3575 

cm- I ). Only the band at ca. 3660 cm- I is detected on the emersed surface, 

corresponding to the adsorbed HO- species. 

The behavior, frequencies, and assignments of the bands at potentials 

positive of the PZC suggests that both anion and free water species are detected 

at the emersed electrode. The behavior of the in-situ and emersed bands at this 

potential are both reversible and stable. These bands are only detected when 

positive potentials are applied. 

The only band that is not observed distinctly on the emersed electrode is 

the C band. The absence of this band is not understood at this time. The absence 

of these bands can not be explained at this time. 

Conclusions 

Rough and smooth Ag and Au electrodes emersed from the butanol isomers 

have been investigated using surface Raman spectroscopy using a new 

spectroelectrochemical cell design. The spectral results indica te tha t the solvent 

retains its potential-dependent orientation at the electrode upon emersion. The 

detection of adsorbed Br- at the positive electrode surface and the absence of Br

at negative potentials suggests that the electrode also retains its excess surface 
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charge upon emersion. The retention of solvent orientation and excess surface 

charge were found to be relatively unstable over time, perhaps due to 

electrochemical side reactions caused by impurities such as 02 and H20. The 

reduction of water resulting in the formation of adsorbed HO- at the electrode at 

negative potentials was also detected. 

There are still questions remaining concerning the thickness of the emersed 

double layer. The growth of the v(Au-Br) band at positive potentials while the 

electrode is emersed suggests that some of the diffuse solvent layer is being 

emersed. The relative intensity of the F band in the v(O-H) region, however, 

suggests that there is not a great excess of the diffuse layer being emersed. The 

thickness of the emersed double layer is now under study in this laboratory and 

will be reported at a later date. 

The similarity of the smooth Ag and Au emersion spectra with the rough 

Ag and Au in-situ spectra lends validity to the assertion that SERS proves the 

average surface molecules at the electrode. This work has demonstrated that the 

emersion approach provides a method of characterizing the electrochemical 

double layer at completely unenhancing surfaces using Raman scattering. 
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Chapter 9 

CHAPTER 9: CONCLUSIONS AND FUTURE DIRECTIONS 

Overview of Problem 

Determining the structure and behavior of the electrochemical double 

layer is essential to understand the kinetics and mechanisms of electrochemical 

reactions. The double layer structure has previously been characterized using 

various electrochemical and spectroscopic methods. Most of the double layer 

characterizations have been made at the aqueous electrochemical interface, even 

though nonaqueous electrochemical systems are also common. There is still much 

to be learned about nonaqueous double layer structure, including the solvent and 

electrolyte structure a t the interface. 

Objectives of Research 

The objectives of this research were to characterize the double layer 

structure at the electrochemical interface containing LiX (X = CIO", CI, Br, and 

I) in the butanol isomers, 1-, 2-, and iso-butanol, on Ag and Au electrodes. This 

research has provided information on the solvent orientation and electrolyte 

structure in these nonaqueous electrochemical systems. This research has also 

established a method for determining the electrolyte structure at the nonaqueous 

interface by probing the electrolyte solvation species using SERS. Finally, this 
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research has established Raman spectroscopy as a routine method in determining 

solvent and electrolyte structure at emersed rough and smooth Ag and Au 

electrodes. 

Summary 

The results and conclusions of these studies are summarized below. 

Chapter 3: Raman Spectroscopy of a Series of n-Alcohols 

The Raman vibrational bands in the spectral regions from ca. 650 to 1320 

cm- I and from ca. 2800 to 3000 cm- I have been assigned for a series of n-alcohol 

to resolve conflicting assignment issues in the literature. The CH 2 and CHs 

rocking-twisting bands were observed predominately from 650 to 950 cm- I , the 

v(C-C) and v(C-O) bands were observed predominately from 950 to 1150 cm-I, and 

the CH2 twisting-rocking and wagging bands were observed from 1150 to 1320 cm

I. T and G assignments for each band were identified. v(C-H) bands were 

observed from ca. 2800 to 3000 cm- I . The v(CHs) bands decrease in intensity 

relative to the v(CH 2) bands as the alkane chain length increases, reflecting the 

increasing number of CH 2 groups on the molecules. 

Chapter 4: A SERS Investigation of Interfacial Structure at Ag Electrodes in 

Electrolyte Solutions of the Isomers of Butanol 

Two driving forces appear responsible for the potential-dependent 

orientations of these alcohols, namely the interactions of the 0 lone pairs of 

electrons and the alkane chain with the surface. At positive potentials, both 0 
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lone pairs interact with the electrode. As the potential reaches the PZC and 

beyond, only one 0 lone pair interacts with the electrode. The consistency of this 

interaction is evident in all frequency regions for all three butanol isomers. 

Both I-butanol and 2-butanol undergo significant changes in orientation 

with potential. In both cases, the molecules reorient in response to the change in 

interaction of the 0 atom and the alkane chain with the surface. Iso-butanol 

shows little potential-dependent behavior of the alkane chain as a result of the 

fewer number of rotational isomers that exist for this molecule. 

Water species in the interface also demonstrate potential-dependent 

behavior. At positive potentials, a v(O-H) band due to trace water is observed at 

ca. 3500 cm- I , corresponding to water with the 0 end interacting with the 

electrode surface. This water could also be involved in H-bonding with 

specifically adsorbed Br-. As the PZC is reached, both the water v(O-H) and v(Ag

Br) bands disappear suggesting desorption of both species from the electrode 

surface as the potential approaches the potential of zero charge. Alternately, the 

water could be reorienting such that the O-H bonds become parallel to the surface, 

and thus, largely invisible to the SERS probe. As potentials negative of the PZC 

are applied, a new water v(O-H) band at ca. 3560 cm- I appears. This band 

corresponds to water with the 0 end solvating Li+ species that approach the outer 

Helmholtz plane. The qrastic change in the v(O-H) band with potential suggests 

that the SERS method reported here may be useful for estimation of the PZC. 

Given the difficulty inherent in estimating the PZC by electrochemical methods, 

the utility of this approach is significant. 
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Chapter 5: Determination of Interfacial Solvent Structure Using SERS on the 

Isomers of Butanol on Au 

The similar SERS spectral behavior of the butanol isomers on Ag 

and Au indicates that the interactions and orientation of these solvents are similar 

on the two metals. The driving forces responsible for the potential-dependent 

orien ta tions of these alcohols on both metals appear to be the interactions of both 

° lone pairs of electrons and the alkane chain with the surface. 

Chapter 6: Investigations of Electrolyte Structure at Ag in Nonaqueous Butanol 

Solvents using Surface Enhanced Raman Scattering 

Interactions of interfacial H20 species with the electrolyte in these 

nonaqueous media result in five distinct vCO-H) bands that ultimately define the 

behavior of the electrolyte at the electrode under potential control. Trace H20 

species solvating anions and cations (10 and 20 solvation shell) provide three 

distinct vCO-H) bands. Two other OH- bands are detected at the electrode and 

correspond to OH- species formed from H20 reduction at negative potentials. OH

is found in two different environments, one in which the ° end interacts with the 

surface and a second in which the OH- is incorporated in the primary solvation 

shell of the ca tion. 

The behavior of the vee-H) bands in these spectra, and thus, the behavior 

of the electrolytes, correlates well with the Gouy-Chapman-Stern model of the 

electrochemical double-layer. Spectral evidence suggests a shifting of the PZC to 

more negative potentials as the anion adsorption strength increases, confirming 

the Esin-Markov effect. These spectral results also provide information about the 
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extent of anion solvation by H20 in these media. CI04- and CI- are more 

extensively solvated by H 20 than either Br- or 1- in these butanol isomers. 

Chapter 7: Determination of Anion Surface Coverage on Ag using Differential 

Capacitance Measurements 

The Fawcett-Loutfy equation is used to obtain capacitance-E data in the 

static potential mode using ac impedance. The advantage of static potential 

measurements is the acquisition of digital information which can be directly 

input to the Hurwitz-Parsons algorithm. This Hurwitz-Parsons algorithm is used 

to calculate Br- and Cl- coverages on smooth Ag electrodes in the butanol isomers 

form capacitance-potential plots. A shift in the capacitance maximum with anion 

concentration is observed for Br- and cr. demonstrating the Esin-Markov effect. 

The maximum coverage of Br- was observed to be higher than that of cr. 

suggesting that solvation-interactions affect the packing of the anions at the 

electrode. 

Chapter 8: Surface Raman Scattering of the Butanol Isomers on Emersed Ag and 

Au Electrodes 

Rough and smooth Ag and Au electrodes emersed from the butanol isomers 

have been investigated using surface Raman spectroscopy using a new 

spectroelectrochemical cell design. The spectral results indicate that the solvent 

retains its potential-dependent orientation at the electrode upon emersion. Bulk 

solvent at smooth. wet-emersed Au electrodes interferes somewhat with the 

surface spectra. This problem can be minimized by employing longer excitation 
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wavelengths where Au is more enhancing. The detection of adsorbed Br- at the 

positive electrode surface and the absence of Br- at negative potentials suggests 

that the electrode also retains its excess surface charge upon emersion. The 

retention of solvent orientation and excess surface charge were found to be 

relatively unstable over time, perhaps due to electrochemical side reactions caused 

by impurities such as 02 and H 20. The reduction of water resulting in the 

formation of adsorbed HO- at the electrode at negative potentials was also 

detected. 

Overview 

The focus of this dissertation has been to characterize the solvent and 

electrolyte structure at the electrochemical double layer using electrochemistry 

and Raman spectroscopy. Through this work, a consistent picture of the 

molecular structure of the electrochemical double layer in the butanol isomers has 

evolved. The intent of this summary is to describe the events occurring at the 

interface under potential control in I-butanol containing 0.4 M LiBr at a 

roughened Ag electrode. 

The electrodes used in the in-si tu SERS experiments were electrochemically 

roughened with oxidation-reduction cycles in 0.4 M LiBr to enhance the Raman 

intensities of the interfacial species. The ORC produces roughness features on the 

order of ca. 75 to 100 nm in diameter, resulting in an enhancement of the surface 

Raman signals by ca. 104 to 106• The influence of the surface morphology on the 

interfacial structure will be discussed later. 

After this electrode pretreatment, the electrode is introduced into the 0.4 
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M LiBr / I-butanol solution. The open circuit potential developed in the cell is 

monitored and is typically ca. -0.4 V versus Ag/ Ag+ (methanol, sat'd KNOs)' Ag 

oxidation occurs immediately positive of this potential. Since the PZC in this 

system is ca. -1.0 V, the open circuit potential is well positive of the PZc. Figure 

9.1 shows the proposed solvent and electrolyte structure at the electrode at positive 

poten tia Is. 

At positively charged electrodes, Br- will be attracted to the surface by 

electrostatic forces. Double layer capacitance measurements described in Chapter 

7 indicate the Br- surface coverage to be ca. 10 x 10-10 mol/cm 2 at this potential. 

The maximum surface concentration of Br- on smooth Ag has been estimated by 

Hupp and coworkers233 to be ca. 13.5 x 10-10 mOI/cm2• Thus, ca. 65 % of the 

surface is covered with Br-. It will be assumed here that Br- is evenly distributed 

on the electrode, even though the ions may collect in clusters, leaving larger 

patches of bare Ag on the electrode surface. 

Br- adsorbs to the electrode in the inner Helmholtz layer at more positive 

potentials, forming a strong Ag-Br bond. Evidence of this bonding is a v(Ag-Br) 

band found at ca. 156 cm- I . This band has a maximum intensity in this potential 

region and decreases in intensity as negative potentials are applied, disappearing 

at ca. -1.0 V. The behavior of this band is indicative of the Br- desorbing from 

the electrode surface at negative potentials. 

Millimolar trace water impurities contaminate the butanol electrolyte 

solution. H20 is not very soluble in I-butanol, and generally solvates cations and 

anions more effectively than butanol. Thus, H20 in the electrolyte solution is 

more likely to be found solvating the charged species than H-bonding with the 
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Proposed solvent and electrolyte structure at positive potentials 
in 0.4 M LiBr/l-butanol on Ag. 
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butanol. Due to the large concentration of charged species at the interface, H 20 

is pulled into the interfacial region. 

A v(O-H) band observed at ca. 3510 cm-l has been assigned to trace H 20 

which is solvating the anions at the electrode. This trace water, originating from 

the butanol electrolyte solution, interacts with the anions through hydrogen 

bonding. The intensity of this v(O-H) band tracks that of the v(Ag-Br) band, 

continuously decreasing in peak intensity as the potentials become more negative 

and finally disappearing at ca. -1.0 V. 

Cations are present in the interfacial region in the outer Helmholtz layer. 

Cations are present to counterbalance the charge associated with the specifically 

adsorbed anions. Li+ has from two to three solvation shells and is considered a 

high hydration energy cation. Li+ has a large solvation shell network due to its 

large ionic potential. The primary solvation number of Li+ depends on the 

solvent, varying from 1.4 in sulfolane, 7 in methanol, to 21 in H 20.221 The 

solvation number in butanol is estimated to be ca. 4. Since butanol and trace H 20 

are present in the interface, H 20 competes effectively with butanol for Li+ 

solvation. Li+ is more effectively solvated by H 20 than by butanol since the Li+ 

solvation number in H 20 is greater than that in butanol. Thus, H 20 plays a 

critical role in solvating the Li+, probably forming clusters around the cation. 

The secondary solvation shell of Li+ in the outer Helmholtz layer is close . 
to the electrode surface which gives rise to a v(O-H) band at ca. 3610 cm- l . This 

band is observed as the potential is made negative until Li+ loses its secondary 

solvation shell as it is attracted to the electrode negative of the PZc. This band 

thus reflects the movement of Li+ to the electrode. Butanol is also predicted to 
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be in the Li+ secondary solvation shell, but a v(O-H) band for this interaction has 

not been identified. 

Butanol also interacts with the Ag electrode through its 0 lone pairs. 

Previous studies of I-butanol adsorption on Ag177 (adsorbed from I-butanol vapor) 

and PtU8, 176,241 (emersed from aqueous I-butanol / NaF solution) surfaces in an 

UHV environment showed that the butanol alkane chain is essentially parallel to 

the electrode. The orientation in the UHV environment is driven by surface 

interactions with the 0 lone pair, the a-carbon, and the alkane chain. Gellman 

and coworkers177 suggested that the heat of interaction of the alkane chains with 

the clean Ag(I1O) surface was large enough to keep the chains adsorbed to the 

metal surface. 

The in-situ electrochemical double layer environment is vastly different 

than the UHV environment in that electrolyte ions and other solvent molecules 

arc present at the electrode surface. As previously discussed, the electrode is 

largely covered with Br- at positive potentials. Assuming that Br- is evenly 

distributed on the electrode, I-butanol species can not completely contact the 

surface. The strength of the v(Ag-Br) interaction is much greater than that of the 

lone pair-Ag interactions, precluding the solvent from repositioning the anion on 

the electrode. 

Another difference between the electrochemical and UHV environments 

is the presence of other solvent species in the in-situ environment. In solution, 

both the alkane chain and the surface can be solvated, which decreases the 

barriers to chain dissociation from the surface. In the electrochemical double 

layer, the presence of adsorbed anions at the electrode prevents any significant 
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solvent ordering at the surface. The alkane chain in butanol is not long enough 

to create strong enough intermolecular interactions to overcome disruption 

produced by the adsorbed anion. Thus, the butanol 0 lone pairs interact with the 

electrode at positive potentials in the spaces between the Br-, forcing the alkane 

chain away from the surface. Both lone pairs interact with the electrode, as 

evidenced by the presence of the lI(O-H) from the butanol associated -OH group 

at ca. 3330 cm-1• The alkane chain is then solvated by other butanol alkane chains 

from butanol species, possibly those in the Li+ solvation sheIl in the outer 

Helmholtz plane or by butanol species solvating the anion in the inner Helmholtz 

plane. SERS data at this potential reveal that the alkane chain is largely paraIlel 

to the electrode, as shown in the proposed I-butanol orientation in Figure 4.6. 

Figure 9.2 shows the proposed electrochemical double layer structure in 

this system at the PZc. As the potential approaches the PZC, most of the Br

desorbs from the electrode, as evidenced by the disappearance of the lI(Ag-Br) 

band and the lI(O-H) band from the H20 anion solvation. The double layer 

capacitance results in Chapter 7 reveal only ca. 3 x 10-10 mol/cm2 Br- remaining 

on the surface at the PZC, which is ca. 20 % of the total Ag surface covered. Li+ 

is stilI in the outer Helmholtz region, and the lI(O-H) from its secondary solvation 

sheIl is stiIl observed at ca. 3610 cm-1. 

At the PZC, butanol is still adsorbed to the electrode through Ag-O lone 

pair interactions. The lI(O-H) from the associated -OH butanol groups at ca. 3330 

cm-1 disappears at this potential, indicating that the O-H bond reorients paraIlel 

to the electrode. This suggests that the interaction of the butanol with the Ag 

surface is through only one lone pair. This would be expected, since the 
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Figure 9.2. Proposed solvent and electrolyte structure at the PZC in 0.4 M 
LiBr/l-butanol on Ag. 
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increasingly negative potential on the electrode would not accommodate the 

electron density of both ° lone pairs as it did at positive potentials. The alkane 

chain is positioned away from the surface, but the methyl group is more 

perpendicular to the electrode than at positive electrodes, as evidenced by the 

decreasing I[lIa(CHg)]/I[lIs(CHg)J. The more perpendicular orientation might be a 

result of an increased ordering at the surface. Most of the Br- is absent at the 

electrode, so ordering can occur. 

Figure 9.3 shows the proposed electrochemical double layer structure in 

this system at potentials negative of the PZc. At potentials negative of the PZC, 

Br- is completely a bsent from the electrode surface, as evidenced by the Br

surface coverage data. The Li+ is one solvation shell away from the electrode, 

evidenced by the disappearance of the lI(O-H) band from the secondary H 20 

solvation shell and appearance of the lI(O-H) band from the primary H 20 

solvation shell at ca. 3570 cm- I . Li+ does not directly adsorb to the electrode 

because of its stronger interaction with its primary H 20 solvation shell. 

Some of the wa ter tha t was attracted to the surface and was sol va ting the 

Br- and Li+ is reduced at this potential, forming H2 and OH- species. The OH

either adsorbs to the electrode, resulting in a lI(O-H) band at ca. 3660 cm-I, or 

becomes incorporated into the Li+ primary solvation shell, resulting in a lI(O-H) 

band at ca. 3600 cm- I . This latter band is often not resolved in the SERS data due 

to its overlap with the lI(O-H) band from the Li+ primary H20 solvation shell. 

OH- surface coverage measurements could not be performed because of the 

interfering current produced from H 20 reduction at the electrode at these 

poten tials. It is assumed tha t not more than ca. 30 % of the electrode is covered 
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with OH-, since the negatively charged electrode must balance the increasing 

negative charge with Li+ at the surface. 

At negative potentials, the II(O-H) band at ca. 3330 cm-1 from the butanol

OH is still absent, indicating that the alcohol is still interacting with the electrode 

through one 0 lone pair. The I[lIa(CH3)]/I[lIo(CH3)] ratio at this potential is 

slightly smaller than that at the PZC, indicating that the methyl groups is slightly 

more perpendicular to the electrode. A II(CH2) band at 2830 cm-1 appears at this 

potential and is assigned to a-CH 2"Ag agostic interactions. Hubbard and 

coworkers1l8, 176, 241 identified this interaction in the UHV to be one of the 

driving forces for butanol orientation. This interaction results in the adsorption 

of the two H from the a-CH 2 group to the electrode. The alkane chain is thus 

allowed to dangle free in solution. The presence of the OH- adsorbed to the 

electrode prevents the molecule from lying parallel to the electrode. 

The effect of surface morphology on solvent orientation is not well 

understood. Raman scattering from smooth metal surfaces requires the 

elimination of bulk species from the electrode surface, since the enhancement of 

interfacial species is substantially less on a smooth electrode compared to a rough 

electrode. Previous spectroscopic investigations of emersed electrodes have 

documented the validity of electrode emersion into an inert environment without 

destruction of the elect.rochemical double layer. 

This dissertation compared the surface Raman spectra in the butanol 

isomers at emersed rough and smooth Ag and Au surfaces. The similarities in the 

surface Raman spectra confirm that the solvent orientation on rough surfaces is 

similar to that on smooth surfaces. This suggests that the solvent interactions on 
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both surfaces are similar. This also suggests that the solvent species at the surface 

feel the same interaction with the sampling beam whether they are adsorbed to 

rough or smooth surfaces. Therefore solvent modes lying perpendicular to the 

local surface normal will be greatly enhanced, independent of the precise location 

of the molecule on the surface. Provided that the metal-solvent interactions are 

similar on rough and smooth surfaces, the resulting Raman spectra will also be 

similar. 

Extending surface Raman scattering studies to smooth electrodes allows 

other metal surfaces which are important in the electrochemical industry to be 

characterized. These types of investigations hold the key to a generalized 

understanding of the interfacial electrolyte and solvent structure in the 

electrochemical double layer. 

Future Directions 

One large limitation of performing SERS in nonaqueous solvents is the 

limited solubility of the electrolyte in the solvent such as KCI, LiBr, and NaF 

which do not exhibit Raman spectral behavior. LiX (X = CI, Br, and I) was the 

only electrolyte series soluble in the isomers which contained a monoa tomic cation 

and anion. NaX, KX, and CsX all proved to be insoluble in the butanol isomers. 

LiF was not soluble in the butanol isomers, however, so this electrolyte could not 

be used to complete the series of halides in the electrolyte structure determination 

at the interface. 

If other cations that are commonly used in organic electrochemistry would 

have been used, such as N(CH,,). +, N(C"Hg>" +, or N(C6H5>" +, the hydrocarbons in 
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these cations would have interfered with the spectral regions of the butanol 

isomers. Additionally, these cations are known to adsorb to the electrode, further 

complicating the hydrocarbon stretching and bending regions as well as making 

the quantitation of anion adsorption using differential capacitance. The next 

nonaqueous solvent system chosen for investigation should take this into 

considera tion. 

Chapter 6 described the effect of anion on the II(O-H) region. The cation 

effect should also be monitored. Li+ is a high hydration energy cation, having 

from 6 to 22 H 20 molecules in its solvation sphere. This results in strong F and 

C bands from the secondary and primary solvation shell close to the electrode 

surface. It would be interesting to test the effects of a low hydration energy 

cation, such as K+. A secondary solvation shell band would probably not be seen 

at positive potentials like it was for Li+. 

The effect of electrolyte concentration on the resulting behavior of the 

II(O-H) region would also be of interest to study. 0.4 M LiX was the only 

concentration studied here. The thickness of the diffuse layer is concentration

dependen t, increasing in thickness as the electrol yte concen tra tion decreases. 

Assuming that the secondary solvation band at positive potentials is defined as the 

solvation species in the OHP, decreasing the electrolyte concentration might 

decrease the relative intensity of the F band as the Li+ distance of the OHP from 

the electrode increases. 

The effect of H20 addition on the II(O-H) region would also be interesting 

to investigate. If the F and C bands are from the butanol species solvating the 

cations and anion, these bands would decrease with H 20 addition since H 20 
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would win in the solvation-competition between H20 and butanol. 

The inefficiency of the present spectrometer (Triplemate) and/or CCD to 

analyze wavelengths ca. 790 nm and higher prevented the characterization of the 

v(O-H) region on Au. Characterizing this region on Au would help to pinpoint the 

PZC on this metal in the nonaqueous media. This would help to verify the present 

band assignments in this region. 

During the emersion investigation experiment, a spectra close to the laser 

line were also acquired during one of the experiments. This spectra of I-butanol 

on rough Ag at 514.5 nm excitation is shown in Figure 9.1. The laser line peak 

was extremely small, since the design of the cylindrical cell minimizes collection 

of Rayleigh scattering and of the reflected beam. A band at ca. 19 cm-l was 

observed at negative potentials, corresponding perhaps to the literature 

assignment of v(Ag-Li). This could also correspond to the very low frequency 

mode (VLFM)l79,252 observed for SERS-active Ag surfaces, which is related to 

the presence of surface roughness on the order of 50 to 100 A. This is a curious 

observation, and it would be beneficial to focus more closely on this band. 

Another study that should be performed using the emersion is to do an 

angular dependence of light collection with respect to the surface normal. 

Campion published results suggesting that the observation angle of 60° is optimal 

for the surface Raman intensity. The cell is constructed in such a way as to allow 

the angular dependence to be determined. 

It is still unknown how much of the double layer is emersed. Quantifying 

the thickness of the double layer using ellipsometry is needed. There is still heavy 

de ba te over the thicknesses determina tions emersing from aqueous solu tions in the 
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Raman spectra of the laser line in I-butanol at an emersed rough 
Ag electrode using 514.5 nm laser excitation, a) 480 s integration 
and b) 10 s integration. 
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literature. Some groups quote a number of 10 A while others claim lOll to 104 A. 

The double layer capacitance and surface coverage measurements on Ag 

are often limited by of the reduction of solvent at the electrode, beginning at ca. -

1.2 V in aqueous systems. Au, however, has a much more positive PZC, so 

measurements do not necessarily need to go out to -1.2 V. Preliminary results of 

capacitance of LiBr on Au in I-butanol demonstrated this point. Therefore, it 

would be wise to perform the capacitive experiments in Au whenever possible. 
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APPENDIX A: CONVERSION OF HPMODEL FROM MA THPLAN 

SPREADSHEET TO QUATTRO PRO SPREADSHEET 

The purpose of this appendix is to create a permanent record of the 

conversion of the original HPModel program written by Scott253 and modified 

by Sobocinskil38 from MathPlan spreadsheet to Quattro Pro spreadsheet and to 

provide a user's manual for this spreadsheet. 

This program was written by Timothy A. Scott on the MathPlan 

spreadsheet.253 Details of this original version can be found in the M.S. thesis of 

Scott, entitled "Determining the Extent of Specific Adsorption at a Solid Metal 

Electrode Utilizing Differential Capacitance Measurements", August 1989. 

Sobocinski modified this original program to allow the calculation of capacitance 

values using raw data obtained from AC impedance experiments.138 Details of 

this version can be found in the doctoral disserta tion of Sobocinski, April 1991. 

This modified program was then converted to Quattro Pro by the author in March 

1991. Figure I shows the formulae that were used to perform the necessary 

calculations. 

This program computes the electrochemical double layer capacitance using 

raw in-phase and quadrature data from AC impedance experiments. Capacitance 

versus potential plots can then be constructed. If a series of AC impedance 

measurements are performed in solutions of varying concentrations of a single 
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adsorbate at constant ionic strength, then this program computes the surface 

coverage of adsorbate at the electrode. Surface coverage versus potential plots can 

then be constructed. 

Upon entering Quattro Pro, HPMODEL can be accessed by pressing "/", "F", 

"R", "b:\HPMODEL", "enter". Capacitance calculations are performed in block 

AI20 .. AF219. First, Vcorr(V) and electrode area (cm2
) are entered in cells Cl16 

and C117, respectively. Raw AC impedance data (current in-phase (J,.LA), current 

quadrature (J.lA), and potential (V» are manually entered from more negative to 

more positive potentials in the titled columns in block AI20 .. AF219. The program 

will automatically calculate capacitance values, placing them in the column next 

to the corresponding potentials. To view the plot of the capacitance versus 

potential data on Quattro Pro, press "/", "G", "G", "X", "S", "1", then enter the 

capacitance data block coordinates, "Enter", "x", then enter the potential data 

block coordinates, "Enter", "Q", "V". To plot the data on Grapher, the potential 

and capacitance data must be saved in an ASCII file. To do this, press "/", "P", "0", 

"F", "b:\(file name)", "Enter", "B", then enter the potential and capacitance 

coordinates to be saved, "Enter", "S". Only one set of potential versus capacitance 

data can be saved together in the same file. 

To calculate adsorbate surface coverage, data are entered in blocks 

AI20 .. AF219, C116, C117, A5 .. AI04, B2, and C3 . .I3 ONLY. Entering data in any 

other blocks might erase important programming formulae. Block AI20 .. D219 

must contain data taken at zero adsorbate concentration. All rows in block 

AI20 .. AF219 must correspond to the same potentials and all columns must be of 

the same length. Thus, each set of capacitance data must be obtained over the 
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same range of potentials. Block BS .. II04 contains the capacitance data calculated 

in block AI20 .. AF219. Potentials (in volts) from more negative to more positive 

values are entered in block AS .. AI04. The potential difference increment (dE, in 

volts) is placed in block B2. The adsorbate concentrations (in M) are placed in 

block C3 .. I3. 

Provided that all data were entered correctly, the program automatically 

calculates surface coverage. The intermediate and final values in the calculations 

can now be inspected. Block KS .. RI04 represents the excess charge on the 

electrode (in IlC/cm2). These values are calculated by integrating the capacitance 

over the en tire poten tial range. Block TS .. AA 104 represents the surface tension 

of the electrode. These values were calculated by integrating the excess charge 

over the entire potential range. Block ACI..ALI4 represents intermediate 

calculations of surface coverage. Block ANS .. ARI4 represents the adsorbate 

surface coverage (in 1011 mOl/cm 2) at the electrode as a function of electrode 

potential. 

This spreadsheet program is very flexible; modifications can be made easily, 

especially with the aid of the Quattro Pro User's Guide and @Functions and 

Macros books. The spreadsheet can be sa ved by pressing"/", "F", "S", and "B:\(new 

file name)". Entering a new file name is suggested to distinguish this file from 

any other. The program takes up more than half of the memory space on a double 

density S 1/4" disk, so only one work sheet can be saved on a disk. Quattro Pro 

can be exited by pressing "Ctrl" "X". 



List of formulae in HPMODEL. 

D120 to D219: Capacitance calculations 

D 120:@IF(AI20>0,«A 120* A 120+ B 120*B 120)/(2* 
3.1416*6*@@(lcI161 )*BI20*@@(lcI17"))),0) 

DI21:@IF(AI21>0,«AI21*AI21+BI21*BI21)/(2* 
3.l416*6*@@(lcI161 )*BI21*@@(lcI17"))),0) 

DI22:@IF(AI22>0,«AI22*AI22+BI22*BI22)/(2* 
3.1416*6*@@(lcI16")*BI22*@@("cI17"))),0) 

D 123:@IF(A 123>0,«A 123* A 123+ B 123*B 123 )/(2* 
3.1416*6*@@(lc I161 )*BI23*@@(lc I17"»),0) 

DI24:@IF(AI24>0,«AI24*AI24+BI24*BI24)/(2* 
3.1416*6*@@(lcI161 )*BI24*@@(lcI17"»),0) 

D 125:@IF(AI25>0,«AI25*A 125+B 125*B 125)/(2* 
3.1416*6*@@(lcI161 )*BI25*@@(lcI17"))),0) 

D 126:@IF(A 126>0,«A 126* A 126+ B 126*B 126)/(2* 
3.1416*6*@@(lcI161 )*BI26*@@("cI17"))),0) 

D 127:@IF(AI27>0,«AI27*AI27+BI27*BI27)/(2* 
3.1416*6*@@("cI16")*BI27*@@("cI17"))),0) 

D 128:@IF(AI28>0,«AI28*AI28+BI28*BI28)/(2* 
3.1416*6*@@(lcI161 )*BI28*@@(lcI17"))),0) 

DI29:@IF(AI29>0,«AI29*A 129+BI29*BI29)/(2* 
3.1416*6*@@(lcI16")*B 129*@@("cI17"))),0) 

DI30:@IF(AI30>0,«AI30*AI30+BI30*BI30)/(2* 
3.1416*6*@@(lc I161 )*BI30*@@("c 117"))),0) 

D 131:@IF(AI31>0,«AI31*AI31+BI31*BI31)/(2* 
3.1416*6*@@(lcI16")*B131 *@@(lcI17"))),0) 

D 132:@IF(AI32>0,«AI32*A 132+BI32*B 132)/(2* 
3.1416*6*@@(lcI16")*BI32*@@("cI17"))),0) 

D 133:@IF(AI33>0,«AI33*A 133+BI33*BI33)/(2* 
3.1416*6*@@(lc I16")*BI33*@@(lc I17"»),0) 

DI34:@IF(AI34>0,«AI34*AI34+BI34*BI34)/(2* 
3.1416*6*@@(lc I16 1 )*BI34*@@(lc I17"))),0) 

DI35:@IF(AI35>0,«AI35*A135+BI35*BI35)/(2* 
3.l416*6*@@(lcI161 )*BI35*@@("cI17"))),0) 

D 136:@IF(AI36>0,«A 136* A 136+B 136*B 136)/(2* 
3.1416*6*@@(lcI161 )*BI36*@@(lcI17"))),0) 

DI37:@IF(AI37>0,«AI37*AI37+BI37*BI37)/(2* 
3.1416*6*@@(lcI161 )*BI37*@@(lcI17"))),0) 

D 138:@IF(AI38>0,«AI38*AI38+BI38*BI38)/(2* 
3.1416*6*@@(lc I16 1 )*BI38*@@(lc I17"))),0) 

DI39:@IF(AI39>0,«A139*A139+BI39*BI39)/(2* 
3.1416*6*@@(lcI161 )*BI39*@@(lcl17"»),0) 
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DI40:@IF(AI40>0,«AI40*AI40+BI40*BI40)/(2* 
3.1416*6*@@("cI16")*BI40*@@("cI17"»),0) 

D 141 :@IF(AI41>0,«AI41 * A 141 +B141 *B141 )/(2* 
3.1416*6*@@("cI16")*B 141 *@@("c 117"» ),0) 

D 142:@IF(AI42>0,«AI42*AI42+BI42*BI42)/(2* 
3.1416*6*@@("c I16")*BI42*@@("c I17"))),0) 

D 143:@IF(AI43>0,«AI43*AI43+BI43*BI43)/(2* 
3.1416*6*@@("cI16")*BI43*@@("cI17"))),0) 

D 144:@IF(AI44>0,«AI44*AI44+BI44*BI44)/(2* 
3.1416*6*@@("cI16")*BI44*@@("CI17"))),0) 

D 14S:@IF(A 14S>0,«A 14S* A 14S+B 14S*B 14S)/(2* 
3.1416*6*@@("cI16")*BI4S*@@("cI17"))),0) 

D 146:@IF(AI46>0,«AI46*AI46+BI46*BI46)/(2* 
3.1416*6*@@("cI16")*BI46*@@("CI17"))),0) 

D 147:@IF(AI47>0,«AI47*AI47+BI47*BI47)/(2* 
3.1416*6*@@("cI16")*BI47*@@("CI17"))),0) 

D 148:@IF(AI48>0,«AI48*A 148+B 148*B 148)/(2* 
3.l416*6*@@("c I16")*BI48*@@("CI17"))),0) 

D 149:@IF(AI49>0,«AI49*AI49+BI49*BI49)/(2* 
3.1416*6*@@("cI16")*BI49*@@("cI17"))),0) 

DISO:@IF(AISO>O,«AISO*A ISO+B1S0*BISO)/(2* 
3.1416*6*@@("cI16")*BISO*@@("CI17"))),0) 

D ISI:@IF(AI51>0,«AI51*AI51+BI51*BI51)/(2* 
3.1416*6*@@("c I16")*BlSI *@@("cI17"))),0) 

D 152:@IF(A 152>0,«A IS2* A 152+ B 152*B 152)/(2* 
3.1416*6*@@("cI16")*BI52*@@("cI17"))),0) 

D 153:@IF(AI53>0,«AIS3*A153+BI53*BI53)/(2* 
3.1416*6*@@("c I16")*BI53*@@("c 117"))),0) 

DI54:@IF(AI54>0,«AI54*A154+BI54*BI54)/(2* 
3.1416*6*@@("cI16")*BI54*@@("cI17"))),0) 

D 155:@IF(AI55>0,«AI55*AI55+BI55*BI55)/(2* 
3.1416*6*@@("cI16")*BI55*@@("CI17"»),0) 

D 156:@IF(A I 56>0,«A 156* A 156+ B 156*B 156)/(2* 
3.1416*6*@@("cI16")*BIS6*@@("cI17"))),0) 

D 157:@IF(AI57>0,«AI57*AI57+B1S7*BI57)/(2* 
3.1416*6*@@("cI16")*BI57*@@("cI17"»),0) 

DI58:@IF(AI58>0,«AIS8*AI58+BI58*BI58)/(2* 
3.l416*6*@@("cI16")*BI58*@@("cI17"))),0) 

D IS9:@IF(A 159>0,«A IS9* A 159+ B 159*B 159)/(2* 
3.1416*6*@@("cI16")*BI59*@@("cI17"))),0) 

D 160:@IF(AI60>0,«AI60*AI60+BI60*BI60)/(2* 
3.1416*6*@@("c I16")*BI60*@@("CI17"))),0) 

D 161 :@IF(AI61>0,«AI61*AI61+BI61*BI61)/(2* 
3.1416*6*@@("CI16")*BI61 *@@("cI17"))),0) 

D 162:@IF(AI62>0,«AI62*AI62+BI62*BI62)/(2* 
3.1416*6*@@("c I16")*BI62*@@("CI17"»),0) 

D 163:@IF(AI63>0,«AI63*AI63+BI63*BI63)/(2* 
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3.1416*6*@@(lc I161 )*BI63*@@(ICI17"))),0) 
D 164:@IF(AI64>0,«AI64*AI64+BI64*BI64)/(2* 

3.1416*6*@@(lc I161 )*BI64*@@(ICI17"))),0) 
D 165:@IF(AI65>0,«AI65*A 165+B 165*B 165)/(2* 

3.1416*6*@@(lc I161 )*BI65*@@("c I17"))),0) 
D 166:@IF(AI66>0,«AI66*AI66+BI66*BI66)/(2* 

3.1416*6*@@("CI16")*BI66*@@(ICI17"))),0) 
D 167:@IF(AI67>0,«AI67*AI67+BI67*BI67)/(2* 

3.1416*6*@@("CI16")*BI67*@@("CI17"))),0) 
D 16B:@IF(AI6B>0,«AI6B*AI6B+BI6S*BI6S)/(2* 

3.1416*6*@@("CI16")*BI6S*@@("CI17"))),0) 
D 169:@IF(A 169>0,«A 169* A 169+ B 169*B 169)/(2* 

3.1416*6*@@(ICI16")*BI69*@@("CI17"))),0) 
DI70:@IF(AI70>0,«AI70*AI70+BI70*BI70)/(2* 

3.l416*6*@@(lcI161 )*BI70*@@(ICI17"))),0) 
DI71:@IF(AI71>0,«AI71*AI71+BI71*BI71)/(2* 

3.1416*6*@@(ICI16")*BI71 *@@(lcI17"))),0) 
D 172:@IF(AI72>0,«A I 72* A 172+ B 172*B 172)/(2* 

3.1416*6*@@(lcI161 )*BI72*@@(ICI17"))),0) 
DI73:@IF(AI73>0,«AI73*AI73+BI73*BI73)/(2* 

3.1416*6*@@(lcI16")*BI73*@@(lcI17"))),0) 
DI74:@IF(AI74>0,«AI74*A 174+BI74*B 174)/(2* 

3.1416*6*@@("CI16")*BI74*@@(ICI17"»),0) 
D 175:@IF(AI75>0,«AI75*AI75+BI75*BI75)/(2* 

3.1416*6*@@("CI16")*B 17 5*@@(lcI17"))),0) 
DI76:@IF(AI76>0,«AI76*AI76+BI76*BI76)/(2* 

3.1416*6*@@(lc I16 1 )*BI76*@@(lc I17"))),0) 
D 177:@IF(AI77>0,«AI77*AI77+BI77*BI77)/(2* 

3.1416*6*@@(lcI161 )*BI77*@@(lcI17"))),0) 
D 17S:@IF(AI7B>0,«AI7B*AI7S+BI7B*BI7S)/(2* 

3.1416*6*@@("cI16")*BI7B*@@("cI 17"))),0) 
D 179:@IF(A I 79>0,«A 179* A 179+ B 179*B 179)/(2* 

3.1416*6*@@("cI16")*BI 79*@@("cI 17"))),0) 
D ISO:@IF(AIBO>0,«AISO*AIBO+BIBO*BISO)/(2* 

3.1416*6*@@(lcI16")*BIBO*@@(ICI17"))),0) 
D ISI:@IF(AIBI>0,«AISI*AIBI+BIBI*BISI)/(2* 

3.1416*6*@@(lcI161 )*BIBI*@@(ICI17"))),0) 
D IB2:@IF(AIS2>0,«AIS2*AIS2+BIS2*BIS2)/(2* 

3.1416*6*@@("C 116")*B IB2*@@(lcI17"))),0) 
D IB3:@IF(AIB3>0,«Ala3*AIB3+BIB3*BI83)/(2* 

3.1416*6*@@(lc I16 1 )*BIB3*@@("CI17"))),0) 
D IB4:@IF(AIB4>0,«AIS4*AIS4+BIS4*BI84)/(2* 

3.l416*6*@@("CI16")*BIS4*@@("CI ! 7"))),0) 
D IS5:@IF(AIS5>0,«A IS5* A IS5+B IS5*B IS5)/(2* 

3.1416*6*@@("CI16")*BIS5*@@("CI17"))),0) 
D IS6:@IF(A IS6>0,«A IS6* A IS6+ B IS6*B 186)/(2* 

3.1416*6*@@("cI16")*BI86*@@("cI17"»),0) 
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D IB7:@IF(AIB7>0,«AIB7*AIB7+BIB7*B187)/(2* 
3.1416*6*@@("cI16")*BIB7*@@("c117"))),0) 

D 18B:@IF(AIBB>0,«AIBB*A18B+BIBB*B188)/(2* 
3.1416*6*@@("c I16")*B188*@@("c l17"))),0) 

DIB9:@IF(AIB9>0,«AI89*AIB9+BIB9*BI89)/(2* 
3.1416*6*@@("c 116")*BIB9*@@("c l17"))),0) 

D190:@IF(A190>0,«A190*A190+BI90*B190)/(2* 
3.1416"'6*@@("cl16")*B190*@@("cll7"))),0) 

D191:@IF(A19l>0,«AI91*A191+B191*B191)/(2* 
3.1416*6*@@("cI16")*BI91*@@("c117"))),0) 

D 192:@IF(A 192>0,«A 192* A 192+ B 192*B 192)/(2* 
3.1416*6*@@("cl16")*B192*@@("cl17"))),0) 

D 193:@IF(AI93>0,«AI93*AI93+B193*B193)/(2* 
3.1416*6*@@("c I16")*BI93*@@("c 117"))),0) 

D 194:@IF(A194>0,«AI94*A194+B194*BI94)/(2* 
3.1416*6*@@("c I16")*B194*@@("c l17"))),0) 

D19S:@IF(AI9S>0,«A19S*AI9S+B19S*B19S)/(2* 
3.1416*6*@@("c I16")*B19S*@@("c l17"))),0) 

D 196:@IF(A196>0,«AI96*A196+B196*BI96)/(2* 
3.1416*6*@@("cI16")*B196*@@(lcI17"))),0) 

D 197:@IF(AI97>0,«A197*A 197+B 197*B 197)/(2* 
3.1416*6*@@("c 116")*B 197*@@(lcl17"))),0) 

D 198:@IF(AI9B>0,«AI98*AI9B+BI9B*BI98)/(2* 
3.l416*6*@@(lc I16 1 )*B19B*@@(lc l17"))),0) 

D 199:@IF(A199>0,«A199*AI99+B199*B199)/(2* 
3.1416*6*@@("cl161 )*B199*@@(lcl17"))),0) 

D200:@IF(A200>0,«A200*A200+B200*B200)/(2* 
3.1416*6*@@("c 1161 )*B200*@@(lcl17"))),0) 

D201 :@IF(A20l>0,«A201*A201+B201 *B201 )/(2* 
3.1416*6*@@(lcl16")*B201 *@@(lcl17"))),0) 

D202:@IF(A202>O,«A202*A202+B202*B202)/(2* 
3.1416*6*@@(lcl161 )*B202*@@(lcl17"))),0) 

D203:@IF(A203>0,«A203*A203+B203*B203)/(2* 
3.1416*6*@@(lcl16 1 )*B203*@@(lc117"))),0) 

D204:@IF(A204>0,«A204*A204+B204*B204)/(2* 
3.1416*6*@@(lcl161 )*B204*@@(lcl17"))),0) 

D20S:@IF(A20S>0,«A20S*A20S+B20S*B20S)/(2* 
3.1416*6*@@("c 116")*B20S*@@("cl17"))),0) 

D206:@IF(A206>0,«A206*A206+B206*B206)/(2* 
3.1416*6*@@(lcl16")*B206*@@(lcI17"))),0) 

D207:@IF(A207>0,«A207*A207+B207*B207)/(2* 
3.1416*6*@@("c I161 )*B207*@@(lc I17"))),0) 

D208:@IF(A208>0,«A20B*A20B+B208*B20B)/(2* 
3.1416*6*@@(lcI161 )*B20B*@@(lcl17"))),0) 

D209:@IF(A209>0,«A209*A209+B209*B209)/(2* 
3.1416*6*@@(lcl16")*B209*@@(lcI17"))),0) 

D21 0:@IF(A210>0,«A210*A210+B210*B21O)/(2* 
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3.1416*6*@@("c I16")*B210*@@("c ll7"))),0) 
D211:@IF(A211>0,«A211*A211+B211*B211)/(2* 

3.1416*6*@@("cI16")*B211*@@("cI17"))),0) 
D212:@IF(A212>0,«A212*A212+B212*B212)/(2* 

3.1416*6*@@("cI16")*B212*@@("cI17"))),0) 
D213:@IF(A213>O,«A213*A213+B213*B213)/(2* 

3.1416*6*@@("cI16")*B213*@@("cll7"»),0) 
D214:@IF(A214>0,«A214*A214+B214*B214)/(2* 

3.l416*6*@@("cI16")*B214*@@("cI17"))),0) 
D215:@IF(A215>0,«A215*A215+B215*B215)/(2* 

3.l416*6*@@("cI16")"'B215*@@("cI17"))),0) 
D216:@IF(A216>0,«A216*A216+B216*B216)/(2* 

3.1416*6*@@("cI16")*B216*@@("cI17"))),0) 
D217:@IF(A217>0,«A217*A217+B217*B217)/(2* 

3.1416*6*@@("cI16")*B217*@@("c I17"))),0) 
D218:@IF(A218>0,«A218*A218+B218*B218)/(2* 

3.1416*6*@@("cI16")"'B218"'@@("cI17"))),0) 
D219:@IF(A219>0,«A219*A219+B219*B219)/(2* 

3.1416*6*@@("cI16")"'B219*@@("cI17"))),0) 

B5 to B104: Copy capacitance values into HP calculation section 

B5: @CELL("contents",D 120 .. D 120) 
B6: @CELL("contents",D 121 .. 0 121) 
B7: @CELL("contents",DI22 .. 0 122) 
B8: @CELL("contents",D 123 .. 0 123) 
B9: @CELL("contents",D 124 .. D 124) 
B 1 0: @CELL("contents",0125 .. 0125) 
Bll: @CELL("contents",DI26 .. DI26) 
B12: @CELL("con tents",DI27 .. DI27) 
B 13: @CELL("con tents",DI28 .. DI28) 
B 14: @CELL("con tents",DI29 .. DI29) 
B 15: @CELL("con tents",DI30 .. D 130) 
B 16: @CELL("contents",O 131 .. D 131 ) 
B17: @CELL("contents",DI32 .. DI32) 
B 18: @CELL("contents",DI33 .. 0 133) 
B19: @CELL("contents",DI34 .. DI34) 
B20: @CELL("con tents",DI35 .. 0135) 
B21: @CELL("con tents",DI36 .. DI36) 
B22: @CELL("contents",DI37 .. DI37) 
B23: @CELL("contents",D 138 .. 0 138) 
B24: @CELL("con tents",DI39 .. D 139) 
B25: @CELL("contents",DI40 .. DI40) 
B26: @CELL("contents",DI41 .. DI41) 
B27: @CELL("contents",DI42 .. DI42) 
B28: @CELL("contents",DI43 .. DI43) 
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B29: @CELL(lcon tents",DI44 .. DI44) 
B30: @CELL(lcon tents",DI45 .. DI45) 
B3 I: @CELL("con tents",DI46 .. DI46) 
B32: @CELL("contents",0147 .. DI47) 
B33: @CELL("contents",DI48 .. DI48) 
B34: @CELL("con tents",DI49 .. DI49) 
B35: @CELL(lcontents",DI50 .. 0150) 
B36: @CELL("contents",D 151 .. D 151) 
B37: @CELL("con tents",DI52 .. 0152) 
B38: @CELL("contents",DI 53 .. 0153) 
B39: @CELL(lfcontentslf,D 1 54 .. D 1 54) 
B40: @CELL("contentslf,D 1 5 5 .. D 155) 
B4 I: @CELL(lfcontents",DI 56 .. D 1 56) 
B42: @CELL(lfcon tents",DI57 .. DI57) 
B43: @CELL("contentslf,DI 58 .. D 1 58) 
B44: @CELL(lfcontentslf,DI 59 .. D 1 59) 
B45: @CELL(lfcontents",DI 60 .. D 1 60) 
B46: @CELL("contentslf,D 1 61 .. D 1 6 I) 
B47: @CELL(lfcontentslf,DI 62 .. D 1 62) 
B48: @CELL(lcon tents",DI63 .. DI63) 
B49: @CELL("con tents lf,DI64 .. DI64) 
B50: @CELL(lfcontents",DI 65 .. D 1 65) 
B5 I: @CELL(lcontents",D 1 66 .. D 1 66) 
B52: @CELL(lcon tents",DI67 .. DI67) 
B53: @CELL(lfcontentslf,DI 68 .. D 1 68) 
B54: @CELL("con tents lf,0169 .. D 1 69) 
B55: @CELL(lfcon tents lf,DI70 .. DI70) 
B56: @CELL(lcontents",DI 71 .. D 171) 
B57: @CELL("con tentslf ,Dl72 .. Dl72) 
B58: @CELL(lfcon tents",D173 .. D173) 
B59: @CELL(lcon tents",D174 .. D 174) 
B60: @CELL(lfcontentslf,DI 7 5 .. D 175) 
B61: @CELL( lfcontents",DI76 .. D176) 
B62: @CELL("con tentslf,Dl77 .. DI77) 
B63: @CELL(lfcon tents",D178 .. DI78) 
B64: @CELL(lcontents",DI 79 .. D 179) 
B65: @CELL("contentslf,DI 80 .. D 1 80) 
B66: @CELL(lfcontents",DI 81 .. D 1 8 I) 
B67: @CELL(lcontents",DI 82 .. D 182) 
B68: @CELL(lfcon tents",D183 .. DI 83) 
B69: @CELL(lcontents",D 184 .. D 184) 
B70: @CELL(lfcon tents",DI85 .. D185) 
B71: @CELL(lfcon tentslf,0186 .. D 186) 
B72: @CELL(lcon tents",DI87 .. D187) 
B73: @CELL(lfcontentslf,D 188 .. D 18 8) 
B74: @CELL("con tents lf,DI89 .. D189) 
B75: @CELL(lcontents",D 1 90 .. D 190) 
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B76: @CELL(lcon tents",DI91..DI91) 
B77: @CELL(lcon tents",DI92 .. DI92) 
B7B: @CELL("contents",DI93 .. DI93) 
B79: @CELL(lcontents",D 194 .. D 194) 
BBO: @CELL(lcon tents",DI95 .. DI95) 
BBI: @CELL("contents",DI96 .. DJ 96) 
BB2: @CELL(lcontents",D 197 .. D 197) 
BB3: @CELL(lcon tents",DI9B .. DI9B) 
BB4: @CELL(lcon tents",DI99 .. DJ 99) 
BB5: @CELL(lcon tents",D200 .. D200) 
BB6: @CELL("contents",D20 1 .. D20 I) 
BB7: @CELL(lcon tents",D202 .. D202) 
BBB: @CELL(lcon tents",D203 .. D203) 
BB9: @CELL(lcon tents",D204 .. D204) 
B90: @CELL(lcon tents",D205 .. D205) 
B91: @CELL(lcon tents",D206 .. D206) 
B92: @CELL(lcon tents",D207 .. D207) 
B93: @CELL(lcon tents",D20B .. D20B) 
B94: @CELL(lcon tents",D209 .. D209) 
B95: @CELL(lcon tents",D21 0 .. D21 0) 
B96: @CELL(lcontents",D211 .. D211) 
B97: @CELL(lcon tents",D212 .. D212) 
B9B: @CELL(lcon tents",D213 .. D213) 
B99: @CELL(lcon tents",D214 .. D214) 
B 1 00: @CELL(lcon tents",D215 .. D215) 
BIOI: @CELL(lcon tents",D216 .. D216) 
BI02: @CELL(lcon tents",D217 .. D217) 
BI03: @CELL(lcon tents",D2IB .. D21B) 
BI04: @CELL(lcon tents",D219 .. D219) 

K5 to K104: Excess charge calculations 

K5: @IF(B5>0,B5*@@(lb2"),0) 
K6: @IF(B6>0,K5+B6*@@(lb2"),0) 
K 7: @IF(B7>0,K6+B7*@@(lb2"),0) 
KB: @IF(BB>O,K 7+BB*@@(lb2"),0) 
K9: @IF(B9>0,KB+B9*@@(lb2"),0) 
K 10: @IF(BIO>0,K9+BIO*@@(lb2"),0) 
K II: @IF(BIl>O,KIO+BII *@@(lb2"),0) 
K12: @IF(BI2>0,KJ I+BI2*@@(lb2"),0) 
K13: @IF(BI3>0,KI2+BI3*@@(lb2"),0) 
K J 4: @IF(BI4>0,KI3+BI4*@@(lb2"),0) 
K 15: @IF(BI5>0,K 14+ B 15*@@(lb2"),0) 
K 16: @IF(BI6>0,K 15+ B 16*@@(lb2"),0) 
K 17: @IF(BI7>O,K 16+ B 17*@@(lb2"),0) 
KIB: @IF(BIB>0,KI7+BIB*@@(lb2"),0) 
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K 19: @IF(BI9>O,K 18+B 19*@@("b2"),O) 
K20: @IF(B20>O,KI9+B20*@@(lb2"),O) 
K21: @IF(B21>O,K20+B21*@@( tl b2"),O) 
K22: @IF(B22>O,K21+B22*@@("b2"),O) 
K23: @IF(B23>O,K22+B23*@@("b2"),O) 
K24: @IF(B24>O,K23+B24*@@("b2"),O) 
K2S: @IF(B2S>O,K24+B2S*@@( tl b2"),O) 
K26: @IF(B26>O,K2S+B26*@@(lb2"),O) 
K27: @IF(B27>O,K26+B27*@@("b2"),O) 
K28: @IF(B28>O,K2 7 + B28*@@(lb2"),O) 
K29: @IF(B29>O,K28+B29*@@("b2"),O) 
K30: @IF(B30>O,K29+B30*@@( tl b2"),O) 
K31: @IF(B31>O,K30+B31*@@( tl b2"),O) 
K32: @IF(B32>O,K31+B32*@@(lb2"),O) 
K33: @IF(B33>O,K32+B33*@@(lb2"),O) 
K34: @IF(B34>O,K33+B34*@@( tl b2"),O) 
K3S: @IF(B3S>O,K34+B3S*@@(lb2"),O) 
K36: @IF(B36>O,K3S+B36*@@(lb2"),O) 
K37: @IF(B37>O,K36+B37*@@( tl b2"),O) 
K38: @IF(B38>O,K37+B38*@@(lb2"),O) 
K39: @IF(B39>O,K38+B39*@@( tl b2"),O) 
K40: @IF(B40>O,K39+B40*@@("b2"),O) 
K41: @IF(B41>O,K40+B41*@@(lb2"),O) 
K42: @IF(B42>O,K41+B42*@@("b2"),O) 
K43: @IF(B43>O,K42+B43*@@( tl b2"),O) 
K44: @IF(B44>O,K43+B44*@@(,'b2"),O) 
K4S: @IF(B45>O,K44+B4S*@@(lb2"),O) 
K46: @IF(B46>O,K4S+B46*@@(lb2"),O) 
K47: @IF(B47>O,K46+B47*@@("b2"),O) 
K48: @IF(B48>O,K47+B48*@@( tl b2"),O) 
K49: @IF(B49>O,K48+B49*@@(lb2"),O) 
KSO: @IF(BSO>O,K49+BSO*@@(lb2"),O) 
KSl: @IF(BSl>O,KSO+B51*@@(lb2"),O) 
KS2: @IF(BS2>O,KSl+BS2*@@("b2"),O) 
KS3: @IF(BS3>O,KS2+BS3*@@(lb2"),O) 
KS4: @IF(BS4>O,KS3+BS4*@@(lb2"),O) 
KSS: @IF(BSS>O,KS4+BSS*@@(lb2"),O) 
KS6: @IF(BS6>O,KSS+BS6*@@(lb2"),O) 
KS7: @IF(BS7>O,KS6+B57*@@( tl b2"),O) 
KS8: @IF(BS8>O,KS7+BS8*@@( tl b2"),O) 
KS9: @IF(BS9>O,KS8+BS9*@@(lb2"),O) 
K60: @IF(B60>O,KS9+B60*@@( tl b2"),O) 
K61: @IF(B61>O,K60+B61*@@( tl b2"),O) 
K62: @IF(B62>O,K61+B62*@@("b2"),O) 
K63: @IF(B63>O,K62+B63*@@(lb2"),O) 
K64: @IF(B64>O,K63+B64*@@("b2"),O) 
K6S: @IF(B6S>O,K64+B6S*@@("b2"),O) 
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K66: @IF(B66>0,K65+B66*@@(lb2"),0) 
K67: @IF(B67>0,K66+B67*@@(lb2"),0) 
K68: @IF(B68>0,K67+B68*@@("b2"),0) 
K69: @IF(B69>0,K68+B69*@@("b2"),0) 
K 70: @IF(B70>0,K69+B70*@@("b2"),0) 
K 71: @IF(B71>0,K70+B71*@@("b2"),0) 
K 72: @IF(B72>0,K71+B72*@@("b2"),0) 
K 73: @IF(B73>0,K72+B73*@@("b2"),0) 
K 74: @IF(B74>0,K73+B74*@@(,'b2"),0) 
K 75: @IF(B75>0,K74+B75*@@(lb2"),0) 
K 76: @IF(B76>0,K75+B76*@@(lb2"),0) 
K 77: @IF(B77>0,K76+B77*@@("b2"),0) 
K 78: @IF(B78>0,K77+B78*@@("b2"),0) 
K 79: @IF(B79>0,K78+B79*@@("b2"),0) 
K80: @IF(B80>0,K79+B80*@@(lb2"),0) 
K81: @IF(B81>0,K80+B81 *@@("b2"),0) 
K82: @IF(B82>0,K81+B82*@@("b2"),0) 
K83: @IF(B83>0,K82+B83*@@("b2"),0) 
K84: @IF(B84>0,K83+B84*@@(lb2"),0) 
K85: @IF(B85>0,K84+B85*@@("b2"),0) 
K86: @IF(B86>0,K85+B86*@@("b2"),0) 
K87: @IF(B87>0,K86+B87*@@(lb2"),0) 
K88: @IF(B88>0,K87+B88*@@("b2"),0) 
K89: @IF(B89>0,K88+B89*@@("b2"),0) 
K90: @IF(B90>0,K89+B90*@@("b2"),0) 
K91: @IF(B91>0,K90+B91 *@@(lb2"),0) 
K92: @IF(B92>0,K91+B92*@@("b2"),0) 
K93: @IF(B93>0,K92+B93*@@("b2"),0) 
K94: @IF(B94>0,K93+B94*@@(lb2"),0) 
K95: @IF(B95>0,K94+B95*@@("b2"),0) 
K96: @IF(B96>0,K95+B96*@@("b2"),0) 
K97: @IF(B97>0,K96+B97*@@(lb2"),0) 
K98: @IF(B98>0,K97+B98*@@(lb2"),0) 
K99: @IF(B99>0,K98+B99*@@("b2"),0) 
K 100: @IF(BIOO>0,K99+BIOO*@@("b2"),0) 
K 1 0 I: @IF(BI 0 1 >O,K 1 OO+B 1 0 1 *@@(lb2"),0) 
K 102: @IF(BI02>0,KI 0 1 +B 1 02*@@(lb2"),0) 
K 1 03: @IF(B 1 03>0,K 1 02+ B 1 03*@@(lb2"),0) 
K 1 04: @IF(BI04>0,K 1 O~+B 104*@@(lb2"),0) 

T5 to TI04: Surface tension calculations 

T5: @IF(K5>0,K5*@@("B2"),0) 
T6: @IF(K6>0,T5+K6*@@("B2"),0) 
T7: @IF(K7>0,T6+K7*@@(IB2"),0) 
T8: @IF(K8>0,T7+K8*@@(IB2"),0) 
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T9: @IF(K9>0,T8+K9*@@("B2"),0) 
TI0: @IF(KI0>0,T9+KI0*@@("B2"),0) 
TIl: @IF(Kl1>0,TI0+Kll*@@("B2"),0) 
T12: @IF(KI2>0,Tll+KI2*@@("B2"),0) 
T 13: @IF(K 13>0, T 12+K 13*@@("B2"),0) 
T14: @IF(KI4>0,T13+K14*@@("B2"),0) 
T 15: @IF(K 15>0, T 14+ K 15*@@("B2"),0) 
T16: @IF(KI6>0,TI5+KI6*@@("B2"),0) 
T 17: @IF(KI7>0,TI6+K17*@@("B2"),0) 
T18: @IF(KI8>0,T17+KI8*@@("B2"),0) 
T19: @IF(KI9>0,TI8+KI9*@@("B2"),0) 
T20: @IF(K20>0,TI9+K20*@@("B2"),0) 
T21: @IF(K21>0,T20+K21*@@("B2"),0) 
T22: @IF(K22>0,T21+K22*@@("B2"),0) 
T23: @IF(K23>0,T22+K23*@@("B2"),0) 
T24: @IF(K24>0,T23+K24*@@("B2"),0) 
T25: @IF(K25>0,T24+K25*@@("B2"),0) 
T26: @IF(K26>0,T25+K26*@@("B2"),0) 
T27: @IF(K27>0,T26+K27*@@("B2"),0) 
T28: @IF(K28>0,T27+K28*@@("B2"),0) 
T29: @IF(K29>0,T28+K29*@@("B2"),0) 
T30: @IF(K30>0,T29+K30*@@("B2"),0) 
T31: @IF(K31>0,T30+K31*@@("B2"),0) 
T32: @IF(K32>0,T31 + K32*@@("B2"),0) 
T33: @IF(K33>0,T32+K33*@@("B2"),0) 
T34: @IF(K34>0,T33+K34*@@("B2"),0) 
T35: @IF(K35>0,T34+K35*@@("B2"),0) 
T36: @IF(K36>0,T35+K36*@@("B2"),0) 
T37: @IF(K37>0,T36+K37*@@("B2"),0) 
T38: @IF(K38>0,T37+K38*@@("B2"),0) 
T39: @IF(K39>0,T38+K39*@@("B2"),0) 
T40: @IF(K40>0,T39+K40*@@("B2"),0) 
T41: @IF(K41>0,T40+K41*@@("B2"),0) 
T42: @IF(K42>0,T41+K42*@@("B2"),0) 
T43: @IF(K43>0,T42+K43*@@("B2"),0) 
T44: @IF(K44>0,T43+K44*@@("B2"),0) 
T 45: @IF(K45>0,T44+K45*@@("B2"),0) 
T46: @IF(K46>0,T45+K46*@@("B2"),0) 
T47: @IF(K47>0,T46+K47*@@("B2"),0) 
T48: @IF(K48>0,T47+K48*@@("B2"),0) 
T49: @IF(K49>O,T48+K49*@@("B2"),0) 
T50: @IF(K50>0,T49+K50*@@("B2"),0) 
T51: @IF(K51>0,T50+K51 *@@("B2"),0) 
T52: @IF(K52>0,T51+K52*@@("B2"),0) 
T53: @IF(K53>0,T52+K53*@@("B2"),0) 
T54: @IF(K54>0,T53+K54*@@("B2"),0) 
T55: @IF(K55>0,T54+K55*@@("B2"),0) 
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T56: @IF(K56>0,T55+K56*@@("B2"),0) 
T57: @IF(K57>0,T56+K57*@@("B2"),0) 
T58: @IF(K58>0,T57+K58*@@("B2"),0) 
T59: @IF(K59>0,T58+K59*@@("B2"),0) 
T60: @IF(K60>0,T59+K60*@@("B2"),0) 
T61: @IF(K61>0,T60+K61 *@@("B2"),0) 
T62: @IF(K62>0,T61+K62*@@("B2"),0) 
T63: @IF(K63>0,T62+K63*@@("B2"),0) 
T64: @IF(K64>0,T63+K64*@@("B2"),0) 
T65: @IF(K65>0,T64+K65*@@("B2"),0) 
T66: @IF(K66>0,T65+K66*@@("B2"),0) 
T67: @IF(K67>0,T66+K67*@@("B2"),0) 
T68: @IF(K68>0,T67+K68*@@("B2"),0) 
T69: @IF(K69>0,T68+K69*@@("B2"),0) 
T70: @IF(K 70>0,T69+K 70*@@("B2"),0) 
T71: @IF(K71>0,T70+K71 *@@("B2"),0) 
T72: @IF(K72>0,T71+K72*@@("B2"),0) 
T73: @IF(K 73>0,T72+K 73*@@("B2"),0) 
T74: @IF(K74>0,T73+K74*@@("B2"),0) 
T75: @IF(K 75>0,T74+K 75*@@(IB2"),0) 
T76: @IF(K76>0,T75+K76*@@("B2"),0) 
T77: @IF(K 77>0,T76+K 77*@@("B2"),0) 
T78: @IF(K78>0,T77+K78*@@("B2"),0) 
T79: @IF(K 79>0,T78+K 79*@@(IB2"),0) 
T80: @IF(K80>0,T79+K80*@@("B2"),0) 
T81: @IF(K81>0,T80+K81 *@@("B2"),0) 
T82: @IF(K82>0,T81+K82*@@("B2"),0) 
T83: @IF(K83>0,T82+K83*@@(IB2"),0) 
T84: @IF(K84>0,T83+K84*@@("B2"),0) 
T85: @IF(K85>0,T84+K85*@@("B2"),0) 
T86: @IF(K86>0,T85+K86*@@("B2"),0) 
T87: @IF(K87>0,T86+K87*@@(IB2"),O) 
T88: @IF(K88>0,T87+K88*@@("B2"),0) 
T89: @IF(K89>0,T88+K89*@@(IB2"),O) 
T90: @IF(K90>0,T89+K90*@@(IB2"),0) 
T91: @IF(K91>0,T90+K91*@@(IB2"),0) 
T92: @IF(K92>0,T91+K92*@@(IB2"),0) 
T93: @IF(K93>0,T92+K93*@@(IB2"),0) 
T94: @IF(K94>0,T93+K94*@@(IB2"),O) 
T95: @IF(K95>0,T94+K95*@@(IB2"),0) 
T96: @IF(K96>0,T95+K96*@@(IB2"),0) 
T97: @IF(K97>0,T96+K97*@@(IB2"),0) 
T98: @IF(K98>0,T97+K98*@@(,'B2"),0) 
T99: @IF(K99>0,T98+K99*@@(IB2"),0) 
T 100: @IF(KIOO>0,T99+KI 00*@@(IB2"),0) 
Tl 01: @IF(KIOl>O,TI00+KIOI*@@("B2"),0) 
T 102: @IF(KI02>0,TI 0 1 +K 102*@@("B2"),0) 
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T 103: @IF(KI 03>0,T 1 02+K 103*@@("B2"),0) 
TI04: @IF(KI04>0,TI03+KI04*@@(IB2"),0) 

AC2 to AL33: Intermediate calculations 

AC24: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0-3,0) 
AC25: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0*2-3,0) 
AC26: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0*3-3,0) 
AC27: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0*4-3,0) 
AC28: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 O· 5-3,0) 
AC29: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0*6-3,0) 
AC30: @IF(B3>0,@COUNT(A5 .. A]04)/ 1 0*7-3,0) 
AC31: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0*8-3,0) 
AC32: @IF(B3>0,@COUNT(A5 .. AI04)/ 1 0*9-3,0) 
AC33: @IF(B3>0,@COUNT(A5 .. AI04)-3,0) 

AE2: @IF(C3>0,C3,0) 
AF2: @IF(D3>0,D3,0) 
AG2: @IF(E3>0,E3,0) 
AH2: @IF(F3>0,F3,0) 
AI2: @IF(G3>0,G3,0) 
AJ2: @IF(H3>0,H3,0) 
AK2: @IF(l3>0,I3,0) 
AL2: @SUM(AD24 .. AD30) 

AD24: @IF(AE2=0,0,1) 
AD25: @IF(AF2=0,0,1) 
AD26: @IF(AG2=0,0,1) 
AD27: @IF(AH2=0,0,1) 
AD28: @IF(AI2=0,0,1) 
AD29: @IF(AJ2=0,0,1) 
AD30: @IF(AK2=0,0,1) 

AE3: @IF(C3>0,@LN(C3),0) 
AF3: @IF(D3>0,@LN(D3),0) 
AG3: @IF(E3>0,@LN(E3),0) 
AH3: @IF(F3>0,@LN(F3),0) 
AI3: @IF(G3>0,@LN(G3),0) 
AJ3: @IF(H3>0,@LN(H3),0) 
AK3: @IF(I3>O,@LN(I3),O) 

AC5: @INDEX(A5 .. AI04,0,@@(lac24"» 
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AC6: @INDEX(A5 .. AI04,0,@@("ac25"» 
AC7: @INDEX(A5 .. A I04,0,@@("ac26"» 
ACS: @INDEX(A5 .. AI04,0,@@("ac27"» 
AC9: @INDEX(A5 .. AI04,0,@@("ac2S"» 
AC 10: @INDEX(A5 .. AI04,0,@@("ac29"» 
ACII: @INDEX(A5 .. AI04,0,@@(lac30"» 
AC 12: @INDEX(A5 .. AI04,0,@@(lac3I"» 
AC 13: @INDEX(A5 .. AI04,0,@@("ac32"» 
AC 14: @INDEX(A5 .. AI04,0,@@("ac33"» 

AD5: @IF(@@("c3"»0,@LN(@INDEX(T5 .. AAI04,0,@@("ac24"»),0) 
AD6: @IF(@@(lc3 1 »0,@LN(@INDEX(T5 .. AAI04,0,@@("ac25"))),0) 
AD7: @IF(@@("c3 1 »0,@LN(@INDEX(T5 .. AAI04,0,@@("ac26"))),0) 
ADS: @IF(@@("c3"»0,@LN(@INDEX(T5 .. AAI04,0,@@(IAC27"))),0) 
AD9: @IF(@@(lc3"»0,@LN(@INDEX(T5 .. AAI04,0,@@("AC2S"»),0) 
AD 1 0: @IF(@@(lc31 »0,@LN(@INDEX(T5 .. AAI04,0,@@(IAC29"))),0) 
AD 11: @IF(@@("c3 1 »0,@LN(@INDEX(T5 .. AAI04,0,@@(IAC30"))),0) 
AD 12: @IF(@@(lc31 »0,@LN(@INDEX(T5 .. AAI04,0,@@("AC3I"))),0) 
AD 13: @IF(@@(lc31 »0,@LN(@INDEX(T5 .. AAI04,0,@@(IAC32"))),0) 
AD 14: @IF(@@("c3 1 »0,@LN(@INDEX(T5 .. AAI04,0,@@(IAC33"))),0) 

256 

AL5:@IF(B3>0,«AL2*(AE3*AE5+AF3*AF5+AG3* AG5+AH3* AH5+AI3* AI5+ 
AJ3*AJ5+AK3*AK5)-«@SUM(AE3 .. AK3»*(@SUM(AE5 .. AK5»»/ 
(AL2*(AE3* AE3+AF3* AF3+AG3* AG3+AH3* AH3+AI3* AI3+AJ3* AJ3+ 
A K3 * AK3 )-(@SUM(AE3 .. AK3)*@SUM(AE3 .. AK3»»,0) 

AL6:@IF(B3>0,«AL2*(AE3*AE6+AF3*AF6+AG3* AG6+AH3* AH6+AI3* AI6+ 
AJ3* AJ6+AK3* AK6)-«@SUM(AE3 .. AK3»*(@SUM(AE6 .. AK6))))/ 
(AL2*(AE3* AE3+AF3* AF3+AG3* AG3+AH3* AH3+AI3* AI3+AJ3* AJ3+ 
AK3*AK3)-(@SUM(AE3 .. AK3)*@SUM(AE3 .. AK3»»,0) 

AL 7:@IF(B3>0,«AL2*(AE3*AE7+AF3*AF7+AG3*AG7+AH3* AH7+AI3* AI7+ 
AJ3* AJ7+AK3* AK 7)-«@SUM(AE3..AK3»*(@SUM(AE7 .. AK7))))/ 
(AL2*(AE3* AE3+AF3* AF3+AG3* AG3+AH3* AH3+AI3* AI3+AJ3* AJ3+ 
AK3*AK3)-(@SUM(AE3 .. AK3)*@SUM(AE3 .. AK3»»,0) 

ALS:@IF(B3>0,«AL2*(AE3*AES+AF3*AFS+AG3* AGS+AH3* AHS+AI3* AIS+ 
AJ3* AJS+AK3* AKS)-«@SUM(AE3 .. AK3»*(@SUM(AES .. AKS»»/ 
(AL2*(AE3* AE3+AF3* A F3+AG3* AG3+AH3* AH3+AI3* AI3+AJ3* AJ3+ 
AK3*AK3)-(@SUM(AE3 .. AK3)*@SUM(AE3 .. AK3»»,0) 

AOS to A014: Surface coverage calculations 

A05: @IF(A03>0,40.35*AL5*(@EXP(AE5)-@EXP(AD5»,'III) 
A06: @IF(A03>0,40.35*AL6*(@EXP(AE6)-@EXP(AD6»,"I) 
A07: @IF(A03>0,40.35*AL7*(@EXP(AE7)-@EXP(AD7»,"I) 
AOS: @IF(A03>0,40.35*ALS*(@EXP(AES)-@EXP(ADS»,"I) 



A09: @IF(A03>0,40.35*AL9*(@EXP(AE9)-@EXP(AD9»,"I) 
AO 1 0: @IF(A03>0,40.35*ALIO*(@EXP(AElO)-@EXP(ADlO»,"I) 
AOll: @IF(A03>0,40.35*ALll*(@EXP(AEll)-@EXP(ADll»,"") 
AOl2: @IF(A03>0,40.35*ALl2*(@EXP(AEl2)-@EXP(ADl2»,"") 
AOl3: @IF(A03>0,40.35*ALl3*(@EXP(AEl3)-@EXP(ADl3»,"I) 
AOl4: @IF(A03>0,40.35*ALl4*(@EXP(AEl4)-@EXP(ADl4»,"I) 
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Appendix B 

APPENDIX B: FORMATION AND CHARACTERIZATION OF n-BUTOXIDE 

ON Ag SURF ACES 

Recent work in this laboratory has been focused on characterizing n

alcohol solvent structure and self-assembled n-alkanethiol monolayers at Ag and 

A u surfaces. From this work, the desire to characterize self-assembled monolayers 

of the n-alcohols developed. This appendix describes the formation and 

characterization of deprotonated n-butanol, or n-butoxide self-assembled 

monolayers at Ag surfaces. 

There has been much interest recently in the formation and 

characteriza tion 

acids,254,255 

al ka nethiols. 259,260 

of self-assembled monolayers, including alkanoic 

organosilanes,256,257 surfactants,258 and 

Self -assem bled monola yers ha ve potential applica tions 

in the scientific as well as industrial field, including lubrication, chemical 

sensors, and corrosion prevention. 

n-Alkanoic acids self-assemble into well-organized, densely packed 

monolayers on Ag255,2~1 and aluminum oxide254 surfaces. The acid group 

deprotonates, allowing n-alkanoic acid to interact with the surface through both 

o lone pairs to form a well ordered monolayer. IR spectra of these films suggest 

that the alkane chain is largely perpendicular to the surface at tilt angle ca. 12° 

with respect to the surface normal.254 



259 

Alkyltrichlorosilane self-assembles into well-ordered monolayers on 

hydroxylated surfaces of glass, AI, and Si,256,257 Film formation is accomplished 

through Si-O bond formation with the surface as well as through intermolecular

Si-O-Si bond network formation. IR spectroscopy on these films has revealed 

alkane chain tilt angles of ca. 10° with respect to the surface normal.257 

Self-assembled alkanethiol monolayers on Ag and Au surfaces have also 

been well characterized on Ag and Au surfaces.259,26o Alkanethiols strongly bond 

to the metal forming crystalline-like, densely-packed, ordered monolayers with 

their alkane chains oriented on Ag at a small tilt angle (ca. 12°) with respect to the 

surface normal.260 Alkanethiols undergo adsorption to the metal upon cleavage 

of the S-H bond with formation of a S-metal bond. The adsorption mechanism on 

Ag is thought to be one of displacement of the Ag(I)OH surface species present in 

the ambient environment.259 

Self-assembled monolayers of the n-alkoxides ha ve not been reported in the 

literature. The goal of this work was to form self-assembled butoxide monolayers 

on Ag and to characterize these films using surface Raman scattering. The 

orientation of butoxide on the surface would be compared to that of adsorbed 

butanol in order to determine the effect of the metal-O bonding on the molecular 

orientation. 

Alkoxides are extremely reactive species. Since alkoxides react quickly in 

the presence of water and oxygen, synthesis and film formation are performed in 

a controlled N2 environment. Butoxide was synthesized by slowly adding ca. 50 

mg of 95 % NaH to ca. 20 ml of pentane containing ca. I ml butanol. 

The Ag surfaces used were electrochemically roughened in 0.4 M LiBr, 
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ethanol, and then butanol. The Ag surface was then soaked overnight in the 

butoxide solution under N2• These surfaces were then emersed into air, rinsed 

with ethanol, and spectroscopically analyzed. Butanethiol films were prepared by 

soaking a roughened Ag surface (roughened in 0.1 M KCI) in 10 mM alkanethiol 

in ethanol for 4 to 5 hours. Samples were analyzed emersed in air using the 514.5 

nm laser line at 130 m W. 

The spectroscopy of the films on Ag revealed that the films formed were 

not completely reproducible in all of the spectral regions. The behavior in the 

lI(C-H) region was reproducible, Figure B.la, while the behavior in the lI(C-C) 

region was not. The spectra observed in the lI(C-C) region can be divided into two 

groups, A and B. The spectra in group A are reproducible and are shown in 

Figure B.2a with characteristic frequencies at ca. 1006 cm- I , 1057 cm- I , and 1091 

cm- l . The spectra in group B are not reproducible. Spectral behavior in this 

region varies greatly, from one band at ca. 1050 cm- l up to four bands at ca. 1000 

cm- l , 1025cm-1, 1060cm- l , and 1126cm- l . Spectra of group A are obtained ca. 50 

% of the time, so this behavior will be described. Spectra of group B will be 

considered defective films and will not be discussed in this appendix. 

Figure B.l a shows the Raman spectra in the lI(C-H) region of liquid 

butanol, surface butoxide on emersed Ag, and surface butanol in-situ on Ag. For 

comparison, the Raman spectra of liquid butanethiol and butanethiol on emersed 

Ag are shown in Figure B.l b. The Raman assignments for butoxide and 

butanethiol are shown in Table B.1 and for butanol are shown in Table B.t. 

The I[lIa(CH3)]/I[lIs(CH3)] for liquid butanol is ca 0.42, for surface butoxide 

is 1.37, and for surface butanol is 1.10. The large ratio for the adsorbed butoxide 
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Figure B.l. Raman spectra in the vee-H) region for a) bulk liquid butanol (5 
s), surface butoxide on Ag (30 s), and butanol on Ag (120 s) and 
b) bulk liquid butanethiol (30 s) and surface butanethiol on Ag 
(60 s). 
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Table B.l. Raman vibrational assignments and peak frequencies in the v(C
C) and v(C-H) region for adsorbed butoxide and butanethiol on 
a Ag surface. 

Frequency (cm-s) 

Assignment Buto2lide B~[m::n£!: IhUIID!:lbiQ) B!:[!:[!:D£!: 

",.(C-O) 1005 262,263,264 

",-r<C-C), ",.(C-O) 1056 152,154 1051 152 

"'o(C-C) 1075 171 1065 171 

v-r<C-C) 1091 1096 

",.(CH2) 2840 171 2848 171 

",.(CH2) 2860 171 2861 171 

",.(CH,) 2874 171 2873 171 

",.(CH2) 2907 171 

",.(CH 2,FR) 2927 171 2907 171 

"'s(CH"FR) 2936 171 2934 171 

",.(CH,) 2964 171 2964 171 
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and butanol compared to the bulk liquid suggests that the methyl group is 

oriented at a large tilt angle with respect to the surface for both species. 

The I[va(CHS)]/I[va(CHg)] for bulk liquid butanethiol is ca. 1.7 while that 

of surface butanethiol is ca. 1.9. This similarity of the bulk and surface 

butanethiol ratio suggests that the methyl group of adsorbed butanethiollies close 

to 45° with respect to the surface normal. This orientation of the methyl group 

s consistent with previously proposed orientations for adsorbed butanethiol.26o 

Figure B.2a show the Raman spectra of bulk liquid butanol and surface 

butoxide in the v(C-C) region. Figure B.2b show the Raman spectra of bulk liquid 

and surface butanethiol. As discussed in chapter 4, there are practically no 

spectral changes in the v(C-C) region for in-situ surface butanol compared to bulk 

butanol, as illustrated in Figure 4.2. There is a sharp contrast in the liquid 

butanol versus surface butoxide spectra in this region, however. The v(C-C-O) 

band at 1005 cm-1 ap~l!ars in the butoxide spectra which is indicative of alkoxides 

bonded to metal surfaces.262 ,263,264 Two v(C-C)T bands at ca. 1056 and 

1091 cm-1 are also very pronounced in this region. The lack of the v(C-C)G band 

at ca. 1065 cm-1 suggests that the film is well ordered with very few gauche 

defects. These findings suggest a well ordered film is formed on the surface. The 

large intensity of this region with respect to the v(C-H) region for butoxide 

compared to adsorbed butanol suggests that the alkane chain lies at a small tilt 

angle with respect to the surface normal. 

The v(C-C)G band at ca. 1065 cm-1 in butanethiol decreases with respect to 

the v(C-C)T band at ca. 1096 cm-1 upon adsorption to the surface. This increase 

in trans character indicates ordering in the film. Additionally, large signal 
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Figure B.2. Raman spectra in the ,,(e-C) region for a) bulk liquid butanol 
(20 s) and surface butoxide on Ag (10 s), and b) bulk liquid 
butanethiol (120 s) and surface butanethiol on Ag (120 s). 
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intensity in this region compared to the II(C-H) region for surface butanethiol 

compared to bulk liquid suggests that the alkane chain is tilted at small angles 

with respect to the surface normal. These observations are consistent with 

previous IR spectroscopy results which indicated a 12° tilt at the surface. 

Figure B.3 compares the orientation of surface butanethiol with the 

proposed orientations of surface butanol and butoxide. Butoxide is oriented at 

large tilt angles at the surface, evidenced by the large enhancement of the II(C-C) 

region to the II(C-H) for surface compared to bulk species. Both butanol and 

butoxide have their methyl group oriented at large tilt angles at the surface. The 

butoxide 0 atom interacts well with the surface, allowing the molecule to "stand

up". The H atom protonating the butanol appears to hinder the adsorption of 

butanol on the surface in a manner similar to that in butoxide. Thus, the 

interaction and bonding of the 0 atom to the surface appears to drive the 

molecular orientation of the adsorbate at the Ag surface. 

The reproducibility of the spectral behavior of the film is disturbing, so 

the results expressed in this appendix should be approached with caution. The 

irreproducibility problem of film formation should be solved before any solid 

conclusions are made. 
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1-Butanol 1-Butanethio\ 1-Butoxide 

Figure B.3. Proposed orienta tions of I-bu tanethiol, I-bu tanoI, and I-butoxide 
on Ag. 
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