
Surface-enhanced Raman scattering and
electrochemical characterization of metal electrode-

electrolyte interfaces in nonaqueous systems

Item Type text; Dissertation-Reproduction (electronic)

Authors Shen, Aijin, 1965-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:18:46

Link to Item http://hdl.handle.net/10150/282195

http://hdl.handle.net/10150/282195


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly fiom the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., m^s, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. I£gher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Infoimation Company 

300 Noith Zed} Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600 





SURFACE ENHANCED RAMAN SCATTERING AND 
ELECTROCHEMICAL CHARACTERIZATION OF METAL 

ELECTRODE-ELECTROLYTE INTERFACES IN NONAQUEOUS 
SYSTEMS 

by 

Aijin Shen 

Copyright ® Aijin Shen 1996 

A Dissertation Submitted to the Faculty of the 
DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 6  



UMI Niunber: 9720558 

Copyright 1996 by 
Shen, Aijin 

All rights reserved. 

UMI Microform 9720558 
Copyright 1997, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



2 

THE DNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Shen 

entitled Surface Enhanced Raman Scattering and Electrochemical 

Characterization of Metal Electrode-Electrolyte Interfaces 

in Nonaqueous Systems 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Neai Arms 

Dr. Quintus Fe: 

DatSi' ' 

Date if ^ 

Dr^ Walter ̂ ller ^ 

Dr. Krishna Vemulapalli 

Da u 

Date ' 

2^. mi: 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and reconanend that it be accepted as fulfilling the dissertation 
reauirement. 

Jis$ertation Director 

Jeanne Bemberton 
Date 



J 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fiilfillment of requirement for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the copyright holder. 



4 

ACKNOWLEDGMENTS 

One page does not have enough space to express my heart-felt gratitude for my 

family and the great many people who have encouraged and supported me throughout 

my graduate study. Most of all, I want to thank my parents for their love and support, 

both academical and personal, without which it would be impossible for me to achieve 

what I have been able to achieve in the last five years. My pursuit of Ph.D. study in 

chemistry has been a dream for my parents ever since I was just in high school. This 

degree is, therefore, not only for myself but also for them. Thanks are also due to my 

brother, Jim, whose unfailing support and love have proved to be vital during some 

difficult times. 

I would like to give my special thanks to my professors and fellow graduate 

students who have helped me greatly in this period. Most importMtly, I thank my 

research advisor. Dr. Jeanne E. Pemberton, for her immeasurable support and wise 

guidance. She has been a constant source of advice and encouragement. I have 

benefitted immensely from her personal warmth and academic guidance. Also, I would 

like to express my appreciation for my group members. Dr. Susan Joa, who introduced 

me to some earlier works in this research project. Dr. Wade Thomson and other fellow 

graduate students, Chad Taylor, Gary Goodman have also been helpful and supportive in 

many ways over the years. My gratitude also goes to Dr. Mankit Ho, who generously 

spent time to discuss with me new ideas and methods in the field. Finally, I am grateful 

for Bob Smith in the machine shop for his help in tackling the mechanical problems I 

have encountered during my experiments. 

Among all my friends, I would like to give particular thanks to Peg Raisglid for 

her help and friendship. I will always remember the good time we shared together. I am 

especially grateful for her beautiful wedding present. I would like to thank Dan Yuan, 

QingQu Shao, and Xu-Bin Zeng for their support and friendship. Also, I would like to 

thank Mei Cai for being a great office-mate and a valuable friend. I would also like to 

take this opportunity to say "thank you" to the "lunch club" girls; Mei Cai, Yuanling 
Liang, and Siying Chen. 

Finally, but most importantly, I want to thank my husband, Yong. I want say that 

I appreciate your patience, your love, your support and your understanding. I am joyful 

for our life together. 



DEDICATION 

To my dad, mom, and husband 



6 

TABLE OF CONTENTS 

LIST OF ILLUSTRATION 13 

LIST OF TABLES 22 

ABSTRACT 24 

Chapter L- INTRODUCTION; INTERFACIAL ELECTROCHEMISTRY 
IN NONAQUEOUS SOLVENTS 26 

Overview 26 

Models of Electrochemical Double Layer 28 
Helmholtz Model 28 
Gouy-Chapman Model 29 
Gouy-Chapman-Stem Model 33 
Gouy-Chapman-Stem-Grahame and Bockris-Devanatham-Muller 
Model 33 

Techniques Used to Characterize the Interfaces 37 
Overview 37 
In-Situ Methods of Investigation of Electrochemical Interfaces .... 39 

A. Electrochemical Methods for the Characterization of 
Electrochemical Interfaces 39 

Coulometry 39 
Cyclic Voltammetry 40 
Differential Capacitance 43 

Ag Electrodes 44 
Au Electrodes 47 

B. Scanning Probe Microscopies for the Characterization of 
Electrochemical Interfaces 51 

C. X-ray Methods 52 
D. Vibrational Spectroelectrochemical Methods 53 

1. Infrared Reflection-absorption Spectroscopy (IRAS) 53 



7 

TABLE OF CONTENTS - Continuted 

2. Surface-enhanced Raman Spectroscopy (SERS) 55 

Ex-Situ Investigation of the Electrochemical Interfaces 55 

Investigation of Nonaqueous-Electrodes Interfaces 57 
Electrochemical Methods 57 
Spectroscopic Methods 60 

Research Objectives 67 

Chapter 2: EXPERIMENTAL 70 

Raman Spectroscopic Instrumentation 70 
Laser Excitation 70 
CCD-Raman Spectrometer System 71 

Electrochemical Instrumentation 73 
Cyclic Voltammetry with the BAS 100 BAV System 73 
Differential Capacitance Measurements 76 
Electrochemical Cells 80 
In-situ Spectroelectrochemical Cell 83 
Emersed Spectroelectrochemical Cell 83 

Materials 87 
Solvent Purification and GC Analysis 87 

Procedures 93 
Electrode Mechanical Polishing Procedures 93 
Electrode Roughening Procedures 93 
Reference Electrodes 94 
Ag Electrode Surface Area Determination 94 
Au Electrode Surface Area Determination 96 

Raman Spectral Acquisition Procedures 99 



8 

TABLE OF CONTENTS - Continuted 

Chapter 3: BROMIDE ION ADSORPTION ON Ag ELECTRODES IN 
ALCOHOLIC SOLVENTS USING DIFFERENTIAL 
CAPACITANCE AND SURFACE -ENHANCED RAMAN 
SCATTERING 100 

Introduction 100 

Results 103 
Differential Capacitance Data Analysis 103 
Cyclic Voltammetry Measurements 104 
Differential Capacitance and SERS Measurements 106 

Methanol 107 
Ethanol 112 
Propanol 116 
Butanol 120 
Pentanol 124 

Discussion 129 
1. Potential Dependence of SERS in the v(Ag-Br) Region 129 
2. Potential Dependence of Differential Capacitance and Surface 

Coverage Data 134 
3. Correlation Between the SERS Results and Surface Coverage 

Data 136 

Conclusion 137 

Chapter 4: INVESTIGATION OF TRACE DSfTERFACIAL WATER AND 
ELECTROLYTE IONS AT Ag ELECTRODES IN NORMAL 
ALCOHOLS USING SURFACE ENHANCED RAMAN SCATTERING 

139 

Introduction 139 

Results 144 
Raman Spectroscopy of Bulk Alcohol Solutions 144 



9 

TABLE OF CONTENTS - Continuted 

SERS Behavior at Ag Electrodes in LiBr/Alcohol Solutions 145 
Methanol 152 
Ethanol 155 
Propanol 157 
Butanol 158 
Pentanol 161 

Discussion 164 
The F Band 165 
The A Band 169 
The C Band 173 
The H band 176 
Total Interfacial Picture 176 

Summary 181 

Chapter 5: BROMIDE SURFACE COVERAGES AT SMOOTH Au ELECTRODES 
IN THE BUTANOL ISOMERS FROM DIFFERENTIAL 
CAPACITANCE MEASUREMENTS 182 

Introduction 182 

Results and Discussion 185 
Differential Capacitance Data Analysis 185 
Differential Capacitance Measurements 189 

Summary 200 

Chapter 6: INTERFACIAL SOLVENT STRUCTURE OF DIMETHYL 
SULFOXIDE AND ELECTROLYTE IONS AT Ag ELECTRODES 
FROM SURFACE ENHANCED RAMAN SCATTE^G 202 

Introduction 202 

Results and Discussion 204 



10 

TABLE OF CONTENTS - Continuted 

Cyclic Voltammetry and Differential Capacitance Measurements 
205 

Raman Spectroscopy of Neat Solutions 208 

SERS Behavior at Ag Electrodes in 0.2 M LiBr/DMSO 212 
100-500 cm'^ low Frequencies Region 212 
500-800 cm*' low Frequencies Region 216 
800-1200 cm"'Region * 219 
2600-3200 cm"'Region 221 
3200-3800 cm"' Region 224 

Proposed Interfacial DMSO Structure as a Function of Potential .... 229 

Summary 233 

Chapter 7: SURFACE RAMAN SCATTERING OF ELECTROCHEMICAL 
INTERFACES AT Ag ELECTRODES EMERSED FROM 
DIMETHYLSULFOXIDE; SPECTROSCOPIC EVIDENCE FOR AN 
EMERSION-INDUCED POTENTIAL SHIFT 234 

Introduction 234 

Results and Discussion 239 
100-500 cm"' Region 243 
500-800 cm"' Region 248 
800-1200 cm"' Region 252 
2600-3200 cm"' Region 256 
3400-3800 cm"' Region 258 

Raman Spectra in v(C-H) Region with Laser Position Across the Electrode 
Surface 261 

Proposed Model of Emersion Induced Potential Shift 263 

Conculsion 268 



11 

TABLE OF CONTENTS - Continuted 

Chapter 8: TETRABUTYLAMMONIUM HEXACYANOFERRATE: 
SYNTHESIS AND STUDY OF ITS REDOX BEHAVIOR ON Ag 
ELECTRODES 270 

Introduction 270 

Synthesis 272 
Procedure for Synthesis of Tetrabutylammonium Hexacyanoferrates 
(HI) 272 

I. Hexacyanoferric Acid H3Fe(CN)6 274 
n. Normal Salt 274 
in. Purification of Tetrabutylammonium Hexacyanoferrate (HI) 
from Aqueous Solution 275 
rv. Recrystallization 275 
V. Elemental Analysis 276 

Results and Discussion 276 
Cyclic Voltammetry 276 
Surface Enhanced Raman Scattering Measurements on In-situ 
Roughened and Smooth Ag Electrodes 279 

Summary 292 

Chapter 9; SUMMARY AND FUTURE DIRECTION 294 

Overview of Problems 294 

Objective of Research 295 

Summary of Results 296 

Future Direction 301 

APPDENDDCA 306 



12 

TABLE OF CONTENTS - Continuted 

REFERENCE 310 



13 

Figure 1.1 

Figure 1.2 

Figure 1.3 

Figure 1.4 

Figure 1.5 

Figure 1.6 

Figure 1.7 

Figure 1.8 

Figure 1.9 

Figure 1.10 

LIST OF ILLUSTRATIONS 

Gouy-Chapman capacity (based on equation 1.2) for various 

concentrations in aqueous solution at room temperature 30 

Hypothetical model of double layer according to Bockris-Devanathan-

Muller 35 

Models of double layer structure 36 

Cyclic voltammogram of polycrystalline Pt in 1 M H2S04 on SHE scale 

41 

Cyclic voltammogram of Au (111) in 0.1 M HCIO4 on SCE (saturated 

calomel electrode) scale. The arrows indicate the equilibrium potentials 

for hydrogen and oxygen evolution 42 

Differential capacitance curves in 0.01 N Na2S04. (1) and (2): On an 

electrochemical polished Ag, (1') and (2'): On a mechanically cleaned 

polycrystalline Ag 46 

Differential capacitance curves in 1 N Na^SO^ solutions containing n-

armyl alcohol,mole/l; (1) 0.0; (2) 0.01; (3) 0.02; (4) 0.04; (5) 0.08; (6) 

0.15 48 

Influence of crystal orientation on double-layer capacity of Au in 5 x 10"^ 

M K2SO4.—: (111); (100); - -: polycrystalline 49 

Capacity-potential curves for 0.1 M KPF5 solutions in water, DMSO, PC, 

EC, BL, and VL at 25" C 59 

SERS spectra in v(C-H) region from Ag electrode for 0.4 M LiBr/1-

BuOH solution; top spectrum: bulk liquid; remaining spectra: potential-

dependent spectra 63 



14 

LIST OF ILLUSTRATIONS - Continued 

Figure 1.11 Plot of I[v, (CH 3)]/I[v, (CH 3)] versus potential for l-BuOH/0.4 M LiBr 

at a Ag electrode 66 

Figure 2.1 Schematic diagram for CCD-Raman spectrometer 72 

Figure 2.2 Schematic diagram of the Spex 1877 Triplemate. M = mirror, S = slit . 74 

Figure 2.3 Schematic diagram of the experimental set-up for differential capacitance 

measurements 75 

Figure 2.4 Electrochemical cell used for ex-situ roughening and cyclic voltammetry 
79 

Figure 2.5 Electrochemical cell used for differential capacitance measurements . . 81 

Figure 2.6 Schematic diagram of the spectroelectrochemical cell used for in-sittt 

Raman Spectroscopy 85 

Figure 2.7 Schematic diagram of the spectroelectrochemical cell used for emersed 

studies 86 

Figure 2.8 Standard addition plots for methanol 89 

Figure 2.9 Standard addition plots for ethanol 90 

Figure 2.10 Standard addition plots for propanol 91 

Figure 2.11 Cyclic voltammogram of Ag electrode in 1 mM Pb(N03)2 / 0.1 M KCl; 

sweep rate 50 mV/sec 97 

Figure 2.12 Cyclic voltammogram of Au electrode in 0.585 M H2SO4; sweep rate 20 

mV/sec 98 



LIST OF ILLUSTRATIONS - Continued 

15 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 3.7 

Figure 3.8 

Figure 3.9 

Cyclic voltammogram of 0.4 M LiCI04 and LiBr in ethanol solutions at 

Ag electrodes at scan rate of 100 mV/s 105 

SERS spectra in v(Ag-Br) region for methanol containing 0.4 M LiBr 

(Integration time 60s) 110 

Capacitance-potential plot for Ag electrodes in methanol solutions 

containing x M LiBr + (0.5-x) M LiC104, x=0 (A), 0.1 (•), and 0.4 (•). 

I l l  

Surface coverage of Br as a function of rational potential in methanol 

solutions containing x M LiBr + (0.5-x) M LiCI04, x=0.1 (•), and 0.4 

(•) 113 

SERS spectra in v(Ag-Br) region for ethanol containing 0.4 M LiBr 

(Integration time 60s) 114 

Capacitance-potential plot for Ag electrodes in ethanol solutions 

containing x M LiBr + (0.5-x) M LiCI04, x=0 (A), 0.1 (•), and 0.4 (•). 

115 

Surface coverage of Bras a function of rational potential in ethanol 

solutions containing x M LiBr + (0.5-x) M LiC104, x=0.1 (•), and 0.4 

(•) 117 

SERS spectra in v(Ag-Br) region for propanol containing 0.4 M LiBr 

(Integration time 60s). 118 

Capacitance-potential plot for Ag electrodes in propanol solutions 

containing x M LiBr + (0.5-x) M LiC104, x=0 (A), 0.1 (•), and 0.4 (#). 

119 



16 

LIST OF ILLUSTRATIONS - Continued 

Figure 3.10 Surface coverage of Br* as a function of rational potential in propanol 

solutions containing x M LiBr + (0.5-x) M LiClOj, x=0.1 (•), and 0.4 

(•) 121 

Figure 3.11 SERS spectra in v(Ag-Br) region for butanol containing 0.4 M LiBr 

(Integration time 60s) 122 

Figure 3.12 Capacitance-potential plot for Ag electrodes in butanol solutions 

containing x M LiBr + (0.5-x) M LiC104, x=0 (A), 0.1 (•), and 0.4 (•). 

123 

Figure 3.13 Surface coverage of Br' as a function of rational potential in butanol 

solutions containing x M LiBr + (0.5-x) M LiC104, x=0.1 (•), and 0.4 

(•) 125 

Figure 3.14 SERS spectra in v(Ag-Br) region for pentanol containing 0.4 M LiBr 

(Integration time 60s) 126 

Figure 3.15 Capacitance-potential plot for Ag electrodes in pentanol solutions 

containing x M LiBr + (0.5-x) M LiC104, x=0 (A), 0.1 (•), and 0.4 (•) 

127 

Figure 3.16 Surface coverage of Br as a function of rational potential in pentanol 

solutions containing x M LiBr + (0.5-x) M LiC104, x=0.1 (•), and 0.4 

(•) 128 

Figure 4.1 Neat methanol (a), saturated LiBr in methanol (b) 147 

Figure 4.2 Neat ethanol (a), saturated LiBr in ethanol (b) 148 

Figure 4.3 Neat propanol (a), saturated LiBr in propanol (b) 149 



LIST OF ILLUSTRATIONS - Continued 

17 

Figure 4.4 

Figure 4.5 

Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4.9 

Figure 4.10 

Figure 4.11 

Figure 4.12 

Figure 4.13 

Figure 4.14 

Neat butanol (a), saturated LiBr in butanol (b) 150 

Neat pentanol (a), saturated LiBr in pentanol (b) 151 

SERS spectra in v(O-H) region for methanol containing 0.4M LiBr (60s 

Integration) 155 

SERS spectra in v(O-H) region for ethanol containing 0.4M LiBr (60s 

Intergration) 156 

SERS spectra in v(O-H) region for propanol containing 0.4M LiBr (60s 

Intergration) 160 

SERS spectra in v(O-H) region for butanol containing 0.4M LiBr (60s 

Intergration) 162 

SERS spectra in v(O-H) region for pentanol containing 0.4M LiBr (60s 

Intergration) 163 

Frequencies of the F band versus rational potential for alcohols: (A) 
methanol, (•) ethanol, (•) propanol, (•) butanol, and (•) pentanol. 166 

SERS spectra in v(O-H) region for methanol, ethanol, propanol, 

butanol,and pentanol containing 0.4M LiBr at positive potentials (60s 

Intergration) 170 

Frequencies of the A band versus rational potential for all alcohols: (A) 
methanol, (•) ethanol, (•) propanol, (•) butanol, and (•) pentanol. 172 

Frequencies of the C band versus rational potential for all alcohols: (A) 
methanol, (•) ethanol, (•) propanol, (•) butanol, and (•) pentanol. 174 



LIST OF ILLUSTRATIONS - Continued 

18 

Figure 4.15 

Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Figure 5.8 

Figure 6.1 

Schematic of proposed interfacial structure on Ag positive and negative of 

thepzc 178 

Capacitance-potential plots for Au electrodes in x M LiBr/[0.5-x] M 

LiC04 for x= 0 (A), 0.1 (•), and 0.4 (•) in 1-butanoI 190 

Capacitance-potential plots for Au electrodes in x M LiBr/[0.5-x] M 

LiC04 for x= 0 (A), 0.1 (•), and 0.4 (•) in 2-butanoI 191 

Capacitance-potential plots for Au electrodes in x M LLBr/[0.5-x] M 

LiC04 for x= 0 (A), 0.1 (•), and 0.4 (•) in iso-butanol 192 

Reproducibility of capacitance-potential plot for Au electrodes in 0.1 M 

(•) LiBr/0.4 M LiC04 butanol solutions 194 

Reproducibility of capacitance-potential plot for Au electrodes in 0.4 M 

(•)LiBr/0.1M LiC04 butanol solutions 195 

Surface coverage of Br as a function of rational potential for Au 

electrodes in x M LiBr/[0.5-x] M LiC04 for x = 0.1 (•), and 0.4 (•) in 

1-butanol 196 

Surface coverage of Br as a function of rational potential for Au 

electrodes in x M LiBr/[0.5-x] M LiC04 for x = 0.1 (•), and 0.4 (•) in 

2-butanol 197 

Surface coverage of Br as a function of rational potential for Au 

electrodes in x M LiBr/[0.5-x] M LiC04 for x = 0.1 (•), and 0.4 (•) in 

iso-butanol 198 

Cyclic voltammetry of 0.2 M LiBr in DMSO at Ag Electrode at scan rate 



LIST OF ILLUSTRATIONS - Continued 

19 

oflOOmV/s 205 

Figure 6.2 Capacitance-potential plot for Ag electrodes in DMSO solutions 

containing x M LiBr + (0.5-x) M LiC104, x = 0.02 (A), and 0.2 (•). 207 

Figure 6.3 Surface coverage Br as a function of potentials in DMSO solutions 

containing x M LiBr + (0.5-x) M LiCI04, x = 0.02 (A), and 0.2 (•). 210 

Figure 6.4 Raman spectra of neat DMSO in (a) 200-1400 cm"' (b) 2600-3200 cm"'. 

(Integration times 15 s) 211 

Figure 6.5 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in 100-500 cm"' 

region. (Integration times 60 s) 213 

Figure 6.6 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(C-S-C ) region. 

(Integration times 60 s) 217 

Figure 6. 7 Intensity ratio of I[v5yn,(C-S-C)] /I [v„y„,(C-S-C)] as a function of 

potential 218 

Figure 6.8 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(S=0) region. 

(Integration times 60 s) 220 

Figure 6.9 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(C-H) region. 

(Integration times 60 s) 222 

Figure 6.10 The intensity ratio of I [v,sy„(C-H)] /1 [v,y„(C-H)] as a function of 

potential 225 

Figure 6.11 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(O-H) region. 

(Integration times 60 s) 226 

Figure 6.12 Schematic of proposed interfacial structure of 0.2 M LiBr/DMSO at Ag 



20 

LIST OF ILLUSTRATIONS - Continued 

electrodes positive of (top), in the vicinity of (middle), and negative of 

(bottom) at the pzc 231 

Figure 7.1 Emersion cell schematic 240 

Figure 7.2 Raman spectra of DMSG in 100-500 cm"' region. 

(Integration time 180 s) 246 

« 

Figure 7.3 Raman spectra of DMSG in 500-800 cm"' region. 

(Integration time 180 s) 249 

Figure 7.4 Raman spectra of DMSG in 800-1200 cm"' region. 

(Integration time 180 s) 251 

Figure 7.5 Raman spectra of DMSG in 2600-3200 cm"' region. 

(Integration time 60 s) 253 

Figure 7.6 Raman spectra of DMSG in 3400-3800 cm"' region. 

(Integration time 180 s) 257 

Figure 7.7: Raman spectra of DMSG in 2600-3200 cm"' region at spot 3. (Integration 

time 60 s) 259 

Figure 7.8 The intensity ratio of /v(C-S-C),jto //v(C-S-C)„y„ as a function of the 

potential with ( •) in-situ, (•) emersed 260 

Figure 7.9 The intensity ratio of /v(C-H)a^ //V(C-H)^TO as a function of the potential 

with (•) in-situ, (•) emersed 262 

Figure 7.10 Schematic of proposed model for potential induced potential shift. . . 267 

Figure 8.1 Synthetic pathway for the synthesis of Tetrabutylammonium 



21 

Hexacyanoferrate (HI) 

[(CH3CH,CH2CH2CH2)4N]3Fe(III)(CN)6 or (Bu4N)3Fe(CN)6 273 

LIST OF ILLUSTRATIONS - Continued 

Figure 8.2 Cyclic voltammograms of 5 mM (Bu4N)3Fe(CN)6 / 0.15 M BU4NCIO4 

at Ag electrodes in butanol at scan rate of 50, 100, and 300 mV/s. ... 277 

Figure 8.3 Cyclic voltammograms of 5 mM (Bu4N)3Fe(CN)6 and 0.15 M BU4NCIO4 

at Au electrodes in butanol at scan rate of 50, 100, and 500 mV/s. . .. 278 

Figure 8.4 Raman spectra in v (CN) region between 2000 and 2200 cm*^ of solid 

(Bu4N)3Fe(CN)5, and in ethanol and butanol solutions containing 0. IM 

(Bu4N)3Fe(CN)6 281 

Figure 8.5 Raman spectra in v (CN) region between 2000 and 2200 cm*' for ethanol, 

propanol, and butanol solutions containing ca. 5mM (Bu4N)3Fe(CN)6 283 

Figure 8.6 Potential-dependent SERS spectra in the v(CN) region for butanol 

solution containing 5 mM (Bu4N)3Fe(CN)5 / 0.15 M BU4NCIO4 on a 

roughened Ag electrode 287 

Figure 8.7 Potential-dependent SERS spectra in the v(CN) region for butanol 

solution containing 5 mM (Bu4N)3Fe(CN)5 / 0.15 M BU4NCIO4 on a 

smooth Ag electrode 288 

Figure 1 Potential-dependent SERS spectra in the v(CN) region for butanol 

solution containing 5 mM (Bu4N)3Fe(CN)6 / 0.15 M BU4NCIO4 on 

emersed Ag electrode 309 



LIST OF TABLES 

22 

Table 1. L Characteristic thickness (d) of diffuse double layer with changes in 

bulk electrolyte concentration 32 

Table 1.2. Zero charge potentials for silver crystal faces 45 

Table 1.3. Basic physical properties and the reciprocal of the minimum inner layer 

capacitance at the negative charge densities for 23 solvents 62 

Table 2.1. Sample data for the determination of Va„p in equation 2.2 78 

Table 2.2. Potential difference between reference electrodes 95 

Table 3.1. SERS v(Ag-Br) frequencies 108 

Table 3.2. Br Surface coverage at most positive potential in 0.4 M LiBr 130 

Table 3.3. Potential of zero charge (pzc) values in 0.4 M LiBr Alcohols 131 

Table 3.4. Maximum capacitance data in 0.4 M LiBr alcohols 135 

Table 4.1. Raman Spectra Frequencies of v(O-H) Bands in Bulk Alcohol Solutions. 

146 

Table 4.2. v (0-H) band assignments and frequencies (cm"') 153 

Table 4.3. A Band's Slope: Frequency (cm"') / V 171 

Table 5.1. Potential of zero charge (pzc) values for Au and Ag electrodes in isomer 

butanol solvents 201 

Table 6.1. DMSO solution frequencies 209 



23 

LIST OF TABLES- Continued 

Table 6.2. Raman spectral peak frequencies and band assignments for 0.2 M 

LiBr/DMSO on Ag 215 

Table 7.1. Peak Frequencies Assignments (cm"') for 0.2 M LiBr/DMSO on emersed 

Ag 244 

Table 8.1 Vibrational bands assigned to v (CN) modes in hexacyanoferrate (II) and 

(m) 280 

Table 8.2 Vibrational bands assigned to v(CN) in (Bu4N)3Fe(CN)6 284 

Table 8.3 v(CN) frequencies (cm*') from 5 mM (Bu4N)3Fe(CN)6 and 0.15 M 

BU4NCIO4 in butanol at smooth and rough Ag electrodes 289 



24 

Abstract 

Surface-Enhanced Raman Scattering and Electrochemical Characterization of Metal 
Electrode-Electrolyte Interfaces in Nonaqueous Systems 

Many important and interesting processes, which are essential components of 

electrochemical technologies, occur at the electrode/electrol5rte interface. Using 

spectroscopic and electrochemical methods, this research elucidates the interfacial 

structure in nonaqueous solvents existing at metal electrodes. The behavior of trace 

interfacial HjO and Li" and Br ions at Ag electrodes in the normal alcoholic solvents 

methanol, ethanol, propanol, butanol and pentanol is examined using surface-enhanced 

Raman scattering (SERS) and differential capacitance measurements. SERS spectra in 

the v(O-H) region exhibit four bands from interfacial H2O molecules which are a 

sensitive function of the nature of the solvent, the residual H2O concentration, and the 

electrode potential. The results of this study indicate that in the interface, H2O molecules 

cluster around Li" and Br" ions and are not homogeneously dispersed. 

Br* specific adsorption and interfacial solvent behavior in the series of alcohol 

solvents are interpreted quantitatively through differential capacitance and SERS 

experiments. Br" surface coverage is calculated using the "Hurwitz-Parsons" analysis of 

differential capacitance-potential data in these media. These results indicate that almost a 

monolayer of Br' adsorb on Ag electrodes, but much less Br ions adsorbs on Au 

electrodes at positive potentials. The potential of zero charge (pzc) is also quantitatively 



estimated from these measurements. 

The technique of "emersion" of an electrochemical interface from electrolyte has 

opened the door to new possibilities for fundamental electrochemical studies. The 

relationship between in-situ and emersed electrochemical systems is probed through the 

study of the interfacial structure of dimethyl sulfoxide (DMSO) on Ag electrodes. The 

results of this study indicate that pronounced restructuring of the DMSO in the interface 

is found in the vicinity of the pzc. The solvent orientation is generally retained upon 

emersion, but a negative emersion-induced potential shift in the interface is observeded 

due to the reorientation of DMSO molecules at gas/solution boundary phase. These data 

represent the first spectroscopic evidence for the existence of this emersion-induced 

potential shift. 
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Chapter 1 

INTRODUCTION: 

INTERFACIAL ELECTROCHEMISTRY IN NONAQUEOUS 

SOLVENTS 

Overview 

Electrochemistry is an old science. Good archaeological evidence shows that an 

electrolytic cell was made by the Parthans between 250 B.C. and 250 A.D., probably for 

electroplating. The meaning and scope of electrochemical science have varied 

throughout the ages; for a long time it was little more than a special branch of 

thermodynamics; later attention turned to electrochemical kinetics. During recent 

decades, with the application of various surface-sensitive techniques to electrochemical 

systems, modem electrochemistry has become a science of the interface. Indeed, the 

definition of electrochemistry can be the study of structures and processes at the interface 
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between an electronic conductor (the electrode) and ionic conductor (the electrolyte) or at 

the interface between two electrolytes.' 

Electrochemical systems have achieved a position of increasing technological 

importance in areas such as Li batteries, fuel cells, sensor technology, solar energy 

conversion, metal plating, and corrosion inhibition. In order to further improve these 

processes and devices, considerable effort has recently been put forth toward 

understanding the structure, composition, and reactivity of the electrochemical interface, 

and more importantly, to obtaining information about electrochemical phenomena in the 

interface at the molecular level. 

The majority of studies have been performed in aqueous solutions, while 

considerably fewer studies have been reported in nonaqueous environments. The 

importance of nonaqueous electrochemical systems for processes like Li-based battery 

systems is unquestionable." A nonaqueous battery using Li metal is desirable for the 

development of electric vehicles or load-leveling systems because it has high theoretical 

energy and power densities. Numerous studies have been performed on rechargeable 

nonaqueous batteries with Li metal anodes.^ *' ® However, Li metal anodes limit the 

practical use of rechargeable Li batteries. This is caused by the formation of Li dendrites 

during the charging process ^ * and a surface film formed on the Li anode in electrolytes. 

It is important to study the electrochemical behavior of all kinds of nonaqueous 

electrolytes in which Li metal is immersed. 
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Another important area in nonaqueous electrochemistry is condurting organic 

polymers. For example, polyaniline, one of these polymers, has been investigated as a 

cathode material for secondary Li batteries.' The polymerization of aniline has been 

performed chemically and electrochemically.'" " Electropolymerization in a nonaqueous 

solution is one method used to avoid degradation of polyaniline during the 

electropolymerization. In addition, electropolymerization in nonaqueous solutions may 

have some advantages for battery use. 

Collectively, these applications of nonaqueous electrochemistry indicate the need 

to understand the molecular details of solvent and electrolyte structure and orientation, 

electron transfer, and interactions between these species and the metal electrode in the 

interface. Towards this end, the research described in this dissertation has been focused 

on elucidating the interfacial chemistry at electrode surfaces (Ag, Au) in nonaqueous 

media (alcohols and dimethylsulfoxide). 

Models of Electrochemical Double Laver 

The concept of the electrochemical double layer is fundamental for 

electrochemistry. The creation of electrochemical double layer theory is related to 

Helmhotz, Lippmarm, Gibbs, Nemst, Gouy, Chapman, Frumkin, Stem, and others. 

Helmholtz Model Helmholtz was the first person who proposed charge separation 



at the interface and the presence of counter charge in the solution residing at the surface. 

The double layer is much like a capacitor with two sheets of charge of opposite polarity 

separated by a distance, d, of molecular order. The differential capacitance is therefore 

Q = eeo/d (1.1) 

where e is the dielectric constant of the medium and d is the double layer thickness. This 

model fails, since it predicts wrongly that the interfacial capacitance is constant. 

Goiiy-Chapman Model A simple but surprisingly good model for the metal-

solution interface was developed by Gouy" " and Chapman in 1910. The basic ideas 

are that the solution is modeled as point ions embedded in a dielectric continuum 

representing the solvent; the metal electrode is considered a perfect conductor. The 

distribution of ions near the interface is calculated from electrostatics and statistical 

mechanics. Coc is the Gouy-Chapman (GC) capacity given by: 

Cgc= eCoKcosh [ zeo (<() -4>pzc) / 2kT] (1.2) 

where Cq = dielectric constant of the medium, e = dielectric constant of the solvent, K = 

Debye inverse length, z = charge number, <{> = potential 

The potential of zero charge (pzc) is a characteristic potential for a given 

interface. In the absence of specific adsorption, it can be measured as the potential at 

which the GC capacity obtains its minimum as shown in Figure 1.1," this value must be 

independent of the electrolyte concentration, otherwise there is specific adsorption. 
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Figure 1.1 Gouy-Chapman capacity (based on equation 1.2) for various electrolyte 
concentrations in aqueous solution at room temperature." 
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For the special case of liquid electrodes the pzc coincides Avith the maximum of the 

surface tension. Consider a liquid metal surface with surface charge density a in contact 

with inert electrolyte at a given pressure p and temperature T. Two forces act on the 

metal surface; first, the surface tension y, which aims at reducing the surface area, and 

second, the electrostatic force, which tries to spread the surface charge, thus tending to 

increase the surface area. Changing the electrode potential, at constant T, p, and 

composition, by an amount dcj) raises the Gibbs energy by an amount od4>, and reduces 

the surface tension by the same amount; 

dy = - ad<j), and 3y / 34> =(1.3) 

This equation is known as the Lippmann equation which shows that the surface tension 

has an extreme at the pzc; differentiating again gives; 

3^ / 8"<|> = - 3o / 0<j> = - C (1-4) 

The Gouy-Chapman theory agrees quite well with experimental values of the double 

layer capacity for nonadsorbing electrolytes at low electrolyte concentrations, up to about 

10'^ M solution. However, systematic deviations are observed at higher concentrations. 

Table 1.1 shows that, for a typical solution, the diffuse layer thickness varies from 3 to 

300 A, as the electrolyte concentration is increased from 0.1 mM to 1 M." The problem 

arises because the ions in this model are assumed to be point charges that can unlimitedly 

approach the electrode surface. 
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Table 1.1 Characteristic thickness (d) of diffuse double layer with changes in 
bulk electrolyte concentration " 

Co(M) d(A) 

1 3.0 

10*' 9.6 

10-2 30.4 

10*^ 96.2 

io-» 304 



Gmiy-Chapman-Stem Model In 1924, Stem modified the Gouy-Chapman model by 

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

more usually, the radius of the solvated ion. The basis of the Gouy-Chapman-Stem 

(GCS) model is that the solution side of the double layer consists of two regions: an inner 

layer of solvent molecules in contact with the metal electrode and a diffuse layer of ions 

under the influence of the electrical field generated by a certain charge density on the 

electrode surface. The electrode is taken to be a conducting metal such that all of its 

excess charge resides exactly at the surface. The GCS model describes the behavior of 

species that are not specifically adsorbed to the metal. Deviations of the GGC model are 

observed as ions and solvents become specifically adsorbed on the surface, chemically 

interacting with the surface. Solvents containing fianctional groups with n and lone-pair 

electrons will interact with the metal, producing strong solvent adsorption at the metal. 

The solvent's alignment and orientation at a metal surface will affect the overall electric 

field at the electrochemical interface. 

Gony-Chapmcm-Stem-Grahame and Bockris-Devanatham-Muller Model A new stage in 

the development of this theory came as a result of Grahame's work which 

demonstrated that the Hg/aqueous inactive electrolyte solution interface had properties 

that could be explained with a very simple model. The success of the Gouy-Chapman-

Stem-Grahame model (GCSG) is that it can rationalize a sizeable amount of capacitance 
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and surface-tension data in a manner consistent with thermodynamic requirements. 

Grahame found it convenient to divide the iimer region into two zones, one bounded by 

the inner Helmholtz plane (IHP), the plane of adsorption of the specifically adsorbed 

ions, and a second region between the IHP and the outer Helmholtz plane (OHP), which 

is the average plane bounding the inner region of the diffuse layer. In 1963, Bockris and 

co-workers proposed a model considering both specific ion adsorption and solvent 

effects at electrochemical interfaces. A sketch of this double layer model is shown in 

Figure 1.3. The plane through the center of the specifically adsorbed ions is called the 

iimer Helmholtz plane (IHP); the plane of closest approach of solvated counter ions is 

called the outer Helmholtz plane (OHP). In addition, Esin and Markov introduced the 

concept of discreteness of charge into the model. 

In summary, Grahame ~ stressed that specifically adsorbed anions position their 

charged center nearer to the metal than ions not so adsorbed. Bockris and Potter ^ 

introduced the effect of the field-dependent contribution of oriented water dipoles to 

electrode kinetic phenomena. Devanathan -* related the measured differential 

capacitance to the rate at which specifically adsorbed ions enter the compact layer, but 

assumed a negligible contribution of Xdipoie i e* the surface dipole potential of the solution. 

Bockris and Conway ^ considered the influence of oriented water dipoles on double-

layer properties, particularly in respect to the dependence on the frequency dependence 

of capacity and resistance. Mott and Watt-Tobin discussed the potential dependence of 
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Figure 1.3 Models of double layer structure. (a) According to Stem and 
Grahame. (b) According to Matt & Watts-Tobin. (c) Water of two 
different kinds, the first layer being field -independent, (d) Water of two 
different kinds, with equilibrium in the first layer between a lying-down 
(field-independent) and a standing (field-oriented) position (e) An ice
like layer in the absence, and a broken-down structure in the presence of 
organic substance at the interface. (i.H.p. = inner Helmholtz plane, o.H.p 
= outer Helmholtz plane.)^° 
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a contribution from adsorbed water dipoles to the double-layer capacitance. The models 

of the structure of the double layer resulting from these treatments are shown in Figure 

1.3. 

Techniques Used to Characterize the Interfaces 

Overview Many important and interesting processes occur at the 

electrode/electrolyte interface. The corrosion of metals, the operation of electroanalyticai 

sensors, the charging and discharging of batteries, the etching of semiconductors, and the 

electroplating of metals are all examples of processes that occur at this interface. 

Scientists have long studied the electrochemical interface, partly because it is important 

to technologies for generating and storing electrical energy and for synthesizing 

chemicals and materials. However, these are very complex systems and experimentally 

difficult to study. They typically involve simultaneous consideration of poorly 

understood aspects of solid-state physics (interfacial atomic and electronic structure), of 

the liquid state (local structure and dynamics), and of patterns of chemical reactivity 

(process involving species bound to surfaces). This lack of understanding has 

contributed to inadequate experimental control over interfacial structure and reactivity, 

which has itself limited the development of improved understanding. It is not yet 

possible to address most issues in the field of the electrode/electrolyte interface with a 

precision that exists for studies of bulk solids, of gas-phase chemistry, or even for 
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molecules reacting in homogeneous liquid. 

Electrochemical techniques have long been used to study electrochemical 

interfaces. While these methods remain valuable in elucidating the nature of the 

interfaces and the reactions that occurs in their vicinity, they are largely based on 

macroscopic models which do not provide direct information about interfacial structure. 

A large number of spectroscopic techniques, such as infrared and Raman spectroscopy, 

have also been used to probe the nature and orientation of species at electrode surfaces, 

but structural information at the atomic and molecular level remains elusive. However, 

recent advances in interfacial physics, the chemistry and physics of liquids, and 

electrochemistry have changed the picture. In the last few years, advances in 

experimental capabilities have made it possible to study electrode/electrolyte interfaces 

whose structural role in electrochemical behavior can be evaluated at the molecular level. 

Empirical approaches for structural characterization of the electrode/electrolyte 

interface have been classified as ex-situ or in-situ. The ex-situ methods are closely tied to 

ultra-high-vacuum (UHV) surface analytical techniques developed a decade earlier in the 

study of heterogeneous catalysis and microelectronics. The principal limitation is the 

need to establish the relationship between the surface prior to and after emersion from 

solution into vacuum. By definition, in-situ techniques are used to examine the electrode 

surface under electrochemical conditions. A requirement in all in-situ methods is the 

ability to distinguish the response of species located at the electrode surface from that of 
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the same analysis devoted to the solution phase (bulk solution). This demand often leads 

to restrictions in cell geometry and electrolyte concentration. 

In-Situ Methods of Investigation of Electrochemical Interfaces. 

A. Electrochemical Methods for the Characterization of Electrochemical Interfaces 

Electrochemical methods rely on the measurement of electrical parameters such 

as current, voltage, charge, and capacitance for the description of electrochemical 

systems. 

Coulometrv 

Chronoculometry is simply chronoamperometry in which the current is integrated 

so that the monitored response is now charge " The measured charge represents 

contributions from three sources: 1) Electrolysis of electroactive species in solution at a 

rate that is controlled by diffusion to the electrode; 2) Electrolysis of electroactive 

species that are adsorbed on the electrode surface; 3) Charging of the electrode-

electrolyte double-layer capacitance to the new potential. In a simplified mathematical 

treatment, the three sinks of charge are considered separately as additive functions: 

Total charge = diffusing component + adsorbed component + double-layer charging 

Qtoul ~ Qdiff Q»ds Qdl (1.5) 

(1.6) 



where the total charge and double-layer charge Qdi are in coulombs. To is the 

amount of adsorbed reactant in mol/cm^ Do is diffusion coefficient in cmVs, Co is 

concentration of 0 in cm^/ml. Chronocoulometry can be used to monitor certain types of 

heavy metal cations such as lead, the study whose extension can be applied to the study 

of organic adsorption.^". 

Cvclic Voltammetrv 

Cyclic voltammetry (CV) is the most effective electroanalytical technique 

available for the mechanistic study of redox systems. CV is often the first experiment 

performed in an electrochemical study. The electrode potential is set cyclically with a 

constant rate between two turning points. In the meantime, the current is recorded. 

Often the decomposition potentials of the solvent (for water, the onset potentials of 

hydrogen evolution and oxygen evolution) are chosen as turning points. The resulting 

current-potential plot, the cyclic voltammogram, demonstrates the processes occurring in 

the range studied. 

For example. Figure 1.4 shows the CV of a polycrystalline Pt electrode in 1 M 

H2SO4 at a scan rate of 100 mV/s.^' The upper part of the curve, the positive direction, 

starting from 0 V vs SHE (standard hydrogen electrode), shows the desorption of 

adsorbed hydrogen, with the different peaks correspond to different facets of single 

crystal surfaces on the polycrystalline material. At ca. 350 mV, most of the hydrogen is 
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Figure 1.4 Cyclic voltammogram of polycrystalline Pt in 1 M H2SO4 on SHE 
(standard hvdrogen electrode) scale.^^ 
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Figure 1.5 Cyclic voltammogram of Au (111) in 0.1 M HCIO4 on SCE (saturated 
calomel electrode) scale. The arrows indicate the equilibrium potentials 
for hydrogen and oxygen evolution.^' 



desorbed, and the small residual current is due to double-layer charging. At ca. 850 mV, 

PtO is formed at the surface and oxygen evolution begins at about 1.6 V. In the reverse 

sweep, the PtO layer is reduced. There is only a small double-layer region, and the 

adsorption of hydrogen begins again at 350 mV. For comparison. Figure 1.5 shows the 

CV of a Au (111) electrode in 0.1 M HCIO4. There is no detectable hydrogen adsorption 

region; the hydrogen evolution reaction is kinetically hindered. There is a much wider 

double-layer region in which other reactions can be studied without interference. At 

higher positive potential, the formation of an oxide film is observed; in the negative 

sweep, the oxide film is reduced. 

Differential Capacitance 

Differential capacitance is an important technique which has been used to study 

the structure of the electric double-layer on liquid Hg electrodes, polycrystalline solid 

electrodes, and single crystal solid electrodes. Specifically, this method is the most 

reliable to determine the potential of zero charge of metals by finding the differential 

capacitance minimum in dilute solutions. It is critical to know the values of the potential 

of zero charge of Ag and Au in aqueous solution for the research reported in this 

dissertation. A brief summary of pzc values and electrochemical double-layer properties 

for polycrystalline and single crystals of Ag and Au in aqueous solutions are reported 

below by using the differential capacitance method. 
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Ag Electrodes 

The potential of zero charge (pzc) of Ag electrodes scatter over a very wide 

potential range from +0.05 to -0.75 V (SHE, standard hydrogen electrode) 

due to different surface treatment methods as well as Ag purity levels. The pzc of a 

polycrystalline silver electrode, -0.7 ± 0.05 V was found by Leikis in dilute Na2S04 

solutions. This value agrees with the results of later studies by others.This pzc is 

independent of pH in the range from 3.4 to 12. The pzc of a spray-on Ag electrode is -

0.68 ± 0.02 V as measured in 0.05 and 0.01 M Na2S04 solutions." The structure of the 

electrode surface may affect the pzc. A minimum obtained in the C (capacity) vs 

E(potential) curve in a 0.01 N Na2S04 solution for a cubic face single crystal corresponds 

to the potential E of -0.67 V (SHE), -0.48 V for an octahedron face single crystal 

This is attributed to the differences in the electron work function for differently packed 

surfaces. The pzc is thought to be more negative the lower the packing density. Valette 

and Hamelin observed the following pzc values in 0.01 M NaF solution for the three 

Ag single crystals: face (111), -0.69 V, face (100), -0.91 V, face (110), -1.01 V. The 

pzc values Frumkin believed are listed in Table 1.2.'*^ 

Many researchers have reported studies of electrochemical double layers on Ag in 

aqueous media, «<5 46 4? capacitance obtained in these papers shows wide 

divergence, probably because different electrolytes of different concentrations were used. 
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Table 1.2 Zero Charge Potentials for Silver Crystal Faces 

Metal Solution PZC, V (NHE) 

Polycrystalline silver Na2S04 -0.67 ± 0.03 

Silver (100) Na2S04 -0.65 ± 0.02 

Silver (110) NaF -0.46 ± 0.02 

Silver (111) Na2S04 -0.77 ± 0.02 
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Figure 1.6 Differential capacitance curves in 0.01 N Na2S04. (1) and (2); On an 
electrochemical polished Ag, (!') and (2'): On a mechanically cleaned 
polycrystalline Ag.''* 



However, if the double-layer structure on Ag conforms with the Gouy-Chapman-Stera 

theory, the differences in capacitance cannot be attributed exclusively to differences in 

the concentration and electrolyte. The differential capacitance vs potential curve shown 

in Figure 1.6 was obtained in 0.01 N Na2S04 for Ag electrodes.''® A characteristic 

minimum observed at ca. -0.7 V (SHE) was associated with the properties of the diffuse 

double layer. The minimum potential was identified as the pzc of Ag."'^ The C vs. E 

dependence in concentrated (at or above 0.1 M) solutions of NajSO^ exhibits a "hump" 

at potentials close to the pzc. (A similar picture is observed for Hg in concentrated NaF 

solutions.) The "hump" position and the curve shape were believed independent of pH 

in the range from 3 to 11. Diluting the solutions would eventually create a minimum 

just in the "hump" region. In acidic or alkaline solutions of electrolytes which undergo 

no specific adsorption, the double-layer properties of Ag and Hg are found to be similar. 

Adsorption of organic species on Ag electrodes has also been studied by differential 

capacitance methods.'" Differential capacitance curves measured on Ag electrodes in 

the presence of organic species were found to be similar to the curves obtained on liquid 

Hg, i.e., the maximum adsorption observed at E values was close to the pzc. Figure 1.7 

shows typical differential capacitance curves in 1 N Na2S04 solutions containing n-armyl 

alcohol. 

Au Electrodes 
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Figure 1.7 Differential capacitance curves in 1 N Na2S04 solutions containing n-
armyl alcohol, mole/1; (1) 0.0; (2) 0.01; (3) 0.02; (4) 0.04; (5) 0.08; (6) 
0.15.'" 
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Figure 1.8 Influence of crystal orientation on double-layer capacity of Au in 5 x 10'^ 
M K2SO4.—: (111); (100); - -: polycrystalline." 



As on most solid electrodes, double-layer studies on Au electrodes are not particularly 

noted for agreement and reproducibility. This is partially due to the effects of the 

pretreatment of the solid electrode on its electrochemical behavior. Also, crystal 

orientation has a remarkable influence on the double-layer properties of Au." " Figure 

1.8 shows the influence of crystal orientation on the double-layer capacity of Au in 5 x 

10'^ M K2SO4. " On polycrystalline Au electrodes in NaF solution, a minimum of about 

14 nF/cm- appears in the differential capacitance-potential curve, independent of 

concentration below 4 x 10'^ M. The minimum occurring at +0.19 ± 0.01 V is taken as 

the pzc of Au in this solution. For a single crystal electrode in NaF, capacity minima 

independent of concentration at +0.20 ± 0.01 V for (110), +0.39 ± 0.02 V for (100), and 

+0.51 ± 0.02 V for (111) Au surfaces. For Ag polycrystalline electrode, they find the 

minimum at +0.25 ± 0.02 V. 

The polycrystalline Au electrode in solutions in which specific adsorption might 

be assumed to be absent (NaF, HCIO4, NaCl04), has a pzc value to be +0.18 ± 0.01 V. 

In the presence of specific anion adsorption (CI", Br, T, SCN", and SO4-'), a shift of pzc 

in the negative direction is observed. The corresponding trend for specific cation 

adsorption Na*, Rb", Cs*, Me4N"^, and Et4N'' is in the negative direction, probably due to 

enhanced anion adsorption via bridging. The differential capacitance method seems to 

give the best results in the absence of specific adsorption and has the advantage of being 

applicable in the presence of specific adsorption. 
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B. Scanning Probe Microscopies for the Characterization of Electrochemical 

Interfaces 

The availability of scanning probe techniques such as scanning tunneling 

microscopy (STM) and atomic force microscopy (AFN-I) have provided the capability for 

interrogating the atomic structure of the electrode surface as well as that of adsorbed 

layers. The application of these techniques has allowed a very detailed picture of the 

static structure of well-defined surfaces and ordered adlayers to be observed. Early 

studies showed that the STM can be operated in electrolyte solutions; further studies have 

demonstrated that STM and a related technique AFM which can be used to characterize 

solid/liquid interfaces with atomic resolution.'^ " 

STM has been used to study the structural changes of surfaces during oxidation-

reduction cycles. Island formation has been observed on an atomically flat Pt(ll 1) 

surface after applying potential cycles.'® Simultaneous formation of islands and pits of 

monoatomic height has been found on Au (100) after a potential cycle." Roughening, 

aimealing, and dissolution have been reported to accompany the oxidation-reduction of 

the Au (111) surface, indicating that surface diffusion of Au is 2-3 orders of magnitude 

faster in solutions containing chloride ions." 

The electrochemical deposition of metal adlayers on foreign metal substrates is 

one of the most structure-sensitive reactions that occur at the electrode/electrolyte 

interface. STM images of individual Cu adatoms demonstrate that structure for the first 



UPD layer of Cu on Au (111) in an aqueous sulfuric acid solution is (V3xV3)R30V A 

(5x5) structure was also observed in the same solution in the presence of chloride,^' 

suggesting that the coadsorption of anions is an important factor in determining the 

structure of UPD adiayers. In-situ AFM has also been used at atomic resolution to study 

the UPD of Cu," Bi and Hg on Au (II1). 

In-situ STM can also be applied to the determination of band structures at 

semiconductor/liquid interfaces. Electron turmeling between the conduction or valance 

bands in the semiconductor and levels in the tip depends upon the potential difference 

between the semiconductor and the tip. Measurements of tunneling current as a function 

of bias, as well as tunneling spectroscopic investigations of work function and 

differential conductivity (dl/dV) of semiconductor interfaces, will be useful in mapping 

the energy levels of bands and surface states.®^ ^ 

C. X-ray Methods 

Because of their penetrative power through condensed phases and their short 

wavelengths. X-rays are well-used for in-situ studies of buried interfaces. There are a 

number of X-ray-based techniques that can be employed in the in-situ study of 

electrochemical interfaces.®^ These include surface extended X-ray absorption fine 

structure (SEXAFS), X-ray standing waves (XSW), surface diffraction, and reflectively 

measurements. 



EXAFS and SEXAFS have been employed in the study of electrochemical 

interfaces with emphasis on underpotential deposition (UPD), metal oxides, corrosion, 

and others.®®" XRD is the most powerful method to study the structure of crystalline 

materials; its application to electrochemical interfaces has provided detailed information 

on the atomic structure both of the electrode surface and that of adsorbed layers.®® ®' ™ 

The measurement of X-ray reflectively of an interface can provide the electron density 

profile in a direction normal to the interface. Thus, it is very sensitive to roughness as 

well as to variations produced by phenomena such as surface reconstructions. The XSW 

technique represents an extremely sensitive tool for determining the position and 

coherence of adsorbates as well as the distribution of interfacial species.^^ 

D. Vibrational Spectroelectrochemical Methods 

Progress in the development and exploration of spectroelectrochemical techniques 

has proceeded rapidly. Although much of the atomic information has come from X-ray-

based techniques and scanning probe microscopy, the application of other 

spectroelectrochemical methods continues to provide important information , such as the 

molecular orientation of adsorbates. Among the most important techniques are infrared 

reflection-absorption spectroscopy (IRAS) and surface-enhanced Raman spectroscopy 

(SERS). 

1. Infrared reflection-absorption spectroscopy (IRAS) 



Since the pioneering work in 1980,^ DRAS has experienced explosive growth, in 

part because it does not require the surface roughening procedures necessary in SERS 

and hence, can be applied to study single crystal electrodes. IRAS has become a well-

established in-situ characterization technique that has found application to a wide variety 

problems, such as the identification of molecular adsorbates, the determination of their 

orientation, the study of the structure of self-assembled monolayer, characterization of 

the double layer, and the identification of short-lived intermediates." 

2. Surface-enhanced Raman Spectroscopy (SERS) 

SERS refers to the observation that for certain molecules adsorbed on specially 

prepared metal surfaces a Raman spectrum is observed whose intensity exceeds by a 

factor of 10^-10® that expected on the basis of simple calculations. The first observations 

were made by Fleischmann et al. in 1974 on pyridine adsorbed from aqueous solution 

onto Ag electrodes roughened by means of successive oxidation-reduction cycles. SERS 

has been applied to studies ranging from the probing of molecular events to the 

orientation of molecules within the double layer. The two important virtues of SERS are 

first, many Raman allowed transitions are IR-forbidden and second, low-frequency 

vibrations down to 5 cm"' are accessible. However, the necessity of roughening the 

surface to obtain the large enhancement in signal which SERS enjoys has rendered it 

inapplicable to well-defined single-crystal surfaces. 
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ExSitu Investigation of the Electrochemical Interface 

The technique of ex-situ, or "emersion" of an electrode from liquid electrolytes, 

i.e., the withdrawing of the electrode from solution into either an inert atmosphere or into 

vacuum, has opened the door to new possibilities for fundamental electrochemical 

studies. In the ideal process, the emersed electrode retains an interfacial layer identical in 

composition and structure to that present when the electrode was still in solution. A 

number of experiments by Hansen and Kolb and coworkers have established that upon 

emersion of the electrode from bulk electrolyte in the ideally polarization region, the 

double layer may also be removed intact. In some cases, the double layer charge and 

perhaps the entire double layer were found to survive the UHV environment." An 

intact double layer was confirmed through measurement of potential dependence surface 

resistance,^® potential-induced change in work function," electroreflectance spectra,^' and 

preservation of the accumulated excess counter ions in the double layer " on emersed 

electrode surfaces. 

Clearly, the electrode-withdrawal process involves a delicate balance with respect 

to the thickness of emersion layer: it must be sufficiently thick to incorporate the intact 

electrochemical double layer, while at the same time being thin enough to exclude 

residual (bulk) electrolyte. A simple view of the emersion process and the emersed 

double layer resting on the simplest hard-wall and macroscopic dielectric concepts is 



given by Hansen et al}° The most common emersion scenario is that the electrode 

emerges hydrophobic, i.e. with no bulk solution attached. It is expected that some 

solvent molecules will remain with the ions on the electrode, to make up the emersed 

double layer, at least in gas ambient. As the emersed structure is placed in vacuum, there 

are further changes such as some solvent evaporation. Just how much solvent emerges as 

part of the double layer in gas ambient and how much remains in vacuum are hotly 

debated topics that have not been definitively determined yet. Koetz ind Neff have 

found no water on Au electrode emersed into high vacuum. Infrared measurements by 

Hansen indicate that for hydrophobic emersion, the water in the emersed double layer is 

less than loA thick. The change in amount of water emerjed was found to be less than 

2A over a potential range of about one volt.*^ 

The emersion can also be approached from the hydrophilic situation. In other 

words, the electrode can be withdrawn wet and then be drained under potential control. 

The question of the amount of solvent adhering to the electrode surface is rather crucial 

to determine how closely the emersed layer represents the in-situ double layer. The 

"intuitive" expectation is that strongly dipolar solvent molecules can not peel off if ions 

stick to the surface. A thin film of electrolyte adheres to the emerging surface, and 

consequently, the electrolyte concentration must not be much higher than 10'^ M if 

contamination of the surface by electrolyte ions is not to occur. 

More recent studies have focused on the effect of the emersion process on the 



structure of adsorbed molecular species. Experiments using in-situ IRAS ** and SERS " 

have provided data which demonstrate that the structure and orientation of molecular 

adsorbates at electrode surfaces are essentially unperturbed by the emersion process. 

Recently, a study reported by Samec probes absolute electrode potential of metals 

emersed from liquid electrolytes and yielded information about emersion-induced 

potential shifts. It was found that upon emersion of a metal electrode, the absolute 

electrode potential decreases by up to 0.32 V, and that the magnitude of this decrease is 

reduced for electrolytes containing specifically adsorbing anions. This change is 

attributed to the reorientation of HiO molecules at the solution/gas interface." 

Investigation of Nonaqueous-Electrodes Interfaces 

The significance of studying nonaqueous electrochemical systems is presented at 

the beginning of this chapter. This section provides a brief overview regarding previous 

investigations of nonaqueous interfacial solvent structure. 

Electrochemical Methods 

To date, most of the work regarding nonaqueous solvent orientation at metal 

electrodes involves electrochemical methods, in part because of the fact that Hg is 

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

spectroscopic techniques with the sensitivity for surface species have only been available 
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during the last decade. Along with these electrochemical methods, double layer 

capacitance measurements have been widely used for the investigation of nonaqueous 

solvent orientation. 

Payne studied the incidence of humps in the double-layer capacity at Hg-

nonaqueous solution interfaces." Capacity-potential curves are shown in Figure 1.9 for 

0.1 M KPFs solution in water, dimethyl sulfoxide (DMSO), propylene carbonate (PC), 

ethylene carbonate (EC), 4-butyrolactone (BL), and 4-valero-lactone (VL). In the six 

solvents mentioned, a hump appears in the capacity curve on the anodic side of the 

electrocapillary maximum (ecm). In water, DMSO, BL, and VL , the hump is sharp and 

well-defined, whereas in the cyclic carbonates PC and EC, it takes the form of an 

extended flat maximum. In all systems studied, the ecm potential appears to shift in the 

anodic direction in the nonaqueous solution as compared with the corresponding aqueous 

solution. The curves in Figure 1.9 show clearly that the capacity hump is not a unique 

property of aqueous solutions. Furthermore, the results also show that the hump can 

occur in solvents only moderately high dielectric constant, e.g., BL (e 39.1), DMSO (e 

46.6); however, this is not the only factor involved. Neverless, it seems likely that the 

factors responsible for the high dielectric constant of the solvent, namely large dipole 

moment and molecular association, also play a prominent role in the origin of the 

capacity hump. According to Macdonald's dipole reorientation theory, ^ the hump is 

due to a minimum in the orientation polarization of adsorbed solvent dipoles occurring at 
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the potential where their preferred orientation is reversed by the external field. Since the 

humps occurs on the anodic side of the ecm in the five nonaqueous solvents, the 

preferred orientation of the solvent dipole should in each case be positive end toward the 

metal. 

A recent study reported by Jarzabek indicates the solvent effect on interfacial 

capacitance of metal electrodes.*® Minimum inner layer capacitance values at negative 

charge densities have been collected and analyzed for 23 solvents in this study. The 

solvent properties selected include molar mass M, density p , dielectric constant e and 

dipole moment ^ . The other solvent characteristic considered can be expressed by these 

quantities in terms of simple formulae. The reciprocal inner layer capacitance and 

properties of the 23 solvents are tabulated in Table 1.3. The solvent effect on the value 

at this capacitance minimum is shown to the related primarily to the solvent molecule 

size. The influence of the solvent dipole moment is considered in relation to the 

molecular size. The ion-dipole and dipole-dipole coupling constants are the most 

suitable parameters for characterizing the solvent effect for a large group of solvents. 

Water is found to be a zero-order homologue of simple aliphatic alcohols MeOH, EtOH, 

PrOH, and BuOH. The solvent molecule size effect on 1/C ̂  is dominant in this group 

of alcohols and water. 

Spectroscopic Methods 



Surface enhanced Raman spectroscopy has been successfully used to study 

nonaqueous interfacial solvent structure. Irish and coworkers were the first to report the 

use of SERS for determination of interfacial structure at electrode surfaces in nonaqueous 

systems. They reported a SERS study of Ag electrodes in acetonitrile (AN) solutions 

containing Lil.'^ The v(CN) region for interfacial AN molecules was monitored as a 

funaion of electrode potential. Bands attributed to interfacial AN molecules are 

observed at 2271 and 2300 cm'^ These bands shift to lower frequencies as the potential is 

made more negative. When Li" is replaced with Na* as the electrolyte cation, these two 

bands disappear at the expense of a band at 2262 cm"'. These observations indicate these 

band are sensitive to the nature of the cation in solution. The molecular picture of the 

interface deduced by these researcher shows AN molecules weakly bonded to the Ag 

electrode surface through adsorbed I". Those molecules solvating cations are represented 

as solvent-separated ion pairs at the electrode surface. 

Irish also reported studies at Ag electrodes in PC solutions containing Lil and 

Nal.®' The presence of a strongly specifically adsorbed anion such as I' or Br" was found 

to be needed in order to see a SERS response for interfacial PC molecules, suggesting 

that those PC molecules probed are those involved in weak interactions between the C-H 

groups and the specifically adsorbed anion. The results show evidence for the 

photoelectrochemical reduction of PC to form insoluble carbonate salts with the cation of 

the supporting electrolyte. Moreover, the C=0 moiety of the PC was observed to be very 
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Table 1.3 Basic physical properties and the reciprocal of the minimum inner layer 
capacitance at negative charge densities for 23 solvents ̂  

Solvent p(g/cin^) M(g/moI) Ji(D) £ V„„i(cmVmoI' C^-'(m-/F) 

BuOH 0.8057 74.12 1.66 17.51 91.99 14.29 

PrOH 0.7995 60.10 1.68 20.33 75.17 12.99 

EtOH 0.7851 46.07 1.69 34.55 58.68 12.50 

MeOH 0.7866 32.04 1.70 32.70 40.73 10.75 

THF 0.8892 72.10 1.71 7.58 81.08 16.21 

FA 1.2203 46.03 1.84 58.50 37.72 9.71 

Water 0.9971 18.02 1.85 78.30 18.00 5.88 

EG 1.1131 62.07 2.28 40.70 55.76 8.47 

AC 0.7850 58.08 2.88 20.70 73.99 14.29 

NMP 0.9205 101.15 3.61 32.90 109.89 17.86 

F 1.1292 45.04 3.73 109.5 39.89 7.25 

NMA 0.9420 73.10 3.73 165.5 77.60 14.93 

DMA 0.9366 87.12 3.81 37.78 109.593.02 16.67 

NMF 0.9978 59.07 3.83 182.4 59.21 11.24 

DMF 0.9443 73.10 3.86 36.71 77.41 13.89 

ACN 0.7768 41.05 3.92 35.95 52.85 9.52 

DMSO 1.0958 78.13 3.96 46.70 71.30 12.66 

BL 1.1240 86.09 4.12 41.76 76.59 13.01 

S 1.2623 120.17 4.81 43.32 95.20 12.35 

EC 1.3210 88.06 4.91 89.60 66.66 7.84 

PC 1.1980 102.09 4.98 64.40 85.22 11.36 

HMPT 1.0202 179.24 5.39 29.60 175.69 26.32 

VL 1.0470 100.11 35.64 95.62 14.80 
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BuOH solution; top spectrum: bulk liquid; remaining spectra: potential-
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sensitive to chemical environment. 

More recently, quite extensive studies of potential-dependent interfacial structures 

of alcohols at Ag have been performed in this laboratory which include MeOH, EtOH, 

1-propanol, 1-butanoI, 2-butanol, iso-butanol and 1-pentanoI. " ̂  ̂  " Figure 1.10 shows 

a representative example of the SERS behavior of these interfacial alcohol systems at Ag 

electrodes. SERS spectra are acquired for BuOH containing 0.4 M LiBr at a Ag 

electrode in the v(C-H) frequency region as a function of electrode potential. As can be 

seen, significant changes in relative intensity ratio of the vibrational modes occur with 

c h a n g e s  i n  e l e c t r o d e  p o t e n t i a l ,  s p e c i f i c a l l y  t h e  s y m m e t r i c  v ( C - H )  m o d e  a t  2 8 7 3  c m a n d  

antisymmetric v (C-H) mode at 2963 cm*'. The intensity ratio of these band as a function 

of electrode potential has been determined by curvefitting and is shown in Figure l.l 1. 

These changes are interpreted as being indicative of a change in the orientation of the 

average BuOH molecule at the electrode surface in response to the changing metal 

surface charge at different electrode potentials. In general, at potentials positive of the 

pzc, the alcohol molecules, including BuOH, exist in an orientation largely parallel to the 

electrode surface. As the potential is made more negative and approaches that of the pzc 

and goes beyond the pzc, Brdesorbs from surface, the alcohol molecule is driven to the 

electrode surface to a more vertical orientation. 

Several studies report SERS detection of H2O in the interface at Ag electrodes in 

nonaqueous solvent systems. Vibrational bands in the v(O-H) region originate either 



from trace H^O that remains after purification of these solvents or from H2O intentionally 

added to the solvent. In these nonaqueous interfaces, the extensive hydrogen-bonding of 

bulk HjO is broken, resulting in v(O-H) bands of greater resolution than are observed in 

aqueous media. Trace H^O in these nonaqueous systems appears to be strongly 

interactive with interfacial ions, and under certain circumstances, the electrode surface. 

It is important to understand the behavior of interfacial H^O in these nonaqueous 

systems. Previous SERS studies have been quite informative and are suggestive of a 

micro-heterogeneous interfacial solvent environment. Irish reported the observation of 

vibrational modes due to HjO, D^O, HOD, OH", and microcrystallites of LiOH at 

negative potentials in SERS studies of AN solutions at Ag electrodes.Similar results 

were reported for SERS studies at Ag electrodes in PC solutions of alkali halides.'' 

SERS investigations of the interfacial structure of the butanol isomers at Ag 

electrodes have been reported from this laboratory.®® Bands originating from trace H2O 

in these solvents are observed which are quite sensitive to the nature of the anion and 

cation of the MX (M = Li^ Na*; X = CI", Br", I", CIO4') electrolyte.'® In LiX solutions, 

six v(O-H) bands were observed depending on the electrode potential. Three v(O-H) 

bands were attributed to trace H2O solvating anions and Li" in primary and, perhaps, 

outer solvation shells. The frequencies of these bands depend on the specific isomer of 

butanol used as the solvent. In addition, three bands from OH'are detected resulting 
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from the reduction of HiO at negative potentials. The results of this previous study 

suggest that HjO molecules cluster around ions in the interface and are not 

homogeneously dispersed. This image is rather different from the classical model in 

which the interface is viewed as a homogenous mixture of its constituent parts. 

SERS spectra are generally acquired on rough Ag surfaces, but it is clearly 

desirable to obtain similar spectra on much smoother surfaces. The extent to which such 

spectra can be acquired using the emersed electrochemical interface approach has been 

explored in this laboratory.®^- In electrode emersion, the first few layers of the solvent 

and supporting electrolyte in the interface are strongly held at the electrode surface. 

Thus, upon the emersion, the interfacial solution species are retained intact at the 

electrode surface in their in-situ orientations. " ̂  

Research Objectives 

The main goal of the research reported in this dissertation is to develop a 

molecular picture of the electrochemical interface, particularly in nonaqueous organic 

media. Towards this end, the combined use of surface-enhanced Raman scattering and 

electrochemical measurements are applied for the determination of molecular interfacial 

structure in in-situ environments and on emersed electrodes. 

Essentially six projects are presented in this dissertation: 

1. Investigation of the interfacial behavior of trace HiO at Ag electrodes in a series 



of normal alcohols. 

2. Development of a differential capacitance system to determine the surface 

coverage of specifically adsorbed ions on Ag electrodes in alcohols. 

3. Quantification of specifically adsorbed Br' on Au electrodes in three of the 

isomers of butanol. 

4. Determination of potential-dependent DMSO solvent and electrolyte interfacial 

structure at in-situ Ag electrodes. 

5. Determination of the potential-dependent DMSO solvent and electrolyte 

interfacial structure at emersed Ag electrodes. 

6. Synthesis of the iron complex compound [(CH3 CH, CH2 CH2)4N] Fe (IQ) (CN)6 

which is soluble in nonaqueous solvents and study of the behavior of the 

Fe(CN)6^ /Fe(CN)6 •*" redox couple at in-situ Ag electrodes from butanol solution. 

The goal of the project of investigating the interfacial behavior of trace H^O at Ag 

electrodes in alcohols stems from the previous observations in this laboratory that the 

spectroscopic signatures of trace H2O in nonaqueous interfaces can be quite informative 

and suggestive of a microheterogeneouss interfacial solvent environment. Chapter 3 

focuses on the quantitative determination of Br* surface coverage at a smooth Ag 

electrodes in these alcohols by using differential capacitance measurements. The double 

layer capacitance is calculated using the Fawcett-Loufty equations, while the surface 

coverage is determined using the Hurwitz-Parsons analysis. The results of the study in 



the v(O-H) region in the alcohols methanol, ethanol, propanol, butanol and pentanol are 

presented in Chapter 4. Chapter 5 presents double layer capacitance measurements of Br 

adsorption at Au electrodes in butanol, 2-butanol and iso-butanol. Chapter 6 seeks to 

elucidate the interfacial structure of DMSO and electrolyte ions as a function of the 

electrode potential at in-situ Ag electrodes. 

Significant progress has been made in the development of surface Raman 

spectroscopic strategies for study of emersed nonaqueous interfaces. The most important 

issue to be addressed in emersed electrode studies relate to the extent to which the 

potential-dependent orientation of the solvent is retained during the emersion process. 

The Raman spectroscopic emersion cell used for this work is designed to incorporate a 

motor-driven rotating electrode that can be operated at rotation rate less than 1 rpm, a 

feature essential to success of the emersion approach. Finally, Chapter 7 discusses the 

results of the interfacial structure DMSO as a funaion of the electrode potential at 

rotating emersed Ag electrodes. 

The synthesis of the nonaqueous soluble iron complex compound 

[(CH3CH2CH2CH2)4N]Fe(III)(CN)6 and the study of the Fe(CN)6 ^ / Fe(CN)6 ^ redox 

couple at in-situ Ag electrodes from butanol solution using electrochemical 

measurements and SERS are described in Chapter 8 and appendix. 
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Chapter 2 

EXPERIMENTAL 

This chapter provides detailed information about the instrumentation, 

experimental techniques, materials purification, and analyses used in this dissertation. 

Raman Spectroscopic Instrumentation 

Laser Excitation 

Excitation for Raman spectra was provided by the 514.5 nm line of a Coherent 

Radiation Innova 90-5 Ar" laser. Plasma lines were removed using a 514.9 A (30 A) 

bandpass filter purchased from Pomfret Research Optics, Inc. The red line dye laser 

lines at ca. 600 nm and 620 nm, generally used for studies on Au surfaces, were provided 

by At* laser pumping of a Coherent Radiation 599 tunable dye laser containing 

Rhodamine 6G/ ethylene glycol. Fluorescent lines from the dye were removed with a 

6OO.4A (32A) bandpass filter purchased from Pomfret Research Optics, Inc. The Ti: 

sapphire laser was pumped with the Ar" laser. Fluorescent lines from the Ti: sapphire 

laser were removed with a 720 A (30 A) bandpass filter purchased from Barr Associates, 
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Inc. 

CCD-Raman Spectrometer System 

Three charge-coupled device (CCD) detection systems for Raman spectroscopy 

are used in this work. The first one is a front-side illuminated. Photo metrics PM512 

CCD system. Liquid nitrogen is used to cool the CCD system to temperatures between -

105° C and -120° C, then data acquisition and manipulation are controlled using a special 

version of SPECTRACALC (the spectral analysis, presentation and data acquisition 

software program). A second CCD system used for this work is the Tektronix 512x512 

thinned, back-illuminated CCD from Princeton Instruments. Liquid nitrogen cools the 

system to the temperature of -120° C, and the CCD images are processed with a 

Princeton Instruments system equipped with CSMA software. The third detection 

system is the PI 1100 x 300 thinned, back-illuminated CCD from Princeton Instruments. 

With liquid nitrogen, the system is cooled to the temperature of-120 °C, and the CCD 

images are controlled with WINSPEC software. 

The CCDs were attached to a Spex 1877 Triplemate spectrometer containing two 

600 gr/mm gratings in the fiher stage, and a 1200 gr/mm grating in the spectrograph 

stage. The block diagram for the entire Raman system is shown in Figure 2.1. The 

scattered light was collected and focused onto the entrance slit using a 50 mm f / 1.2 

camera lens (Minolta). 
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Figure 2.1 Schematic diagram for CCD-Raman spectrometer. 



In the Triplemate, the third slit (s3) serves the same function as the entrance slit on a 

Czemy-Tumer single monochromator. The first two slits (sl,s2) and the first two 

gratings (G1,G2) in the Triplemate form the basis of a filter stage which provide a means 

of stray light rejection (Figure 2.2)} The entrance slit to the filter stage of the 

Triplemate was set to 0.4 mm to 0.5 mm. This is just large enough to admit ca. 80-90 % 

of the focused sample image when using a solid, liquid in a capillary tube or surface 

sample. The middle (stray light rejection) slit was set at 2.7 mm for the PM 512 x 512, 

4.0 mm for the PI 512 x 512 CCD, and 7.0 mm for the PI 1100 x 300 CCD. The 

purpose of the middle slit is to reject wavelengths other than those in the region of 

interest. The slit at the entrance to the dispersion stage is set at 0.05 mm for the liquid 

and solid samples in capillary tubes and at 0.15 mm for the surface samples. Integration 

times for each spectrum varied with sample and are reported in the figure captions 

throughout this dissertation. 

Electrochemical Instrumentation 

Cyclic Voltammetry mth the BAS100 B/WSystem 

BAS 100 BAV (Bioanalytical Systems, Inc) was used for most of cyclic 

voltammetry experiments in this dissertation presented here. There are 38 "Techniques" 

available on the BAS 100 BAV, which are divided into 9 "Categories". When a given 

Categories is highlighted, the modes associated with that "Categories" are displayed in 
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the "Techniques" list box. For example. Sweep Techniques is selected under 

"Categories", and then "Cyclic Voltammetry" is selected for taking cyclic voltammetry 

data. "General Parameters" must be set by the user for each experiment, as there are no 

standard values for these parameters. 

Differential Capacitance Measurements 

Differential capacitance measurements were made using a phase-sensitive 

detection technique.- The experimental set-up is depicted in Figure 2.3. An ac sine wave 

(6.3 Hz, 2 V peak-to-peak) is provide by a Wavetek 143 wave generator, which is used 

as the reference signal for the lock-in amplifier (EG&G Princeton Applied Research 

Model 5210). In order to minimize the perturbation of the static cell potential provided 

by the potentiostat (EG&G Princeton Applied Research Model 362), the 2 V is reduced 

by a factor of 100 using a voltage divider. The 20 mV peak-to-peak sine wave from the 

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

combined with the static potential from the potentiostat and the additive potential is 

applied to the electrochemical cell, so that the working electrode senses a very small 

magnitude sine wave on a static potential. The electrochemical behavior is controlled by 

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

interfacial capacitance. 

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



amplifier. The phase shift between the reference signal and the A input signal is 

measured. This phase shift between the reference signal and the A input signal can be 

measured, since it is related to absolute interfacial capacitance: 

tan 0 = 1 / 2itfRC (2.1) 

where f is the frequency of the sine wave in Hz, 0 is the phase shift in degree, R is the 

resistance in ohms and C is the interfacial capacitance in farads. Since in aqueous and 

nonaqueous systems, the exact resistance of the solution is hard to know, this method 

only has been used to measure the phase shift with known resistance values. The 

interfacial capacitance C can be determined by measuring the in-phase (iO and out-of-

phase (iq), or quadrature, current amplitudes; 

C=(ii'+iQ')/2i:fiQV (2.2) 

where f is the ac frequency in Hz and V is the peak-to-peak voltage of the ac waveform 

m volts. This equation is known as the Fawcett-Loutfy equation.^ In practice, V can be 

used as an empirical constant which considers the effects of systematic error associated 

with the lock-in amplifier electronics. Consequently, V is replaced by which is 

determined as described below. To determine Vgnp, a "dummy cell" is set-up which 

consists of a resistor and capacitor in series. Values are chosen to mimic the expected R 



Table 2.1 Sample data for the determination of Vo,, in the equation 2.2 

mi cm ii[nA] io[A] 

99.6 23 0.98 7.35 8.62x10-^ 

99.6 52.7 4 16.3 8.70x10-^ 

99.6 99 15.6 27.2 9.69x10-3 

99.6 234 40.5 33.9 9.32x10-3 

276 23 2.38 6.61 8.62x10-3 

276 52.7 7.31 13.28 8.71x10-3 

276 99 17.5 16.1 9.45x10-3 

276 234 26.7 9.8 9.36x10-3 

All 23 2.77 6.28 8.66x10-3 

All 52.7 8.67 9.10 8.74x10-3 

All 99 14.6 7.61 9.55x10-3 

All 234 17.8 4.0 9.44x10-3 

996 23 3.69 4.32 8.62x10-3 

996 52.7 7.14 3.70 8.80x10-3 

996 99 8.52 2.15 9.63x10-3 

996 234 9.02 0.97 9.62x10-3 

V^ = 9.10±0.42mV 
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and C values of actual electrochemical systems: R = 50-1000 Q and C = 10 - 250 ^F. 

The results of several R-C combinations are shown in Table 2.1. By using equation 2.2, 

the average value of Va„p is 9.10 mV, comparing the value to the actual peak-to-peak ac 

voltage of 20 mV, a large systematic error associated with the electronics. In any case, 

the use of V^p is expeaed to yield more accurate double layer capacitance values. The 

system must be calibrated before every series of experiments. Detailed information of 

differential capacitance measurements is provided in Chapters 3 and 5. 

Electrochemical Cells 

Cyclic voltammetry experiments and ex-situ roughening of electrodes are 

performed in a standard three-electrode cell shown in Figure 2.4. A Pt wire wrapped 

around the Luggin capillary served as the counter electrode. The working electrodes Ag 

and Au, are made by cutting sections from metal rod or punching disks from the metal 

foils (99.99 % Johnson Matthey). These disks are mounted on brass stubs which are then 

screwed into a threaded brass holder or a micrometer. Ag/AgCl in saturated KCl 

solution is used as a reference electrode in aqueous systems. This reference electrode is 

made as follows. Ag wire is polished with sand paper, and rinsed with H^O. Then, Ag 

wire is immersed in 1 M KCl solution, and by applying 1 V potential for 10 s, AgCl 

deposits on the Ag wire. Ag/AgCl is rinsed with H^O and sealed in saturated KCl 

solution. 
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Figure 2.5 Electrochemical cell used for differential capacitance measurements.' 



Ag / Ag^ in saturated KNOs/AgNOs - nonaqueous solvent of interest is used as 

the reference electrode in nonaqueous systems. This reference electrode is made as 

described below. Ag wire is sanded and rinsed with HiO and methanol. Then, it is 

sealed in the solvent of interest with saturated KNO3 /AgNOs. In order to obtain 

reproducible data, new reference electrodes must be made for every series of 

experiments. 

Differential capacitance measurements are performed in the cell shown in Figure 

2.5.' The unique feature of this cell is that uniform current density is provided from the 

counter electrode and sensed at the working electrode. In order to meet this requirement, 

a counter electrode (CE) consisting of a high surface area (ca. 88.5 cm^ Pt gauze is used 

to minimize its contribution to the overall capacitance, since 1/ Cxoui = 1/ Cce + 1/Cwe 

(WE, working electrode). In general, in order to have Cwe be the dominant part in Cxoui 

, it is desirable to have the CE surface area 200 times greater than the WE area. The 

counter electrode was designed to allow removal and cleaning from the cell. A Teflon 

lid is employed to minimize the flux of air and impurities which eould contaminate the 

electrode and affect interfacial capacitance. N, gas enters the cell through a valve on the 

upper side of the cell and is flowed over the top of the solution and exits through a hole 

in the Teflon lid. In a real experiment, N2 gas is used to bubble the solution for ca. 2 h.. 

The bubbler is filled with the solvent of interest and the N2 is saturated with it. The 

working electrode is mounted in a brass holder which is force-fit in an opening in the 



Teflon lid and positioned directly above the Luggin capillary, 

illustrates the location of the reference electrode. 
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Side view B in Figure 2.5 

In-situ Spectroelectrochemical Cell 

A sandwich-type design spectroelectrochemical cell used in the in-situ Raman 

studies is shown in Figure 2.6. This type of design allows easy and quick clean-up of the 

cell. The cell body is made of Kel-F which is chemically resistant to most acids, bases, 

and organic compounds. Approximately 5 mL of solution is held in the cell. The cell 

body is connected to an L-frame which stabilizes the working electrode and mounts to 

the sample stage of the spectrometer. A Pt wire serves as the counter electrode which is 

fit in a separate glass compartment mounted into the side of the cpll body. The reference 

electrode is connected to the cell body through a right angle Hamilton valve. The 

working electrode is screwed on to a micrometer and positioned directly against the 

quartz window to minimize Raman sampling of bulk electrolyte solution. 

Emersed Spectroelectrochemical Cell 

The emersed spectroelectrochemical cell is shown in Figure 2.7. The cell is made 

of glass with a Teflon lid. Solution is injected into a glass solution container on the side 

of the cell and pushed through the glass tube in which the counter electrode, consisting of 

a Pt wire, and the pseudo-reference electrode, consisting of a Ag wire, are built, and to a 
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Figure 2.6 Schematic diagram of the spectroelectrochemical cell, (a) micrometer 
shaft, (b) electrical comiection, (c) pin attachment, (d) threaded Teflon 

shroud, (e) Lucite back plate, (f) Teflon-wrapped viton o-ring, (g) Kel-F 
backplate, (h) Teflon-wrapped viton o-ring, (I) fill port, (j) Kel-F cell 
body, (k) reference electrode connection and fill port, (1) CE 
compartment, (m) coarse fit, (n) glass CE compartment, (o) Teflon-
wrapped viton o-ring, (p) front glass plate, (q) aluminum ft^ont plate, (r) 
L-frame cell mount, (s) micrometer entrance opening, (t) X-Y-Z-0 
translator mounting holes, (u) cell mounting holes.' 
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Figure 2.6 Schematic diagram of the spectroelectrochemical cell used for in-sitti 
Raman spectroscopy.' 



86 

WK 

Laser in 

Laser out 

Motor 

Electrode Surrace 

^ laser spot 

solution drop 

Figure 2.7 Schematic diagram of the spectroelectrochemical cell used for emersed 
studies. 



Luggin capillary tube to the lower portion of the working electrode surface. The 

working electrode connects to a DC motor from Micro Dynamics which slides into the 

Teflon sheath which is then fit into the ground-glass joint on the side of the cell. A 

conductive carbon rod is force-fit into an opening in the Teflon lid and makes contact 

with the working electrode. The electrode is rotated at speed of 0.5 rpm (0.13 mm/s) 

during the experiments. Electrochemical contact was achieved through a drop of solvent 

from Luggin capillary at lower portion of the working electrode. Approximately 5 mL 

of solution fills the cell. Ar gas enters the cell through a valve on the side of the cell and 

exits through another valve on the side of the cell; in this way, a constant vapor pressure 

of the solvent of interest is retained during the experiments. 

Materials 

Solvent Purification and GC Analysis 

Alcohols 

Methanol was purchased from Baker. To purify, methanol was reacted with 

magnesium by refluxing for 2 hrs and then distilled twice. Small amounts of iodine were 

used as a catalyst to start the reaction. After purification, the H2O content was analyzed 

by gas chromatography (GC) using a Gow Mac Instruments GC with a thermal 

conductivity detector. A Poropak QS (80 /lOO mesh, altech) column (6 ft x 1/8") was 

used to separate methanol and HjO. Chromatograms were obtained with a column 



temperature of 120° C, an injection temperature of 135° C, and a detector temperature of 

250° C with a helium gas flow rate of 30 mL / min. The GC settings were at bridge 

current =100 mA, attenuator = 1. The output signal from the GC was input to a HP 

3380 A integrator to determine peak area. A standard addition analysis was applied to 

interpret the HjO content in methanol. Three injections were made for each data point. 

Figure 2.8 illustrates that, after purification, the H^O content in methanol was 0.01% (4.6 

mM). 

Ethanol was purchased as a high purity solvent from Quantum Chemical 

corporation. HjO content was 0.003 % (1.5 mM) which was determined with the GC 

standard addition analysis as shown in Figure 2.9. The GC conditions were a column 

temperature of 150° C, an injection temperature of 190° C, and a detector temperature of 

250° C. 

Propanol was purchased from Burdick & Jackson and purified in the same way as 

described for methanol. The HiO content determined by GC standard addition analysis 

shown in Figure 2.10 was 0.015 % (6.5 mM). The GC conditions were a column 

temperature of 170° C, an injection temperature of 220° C, and a detector temperature of 

250° C. 

Butanol was purchased from Burdick & Jackson and purified by distillation. 

Since this solvent is not as hygroscopic as methanol and ethanol (low solubility of HjO), 

a standard addition analysis method can not be applied. Therefore, the methanol 



89 

Standard Addition Plot for Methanol 
1600 

cC 
OJ 
S-. 

CO (U 
CL 

1200 

800 

0.01% IValei- g/ 

-0.01 0.00 0.01 0.02 

Concentration of Water Added (%) 

Figure 2.8 Standard addition plots for methanol. 
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Figure 2.10 Standard addition plots for propanol. 
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standard addition analysis curve was used to determine HjO content in butanol to be 

0.008 % (5 mM ). GC analysis conditions were a column temperature of 180° C, an 

injection temperature of 220° C, and detector a temperature of 250° C. 

Pentanol was purchased from Fisher Scientific and purified by storing with 4A 

molecular sieves. Since this solvent is not as hygroscopic as methanol and ethanol, like 

butanol, the standard addition analysis method can not be applied. The HjO content was 

estimated to be ca. 0.008 % (4 mM) using the methanol standard analysis curve. The GC 

conditions were a column temperature of 200° C, an injection temperature of 240° C, and 

a detector temperature of 250° C. 

Dimethylsulfoxide (DMSO) 

DMSO was purchased from Burdick & Jackson. Molecular sieves (4A) were 

used to remove H^O from this solvent. It was then purified by vacuum distillation ( 

vacuum in ca. 60 mm Hg, collect at ca. 60° C) twice prior to use. 

Electrolytes 

LiBr (Aldrich, anhydrous, 99%) was dried at 160° C under vacuum (0.17 torr) for 

24 h. LiClO^ (Fluka, poms, 99%) and (CH3CH2CH2CH2)4NC104 (Fluka, 99%) were 

dried at 60° C under vacuum (0.17 torr) for 24 h. 



Procedures 

Electrode Mechanical Polishing Procedures 

Polycrystalline Ag and Au were sanded with 1500 grit (Mirror Fine) sand paper 

first, then mechanically polished to a mirror finish. Polycrystalline Ag and Au electrodes 

were mechanically polished using 1.0 /an alumina (Buehler Micropolish, 1.0 micron. 

Alpha Alumina) with 5 weights for 5 mins, 3 weights for 5 mins, then using 0.3//m 

alumina (Buehler Micropolish, 0.3 micron. Alpha alumina) with 3 weights for 5 mins, 2 

weights for 3 mins and 1 wight for 3 mins, finally using 0.05 (jm alumina (Buehler 

Micropolish, 0.05 micron. Gamma alumina) with 1 weight for 1 min., rinsed with doubly 

and triply distilled, deionized water (TDI), and then sonicated for 30 sec to remove any 

trapped alumina. 

Electrode Roughening Procedures 

Roughened Ag electrodes used in in-situ SERS studies were mechanically 

polished and roughened ex-situ before immersion in the cell. This approach minimizes 

the possibility of trapping nonaqueous solvent molecules, and produces a more consistent 

surface morphology than in-situ roughening. Ag was roughened by ex-situ oxidation-

reduction cycles (ORC) in aqueous 0.4 M LiC104. A potential step was applied from 

+0.1 V to +0.65 V until ca. 36 mC / cm^ charge was passed; then, the potential was 

stepped back to +0.1 V . Typically, 75 % of the anodic charge passed was recovered in 



this ORC procedure. The roughened electrode was rinsed with TDI HjO and the solvent 

of interest. 

Reference Electrodes 

Since Ag/AgCl in 1 M KCI solution was used as a reference electrode in aqueous 

systems, while Ag / Ag* in saturated KNO3 /AgNOj-solvent of interest was used in 

nonaqueous systems, the potential differences of these two reference electrode systems 

were measured. The procedure is described as below. Methanol is selected as the 

example. First, the reference electrodes were made as describe above. Second, both 

reference electrodes were immersed into 0.4 M LiBr in methanol solution, and a D VM 

was used to measure the potential difference. This measurements was repeated three 

times and the data were averaged. The same procedure was applied for other solvents. 

The results of potential differences between these reference electrodes are shown in 

Table 2.2. 

Ag Electrode Surface Area Determination 

Under potential deposition (UPD) of Pb (reduction of Pb"" occurring at potentials 

positive of the bulk reduction potential) onto Ag results in a monolayer film of Pb. UPD 

of Pb on Ag was used to quantitatively measure the surface area of the Ag electrode. A 

representative cyclic voltammegram is shown in Figure 2.11. The reduction wave at -
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Table 2.2 Potential Difference Between Reference Electrodes 

Reference Electrode Vs Ag/AgCl (IM KCI) A E  (mV)  

Ag /Ag* (KNO3, AgNOs) / Methanol vs. Ag /AgCl (1 M KCI) 394 

Ag /Ag" (KNO3, AgNOj) / Ethanol vs. Ag /AgCl (IM KCI) 313 

Ag /Ag* (KNO3, AgN03) / Propanol vs. Ag /AgCl (IM KCI) 160 

Ag /Ag* (KNO3, AgNOj) / Butanol vs. Ag /AgCl (IM KCI) 27.5 

Ag /Ag" (KNO3, AgNOs) / Pentanol vs. Ag /AgCl (IM KCI) -2.0 

Ag /Ag* (KNO3, AgNOj) / 2-Butanol vs. Ag /AgCl (IM KCI) 8.5 

Ag /Ag" (KNO3, AgNOs) / Iso-butanol vs. Ag /AgCl (IM KCI) 26 

Ag /Ag* (KNO3, AgN03) / DMSO vs. Ag /AgCl (IM KCI) 160 
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0.36 V is the UPD peak for Pb; the more negative reduction wave at -0.48 V is the bulk 

deposition peak for Pb. On the way back, the peak at -0.43 V is the bulk stripping and at 

-0.33 V is the UPD stripping peak. Ag surface area was determined by integrating the 

area under UPD stripping using software provided with the BAS 100 BAV system. 

Au Electrode Surface Area Determination 

The real surface area of Au electrodes cannot be obtained precisely, but it can be 

estimated from oxygen adsorption measurements. Rand and Woods ®' * suggested that 

the oxygen coverage on an electrode held at 1.8 V for 100 sec in 1 M H2SO4 could be 

considered to approximate a monolayer. The coverage can be obtained by reducing the 

layer on a cathodic potential sweep and integrating the charge passed. A cyclic 

voltammogram for these processes is shown in Figure 2.12. The solution was 0.585 M 

HCIO4 and the scan rate was 20 mV/s. The potential window was from 0.0 V to 1.55 V 

and the reference electrode was Ag/AgCl in saturated KCl. The (100) plane was chosen 

as the conventional standard of real area and the charge corresponding to the adsorption 

of one oxygen atom per surface site on such a plane was calculated to be 386 jiC cm"^.® 

By integrating the charge under the desorption peak, the Au surface area was determined 

using the relationship Qo(^C)/386 cm*. A roughness factor of ca. 3 was found for 

mechanically polished polycrystalline Au electrodes. 
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Figure 2.11 Cyclic voltammogram of Ag electrode in 1 mM Pb(N03)2 / 0.1 M KCI; 
sweep rate 50 mV/sec. 
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Figure 2.12 Cyclic voltammogram of a polycrystalline Au electrode in 0.585 M 
H2SO4; sweep rate 20 mV/sec. 
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Raman Spectral Acquisition Procedures 

Raman spectra of bulk alcohols and DMSO were acquired with the liquid in 

sealed capillary or NMR tubes. 

In-situ SERS spectra were acquired from roughened electrodes in the SERS cell. 

The roughened electrode was transferred to the air-tight SERS cell which was filled with 

solution. The electrode was pushed against the window of the cell, leaving only a very 

thin layer of solution, to minimize the bulk interferences. 130 mW of laser power was 

used on sample, and SERS spectra were acquired from 15 sec to 3 min, depending on the 

spectral region of interest and the resolution of the signal. Surface Raman spectra on 

emersed surfaces were acquired from smooth mechanically polished Ag electrodes in the 

emersion cell. Approximately 5 mL of solvent was added to the bottom of the cell and 

Ar gas was flowed in the cell to maintain a constant solvent vapor pressure. The working 

electrode was rotated at 0.5 rpm (0.13 mm/s) during experiments. The laser beam was 

focused at the top portion of the electrode at ca. 35-40" with respect to the surface 

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

normal. 
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Chapter 3 

BROMTOE ION ADSORPTION ON Ag ELECTRODES IN 

ALCOHOLIC SOLVENTS USING DIFFERENTIAL CAPACITANCE 

AND SURFACE -ENHANCED RAMAN SCATTERING 

TNTRODUCTTON 

Electrochemical methods have been used to extensively investigate solvent 

structure at the metal / solution interface. In one method, the so-called "Hurwitz-

Parsons" analysis,'"* the differential capacity of the irmer layer of the interface is 

estimated from the surface charge density (a) or the interfacial tension (y). Most 

importantly, for solutions at constant ionic strength, the anion surface coverage can be 

determined quantitatively from measurement of the differential capacitance (CJ as a 

function of electrode potential (E) for varying anion concentrations. 
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The majority of previous electrochemical studies have been performed on ion 

adsorption at the Hg-aqueous, single crystal surface-aqueous, and solid metal surface-

aqueous interfaces, whereas considerably fewer adsorption data have been gathered at 

solid metal surfaces in nonaqueous electrochemical environments. In one study in 

nonaqueous solvents, Brokowska described the electrochemical double layer at Hg / 

solution interfaces in N-methylformamide (NMF), dimethylsulfoxide (DMSO), 

propylene carbonate (PC), methanol (MeOH), and N,N-dimthylformamide (DMF).' 

Since the results obtained for solvent excess entropies at the Hg/solution interface are 

smaller than these solvents in bulk solution (except for PC), she concluded that MeOH, 

DMF, NMF, and DMSO are more structured at the Hg/solution interface than in bulk 

solution. In other words, the solvents at the air/solution surface are less structured 

compared with the bulk of solution according to the entropy data of these solvents. The 

only solvent which behaves similarly at the air/solution and uncharged Hg / solution 

interfaces is PC. These results indicate that mercury has "structure-breaking" abilities for 

PC but "structure-making" abilities for MeOH, DMF, DMSO and HiO. 

It can be assumed that the charge density at which the capacitance maximum is 

observed is connected with the Gibbs energy of solvent adsorption at the electrode 

surface.® At this charge density, the solvent molecules should reorient according to the 

direction of the electric field. The absolute value of this charge density in various 

solvents is found to increase in the same order as the dipole moment: MeOH < AC< 
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NMF < PC < DMF; in contrast, the Gibbs energy of adsorption at the air/solution 

interfaces decreases with the polarity of the solvent. These observations suggest that 

electrostatic dipole-image dipole interactions play an important role in dictating solvent 

orientation at the Hg/organic solvent interface. These interactions only contribute to the 

potential drop across the interface if the solvent molecule is electrically asymmetric and 

prefers an orientation in which the part of the molecule with a higher electric charge 

density is placed closer to the metal. The results of potential of zero charge (pzc) 

measurements indicate that at large negative surface charge densities, AC, DMSO, DMF, 

PC, and H2O, have a constant, charge-independent dipole orientation. At the pzc, the 

dipole potential at the Hg/solution interface changes in the following manner: NMF < 

AC < MeOH< DMSO < DMF < PC, being the least positive or the most negative for 

NMF. The significance of this work is that the results of capacitance data and entropy 

data for the Hg/solution interface in various organic solvents suggest a broad 

classification of the inner-layer solvent properties into two groups: (1) for aprotic 

solvents such as DMF, PC, and AC, the entropy of formation of the inner layer is a 

ma-ximum at negative charge densities where the inner layer capacity is small and nearly 

constant; (2) for hydrogen-bonded, protic solvents such as MeOH and NMF, the entropy 

and capacity extreme appear at the same charge density.' 

Recently, Vaartoou reported studies on the adsorption of inorganic ions on Bi 

single crystal electrodes in various aliphatic alcohols.'"' The results indicate that the 
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values of adsorption energy are similar in alcohols of different hydrocarbon chain length 

but similar molecular structured This group also reported a study of the adsorption of CI" 

and Br" on polycrystalline Bi electrodes and the Bi (001) surfaces in 2-butanoI. It has 

been found that the adsorption energies for these ions on the polycrystalline electrode and 

the (001) plane do not differ significantly.'" 

The focus of the present chapter is to determine Br adsorption on polycrystalline 

Ag in a series of normal alcohols using differential capacitance measurements as a 

function of electrode potential and anion concentration and electrochemical method. 

These results are correlated with surface enhanced Raman scattering (SERS) studies of 

the v( Ag-Br), a more direct indicator of Br adsorption in these media. 

RESULTS 

Differential Capacitance Data Analysis. The absolute anion surface coverages were 

calculated using the Hurwitz-Parson analysis,'"*•" based on the Gibbs adsorption 

isotherm. For ionic systems, this may be expressed as 

-dY = qdEi + r,dn (1) 

at constant temperature and pressure, where y is the interfacial tension, q is the electrode 

charge, E^ is the potential with respect to a hypothetical cation (E+) or anion (E-) 
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reversible electrode, and F, is the relative surface excess of anion or cation. Data are 

usually obtained in the form y versus E, or C versus E, where C is the differential 

capacity defined by 

at constant ionic strength and the surface tensions are determined from double integration 

of capacitance-potential values. Once these values are known, the surface coverage of 

adsorbed ions can be obtained from 

A more detailed discussion of the analysis of the differential capacitance data will 

be reported in Chapter 5 and can be found in recent paper. 

Cyclic Voltammetry Measurements 

Cyclic voltammetry measurements were performed at Ag electrodes in 0.4 M 

LiBr and 0.4 M LiClOi in these alcohols. Ethanol data are selected to present here. 

Figure 3.1 displays the cyclic votammograms obtained for Ag elefctrodes in 0.4 M LiClO^ 

and 0.4 M LiBr ethanol solutions,over potential ranges within those bounded by cathodic 

C =  Oq/aE) ,  (2) 

r = - l/RT(aY/aina)E.T, (3) 
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Figure 3.1 Cyclic voltanunogram of 0.4 M LiClO^ and LiBr in ethanol solutions at 
Ag electrodes at scan rate of 100 mV/s. 
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hydrogen evolution and bromide and Ag electroxidation at scan rate of 100 mV/s. The 

direction of scanning moves from negative potentials to positive potentials and returns to 

negative potentials. The reference electrode is Ag/Ag" in ethanol solution containing 

KNO3 and AgNOs- 0.4 M LiC104 in ethanol is used as blank solution. Cyclic 

votammetry of this solution indicates that slight current flow is observed at potential at 

ca. -0.1 V (rational potential) which is believed to start the HjO reduction. A "hump" 

between +0.4 V and +0.2 V (rational potential) is observed at Ag in 0.4 M LiBr ethanol 

solution. This characteristic "hump" represents Ag-Br adlayer is formed in this potential 

region."- On the remrn scans, this Ag-Br adlayer is reduced at potentials between +0.5 

V and +0.35 V. This process is reversible. 

Differential Capacitance and SEES Measurements 

Differential capacitance measurements were made at Ag electrodes in LiBr 

solutions of methanol, ethanol, propanol, butanol and pentanol in the double layer region 

over a potential range dependent on the stability of the solvent/supporting electrolyte 

system or the electrode surface. For each system, data were acquired on a base 0.5 M 

LiC104 electrolyte in which it is assumed no specific anion adsorption occurs. Then, data 

were acquired in solutions containing two concentrations of LiBr in each solvent, where 

the solution composition was x M LiBr/ (0.5-x) M LiC104, in order to allow estimation 

of pzc values. 

Potential-dependent surface enhanced Raman scattering measurements were made 
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at Ag electrodes in 0.4 M LiBr solutions in the v(Ag-Br) low frequencies region between 

150 and 300 cm*'. Peak frequencies are listed in Table 3.1. 

Methanol Figure 3.2 shows the SERS spectra in the v(Ag-Br) region in methanol 

containing 0.4 M LiBr at roughened Ag electrodes as a function of potential. The spectra 

were acquired in the potential region between 0.6 V and -0.7 V. (Rational potential scale) 

A broad and intense band centered at 157 cm"' and a shoulder at 176 cm"' are observed at 

0.6 V. The intensity of 157 cm"' band abruptly decreases as the potential is changed 

from 0.6 V to 0.3 V, and the shoulder of this band at 176 cm'\ disappears at -0.1 V. A 

slight frequency shift from 157 to 154 cm*' is noticed as the potential is changed from 0.6 

V to 0.1 V. At a potential of -0.3 V, a weak feature which may possibly be related to 

the presence of Ag,* at ca. 153 cm*'.'' 

Figure 3.3 shows typical differential capacitance-potential curves in methanol 

solutions of a series of mixed x M LiBr + (0.5-x) M LiC104 electrolytes with x = 0 M, 

0.1 M, 0.4 M. At potentials more negative than ca. -0.4 V, the capacitance is almost 

independent of the bulk Br* concentration, indicating negligible specific adsorption. As 

the potential becomes less negative, progressive increases in capacitance are observed 

for Br containing solutions which become larger with increasing concentration. These 

curves exhibit the characteristic specific ion adsorption "hump" in the vicinity of 0.35 V 

to 0.2 V and a weak shoulder at -0.1 V to -0.3 V, probably due to solvent reorientation. 



Table 3.1. SERS v(Ag-Br) frequencies. 

Potential v(Ag-Br) adlayer v(Ag-Br) Ag4" 

Methanol 0.6 157 176 

0.5 156 176 

0.3 154 176 

0.1 176 

0.0 176 

-0.1 176 

-0.3 156 

-0.5 156 

-0.7 156 

Ethanol 0.7 155 175 

0.6 154 175 

0.5 153 175 

0.3 153 175 

0.1 172 

-0.1 155 

-0.3 155 

Propanol 1.2 160 176 

1.1 160 176 

1.0 60 176 

0.8 159 176 

0.6 157 176 



Potential v(Ag-Br) adiayer v(Ag-Br) 

0.4 176 

0.2 176 

Butanol 1.3 152 180 

1.1 152 180 • 

0.9 152 180 

0.7 152 180 

0.5 180 

0.3 180 

Pentanol 1.0 153 180 

0.9 153 180 

0.8 151 180 

0.7 151 180 

0.6 180 

0.4 180 

0.2 180 

0.1 180 

-0.1 155 

-0.3 155 

-0.5 155 



110 

157 

156 

154 

0.6V 
0.5V 176 C 

0.3V 

O.IV 

O.OV 156 

-0.7V 1 1 1 '  

150 200 250 300 

Wavenumbers (cm"') 

Figure 3.2 SERS spectra in v(Ag-Br) region for methanol containing 0.4 M LiBr 
(integration time 60s). 
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Figure 3.3 Capacitance-potential plot for Ag electrodes in methanol solutions 
containing x M LiBr + (0.5-x) M LiC104, x=0 (A), 0.1 (•), and 0.4 (•). 
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The resulting values of Br surface coverage as a function of potential are shown 

in Figure 3.4. These curves were obtained by double integration of the capacitance-

potential data shown above. The maximum Br coverage in 0.4 M LiBr / methanol 

solution is 110 X 10'" moles/cm-. The surface coverage-potential curves maximize at ca. 

0.7 V, where the surface coverage is near that of a close-packed monolayer - (135 x 10'" 

moles/cm^ , indicating that a monolayer of adsorbed Br is formed in this region. 

Ethanol. Figure 3.5 shows SERS spectra in the v(Ag-Br) region in ethanol 

containing 0.4 M LiBr at roughened Ag electrodes as a function of potential. Spectra 

were acquired in the potential region between 0.7 V and -0.3 V. A broad and intense 

band is observed at 155 cm"' at 0.7 V. The intensity of this band decreases as the 

potential is made negative to ca. 0.5 V and disappears at 0.3 V. The shoulder of this 

band observed at 175 cm"' at 0.7 V remains until -0.3 V. Slight frequency shift from 180 

to 175 cm"' is noticed as the potential is changed from 0.7 V to 0.3 V. Similar to 

methanol, at a potential of -0.3 V, a weak feature which may possibly be related to the 

presence of Ag4" at ca.l55 cm"'.'^ 

Figure 3.6 shows differential capacitance-potential data in ethanol solutions of [x 

M LiBr + (0.5-x) M LiC104] electrolytes (x = 0 M, 0.1 M, 0.4 M). At potentials more 
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Figure 3.4 Surface coverage of Bras a function of rational potential in methanol 
solutions containing x M LiBr + (0.5-x) M LiCI04, x=0.1 (•), and 0.4 
(•). 
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Figure 3.5 SERS spectra in v(Ag-Br) region for ethanol containing 0.4 M LiBr 
(integration time 60s). 
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Figure 3.6 Capacitance-potential plot for Ag electrodes in ethanol solutions 
containing x M LiBr + (0.5-x) M LiC104, x=0 (A), 0.1 (•), and 0.4 (•). 
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negative than ca. -0.5 V, the capacitance is essentially independent of bulk Br 

concentration indicating negligible adsorption. These curves exhibit two shoulders at ca. 

0.4 V and -0.2 V, and the major ion adsorption "hump" at ca. 0.1 to 0.3 V. A small 

increasing capacitance is observed in 0.5 M LiCl04 at potentials more negative than 0.2 

V, suggesting slight CIO4" adsorption at negative potentials. 

Surface coverage values of Br as a function of potential are shown in Figure 3.7. 

These curves were obtained by integrating the capacitance-potential data shown above. 

In 0.4 M LiBr/ethanol solution, the maximum Br coverage is 110 x 10"" moles / cm- at 

ca. 0.7 V. 

PropanoL The v(Ag-Br) stretch is observed at 160 cm"' in Figure 3.8. Spectra were 

acquired in the potential region between 1.2 V and 0.0 V. Both the peak frequency and 

intensity are potential dependent. Comparing the band in methanol and ethanol 

solutions, a more symmetric and intense band is observed at 160 cm*' at positive 

potentials. The intensity of this band abruptly decreases at 0.4 V, and the shoulder of this 

band observed at 176 cm"' disappears at 0.0 V. A slightly frequency shift of this band is 

noted as the potential is made more negative. 

Figure 3.9 shows typical differential capacitance-potential curves in propanol [ x 

M LiBr + (0.5-x) M LiC104 ] electrolytes.(x = 0 M, 0.05 M, 0.4 M). At potentials 

negative of ca. -0.2 V, the capacitance becomes independent of the bulk Br 
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Figure 3.7 Surface coverage of Br" as a function of rational potential in ethanol 
solutions containing x M LiBr + (0.5-x) M LiC104, x=0.1 (•), and 0.4 
(•)• 
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Figure 3.8 SERS spectra in v(Ag-Br) region for propanol containing 0.4 M LiBr 
(integration time 60s). 
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Figure 3.9 Capacitance-potential plot for Ag electrodes in propanol solutions 
containing x M LiBr + (0.5-x) M LiC104, x=0 (A), O.I (•), and 0.4 (•). 
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concentration. As the potential becomes less negative, progressive increases in 

capacitance are seen for Br-containing solutions which become larger with increasing 

bulk concentration as a consequence of greater Br adsorption. In differential 

capacitance-potential curves, the specific ion adsorption "hump" is observed at 0.6 V to 

0.4 V along with a weak shoulder at 0 V in 0.1 M LiBr solution. The "hump" shifts to 

0.4 V and 0.2 V as the concentration of LiBr is increased to 0.4 M due to the Esin-

Markov effect. The resulting values of surface Br coverage as a function of potential 

are shown in Figure 3.10 The maximum Br coverage in 0.4 M LiBr / propanol is ca. 90 

X 10'" moles / cm-, less than observed in either methanol or ethanol. The differential 

capacitance-potential curves show a plateau at ca. 1.0 V as the maximum coverage of Br 

is reached. 

ButanoL Figure 3.11 shows SERS spectra in the v(Ag-Br) ^d Ag cluster regions in 

butanol / 0.4 M LiBr at roughened Ag electrodes as a function of potential between 

ca. 1.3 V and - 0.1 V. Compared to the band in methanol, ethanol, and propanol, the 

broad and weaker band is observed at 152 cm*' at 1.3 V in butanol. The intensity of this 

band decreases as the potential is changed from 1.3 V to 0.7 V. A slightly frequency 

shift of this band is observed as the potential is changed from 1.3 V to 0.9 V. 

Figure 3.12 shows differential capacitance-potential curves in butanol [x M LiBr+ 

(0.5-x) M LiC104 ] electrolytes (x = 0 M, 0.1 M, 0.4 M). At potentials negative of 
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Figure 3.10 Surface coverage of Br as a function of rational potential in propanol 
solutions containing x M LiBr + (0.5-x) M LiCI04, x=0.1 (•), and 0.4 
(•)• 
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Figure 3.11 SERS spectra in v(Ag-Br) region for butanol containing 0.4 M LiBr 
(integration time 60s). 
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Figure 3.12 Capacitance-potential plot for Ag electrodes in butanol solutions 
containing x M LiBr + (0.5-x) M LiClOi, x=0 (A), 0.1 (•), and 0.4 (•). 
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ca. -0.25 V, the capacitance is almost independent of Br concentration. The "hump" is 

observed at 0.5 V to 0.4 V, and a weak shoulder is observed at -1.2 V in 0.1 M LiBr 

concentration. The maximum of this "hump" shifts to ca.0.35 V as the concentration of 

LiBr is increased from 0.1 M to 0.4 M due to the Esin-Markov effect. Surface Br" 

coverage data as a fimction of potential are shown in Figure 3.13. The maximum Br 

coverage in 0.4 M LiBr / butanol solution is 1.35 x 10moles / cm*. 

PentanoL Figure 3.14 shows SERS spectra in the v(Ag-Br) region in pentanol 

containing 0.4 M LiBr at Ag electrodes as a function of potential between ca. 1.0 V and -

0.5 V. The V (Ag-Br) band at 153 cm*' in pentanol is much weaker than in methanol, 

ethanol, propanol and butanol. The intensity of this band decreases as the potential is 

changed from 0.0 V to 0.6 V and disappears at a potential of 0.1 V. 

Differential capacitance-potential curves m pentanol [x M LiBr + (0.5-x) M 

LiClO^ ] electrolytes ( x = 0 M, 0.05 M, 0.4 M) are shown in Figure 3.15. The 

capacitance becomes almost independent of the bulk Br concentration at potentials 

negative of ca. -0.5 V, indicating that Br* specific adsorption is negligible. The specific 

ion adsorption "hump" is observed at 0.2 V to 0.05 V in 0.1 M LiBr. This maximum 

shifts from 0.15 V to 0.1 V as the concentration of LiBr is increased from 0.1 M to 0.4 M 

due to the Esin-Markov effect. The blank solution of 0.5 M LiC104 suggests slight 0104* 

adsorption. The surface Br coverage behavior shown in Figure 3.16 maximizes at 140 x 
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Figure 3.13 Surface coverage of Bras a function of rational potential in butanol 
solutions containing x M LiBr + (0.5-x) M LiC104, x=0.1 (•), and 0.4 
(•)• 
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Figure 3.14 SERS spectra in v(Ag-Br) region for pentanol containing 0.4 M LiBr 
(integration time 60s). 
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Figure 3.15 Capacitance-potential plot for Ag electrodes in pentanol solutions 
containing x M LiBr + (0.5-x) M LiCl04, x=0 (A), 0.1 (•), and 0.4 (•). 
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Figure 3.16 Surface coverage of Br as a function of rational potential in pentanol 
solutions containing x M LiBr + (0.5-x) M LiC104, x=0.1 (•), and 0.4 
(•)• 
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10*" moles / cm^ at 0.6 V. 

The pzc values for each solvent / electrode combination were estimated from 

these differential capacitance measurements in the following way.'- Application of the 

Hurwitz-Parsons analysis to these data allows quantitative determination of Br surface 

coverage as a function of electrode potential. The Br surface coverages observed at Ag 

electrodes are in excess 100 x 10"'^ moles/cm-at the most positive potentials in 0.4 M 

LiBr alcohol solutions. The theoretical maximum for adsorption of Br in a close-packed 

monolayer is 135 x 10*" moles/cm^; ^ thus, for Ag electrodes at the most positive 

potentials, Br is maximally adsorbed. The results of capacitance and surface coverage 

are listed in Table 3.2. Noticing that in a system in which specific anion adsorption 

occurs, the surface coverage of the anion is greater than zero at the pzc, the potential of at 

which 5% of the maximum amount of adsorbed Br exists on the surface has been chosen 

to be the pzc.'- The values of pzc (versus a Ag/AgCl reference system) determined using 

this criterion are tabulated in Table 3.3 for 0.4 M LiBr / 0.1 M LiClO^ solutions of these 

alcohols 

DISCUSSION 

1. Potential Dependence of SERS in the v(Ag-Br) Region. 

At the more positive potentials, the v(Ag-Br) bands are observed at 157 cm"', 155 

cm"', 160 cm"', 152 cm"', and 153 cm*' in methanol, ethanol, propanol, butanol, and 
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Table 3.2 Br* Surface coverage at most positive potential in 0.4 M LiBr 

Solvent Surface Coverage (10'" moles/cm^ 

Methanol 110 

Ethanol 110 

Propanol 90 

Butanol 135 

Pentanol 140 



Table 3.3. Potential of zero charge (pzc) values in 0.4 M LiBr Alcohols 

Solvent Potential of zero charge (V versus Ag/AgCl) 

Methanol -0.7 

Ethanol -0.6 

Propanol -1.0 

Butanol -0.9 

Pentanol -0.6 
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pentanol, respectively. (Table 3.1) The intensities of these bands are strongest at the 

most positive potentials, and decrease as more negative potentials are applied, consistent 

with decreasing specific Br" adsorption as the potential is made more negative. 

According to the cyclic voltammogram (Figure 3.1), this band is possibly due to the 

formation of the Ag-Br adlayer. As the potential moves to more negative, the Ag-Br 

adlayer has been reduced which induces the intensity of this band to rapidly decrease. 

The result is consistent with the differential capacitance measurements which shows a 

shoulder in this potential range, indicating the reconstruction of molecules. Also, the 

frequencies of these bands are lower than the corresponding values in aqueous, 

environments which was reported at 170 cm"' in 0.5 M KCl,-° suggesting a weaker Ag-Br 

interaction in these alcohols than in an aqueous environment. 

Evidence presented in Chapter 4 indicates that interfacial HjO species hydrogen 

bond with specifically adsorbed Br" at the electrode surface. This interaction gives rise to 

a discrete v(0-H) band, the A band, at 3500 cm"' in these alcohol solvents. This band is 

discussed in greater detail in the next chapter. Especially strong bonding is found in 

methanol, ethanol, propanol, and pentanol.'* In ethanol, the intensity of the A band 

decreases rapidly as the potential is changed from +0.6 V to +0.2 V. In contrast, the 

SERS intensity of the v(Ag-Br) band is decreases rapidly between +0.7 V and +0.3 V. 

Similar behavior is obtained for other alcohols. This result indicates that interfacial H2O 

can stabilize Ag-Br adlayer. As the potential is made to more negative, Ag-Br adlayer 
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has been reduced, the intensity ca. 160 cm"' v(Ag-Br) band decrees rapidly, but 

interestingly, the shoulder at ca. 176 cm"' remains until ca. -0.1 V. These results expose 

the fact that different structures (different populations) of the Br ̂  adlayer have different 

vibrational energies. SERS is slightly selective for certain types of sites possibly due to 

contributions from charge transfer-like mechanism to the Raman intensities. 

The intense v(Ag-Br) band observed at Ag electrodes in the 150-160 cm"' region 

in these alcohols is proposed to be due to the formation of Ag-Br adlayer, simultaneously 

Br is hydrogen bonding with interfacial HiO at the electrode surface. This interaction 

may weaken the Ag-Br bond causing a shift to lower frequencies. The band observed at 

ca. 176 cm"' is proposed to be due to Ag-Br stretch which disappears as the Br" ion 

desorbs from the surface. In butanol and pentanol, much weaker v(Ag-Br) band is 

observed. The cyclic voltammogram of 0.4 M LiBr in butanol and pentanol shows a 

large IR drop, suggesting that the ion pairs may exist in these solutions. The formation 

of the Li-Br ion pair may weaken the Ag-Br stretch. 

It is observed in all alcohols that the frequency of the v(Ag-Br) band shifts 

slightly to lower frequencies as the potential is made more negative. Similar shifts as a 

function of potential have been observed in earlier studies in aqueous environments due 

to a change in the polarization of the anion adsorbed at the Ag electrode surface with a 

change in potential.'' 

An earlier study reported direct spectral evidence for Ag-cluster vibrations from 
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Ag electrodes roughened with oxidation-reduction cycles. These were detected as three 

weak features at 73 cm"', 110 cm"' and 160 cm"'."*^- These features were proposed to 

arise from pyramidal Agt' clusters which were defined as "SERS active sites" that have 

been associated with the short-range mechanism of enhancement." The only other 

spectral feature observed in this region is the weak band at ca. 160 cm*' observed at very 

negative potentials in methanol, ethanol, and pentanol. It is believed the weaker feature 

observed at ca. 160 cm"' in these alcohols at very negative potentials is one of the internal 

vibrations of Ag/ clusters. In propanol and butanol, since the experiments are stopped at 

0.0 V and 0.1 V, this feature is not observed in these two solutions. The presence of 

these clusters can be rationalized by creation of these species at negative potentials. At 

negative potentials. Hi gas evolution occurs due to solvent reduction causing roughening 

of the surface. 

2. Potential Dependence of Differential Capacitance and Surface Coverage Data. 

Capacitance-potential data display many features, among which the incidence of 

maxima (characteristic "hump") is one of the most discussed. Qualitative assessment of 

these capacitance data provides information about electrode-solvent and ion-electrode 

interactions. Capacitance data in these alcohols are tabulated in Table 3.4. Based on the 

magnitude of the capacitance values and presence of the characteristic adsorption " 

hump", the capacitance-potential results show the evidence of strong adsorption of Br at 



Table 3.4 Maximum capacitance data in 0.4 M LiBr alcohols 

Solvent (RF/cm-) Potential (V) 

Methanol 130 0.24 

Ethanol 104 0.2 

Propanol 82 0.45 

Butanol 75 0.4 

Pentanol 122 0.1 
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Ag electrode in all alcohols . 

An earlier review ^ about the electrical double layer indicated that in both 

aqueous and many nonaqueous solutions, the capacitance-potential curve is dominated by 

a "hump", because the "hump" is generally thought to be related to reorientation of 

solvent dipoles in the inner layer and anion specific adsorption.^® Similar 

characteristic "humps" are observed in all of the alcohols at Ag electrodes. The 

capacitance is low and tends towards the values observed in non-specifically adsorbed 

CIO4" solutions in all concentrations at the negative potential limit. This observation 

suggests that no anions are adsorbed at these this potentials. At less negative potentials, 

the capacitance increases and the major "hump" appears, the potential of which shifts 

negative as the anion concentration increases. At the most positive potentials, the 

capacitance decreases and the curves merge into a plateau, which may be interpreted as 

an approach to saturation of the surface by specifically adsorbed Br. The "hump" in 

aqueous environments occurs positive of the pzc, consistent with a preferred positive 

(toward the electrode) orientation of the solvent dipole." Since all humps in these 

alcohols are observed positive of the pzc, these results are consistent with those in 

aqueous environments, which suggests that the Br specific adsorption in this series of 

normal alcohols is not significantly different than in aqueous media. 

3. Correlation Between the SERS Results and Surface Coverage Data. 
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By comparing the SERS results with the Br surface coverage data, it can be seen 

that at a Br coverage of ca. 0.4 ML, the v(Ag-Br) band is hardly detectable. Br" surface 

coverage as a function of potential shows Br* gradually desorbs from the surface, while 

the intensity of the main v(Ag-Br) band decreases abruptly as a function of potential, 

with a shoulder of this band still remaining to potentials in the vicinity of the pzc. These 

results suggest that differential capacitance measurements give the total population of Br 

on the surface, while SERS is slightly selective for Br in the adlayer on the surface. 

Collectively, these experiments suggest strong interaction between Br and Ag surfaces in 

these alcohols. This strong interaction between Br and Ag surfaces obscures the metal-

solvent interactions in these systems. The results are consistent with recent studies 

reported from this group: solvent molecules such as alcohols are weakly interactive with 

Ag surface, and in large part are a function of the charge on electrode. 

CONCLUSIONS 

Br surface coverage as a function of electrode potential is. qiiantitatively 

determined by using the Hurwitz-Parsons analysis of capacitance-potential data. The pzc 

is quantitatively estimated using the criterion that the pzc occurs at ca. 5 % of a close-

packed monolayer of Br in 0.4 M LiBr/0.1 M LiClO^ solutions of these alcohols. The 

SERS data suggest that different populations of adsorbed Br exist at the electrode 

surface. The v(Ag-Br) stretch is strongest at positive potentials due to the formation of a 
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Ag-Br adiayer with Br hydrogen bonding with interfacial H2O species. A weaker feature 

is observed at more negative potentials due to Ag-Br stretch. Interfacial HjO species in 

these alcohol systems can stabilize the Ag-Br adiayer. Collectively, these results suggest 

strong metal-ion interactions exist at Ag electrodes in these alcohols. 
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Chapter 4 

INVESTIGATION OF TRACE INTERFACIAL WATER AND 

ELECTROLYTE IONS 

AT Ag ELECTRODES IN NORMAL ALCOHOLS 

USING SURFACE ENHANCED RAMAN SCATTERING 

TNTRODUCTION 

H2O within the electrochemical "double layer" near a metal electrode differs 

significantly from bulk HjO. A detailed, molecular-level description of the structure and 

dynamics of these H2O molecules is of fundamental importance for understanding 

electron transfer, electrocatalysis, and corrosion. Structural details about H2O 

monolayer-metal surface interactions can be obtained using different experimental 

techniques, described in a review by Thiel and Madey.' 
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More recently, molecular dynamics simulations have been employed to 

investigate the structure and dynamics of HiO in the vicinity of metal surfaces.-"^ The 

results of these simulations suggest that, at 300 K, the HjO molecules in the first layer 

adjacent to Pt (111) surfaces exhibit patterns in which the oxygens bond directly to Pt 

atoms on the surface. The second layer of H2O is hydrogen bonded to the first layer of 

adsorbed HiO molecules, and the third layer is hydrogen bonded to the second layer. 

The H2O molecules in these latter two layers display an ordered structure similar to ice-I. 

Beyond these three layers, the structure is essentially that of bulk liquid HjO.^ Thus, the 

perturbation of the liquid H^O structure decays over a distance of ca. 1 nm.^ When a 10'° 

V/m electric-field is applied across the Pt(l 1 l)-solution interface, these simulations 

suggest that HjO molecules reorient, aligning their dipoles along the field; when the field 

is doubled to 2 X 10'° V/m, a dramatic change is seen in the density profile, indicating 

that H2O in the lamina have undergone crystallization.® 

Further work has been done by Philpott and Glosli using molecular dynamics 

simulations to demonstrate the formation of electrical double layers at charged metal 

surfaces in 4 nm thick systems containing 1200-1600 H2O molecules and 1-3 M NaCl.^*" 

Their results suggest that a bulk electrolyte zone, a diffuse layer that screens the charge 

on the electrode, and a layer of oriented H2O molecules localized next to the electrode 

are clearly identifiable regions. The width of the diffuse layer increases with a decreases 

in electrolyte concentration from 0.2 nm at 3 M to 0.5 nm at 1 M.*'" 
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In the classical model of the electrochemical interface, H^O molecules at the 

surface are thought to be oriented by solvent dipole-electric field interactions. Thus, H2O 

molecules reorient as the applied potential passes through the potential of zero charge 

(pzc). At potentials positive of the pzc, the HiO dipoles are oriented towards the metal 

surface. At potentials negative of the pzc, the HiO dipoles flip and are oriented away 

from the surface. Thus, the interaction between the HjO molecules and the surface is 

through the oxygen atom at potentials positive of the pzc and through the hydrogen 

atoms negative of the pzc. 

Recently, in situ far-IR spectroscopy has yielded information about the potential 

dependence of interfacial HiO at Ag electrodes in 0.1 M NaF solution through probing 

the v(Ag-0H2) vibration.'- It was found that the adsorption of F" at potentials positive of 

the pzc decreases the coverage of H^O at the Ag surface, either by displacement of HiO 

from the electrode surface by the adsorption of F", or by the breaking Ag-OH^ bonds to 

allow solvation of F" brought near the surface. The v(Ag-0H2) mode is also still 

observed at potentials negative of the pzc, suggesting that some H2O species are still 

bound to Ag through the oxygen atom. This conclusion contradicts the classical model 

of H2O at electrochemical interfaces. 

Since 1981, surface enhanced Raman scattering (SERS) has been used to 

investigate the behavior of interfacial H2O at metal electrodes.Several reports 

describe the now well-understood roles played by halide and pseudo-halide ions in the 
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SERS of interfacial H2O. The presence and width of certain v(O-H) bands are 

generally determined by the nature of the cation present. Specifically, two bands are 

observed for interfacial H2O that are dependent on the nature of the cation. In solutions 

of cations with low hydration energies (e.g., Cs", Rb \ K*), HiO exhibits a narrow 

symmetric band at ca. 3510 cm*^ These cations are not weil-solvated by H^O molecules 

and can adsorb to the electrode surface at potentials negative of the pzc. In these cases, 

HiO molecules are aligned such that the oxygen atom interacts with the electrode surface. 

In solutions containing cations with higher hydration energies (e.g., Na*, Li", Ba*, Sr", Ca 

*, Mg^"), HiO exhibits a more asymmetric band at ca. 3550 cm These cations are 

strongly solvated and can not specifically adsorb to the electrode surface. The H^O 

molecules in these solutions are believed to be preferentially aligned in the interface with 

their hydrogen atoms toward the electrode and the oxygen atoms interacting with the 

cations. 

The majority of surface enhanced Raman scattering studies of interfacial HjO 

behavior have been performed in aqueous media. These studies are difficult due to 

severe spectral interference from bulk H2O. Considerably fewer SERS measurements 

have been reported in nonaqueous electrochemical environments. Vibrational bands in 

the v(O-H) region originate either from trace H2O that remains after purification of these 

solvents or from H2O intentionally added to the solvent. In these nonaqueous interfaces, 

the extensive hydrogen-bonding of bulk H2O is broken, resulting in v(O-H) bands of 
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greater resolution than are observed in aqueous media. Trace H^O in these nonaqueous 

systems appears to be strongly interactive with interfacial ions, ^ and under certain 

circumstances, the electrode surface. 

It is important to understand the behavior of interfacial HjO in these nonaqueous 

systems. Previous SERS studies have been quite informative and are suggestive of a 
« 

micro-heterogeneous interfacial solvent environment. Irish reported the observation of 

vibrational modes due to H2O, DjO, HOD, OH", and microcrystallites of LiOH at 

negative potentials in SERS studies of acetonitrile solutions at Ag electrodes.^^ Similar 

results were reported for SERS studies at Ag electrodes in propylene carbonate solutions 

of alkali halides." 

SERS investigations of the interfacial structure of the butanol isomers at Ag 

electrodes have been reported from this laboratory.-* Bands originating from trace HjO 

in these solvents are observed which are quite sensitive to the nature of the anion and 

cation of the MX (M = Li", Na*; X = CI", Br, I", ClO+O electrolyte.^*" ̂  In LiX solutions, 

six v(O-H) bands were observed depending on the electrode potential. Three v(O-H) 

bands were attributed to trace HjO solvating anions and Li"" in primary and, perhaps, 

outer solvation shells. The frequencies of these bands depend on the specific isomer of 

butanol used as the solvent. In addition, three bands from OH* are detected resulting 

from the reduction of HiO at negative potentials. The results of this previous study 

suggest that H2O molecules cluster around ions in the interface and are not 
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homogeneously dispersed. This image is rather different from the classical model in 

which the interface is viewed as a homogenous mixture of its constituent parts. 

The study reported here was undertaken as an extension of this previous effort, 

with the goal of investigating the behavior of trace interfacial HjO and Li" and Br* ions at 

Ag electrodes in the series of alcohols methanol, ethanol, propanol, butanol, and pentanol 

as a function of potential. The SERS data presented here are correlated with differential-

capacitance experiments and low frequency SERS data presented in a submitted paper 

to obtain a more complete picture of the interfacial molecular structure in these systems. 

RESULTS 

Raman Spectroscopv of Bulk Alcohol Solutions 

Figures 4.1 to 4.5 show Raman spectra in the v(O-H) region between ca. 3100 

and 3900 cm*' for five of the neat alcohols methanol, ethanol, propanol, butanol, and 

pentanol and solutions in saturated LiBr of these alcohols. The peak frequencies for all 

alcohols are tabulated in Table 4.1. All of the spectra for the neat alcohols exhibit broad 

bands in the vicinity of ca. 3335 cm*' attributable to the v(O-H) vibration.^'*^^ In most 

cases, these spectral features are asymmetric and appear to contain multiple bands under 

the v(O-H) envelope indicative of multiple environments of the alcohol hydroxyl group. 

The v(O-H) behavior for neat methanol (Figure 4.1a) is poorly defined and weak in 

intensity due to the multiplicity of hydroxyl group for this alcohol. With saturated LiBr 
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(Figure 4.1 b), one main band is observed. For ethanol to pentanol, the peak frequencies 

for the predominant v(O-H) mode generally increase slightly with chain length going 

from 3321 cm"' to 3345 cm'^ In neat ethanol through neat pentanol, an additional weak 

band at higher frequencies is observed which has been attributed to the v(O-H) mode of 

monomers of these alcohols.^^ This band is observed at 3638 cm"' in ethanol, 3639 cm"' 

in propanol, 3634 cm"' in butanol, and 3637 cm*' in pentanol, respectively. 

The presence of saturated LiBr causes significant changes to the Raman spectral 

response of these alcohols. In all cases, the primary v(O-H) band narrows and shifts to 

higher frequencies by 30 to 60 cm"'. In addition, in alcohols in which monomer bands 

are observed in neat solution, the intensities of these monomer bands uniformly decrease 

indicating fewer such species. The Raman spectral results obtained here for the neat 

alcohols and LiBr-saturated alcohols are consistent with previous infrared studies of 

anion-containing alcohol solutions^^ and Raman studies of alcohol-lithium salt 

mixtures.^' 

SERS Behavior at Electrodes in LiBr/Alcohol Solutions 

SERS studies at Ag electrodes in these alcohols containing 0.4 M LiBr were 

generally performed in the potential region between ca. +1.0 V and -1.0 V on the rational 

potential scale. Cyclic voltammetry shows that at potentials more positive than this, 

oxidation of the Ag surface occurs which precludes spectral investigation. Reduction of 



146 

Table 4.1. Raman Spectra Frequencies of v(0-H) Bands in Bulk Alcohol Solutions. 

Alcohol Neat, v(O-H) (cm'O Saturated LiBr, v(O-H) (cm'') 

Methanol 3262 (m), 3337 3264, 3400 

Ethanol 3259(w), 3345, 3636(m) 3375, 3636(m) 

Propanol 3336, 3635(m) 3363, 3635(m) 

Butanol 3332, 3635(ra) 3367, 3633(m) 

Pentanol 3344, 3636fm) 3368. 3636fm) 

m: intensity medium 

w: intensity weak 
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Figure 4.1 Neat methanol (a), saturated LiBr in methanol (b). 
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Figure 4.2 Neat ethanol (a), saturated LiBr in ethanol (b). 
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Figure 4.3 Neat propanol (a), saturated LiBr in propanol (b). 
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Figure 4.4 Neat butanol (a), saturated LiBr in butanol (b). 
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trace H^O is also observed beginning at ca. 0.0 V. However, these currents are small 

enough that spectra can still be acquired out to ca. -1.0 V before bubbles of hydrogen gas 

are generated that interfere with the spectroscopy. 

Spectra in the v(O-H) region contain up to four distinct bands from interfacial 

H2O species which define the behavior of the H2O and Li^ and Br ions in the interface as 

a function of potential. From lowest to highest frequency, these bands are labeled in the 

Figures as A, C, F, and H.® The frequencies of these bands at representative potentials at 

which these bands are observed are given in Table 4.2. 

Methanol. Figure 4.6 shows potential-dependent SERS spectra at Ag electrodes in the 

v(O-H) region in methanol containing 0.4 M LiBr. These spectra were acquired between 

+0.7 V and -0.5 V. Three distinct v(O-H) bands attributable to trace H^O in the interface 

are observed between 3300 and 3700 cm*' labeled as A, C, and F. A broad, symmetric, 

and intense A band is observed at 3497 cm"' at +0.7 V. This band has previously been 

attributed to H^O species interaaing with the Ag surface through their oxygen atoms and 

which are hydrogen-bonded to specifically adsorbed Br.^ The frequency of this band 

shifts from 3497 to 3387 cm"' as the potential is changed from +0.7 V to -0.5 V, 

suggesting a stronger hydrogen bonding interaction as Br desorbs from the surface. The 

intensity of the A band decreases as the potential is made increasingly negative. This 

observation, along with the results of differential-capacitance measurements and the 



Table 4.2 v (0-H) band assignments and frequencies (cm"') 

Mode Methanol 1 Ethanol Propanol Butanol | Pentanol 

A band 

Potential 

(V) 

v(O-H) 

cm' 

Potential 

(V) 

v(O-H) 

cm"' 

Potential 

(V) 

V(O-H) 

cm"' 

Potential 

(V) 

v(O-H) 

cm"' 

Potential 

(V) 

v(O-H) 

cm"' 

A band 

0.7 3497 0.6 3521 0.8 3528 0.7 3502 0.6 3505 

A band 
0.5 3453 0.4 3499 0.6 3515 0.5 3502 0.4 3505 

A band 
0.3 3422 0.2 3483 0.4 3500 0.3 3502 0.2 3505 

A band 

0.1 3387 0.0 3422 0.2 3500 0.1 0.0 3505 

F band 

0.7 3639 0.6 3632 0.8 3618 0.7 3624 0.6 3632 

F band 

0.5 3631 0.4 3628 0.6 3618 0.5 3624 0.4 3632 

F band 
0.3 3628 0.2 3628 0.4 3612 0.3 3624 0.2 3632 

F band 
0.1 3622 0.2 3612 0.1 3615 0.0 3627 



in 

Mode 1 Methanol Ethanol Propanol 1 Butanol 1 Pentanol 

0.7 3593 0.6 3601 0.8 3580 0.7 3585 0.6 3576 

0.5 3593 0.4 3601 ' 0.6 3580 0.5 3585 0.4 3576 

0.3 3593 0.2 3576 0.4 3580 0.3 3585 0.2 3576 

0.1 3593 0.0 3560 0.2 3578 0.1 3585 0.0 3576 

-0.1 3591 -0.2 3555 0.0 3573 -0.1 3576 -0.2 3576 

-0.3 3590 -0.4 3550 -0.2 3565 -0.3 3560 -0.4 3561 

C band -0.5 3580 -0.6 3542 -0.4 3556 1 P
 

: 

3560 -0.6 3561 

-0.7 3580 -0.6 3552 -0.7 3560 

-0.8 3552 

-0.4 3659 0.0 3661 -0.3 3660 -0.2 3660 

-0.6 3659 -0.2 3661 -0.5 3660 1 o
 

3660 

1 o
 

3661 1 o
 

3660 -0.6 3660 

-0.6 3661 1 o
 

3660 
H band -0.8 3661 
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Figure 4.6 SERS spectra in v(O-H) region for methanol containing 0.4M 
LiBr (60s integration). 
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SERS data in the v (Ag-Br) region presented in the recently submitted paper for this 

research group,^ are consistent with desorption of specially adsorbed Br" as the potential 

approaches the pzc. A weak feature in the vicinity of the A band remains negative of the 

pzc which may be due to the v(O-H) band of methanol. 

A band at 3639 cm"' identified as the F band is also observed at +0.7 V. This 

band has previously been attributed to "free" HiO in the interface.^ This band decreases 

in intensity as the potential is changed from +0.7 V to + 0.1 V, while the frequency 

decreases slightly from 3639 to 3631 cm''. As the potential approaches the pzc, the F 

band abruptly disappears. 

A weak feature at 3593 cm"' assigned to the C band grows in with the F band at 

+0.7 V. No observable frequency shift is noted in this band until the potential 

approaches the pzc; the intensity increases dramatically at this potential. An intense, 

symmetric C band at 3693 cm"' is observed at +0.1 V, and the frequency of this band 

decreases from 3593 to 3580 cm*' as the potential is changed from +0.1 V to -0.7 V. 

Ethaml. Figure 4.7 shows potential-dependent SERS spectra in the v(O-H) region for 

ethanol solutions containing 0.4 M LiBr. Spectra were acquired in the potential region 

from +0.6 V to -0.6 V on the rational potential scale. These spectra contain up to four 

distinct v(O-BI) bands from interfacial H2O labeled as A, C, F, and H. Many changes are 

observed in these spectra as the potential is changed from +0.6 V to 0.0 V. A broad and 
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intense A band is observed at 3521 cm"' at +0.6 V which is narrower than the A band 

observed in methanol solution. As the potential is changed from +0.6 V to 0.0 V, the 

frequency of the A band decreases from 3521 to 3422 cm"\ indicating a stronger 

hydrogen bonding interaction as Br desorbs from the surface. The intensity of the A 

band decreases, and almost disappears as the potential approaches the pzc. The F band at 

3660 cm"' is also observed at +0.6 V but is considerably weaker than in methanol. No 

detectable frequency shift is noted as the potential is changed from +0.6 V to the pzc, 

where the F band disappears. A weak C band at 3601 cm"' is observed with the F band at 

+0.6 V. This band is more symmetric than that observed in methanol. No observable 

frequency shift is noted until the potential approaches the pzc; the intensity increases 

dramatically at this potential. As the potential is changed from the pzc to -0.6 V, the C 

band shifts slightly from 3545 to 3542 cm"^ A sharp H band at 3660 cm"' is observed at -

0.4 V. This band has previously been attributed to microcrystallites of LiOH on the 

electrode surface formed by the reduction of trace HiO.^ No frequency shift of this band 

is noted. 

Propaml. SERS studies in propanol containing 0.4 M LiBr were performed in the 

potential region between +0.8 V to -0.8 V. The spectra in the v(O-H) region (Figure 4.8) 

contain four distinct bands from interfacial H2O species, labeled as A, F, C, and H. The 

potential-dependence of the v(O-H) orientation has been discussed in previous 
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Figure 4.7 SERS spectra in v(O-H) region for ethanol containing 0.4M LiBr (60s 
intergration). 
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papers,^'' ̂  and will not be repeated here. In contrast to the behavior in methanol and 

ethanol, only a weak A band at 3528 cm*' is observed at +0.8 V. This band diminishes as 

the potential is changed to +0.4 V. In contrast to the weak A band, a much stronger F 

band at 3618 cm"' is observed at +0.8 V. No observable frequency shift of this band is 

noted as the potential is made more negative. A weak C band is observed with the F 

band at 3580 cm"' at +0.8 V. No observable frequency shift of this band is noted until 

the potential approaches the pzc where its intensity increases dramatically. This band 

shifts to 3552 cm*' as the potential is made more negative to -0.6 V. The H band at 3661 

cm*' is observed at 0.0 V. The intensity of this band increases as the potential is made 

more negative. 

ButanoL Figure 4.9 shows SERS spectra in the v(O-H) region in butanol containing 0.4 

M LiBr in the potential region between +0.7 V and -0.9 V. A, F, C, and H bands due to 

trace interfacial HoO are observed between 3400 and 3700 cm"'. The weak feature of A 

band is observed at ca. 3502 cm*' at +0.7 V and disappears as the potential approaches 

the pzc. The F band is observed at 3624 cm"' at +0.7 V. A slight shift in frequency is 

observed as the potential is changed from +0.7 V to +0.1 V. The F band rapidly 

disappears as the potential approaches the pzc. The C band at 3585 cm"' is observed with 

the F band at +0.7 V. No observable frequency shift is noted until the potential 

approaches the pzc; the intensity increases dramatically at this potential. An intense, 
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Figure 4.8 SERS spectra in v(O-H) region for propanol containing 0.4M LiBr (60s 
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symmetric C band is observed at 3576 cm'^ at -0.1 V and shifts lower to 3561 cm"' at -0.4 

V. The H band is first observed at 3660 cm"' at -0.3 V and becomes more intense as the 

potential is changed to -0.9 V. 

In addition to the HiO modes observed, three weak bands (not shown) originating 

from v(O-H) modes of interfacial butanol are observed at +0.7 V. These bands at ca. 

3160, 3220, and 3300 cm"' are assigned to different hydrogen-bonded interfacial butanol 

species, possibly linear or cyclic oligomers such as dimers or trimers.^^ These peaks are 

much narrower and shifted to lower frequencies relative to bulk solution, consistent with 

previously published results on v(O-H) modes from interfacial alcohols from this 

laboratory. -*• ^ The presence of such species can be explained by the presence of Br 

at the surface at +0.7 V which prohibits direct contact between the alcohols and the 

surface. 

Pentofjol. Figure 4.10 shows SERS spectra for pentanol containing 0.4 M LiBr between 

+0.6 V and -0.6 V. A, F, C, and H bands are observed in these spectra. The A band is 

observed at 3505 cmat +0.6 V. In contrast to the behavior in the other alcohols, no 

frequency shift of this band is observed as the potential is made negative. The A band 

disappears at the pzc. An asymmetric, narrow F band is observed at 3632 cm"' at +0.6 V. 

No frequency shift is noted for this band as the potential is made more negative. The F 
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Figure 4.9 SERS spectra in v(O-H) region for butanol containing 0.4M LiBr (60s 

intergration). 
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Figure 4.10 SERS spectra in v(O-H) region for pentanol containing 0.4M LiBr (60s 
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band disappears in the vicinity of the pzc. A weak C band at 3576 cm*' is observed with 

the F band at +0.6 V. No frequency shift is noted until the potential approaches the pzc, 

where the intensity increases sharply. An intense, symmetric C band is observed at -0.2 

V. This band is narrower than in the other alcohols and the frequency shifts from 3576 

cm"' to 3561 cm"' as the potential is changed from -0.2 V to -0.6 V. The H band is 

observed at 3660 cm"' at -0.2 V and becomes more intense as the potential is changed 

from -0.4 V to -0.6 V. 

DTSrUSSTON 

Previous SERS studies from this laboratory have shown that weak v(O-H) modes 

from interfacial alcohols are detected at 3335 cm"', 3349 cm"', 3300 cm"', and 3348 cm"' 

for methanol, propanol, butanol, and pentanol respectively." These frequencies are ca. 

150 cm*' lower than the v(O-H) bands from interfacial HoO species reported here. 

Applying generally accepted theories of SERS surface selection rules,^® weak v(O-H) 

bands from the alcohols suggests that the alcohol hydroxyl bond is oriented largely 

parallel to the surface, consistent with the previously proposed pictures from this 

laboratory.^^ Based on these previous observations, the v(O-H) bands assigned as A, F, 

C, and H in the region from 3500 cm"' to 3660 cm"' are consistent with interfacial H2O 

and not v(O-H) from alcohol species. 
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The F Band 

The F band is proposed to originate from "free" monomeric interfacial H2O 

species.^' These species are observed between 3610 and 3640 cm*', significantly higher 

than all other H2O species observed in this work. This frequency is consistent with an 

environment in which hydrogen bonding is relatively weak. In fact, this frequency 

region is near that observed for H^O monomers at 3690 cm"' in bulk water."- Despite 

this high frequency, however, the observation of a 30 cm*' variance in position of the F 

band in the different alcohols and a small dependence of frequency on electrode potential 

suggest some weak hydrogen bonding of these species. In our previous studies of HiO in 

the isomers of butanol containing LiX (X = CI", Br, I*, and €104*),^ the position of this 

band was shown to have a dependence on the nature of the anion in a given solvent. This 

observation was explained as being indicative of the interaction of F-band HjO species 

with specifically adsorbed anions in these systems. The solvent dependence of the 

position of this band observed for the series of normal alcohols studied here can be 

interpreted on a similar basis. 

Figure 4.11 shows the frequency of the F band as a function of potential. 

Considering the behavior at the most positive potential achievable in each solvent, one 

notes that, in progressing through the alcohol series, a minimum in frequency of the F 

band is observed in propanol. This behavior is interpreted on the basis of two competing 

phenomena with alcohol chain length in these systems. These two phenomena are 
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Figure 4.11 Frequencies of the F band versus rational potential for alcohols: (A) 
methanol, (•) ethanol, (•) propanol, (•) butanol, and (•) pentanol. 
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proposed to derive from the same trend of the alcohols with increasing chain length, a 

decrease in hydrogen bonding ability.^' The two competing phenomena can be 

understood by consideration of two effects, the solvation (hydrogen bonding) of 

specifically adsorbed anions by the alcohol and the hydrogen bonding of the F band HjO 

with the alcohol in the interface. These effects would lead to the observed minimum in 

the following way. As the alcohol chain length increases, the alcohols solvate 

specifically adsorbed Br" less, promoting greater hydrogen bonding between F-band HjO 

species and Br*. This effect would lead to a systematic decrease in frequency for F band 

HjO species as alcohol chain length increases. However, "free" H2O species in the 

interface also interact by hydrogen bonding with alcohol molecules in the interface. As 

the alcohol chain length increases, the extent of this hydrogen bonding should decrease 

which would lead to an increase in frequency of the F band. We propose that these two 

effects compete in these interfaces at positive potentials leading to the behavior shown in 

Figure 4.10. 

The frequency behavior of the F band near the pzc is similar for the same reasons, 

although the trends are not as clear as at the more positive potentials. The weak, 

although non-zero, potential dependence of the F band frequency suggests slightly 

increased hydrogen bonding near the pzc in all solvents. This behavior is consistent with 

release of the specifically adsorbed Br as the potential nears the pzc. 

The intensity of the F band is dependent on the concentration of H2O in each 



168 

solvent and the electrode potential. Generally, the intensity of the F band at the most 

positive potentials increases as the concentration of H^O increases. Thus, the intensity of 

the F band in ethanol is the lowest, since it contains the least H^Oby GC. In fact, the 

intensity of the F band increases in the order ethanol < methanol < propanol = butanol = 

pentanol. This trend is generally opposite to the solubility of HiO in these solvents,'"'^^ 

suggesting that HiO collects in the interfacial region in these systems where, due to the 

higher ion concentration, it is more likely to find species with which it can hydrogen 

bond relative to the environment posed by the bulk solution. It should be noted that the F 

band intensity can become very large when the solvent HiO concentrations greatly 

exceed those used here; under these conditions, the large intensity of the F band masks 

the behavior of all other v(O-H) bands observed from HiO in the interface. 

The potential dependence of the F band is interesting and deserves further 

comment. In all solvents, the intensity of the F band decreases as the potential 

approaches the pzc and disappears at potentials slightly negative of the pzc. We propose 

that this behavior is due to two effects, a decrease in the distance of solvated Li* in the 

outer Helmholtz plane from the surface leading to a squeezing out of "free" H2O species, 

and electrochemical reduction of "free" H2O species in the interface. The former effea is 

supported by the growth of the C band at potentials negative of the pzc. Moreover, the 

proposal that "free" H2O species are the first to be reduced is reasonable, since these are 

the most unstable HjO species in the interface. 
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The A Band 

The A band is observed between 3385 and 3530 cm"' in these alcohols depending 

on the nature of the solvent and the electrode potential. Based on previous SERS work in 

aqueous media^' -* and in the butanol isomers at Ag electrodes,^ the A band is assigned 

to surface-bound H2O which is hydrogen-bonded to specifically adsorbed Br. HjO 

species represented by the A band are thought to be contact adsorbed through their 

oxygen atoms at the positively charged electrode surface with their hydrogen atoms 

engaged in lateral hydrogen bonding with specifically adsorbed Br. This band is the 

most intense at positive potentials and disappears in the vicinity of the pzc, consistent 

with the decrease in Br specific adsorption at these potentials. 

Figure 4.12 shows spectra from all of the alcohols at the most positive potential 

where the A bands are at their maximum intensities. The A band is best resolved and 

most intense in methanol and ethanol, suggesting the greatest number of these H^O 

species in these media. The A band is much weaker in propanol, butanol, and pentanol, 

even though these solvents contain H^O in amounts comparable to that in methanol and 

ethanol and even though the surface coverage of specifically adsorbed Br from 

differential capacitance measurements is comparable in all solvents.^ These observations 

suggest that as the medium becomes more "organic-like", the interfacial H2O species are 

better energetically accommodated elsewhere in the interface, perhaps interacting with 

Li" in the outer Helmholtz plane, than hydrogen bonding with adsorbed anions or alcohol 
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Figure 4.12 SERS spectra in v(O-H) region for methanol, ethanol, propanol, butanol, 

and pentanol containing 0.4M LiBr at positive potentials (60s integration). 



Table 4.3. A Band's Slope: Frequency (cm'O / V 

Alcohols Slope (cm'^AO 

Methanol 183 ±5 

Ethanol 165 ±5 

Propanol 4 7  ± 4  

Butanol 7 ± 2  

Pentanol 0 ± 2  
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Figure 4.13 Frequencies of the A band versus rational potential for all alcohols: (A) 
methanol, (•) ethanol, (•) propanol, (•) butanol, and (•) pentanol. 
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solvent molecules at the electrode surface. This reasoning is generally consistent with 

the A band frequencies observed in each solvent. The A-band HjD species are hydrogen 

bonded to the greatest extent in methanol (lowest A band frequency) and to the least 

extent in butanol and pentanol (highest A band frequencies.) 

Figure 4.13 shows plots of A band frequency as a function of electrode potential 

in these alcohols. Linear regression of these data yields the slopes in cm''/V shown in 

Table 4.3. The slopes range from ca. 183 cm'^/V in methanol to 0 cm'^ in pentanol, 

with a systematic decrease in slope observed through the alcohol series. Thus, the 

magnitude of the frequency-potential slope parallels the solvent dependence of the A 

band frequencies. Collectively, these data indicate that potential has the greatest effect 

on the hydrogen bonding of A band HiO species in media in which the hydrogen bonding 

is the strongest, methanol and ethanol, and the least effect in media in which the 

hydrogen bonding is the weakest, butanol and pentanol. 

The C Band 

The C band is assigned to H2O species in the inner solvation shell of Li* based on 

the earlier SERS work of Chen" and Fleischmann^- at Ag electrodes in aqueous media 

and based on previous work from this laboratory at Ag electrodes in the isomers of 

butanol.-' These species yield the greatest intensity of the C band when they at the 

electrode surface. Under these circumstances, these H2O species are presumed to be 
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solvating Li" through their oxygen atoms, leaving their hydrogen atoms free to interact 

with the electrode surface. This situation is envisioned to be that existing at a negatively 

charged electrode surface, and in fact, is where the C band is observed at the greatest 

intensities in the spectra in Figures 4.6-4.10. However, careful examination of the 

spectra at more positive potentials reveals the presence of weak C bands, specially in 

butanol and pentanol solutions, presumably due to solvated Li" species in the outer 

Helmholtz plane. The frequencies of these bands are tabulated in Table 4.2. 

Figure 4.14 shows plots of the frequency of the C band as a function of electrode 

potential for each solvent. The frequency of the C band is invariant until potentials in the 

vicinity of the pzc are reached. As the potential is made negative of the pzc, the C band 

frequency systematically decreases in all solvents. These observations are rationalized 

on the basis of the increasing electrostatic attraction of Li" for the increasingly negative 

electrode surface. This attraction draws the solvated Li" towards the electrode surface, 

removing outer hydration layers (perhaps the HjO species represented by the F band), 

and squeezing the remaining HiO in the inner solvation layer between the Li" and the 

surface. This interaction of the primary hydration sphere with the electrode surface in a 

hydrogen atom-down fashion decreases the strength of the 0-H bpnd leading to the 

observed decrease in frequency of the C band with potential. 

The frequency of the C band shows solvent dependence as well which generally 

follows the ability of these alcohol solvents to hydrogen bond with the C-band H^O. 



176 

Thus, at the most negative potentials, the C band is observed at the higher frequencies 

indicative of poorer hydrogen bonding enviroimients in propanol, butanol, and pentanol 

relative to ethanol. Methanol does not follow the expected behavior for this series for 

unknown reasons. 

The H band 

The band at 3660 cm"' observed at negative potentials is assigned as the H band. 

The same band has been observed in other nonaqueous environments including 

propylene carbonate and the isomers of butanol.^* It has been attributed to 

microcrystallites of LiOH that precipitate onto the electrode surface after the reduction of 

H2O to form OH'. This band is extremely narrow consistent with a crystalline 

environment. The frequency of this band is insensitive to the nature of the solvent, 

consistent wdth its assignment to LiOH. 

Total Interfacial Picture 

The SERS spectral data reported here and in previous papers and the differential 

capacitance measurements reported in the previous paper in this Journal allow one to 

construct a more complete interfacial picture of these interfaces than has been previously 

realized. Combining the SERS results from this study with previous SERS results on the 

interfacial behavior of the alcohols obtained in this laboratory,a molecular picture 
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of the interface emerges that is described below. Butanol has been selected as 

representative of the proposed interfacial structure existing at Ag electrodes in these 

systems, since the SERS results suggest that the behavior is generally similar for this 

series of alcohols. Schematics of the proposed interfacial structures positive and negative 

of the pzc are shown in Figure 4.15. 

At a potential far positive of the pzc, the proposed picture is shown in the top of 

Figure 4.15. One significant aspect of the proposed model that differs from the classical 

model of the electrochemical interface is that the constituent species are distributed 

heterogeneously as opposed to the homogeneous distribution implicitly implied in the 

classical picture. Previous SERS results have suggested that the alcohols are generally 

oriented parallel to the electrode surface at these potentials. However, in light of the 

differential capacitance results which indicate an almost close-packed monolayer of 

specifically adsorbed Br at these potentials, the closest approach of the alcohol 

molecules to the electrode surface must be the second layer and beyond. This hypothesis 

is consistent with the total lack of spectroscopic evidence for direct interaction of the 

alcohol molecules with the surface such as the presence of a v(Ag-O) band or any 

perturbation in the frequencies of the alcohol vibrational modes. Within these layers 

adjacent to the adsorbed Br, several interactions, including electric field-alcohol solvent 

dipole interactions, alcohol solvent-alcohol solvent interactions, alcohol solvent-water 

interactions, or alcohol solvent-specifically adsorbed Br interactions, could dominate 
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leading to various orientations of the alcohol molecules. Monceli and co-workers have 

pointed out that the H2O molecules interact with each other via both dipole-dipole forces 

and H-bonds, whereas alcohol molecules interact via dipole-dipole forces only.^^ " 

Based on our SERS spectral data, we propose that alcohol-alcohol interactions dominate 

in this second layer (although probably not exclusively), typical of highly structured 

alcohol solutions such as those near the melting point of the alcohol. Previous 

vibrational spectroscopy on alcohols has established the presence of linear and cyclic 

dimers, trimers and higher oligomers under such conditions, and these are the species that 

we proposed exist in these first few layers of alcohol near the electrode surface. This 

conclusion is supported by our previous observation of multiple bands for the v(O-H) 

mode in the alcohols.^' In the schematic in Figure 4.15, these oligomeric species are 

indicated by butanol dimers. A similar picture is proposed for the other alcohols in this 

series. It should be noted that this picture differs slightly one previously proposed from 

this laboratory formulated prior to the acquisition of the differential capacitance data. In 

this previous picture, although the orientation of the alcohols was the same for this 

potential regime, the alcohols were proposed to be in contact with the electrode surface. 

The trace H2O species observed spectroscopically at potentials positive of the pzc 

predominantly exist in two forms. A-band H2O species are those engaged in hydrogen 

bonding with specifically adsorbed Br, probably contacting the electrode surface 

through their oxygen atoms. The second type of H2O species at these potentials are 
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monomeric H2O species that may be free in the interface or loosely held in an outer 

aqueous solvation sphere of Li". 

At potentials negative of the potential of zero charge, the interfacial structure 

changes considerably as indicated in the schematic at the bottom of Figure 4.15. These 

changes are envisioned to result from the desorption of specifically adsorbed Br as the 

potential is made negative. Once Br* is repelled from the surface,- the alcohol molecules 

are free to interact with the electrode surface in an interaction is proposed to be through a 

portion of the alkyl chain, possible just the methyl group. Direct spectroscopic evidence 

for this interaction has been sensed through observation of a "soft" v(C-H) mode at 

frequencies significantly lower than normal for these alcohols.^*" ^ It is again 

important to note that this picture varies slightly from one previously proposed from this 

laboratory in that the alcohol molecules are inverted with respect to their previously 

proposed orientation. Both nearly vertical orientations at negative potentials are 

consistent with SERS surface selection rules, and, in fact, they caimot be distinguished 

on this basis. We have flipped our proposed vertical orientation, however, in light of 

recent quantum mechanical calculations for pentanol adsorbed onto a negatively charged 

Hg surface"*^ which support the orientation shown in Figure 4.15. 

Important interfacial H^O species at these negative potentials are proposed to be 

predominantly those solvating Li" in primary solvation shells at the negatively charged 

electrode surface. In addition, LiOH microcrystallites precipitated on the electrode 
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surface from OH" formed by electrochemical HiO reduction at negative potentials are 

also observed. 

SinVIMARY 

Interactions of trace interfacial HiO species with the electrolyte in nonaqueous 

solutions of methanol, ethanol, propanol, butanol and pentanol have been elucidated on 

the basis of their distinct spectroscopic signatures. Four v(O-H) bands, designated as A, 

F, C, and H, are observed in these alcohols which are a sensitive function of the solvent, 

the residual HjO concentration, and the electrode potential. The A band, attributed to 

HiO species hydrogen bonded with specifically adsorbed Br, is best resolved and most 

intense in methanol and ethanol indicating the greatest number of these species in these 

solvents. The F band is most intense in propanol, butanol, and pentanol suggesting that 

the lower solubility of H2O in these solvents makes the Li^-rich electrochemical interface 

more desirable than bulk solution. The important implications of these observations are 

that Li* ions appear to carry a disproportionate number of trace H2O species in these 

electrolyte solutions, and that the H2O species that do interact with certain Li* may be 

clustered. Detailed molecular pictures of the electrochemical interface existing at Ag 

electrodes in these media have been proposed in different potential regimes. 
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Chapter 5 

BROMIDE SURFACE COVERAGES AT SMOOTH Au 

ELECTRODES IN THE BUTANOL ISOMERS FROM 

DIFFERENTIAL CAPACITANCE MEASUREMENTS 

INTRODUCTION 

Determination of the orientation of solvent molecules and the chemical nature of the 

interaction of these solvent molecules at metal electrodes is of considerable interest to 

electrochemists due to the importance of the interfacial molecular structure in influencing 

heterogeneous electron transfer events. Electrochemical properties of an electrode-

electrolyte interface depend crucially on the solvent characteristics such as the dipole 

moment and the size of its molecules, its dielectric properties, the donor-acceptor 

properties, the solvation energy of solution components as well as the solvent surface 

properties. The solvent plays an important role in electrochemical systems through 

solvation of the electrode surface, supporting electrolyte, and electroactive species in the 



183 

interfacial region. However, very little detailed information at a molecular level is 

available about solvent molecules within electrochemical interfaces. The paucity of 

studies in this area is particularly acute for nonaqueous electrochemical systems. 

Differential capacitance measurements hold promise for the elucidation of certain 

molecular details about electrochemical interfaces. However, a theoretical analysis of the 

capacitance characteristics for solid electrodes, even for simple metals, is considerably 

complicated in comparison with that for liquid metals and alloys.- One of the reasons is a 

crystallographic inhomogeneity of solid metal surfaces, which is due to both the 

difference between properties of individual faces of the same metal and an influence of 

various defects on the surface structure. Secondly, real solid surfaces are not flat.' In 

general, differential capacitance curves at high negative charges are almost coincident for 

all electrodes, although the capacitance values are obviously solvent dependent. The 

capacitance variation upon decreasing the negative charge, i.e. its gradual increase, is 

also similar for all metals, the rate of capacitance change being specific for each metal. 

At high negative charges, the solvent molecules are orientated in accordance with the 

electric field. A decrease in the negative charge leads to a manifestation of the 

interaction between the oxygen in H2O, DMSO, DMF or NMF, or the CN group in AN, 

and the metal surface. Solvent molecules change their orientation, turning the negative 

end of the dipole towards the electrode surface, and this effect increases at smaller 

negative charges. This reorientation is accompanied by a change in the potential drop 
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within the compact layer due to solvent, which results in an additional electric charge 

being supplied, i.e. in an increase in the capacitance.-

In previous work from this laboratory, the potential-dependent solvent orientation of 

a series of alcohols, including the normal alcohols (C„H2„+iOH, n = 1 -5) ^ "'and several 

butanol isomers ®(l-butanol, 2butanol, and iso-butanol) were determined in-situ on 

polycrystalline Ag electrodes using SERS. The results of these studies indicate that the 

alcohols respond rather uniformly in terms of their surface orientation to changes in 

charge on the electrode surface. At potentials positive of the potential of zero charge 

(pzc), where the electrode surface has a positive charge, the hydroxyl end and sterically 

unencumbered alky portions of the alcohols reside close to the surface. Significant 

hydrogen bonding between the alcohol hydroxyl group and specifically adsorbed anions 

also occurs, which may, in part, be responsible for dictating the orientation of the alky 

portion of the molecule. At the other extreme in potential, where the electrode surface 

has a negative charge, the terminal methyl end of the molecule remains close to the 

surface, and the negatively charged hydroxyl portions of the alcohols are repelled from 

the surface. This orientational change is proposed to be the result of two effects, the loss 

of hydrogen bonding of the alcohol hydroxyl with specifically adsorbed anions as the 

they desorb, and repulsion of the hydroxyl portion of the alcohol by the negative surface 

charge. In general, a smooth transition in orientation is observed between these two 

extremes, with the majority of the orientational change occurring prior to the pzc, or in 
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other words, in the potential region where the change in specific anion adsorption is the 

greatest. 

This previous work uncovered remarkable consistency in behavior throughout the 

alcohols at polycrystalline Ag electrodes. However, no studies utilizing different metal 

electrodes were performed to assess the generality of this behavior. Thus, the goal of the 

work presented in this chapter is to compare the extent of interaction of specifically 

adsorbed Br in the butanol isomers at Au electrodes with the behavior observed at Ag 

electrodes. The specific issuses addressed in these studies are the role of electrode 

surface charge in dictating the orientational behavior of alcohol solvent molecules in 

solutions containing LiBr, perhaps through specific anion adsorption of Br, and the 

relative strength of alcohol solvent interaction with Au relative to Ag. This behavior is 

correlated with the corresponding SERS data obtained by Joa ® to develop an 

understanding of the role of the chemical nature of the metal surface in dictating solvent 

orientation in nonaqueous electrochemical interfaces. Towards this end, differential 

capacitance measurements are made on smooth polycrystalline Au electrodes to enable 

estimation of the pzc in each LiBr/butanol isomer system including 1-butanol, 2-butanol, 

and isobutanol at each metal electrode. 

RESULTS AND DISCUSSION 

Differential Capacitcaice Data Analysis. The capacitance-potential data acquired as 
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described in Chapter 3 are used in the Hurwitz-Parsons analysis^ *' to calculate absolute 

anion surface coverages. This analysis is based on the Gibbs adsorption isotherm which, 

in general terms, can be stated as 

-dY-Er .d^ ,  (2 )  

where y is the surface tension of the metal, F; is the surface excess concentration of 

species i, and n is the electrochemical potential of species i. If a single adsorbate is 

present, the equation can be restated as 

-dy = a i^dE+Vidu (3) 

where o ,v/ is the excess charge density on the metal, and F; is the surface excess 

concentration of species i on the metal. At constant potential, this equation can be 

restated as 

Fi = -(dY/d^O (4) 

and since 

(5) 



equation 3 can be rewritten as 
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r 1= -l/RT [ (iy /d (Ina)]^, (6) 

This result suggests that the absolute surface coverage, F;, can be determined at any 

given potential by measuring the surface tension at a series of bulk solution 

concentrations, providing that the ionic strength of the solutions remains constant. This 

treatment is essentially the Hurwitz-Parsons analysis. 

The surface tension is determined from interfacial capacitance values according to 

where the limits of integration of the first integral are from the potential of zero charge 

(pzc) to E and the limits of integration of the second integral are from minimum E to 

maximum E. Alternatively, the limits of both integrations may be taken from a potential 

at which the capacitance is independent of bulk adsorbate concentration to potential E. 

This is the approach taken here. 

An attractive approach for the determination of capacitance at solid electrodes 

involves the measurement of in-phase (i d and out-of-phase (i o), or quadrature, 

components of the ac current admitted across the solid electrode-solution interface. These 
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currents can be measured directly using a lock-inamplifier or from a knowledge of the 

total admittance current observed, i t, with this concomnitant phase shift 0, since these 

two parameters define i; and iq. From these currents, the capacitance, C, may be 

determined according to the relationship:^" 

C  =  ( i ,^ iQ-) /27r f iQV (8 )  

where f is the ac frequency in Hz and V is the peak-to-peak voltage of the ac waveform 

in volts. This equation is referred to as the Fawcett-Loutfy " equation and is used here to 

determine the capacitance. 

This phase-sensitive detection method has been used successfully by Hupp and 

coworkers'- for the determination of differential capacitance at solid Ag electrodes in the 

presence of various electrolyte solutions. These authors output the in-phase and 

quadrature currents in an analog form as the electrode potential was scanned; the 

approach used here is to measure these currents at static potentials and then to double 

integrate the digital data in the Hurwitz-Parsons analysis. 

A Quattro Pro spreadsheet program was set up to incorporate both the Fawcett-Loutfy 

equation for capacitance calculations from ijand iq, and the Hurwitz-Parsons analysis for 

surface coverage calculations from capacitance-potential data."*- " The program can 

accommodate up to 100 capacitance values at equally spaced potential intervals for up to 
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Differential Capacitance Measurements 

Differential capacitance measurements were made at Au electrodes in LiBr solutions 

of 1-butanol, 2-butanol, and iso-butanol in the double layer region over a potential region 

dictated by the stability of the solvent / supporting electrolyte solution or the electrode 

surface. Figures 5.1, 5.2 and 5.3 show the differential capacitance as a function of 

potential at Au electrodes for 1-butanol, 2-butanol, and iso-butanol, respectively. These 

data are plotted on a rational potential scale for the Au electrode in 0.4MLiBr/O.I M 

LiC104, determined as described below. For each system, data were acquired on a base 

0.5 M LiCIO^ electrolyte in which it is assumed no specific anion adsorption occurs. 

Then, data were acquired in solutions containing two concentrations of LiBr in each 

solvent at each metal (where the solution composition was x M LiBr/[0.5 M - x] LiC104 

in order to ensure constant ionic strength) to allow estimation of pzc values. 

Qualitative assessment of these capacitance data provides insight into electrode-

solvent and ion-electrode interactions. For Au electrodes in 0.5 M LiC104, evidence for 

solvent reorientation and weak CIO4" adsorption is observed in the form of small 

capacitance peaks. In Br'containing solutions, the capacitance-potential data at Au show 

evidence for strong specific adsorption of Br based on the magnitude of the capacitance 

values and the presence of a characteristic adsorption "hump". The potential of this 
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Figure 5.1 Capacitance-potential plots for Au electrodes in x MLiBr/[0.5-x] M 
LiC04 for x= 0 (A), 0.1 (•), and 0.4 (•) in l-butanol. 
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Figure 5.2 Capacitance-potential plots for Au electrodes in x M LiBr/[0.5-x] M 
LiC04 for x= 0 (A), 0.1 (•), and 0.4 (•) in 2-butanol. 
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Figure 5.3 Capacitance-potential plots for Au electrodes in x M LiBr/[0.5-x] M 
LiC04 for x= 0 (A), 0.1 (•), and 0.4 (•) in iso-butanol. 



hump generally moves to more negative values as the solution concentration of LiBr is 

raised from 0.1 to 0.4 M in these media. A pronounced peak, although small in 

magnitude, is observed at more negative potentials that is attributed to solvent 

reorientation. In the LiC104 base electrolyte, the magnitudes of the capacitance values 

are smaller than observed at Ag, suggesting stronger electrode-solvent interactions for 

Au. These small values also suggest much weaker specific Br adsorption. At Au 

electrodes, the capacitance peak due to Br specific adsorption is better resolved from the 

solvent reorientation peak than at Ag electrodes. 

Figures 5.4 and 5.5 show the reproducibility of the differential capacitance 

measurements at Au electrodes in 0.1 M and 0.4 M LiBr butanol solutions, respectively. 

Experiments were performed three times at Au electrodes for each concentration. The 

standard deviation for these experiments is shown in Figure 5.4 and Figure 5.5. 

The pzc values for each solvent/electrode combination were estimated from these 

differential capacitance measurements in the following way. Application of the 

Hurwitz-Parsons analysis to these data allows quantitative determination of Br 

surface coverage as a function of electrode potential. Plots of Br surface coverage in 

moles/cm- as a function of rational potential (in 0.4 M LiBr/0.1 M LiClOJ at Au 

electrodes are shown in Figures 5.6, 5.7, and 5.8 for l-butanol, 2-butanol, and 

iso-butanol, respectively. The data are qualitatively similar at Ag electrodes but indicate 

higher Br surface coverages consistent with the greater capacitance values observed at 
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Figure 5.4 Reproducibility of capacitance-potential plot for Au electrodes in 0.1 M 
(•) LiBr/0.4 M LiCOi butanol solutions. 
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Figure 5.5 Reproducibility of capacitance-potential plot for Au electrodes in 0.4 
(•) LiBr/0.1 M LiC04 butanol solutions. 
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Figure 5.6 Surface coverage of Br as a function of rational potential for Au 
electrodes in x M LiBr/[0.5-x] M LiCO^ for x = 0.1 (•), and 0.4 (•) 
in 1-butanol. 
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Figure 5.7 Surface coverage of Br' as a function of rational potential for Au 
electrodes in x M LiBr/[0.5-x] M LiC04 for x = 0.1 (•), and 0.4 (•) in 
2-butanol. 
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Figure 5.8 Surface coverage of Br as a function of rational potential for Au 
electrodes in x M LiBr/[0.5-x] M LiCO^ for x = 0.1 (•), and 0.4 (•) in 
iso-butanol. 
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this metal. The Br surface coverages observed at Ag electrodes are in excess of 100 x 

10'" moles/cm- at the most positive potentials in all three isometric butanols. The 

theoretical maximum for adsorption of Br' in a close-packed monolayer is 135 x 10'" 

moles/cm-, ® thus, for Ag electrodes at the most positive potentials, Br is maximally 

adsorbed. For Au electrodes, Br is much less strongly adsorbed, reaching maximum 

coverages of less than one-half of a close-packed monolayer in all three solvents. These 

differences suggest that Br is not as effective in competing with isomeric butanol 

solvent molecules for Au surface sites as for Ag surface sites. This conclusion is 

consistent with the lower values of capacitance observed in these solvents at Au 

electrodes in the absence of specific adsorption. 

The use of differential capacitance in these studies is driven by the desire to quantify 

values of the pzc for polycrystalline Au in each of these solvent systems. With 

quantitative information about Br surface coverage as a fxmction of potential in hand, 

this task is easily done. Recognizing that in a system in which specific anion adsorption 

occurs, the surface coverage of the anion is greater than zero at the pzc, we have chosen 

to define the pzc to be the potential at which 5% of a close-packed monolayer of Br 

exists on the surface. The values of pzc (versus a Ag/AgCl reference system) determined 

using this criterion are listed in Table 5.1 for each metal in 0.4 M LiBr/O.l M LiC104 

solutions of these isometric butanols. It should be further noted that these pzc values are 

consistent with those that one would estimate from a qualitative evaluation of the 
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capacitance- potential data. Thus, the pzc values fall approximately between the Br 

adsorption and solvent reorientation peaks as expected. 

SUMMARY 

Br surface coverage as a function of electrode potential at Au electrodes is 

quantitatively determined by using the Hurwitz-Parsons analysis. The results signify 

that Br specific adsorption is weaker at Au than at Ag electrodes. The potentials of the 

pzc observed at Au electrodes occur at more positive potentials than at Ag electrodes. 

Solvent interactions with Au electrodes are probably stronger than at Ag electrodes. 

Both spectroscopic and differential capacitance results indicate the similarity in behavior 

for the butanol isomers at Au and Ag electrodes as a function of rational potential, 

suggesting that the nature of the interaction and orientation of these solvents are silmilar 

on both metals. 
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Table 5.1. Potential of zero charge (pzc) values for Au and Ag electrodes in isomer 
butanol solvents. 

Solvent Potential of zero charge (V versus Ag/AgCl) 

Ag Au 

Butanol -0.94 -0.29 

2-Butanol -1.30 -0.05 

iso-Butanol -1.45 -0.19 
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Chapter 6 

INTERFACIAL STRUCTURE OF DIMETHYLSULFOXIDE AT Ag 

ELECTRODES FROM SURFACE ENHANCED RAMAN 

SCATTERING AND DIFFERENTIAL CAPACITANCE 

INTRODUCTION 

Electrochemical systems have achieved a position of increasing technological 

importance in areas such as Li batteries, fuel cells, sensor technology, and solar energy 

conversion. In order to further improve these processes and devices, considerable effort 

has been made toward obtaining information about electrochemical interfaces at a 

molecular level. This is especially true for nonaqueous electrochemical systems. The 

importance of the study dimethylsulfoxide (DMSO) electrochemical systems is due to its 

dielectric properties and its use in high energy batteries.' 

The DMSO molecule is pyramidal wherein the comers are occupied by the two C 

atoms, the O atom, and the S atom. In metal complexes, DMSO bonds to the metal 

center either through the lone pair of electrons on the S atom, or more commonly. 
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through one of the lone pairs on the oxygen atom.^ For either bonding mode, the 

geometry of the DMSO molecule changes only slightly.- In Pt, Pd, and Ru complexes, 

S-bonding has been observed, resulting in an increase in v(S=0) from ca. 1040 cm"' to 

ca. 1150 cm'^ For 0-bonded complexes, a decrease in the v(S=0) mode to ca. 950 cm"' 

is observed." 

DMSO is a solvent known to interact strongly with metal surfaces. Chemisorption 

of DMSO on Pt,^ Hg^ and Ru' has been detected. On Pt (111) surfaces, DMSO is 

bound to the surface via the sulfur atom in an inverted pyramidal configuration."® 

More recently, a SERS study of DMSO adsorption on Ag electrodes from 

aqueous solutions was reported by Bukowska.^ The Ag electrodes used in this study 

were roughened electrochemically by an in-situ technique (i.e., in the presence of DMSO 

in the roughening solutions). Only three DMSO bands at 678 cm"', 710 cm*' and 2925 

cm"' were detected in the SERS spectra in this study. These were proposed to originate 

from the v,ym(C-S-C), v„yro(C-S-C), and the v,ym(C-H) vibrations, respectively. As the 

electrode potential was changed from -0.1 V to -0.9 V, all band intensities decayed 

irreversibly, possibly due to irreversible loss of Ag adatoms or decomposition of 

adsorbed DMSO on the Ag electrode surface. To date, this is only one of a few studies 

of DMSO adsorption on polycrystalline Ag surfaces reported in the literature. No 

DMSO potential-dependent orientational information was deduced in any of these 

previous studies. 
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Raman spectral studies in solutions of DMSO have also attracted considerable 

attention in recent years.® Studies of DMSO in solutions of Lil and LiBr indicate the 

formation of anion-DMSO complexes through the presence of low frequency shoulders 

on the Vsym(C-H) band at 2913 cm"' and on the CH3 rock band at 935 cm"^ The broad 

v(S=0) mode observed at ca. 1040 cm"' in these solutions exhibits five or six 

components after Fourier deconvolution which are assigned to free and associated species 

of DMSO. A low-frequency component of this band observed at ca. 1006 cm*' was 

proposed to be due to DMSO-Li" complexes. In addition, a significant decrease in the 

intensity of the 6(C-S=0) mode ca. 380 cm"' was proposed as evidence for anion-DMSO 

interactions. * 

It is important to better understand the metal-solvent, metal-ion and ion-solvent 

within electrochemical interfaces in nonaqueous media. Toward this end, differential 

capacitance and SERS are used to elucidate interfacial structure at Ag electrodes in neat 

DMSO electrolyte solutions as a function of electrode potential. 

RESULTS AND DISCUSSION 

Cyclic Voltammetrv and Differential Capacitance Measurements 

Figure 6.1 shows a cyclic voltammetry of solution of 0.2 M LiBr/DMSO at a 

smooth polycrystalline Ag electrode at scan rate of 100 mV/s. The peak potential for 
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Figure 6.1 Cyclic voltammetry of 0.2 M LiBr in DMSO at Ag Electrode at scan rate 
of 100 mV/s. 
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reduction of interfacial H2O is found at ca. -2.2 V versus Ag/AgCl and the solvent break 

down is at ca. -2.8 V versus Ag/AgCI. 

Differential capacitance measurements were made at smooth Ag electrodes in 

LiBr solutions of DMSO as a function of electrode potential. Data were first acquired on 

a base 0.5 M LiC104 electrolyte in which it is assumed that no specific anion adsorption 

occurs. Data were then acquired in solutions containing two concentrations of LiBr in 

DMSO where the solution composition was x M LiBr/(0.5-x) M LiClO^ with x = 0.02 

and 0.2 M, in order to allow estimation of the Br" surface coverage and hence, potential 

of zero charge (pzc) value. 

Figure 6.2 shows differential capacitance-potential curves for a series of mixed x 

M LiBr + (0.5-x) M LiClO^ electrolytes with x = 0, 0.02 and 0.2 M in DMSO. The 

curves exhibit a pronounced peak at potentials of ca. -1.1 V to -1.4 V which is possibly 

due to DMSO solvent reorientation. A second capacitance peak appears at potentials 

between -2.1 V and -2.3 V which is probably due to trace H2O reduction based on the 

cyclic voltammetric response described above. The pronounced dependence of the 

magnitude of this second peak on LiBr concentration is consistent with this 

interpretation, since LiBr is very hygroscopic. 

Using the Hurwitz-Parsons analysis of these capacitance-potential data described 

early in this dissertation and in previous studies,'- estimates of the resulting Br" surface 

coverage can be determined. The resulting values of Br' surface coverage as a function of 
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Figure 6.2 Capacitance-potential plot for Ag electrodes in DMSO solutions 
containing x M LiBr + (0.5-x) M LiC104, x = 0.02 (A), and 0.2 (•). 
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potential are shown in Figure 6.3. The maximum Br' coverage observed in 0.2 M LiBr / 

DMSO solution is ca. 0.23 x 10"' moles/cm-. The details of how these data are used to 

estimate the pzc were described in a previous study ' and will not be repeated here. 

Using this approach, the pzc value in 0.2 M LiBr in DMSO is estimated to be ca. -1.2 V 

versus Ag/AgCl. 

A previous study of Br" adsorption on Ag electrodes in alcoholic solvents reported 

from this group indicated that a monolayer of adsorbed Br forms at positive potentials. 

The maximum Br* coverage in 0.4 M LiBr/alcohol solutions is on the order of more than 

10"' moles/cm*.' In contrast, the differential capacitance measurements in DMSO 

containing 0.2 M LiBr shows that the maximum Br coverage is only ca. 0.23 x 10"' 

moles/cm". This behavior indicates much weaker Br" adsorption on Ag electrodes in 

DMSO than in alcoholic solvents, since DMSO is expected to strongly interact with the 

surface. 

Raman Spectroscopv of Neat DMSO 

Figure 6.4 shows Raman spectra for neat DMSO and 0.2 M LiBr/DMSO between 

200 cm"' and 3300 cm"^ Peak frequencies and assignments are tabulated in Table 6.1. 

The vibrational spectroscopy of DMSO has been extensively studied,*- and the 

peak assigrunents are well-characterized. Raman spectra in the low frequency region 

contain the C-S=0 and C-S-C bending modes. The peaks observed at ca. 384, 334, and 

308 cm"' originate from 6(C-S=0), Y(C-S=0), and 6(C-S-C) modes, respectively, where 
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Raman Spectral Peak Frequencies (in cm"') and Band Assignments for 

Neat DMSO and 0.2 M LiBr/DMSO Solutions 

DMSO 0.2MLiBrinDMSO 

6ip(C-S=0) 384 382 

y„p(C-S=0) 334 334 

6(C-S-C) 309 308 

v,y.(C-S-C) 669 669 

v„>™(C-S>C) 699 698 

v(S=0) 1044 1041 

6rocw(CH3 ) 953 954 

vjj-mCC-H) 2914 2914 

v„™(C-H) 2997 2997 
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Figure 6.3 Surface coverage Br as a function of potentials in DMSO solutions 
containing x M LiBr + (0.5-x) M LiC104, x = 0.02 (A), and 0.2 (•). 
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Figure 6.4 Raman spectra of neat DMSO in (a) 200-1400 cm"' (b) 2600-3200 cm"'. 
(Integration times 15 s). 
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5 and y denote in-plane and out-of-plane bending. The peaks observed at ca. 669 and 

699 cm*' are due to the v,y„(C-S) and v^(C-S) modes, respectively."" Peaks at ca. 953, 

1309, and 1419 cm"' correspond to the CHj rocking and deformation modes. The broad 

band centered at ca. 1044 cm"' is assigned to the v(S=0) modes for different forms of 

DMSO." The peaks observed at 2914 and 2997 cm"' are assigned to the v^(C-H) and 

modes of the methyl groups.' Weak features observed at 2830 and 2870 cm"' 

are due to overtones and/or combinations of the methyl rocking and deformation 

modes.'- No significant changes are observed in the DMSO spectrum in the presence of 

0.2 M LiBr. 

SERS Behavior at Ag Electrodes in 0.2 M LiBr/DMSO 

SERS studies at Ag electrodes in DMSO containing 0.2 M LiBr were performed 

in the potential region between -0.6 and -2.8 V versus Ag/AgCl. Cyclic voltammetry 

shows that substantial oxidation of the Ag surface occurs at ca. +0.25 V which precludes 

spectral investigation beyond this potential. Reduction of trace H2O is observed 

beginning at ca. -1.7 V. However, these currents are small enough that spectra can still 

be acquired as far negative as ca. -2.7 V before bubbles of hydrogen gas are generated 

that interfere with the spectroscopy. 

100-500 cm'' Region. Figure 6.5 shows potential-dependent SERS spectra at roughened 
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Figure 6.5 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in 100-500 cm* 
region. (Integration times 60 s). 
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Ag electrodes in 0.2 M LiBr/DMSO in the 100-500 cm*' region. Peak frequencies are 

listed in Table 2. A weak v(Ag-Br) band is observed at 156 cm"' at -0.6 V. The intensity 

of this band decreases as the potential is made more negative and disappears at a 

potential in vicinity of the pzc ( -1.2 V). This result indicates that Br" desorbs from the 

surface as the potential is made negative, consistent with the capacitance results. 

The 6(C-S=0), Y(C-S=0), and 6(C-S-C) vibrations are observed at ca. 382, 333, 

and 306 cm"', respectively. The intensities of these bands decrease slightly as the 

potential is made negative. However, no frequency shifts are noted in these modes. 

A weak feature at ca. 245 cm"' appears at potentials in the.vicinity of the pzc. 

This band is assigned to a v(Ag-S) band for chemisorbed DMSO based on previous work 

on thiol self-assembled monolayers on Ag." This band disappears as the potential 

approaches -1.8 V where the reduction of trace H2O becomes significant. As will be 

discussed in more detail below, the surface at these potentials becomes increasingly 

covered by microcrystallites of LiOH significantly reducing the bare Ag surface area 

available for DMSO interaction. In the absence of this unavoidable process, one would 

expect the v(Ag-S) intensity to be maintained as more negative potentials are applied. 

Another new band at 425 cm"' becomes apparent at potentials in the vicinity of 

the pzc. In previous solution studies of concentrated DMSO solutions of Li" electrolytes, 

this band was observed and assigned to Li* trapped in a well-defined solvent cage of 

DMSO. The actual vibration involves the Li"'-0 interaction in this complex.'^ 
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Table 6.2 Raman Spectral Peak Frequencies (in cm"') and Band Assignments for 
Neat 0.2 M LiBr/DMSO on Ag 

Assignment -0.6 -0.8 -1 -1.2 -1.4 -1.6 -1.8 -2 -22 -2.4 -2.6 -2.8 

v(Ag-Br) 156 156 

v(Ag-S) 245 245 

v[(DMSO-)J 425 425 425 425 425 425 425 

8(C-S=0) 382 382 382 382 382 382 382 3852 382 382 382 382 

v(C-S=0) 333 333 333 333 333 333 333 333 333 333 333 333 

8(C-S-C) 306 306 306 306 306 306 306 306 306 306 306 306 

v.^(CSC) 668 668 668 668 668 668 668 668 668 668 668 668 

v^(CSC) 697 697 697 697 697 697 697 697 697 697 697 697 

v(S=0) 1002 1002 1002 1002 1002 1002 1002 v(S=0) 

1025 1025 1025 

v(S=0) 

1043 1043 1043 1043 1043 1043 1043 1043 1043 1043 1043 1043 

v(S=0) 

1078 1081 1081 1081 1081 1081 1081 

825 825 

910 910 907 905 

949 949 949 949 949 949 949 949 949 949 949 949 

fi{CH,) 

Overtone 

2823 2823 2823 2823 2823 2823 2823 2823 2823 2823 2823 2823 fi{CH,) 

Overtone 2875 2875 2875 

v.^(C-H) 2914 2914 2914 2914 2914 2914 2914 2914 .2914 2914 2914 2914 v.^(C-H) 

2896 2896 2896 

v„^(C-H) 2998 2998 2997 2997 2996 2996 2996 2996 2996 2996 2996 2996 v„^(C-H) 

2971 2971 2971 

v(0-H) 3550 v(0-H) 

3618 3618 3614 3600 

v(0-H) 

3598 3590 3580 3558 3545 3535 3498 3477 

v(0-H) 

3667 3668 3668 3668 3668 3668 3668 
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The observation of the v(Ag-S) band at ca. 245 cm"' and the Li^-soivent cage 

mode at 425 cm"' in this potential region suggest that the DMSO molecules may be 

undergoing reorientation. This proposal is consistent with the observation of a peak in the 

capacitance values at these potentials. The presence of both bands could be rationalized 

by a surface orientation in which the sulfur atom of DMSO interacts with the electrode 

surface and the oxygen atom bonds with Li* in the outer Helmholtz plane to form the 

solvent cage. 

500-800 cm ' Region. SERS spectra in the v(C-S-C) region between 500 and 800 cm"' 

in 0.2 M LiBr/DMSO are shown in Figure 6.6 and the data tabulated in Table 6.2. The 

Vjyn,(C-S-C) and v^(C-S-C) modes are observed at 668 and 697 cm"', respectively. The 

intensity of the v^(C-S-C) band increases slightly as the potential is changed from -0.6 

V to ca. the pzc, and then decreases as the potential is made more negative. The intensity 

of the v„ym(C-S-C) band exhibits the opposite behavior, decreasing as the potential is 

changed from -0.6 V to the pzc, and then increasing as the potential is made more 

negative. 

A plot of the ratio of the intensity of the v^(C-S-C) mode to that of the Va,yro(C-

S-C) mode as a function of potential is shown in Figure 6.7. The ratio increases as the 

potential is changed from positive values to potentials in the vicinity of the pzc, and then 

decreases as the potential is made more negative. The abrupt change in this ratio that 
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Figure 6.6 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(C-S-C) region. 
(Integration times 60 s). 
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Figure 6. 7 Intensity ratio of I[Vjym(C-S-C)] /I [VjsjmCC-S-C)] as a function of 
potential. 
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starts in the vicinity of the pzc suggests a significant reorientation of DMSO after these 

potentials. The maximum intensity ratio is found at -1.4 V which suggests a significant 

component of this vibrational mode perpendicular to the surface Ijased on SERS surface 

selection rules. Interestingly, the magnitude of this ratio is almost the same at the most 

positive and negative potentials which suggests some similarities in orientation at these 

potentials. 

800-1200 cm ' Region. Figure 6.8 shows SERS spectra in the region that contains the 

v(S=0) and CH3 rocking mode, and the data are tabulated in Table 6.2. A weak band 

corresponding to the CH3 rocking mode is observed at 945 cm"' at -0.6 V. As the 

potential is made negative, a lower frequency shoulder emerges as the potential 

approaches the pzc and becomes a new component which is observed at 905 cm'* at -1.6 

V. This component rapidly disappears at more negative potentials. 

A broad v(S=0) band centered at 1043 cm"' is observed at -0.6 V. The frequency 

of this band decreases slightly from 1043 cm"' to 1040 cm"' between -0.6 V to -1.6 V, and 

then increases to ca. 1045 cm"' as the potential is made more negative. A weak, low-

frequency shoulder on the 1043 cm"' band is observed at -0.6 V, and disappears at 

potentials in the vicinity of the pzc. The intensity of v(S=0) modes slightly increases as 

the potential is changed from -0.6 to -1.6 V, and then decreases as the potential is made 

negative. In earlier vibrational studies of DMSO solutions, it was observed that the 
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Figure 6.8 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(S=0) region. 
(Integration times 60 s) 
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v(S=0) mode in pure DMSO and in DMSO/electroIyte solutions consists of five 

common components at ca. 1015, 1027, 1042, 1052, and 1064 cm'^. These were assigned 

to polymeric DMSO species, linear dimers of DMSO, in-phase and out-phase v(S=0) 

modes of DMSO, and monomeric DMSO species, respectively. 

In the SERS spectra as potentials reach the pzc, lower and higher frequency 

shoulders emerge on the v(S=0) band at 1002 cm*' and 1081 cm*^ respectively. The 

intensities of these two features increase as the potential is made more negative. 

According to previous work on concentrated DSMO solutions of electrolytes such as 4.4 

M Lil, an additional low-frequency component at ca. 1005 cm"' is observed. This was 

assigned to the v(S=0) mode of Li"—DMSO complexes. * On this basis, the new 

component observed in the SERS spectra at 1002 cm"' is assigned to interfacial Li"— 

DMSO species at these potentials. The component observed at 1080 cm*' can be 

assigned to sulfur-bound surface DMSO species. The frequency of this band is higher 

than in pure DMSO (1043 cm"') suggesting an increase in the S=0 bond order at a 

negatively charged electrode surface. This result is consistent with earlier studies which 

indicate that sulfur coordination of DMSO with metal centers generates a partial positive 

charge on the sulfur atom which increase the electron donation from 0 to S leading to a 

higher v(S=0) frequency. -

2600-3200 cm'' Region. Figure 6.9 shows SERS spectra in the v(C-H) region. Peak 
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Figure 6.9 SERS spectra at Ag electrodes in 0.2 M LiBr/DM50 in v(C-H) region. 
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frequencies and assignments are given in Table 6.2. An intense v,yro(C-H) mode is 

observed at 2914 cm"' at -0.6 V. As the potential is made negative from -0.6 V to the 

pzc, this band decreases in intensity and decreases slightly in frequency by ca. 2 cm'^ 

According to SERS surface selection rules," the strong intensities of this mode suggest 

that the v,y„(C-H) vibration must occur largely along the surface perpendicular at more 

positive potentials. As the potential is made negative of the pzc and DMSO reorients, the 

intensity of this mode decreases. Thus, the DMSO must assume an orientation in which 

this vibration couples with the electric field less effectively than at more positive 

potentials. In addition, as the potential is made more negative, a low frequency 

component of this band emerges at 2884 cm*' and becomes more prominent as the 

potential gets more negative. This new feature (the "soft" v(C-H) mode) is proposed to 

be due to one of the DMSO methyl groups in contact with the negatively-charged Ag 

electrode surface. 

The VuyroCC-H) band is observed at 2998 cm"' at -0.6 V. As the potential is made 

negative, this band decreases in intensity and decreases slightly in frequency from 2998 

cm"' to 2996 cm"'. A weak feature on the low frequency side of this band emerges at ca. 

2971 cm"' at potentials near the pzc, and then disappears at more negative potentials. 

This weak feature is assigned to the v„,ni(C-H) for DMSO methyl groups interacting with 

desorbing Br" based on solution vibrational studies of DMSO alkali halide electrolytes.* 

This assignment is further confirmed by the spectra in the CH3 rocking region discussed 
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above where a low frequency shoulder (ca. 905 cm*^ on the 949 cm"' band was observed 

to grow in as the potential was made negative from -0.6 V to -1.6 V. This shoulder was 

similarly assigned to the CHj rocking band for Br'-DMSO complexes formed in this 

potential region. These features disappear as the potential is made very negative and Br 

is driven out of the interface. 

Figure 6.10 shows the intensity ratio of the I [v^(C-H)]/I [Vjjto(C-H)] as a 

function of potential, used previously as an indicator of methyl group orientation. The 

fact that this ratio changes further suggests a potential-dependent change in DMSO 

surface orientation. This plot suggests a preferred orientation at very negative (e.g., -2.8 

V) and positive (e.g., -0.6 V) potentials. Between these potentials, this ratio is sensitive 

to changes in electrode potential with the most significant changes occurring near the 

pzc. This observation is consistent with the results in other spectral regions which 

suggest that DMSO reorientation occurs in this potential region. Although the absolute 

intensity of both v,jto(C-H) and v„jto(C-H) bands decrease with increasingly negative 

potential. Figure 10 indicates that the v,y„,(C-H) intensity decreases more rapidly than the 

VMjm(C-H) intensity. This observation suggests that the Vjyro(C-H) vibration maintains a 

component perpendicular to the surface. 

3200 - 3800 cm ' Region. Figure 6.11 shows the potential-dependent SERS spectra in the 

v(O-H) region where vibrations are observed due to trace H2O. Peak frequencies and 
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Figure 6.11 SERS spectra at Ag electrodes in 0.2 M LiBr/DMSO in v(O-H) region. 
(Integration times 60 s) 
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assignments are given in Table 6.2. SERS spectra in this region have been shown to 

contain up to four bands from interfaciai HiO species which define the behavior of the 

H2O and Li" and Br" ions in the interface as a function of potentiaL'® These four bands 

are observed between 3200 and 3800 cm'\ and from lowest to highest frequency are 

labeled as A, C, F and H. 

A broad, intense F band is observed at 3618 cm"' at -0.6 V. This band has 

previously been attributed to "free" H^O in the interface." The frequency of this band 

decreases from 3618 to 3600 cm"' as the potential is changed from -0.6 V to -1.16 V. 

Based on previous SERS work in this laboratory," the F band is proposed to originate 

from "free" interfaciai HiO species in an environment in which the hydrogen bonding is 

relatively weak. The intensity of the F band shows significant potential dependence, 

decreasing as the potential approaches the pzc. In an earlier study,' we proposed that this 

behavior was due to two effects, a decrease in the distance of solvated Li" in the outer 

Helmholtz plane from the surface leading to a squeezing out of "free" H2O species, and 

electrochemical reduction of "free" H2O species in the interface. The observation of the 

grov^^ of the C band (see below) at potentials in the vicinity of the pzc confirms the 

former effect. Since these are the most unstable H2O species in the interface, it is 

reasonable that "free" H2O species at interface are the first to be reduced. 

A weak, broad feature at ca. 3550 cm"' is observed as a shoulder on the F band at 

-0.6 V; this feature is assigned as the A band, and it disappears as the potential is made 
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negative. This band has previously been attributed to HjO species which are hydrogen-

bonded to specifically adsorbed Br and interacting with the Ag surface through their 

oxygen atoms.' Compared to the A band observed in the normal alcohols,' this feature in 

DMSO is much weaker in intensity. This result is consistent with the differential 

capacitance measurements which indicate only a small amount of specifically adsorbed 

Br" at the electrode surface. 

The C band is observed emerges prominently at 3598 cm"' at potentials negative 

of the pzc. Based on earlier SERS work at Ag electrodes in aqueous and nonaqueous 

media, this band is attributable to H2O species solvating Li" through their oxygen atoms, 

leaving their hydrogen atoms free to interact with the negatively-charged electrode 

surface.The frequency of this band shows pronounced potential dependence, 

decreasing from 3598 to 3477 cm"' as the potential is changed from -1.4 V to -2.8 V. 

The greatest intensity of the C band is observed at potential just negative of the pzc. 

However, careful examination of the spectra at more positive potentials reveals the 

possible presence of a weak C band, presumably due to solvated Li" species in the outer 

Helmholtz plane. As the potential is made negative of the pzc, the C band frequency 

decreases by ca. 120 cm*'. This observation is rationalized on the basis of the increasing 

electrostatic attraction of Li" for the increasingly negative electrode surface. This 

attractive force draws the solvated Li" towards the electrode surface, removing outer 

hydration layers, and squeezing the remaining H2O the inner solvation layer between the 



229 

Li" and the surface. 

A sharp H band at 3668 cm"', first observed at ca. -1.6 V, grows in intensity as 

the potential is made negative. This band has previously been attributed to 

microcrystallites of LiOH on the electrode surface formed by the reduction of trace HiO.® 

The frequency of this band is insensitive to the nature of the solvent, consistent with its 

assignment to LiOH. The identical band has been observed in other nonaqueous 

environments including propylene carbonate,"' the isomers of butanol,'® and other normal 

alcohols.® 

Proposed Interfacial DMSO Structure as a Function of Potential 

Differential capacitance measurements and potential-dependent SERS provide 

insight into the potential-dependent behavior of interfacial DMSO species at Ag 

electrodes. Based on these results, and using SERS surface selection rules, a molecular 

picture of the 0.2 M LiBr/DMSO-Ag interface can be deduced and is described below. 

Schematics of the proposed interfacial structures in three potential regimes, positive of, 

negative of and in the vicinity of the pzc, are shown in Figure 6.12. 

At potentials positive of the pzc, the differential capacitance results and SERS 

spectral data in the v(Ag-Br) region indicate a small amount of specifically adsorbed Br" 

at these potentials. The surface DMSO solvent molecules are proposed to be interacting 

with the Ag surface through their oxygen atoms at these potentials based on the 



230 

observation of the v(S=0) at ca. 1040 cm"'. Moreover, interaction between surface 

DMSO molecules is proposed to result from dipole-dipoie coupling leading to the tilt of 

the surface DMSO molecules shown in the schematic at the top of Figure 6.12. This 

orientation is consistent with the behavior in the v(C-H) region of the spectrum which 

shows that the Vjyro(C-H) is enhanced more than the v„^(C-H). No direct spectroscopic 

evidence for the presence of a v(Ag-O) band is observed. Russell reponed the v(Ag-O) 

mode of surface bound water at 322 cm"' in a far-IR study at Ag.^ If such a band were 

present in this system, it would probably overlap with the 8(C-S=0) and 8(C-S-C) 

modes. 

Previous Raman spectroscopy of DMSO in carbon tetrachloride and water has 

established the presence of cyclic dimers, linear dimers/higher polymers, and DMSO 

hydrogen-bonded with water. In the schematic in Figure 6.12, these species are 

represented by DMSO dimers and DMSO hydrogen-bonded with free water." This 

hypothesis is supported by the observation of a broad band for the v(S=0) modes in 

DMSO which indicate that different types of DMSO exist. The trace HjO species 

observed spectroscopically at potentials positive of the pzc exist predominantly as 

monomeric H2O species (the F band) which may be free in the interface or loosely held 

in an outer aqueous solvation sphere of Li"^. 

At potentials in the vicinity of the pzc, the interfacial structure changes drastically 

due to the increasing negative charge on the electrode surface and the concomitant 
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desorption of Br. The intensity ratios of the I[v,ym(C-S-C)]/I[v„yro(C-S-C)] and the 

I[Vas>Tn(C-H)]/I[VjjT„(C-H)] show significant changes consistent with DMSO reorientation. 

Furthermore, the SERS spectra directly indicate the formation of a Ag-S bond (245 cm"') 

and the presence of (DSM0)2—Li* cage structures (425 and 1002 cm"'). Evidence for 

the interaction of desorbed Br* with DMSO methyl groups is also observed in the spectra. 

In this potential region, an increasing fraction of DMSO molecules are proposed to 

reorient such that their sulfur atoms begin to interact with the surface. This orientation 

places both methyl groups close to the surface consistent with the observation of 

increasing intensity of the "soft" v(C-H) mode at ca. 2884 cm*^ Whether all DMSO 

molecules assume this orientation in the interface at these potentials or whether this 

orientation represents an average of those assumed at more positive and more negative 

potentials cannot be determined from the spectra. The attractive force between the 

negatively charged surface and Li" draws the solvated Li" towards the electrode, 

removing outer hydration layers, and squeezing the remaining H2O in the inner solvation 

layer between the Li" and the surface (the C band). 

At potentials negative of the pzc, DMSO is proposed to be strongly sulfur bound 

based on the presence of the 1080 cm"' band. This conclusion is consistent with earlier 

studies of DMSO-metal complexes which show an increasing v(S=0) frequency relative 

to free DMSO for the sulfur-bound species. The observation of a new v(C-H) 

component at 2883 cm"', the "soft" v(C-) mode, at negative potentials indicates methyl 



groups interacting with the surface. The interfacial H2O species at these negative 

potentials are proposed to be predominantly those solvating Li"^ in primary solvation 

shells at the negatively charged electrode surface. LiOH microcrystallites precipitate on 

the electrode surface from OH" formed by electrochemical reduction of trace H2O at 

negative potentials. 

SUMMARY 

Interactions of DMSO with the electrolyte ions and trace interfacial HiO species 

have been elucidated on the basis of SERS spectroscopic and capacitance results. At 

positive potentials, DMSO interacts with the Ag electrode surface through its oxygen 

atom and with other DMSO surface molecules by dipole-dipole coupling. Significant 

changes are observed at potentials in the vicinity of the pzc, suggesting that the solvent 

molecules are undergoing reorientation at these potentials. At negative potentials, 

DMSO sulfur atoms interact with the Ag electrode, leaving the oxygen atoms to interact 

with Li'in the outer Helmholtz plane. The spectroscopic data also reveal interactions 

between Br" and DMSO methyl groups. The results support the contention that DMSO 

solvent molecules are very strongly interactively with the Ag electrode surface at all 

potentials. 
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Chapter 7 

SURFACE RAMAN SCATTERING OF ELECTROCHEMICAL 

INTERFACES AT Ag ELECTRODES EMERSED FROM 

DIMETHYLSULFOXIDE: SPECTROSCOPIC EVIDENCE FOR AN 

EMERSION-INDUCED POTENTIAL SHIFT 

INTRODUCTION 

The phenomenon of emersion of an electrode from an electrolyte solution with at 

least part of the interface intact is now generally accepted since it was first proposed in 

the late I970's.''- The important advantage of electrode emersion is that the surface is 

free of bulk electrolyte which makes examination of the electrochemical interface under 

both ultrahigh vacuum (UHV) and ambient pressure conditions tractable. Application of 

"ex-situ" methodology in UHV to these emersed layers can provide direct links to in-situ 

electrode behavior, but suffers from loss of the solvent which may alter interfacial 
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structure. Nonetheless, the techniques used for ex-situ investigation of emersed 

electrochemical layers have matured tremendously in the past decade. Among the most 

popular of these techniques are work function^, surface resistance monitoring *, X-ray 

photoelectron spectroscopy ̂  UPS and LEED.® Studies of emersed layers under 

ambient pressure conditions have been pursued to a much smaller extent. However, the 

investigation of such emersed layers with work function measurements infrared 

spectroscopy (IR) ^ and Raman spectroscopy have been reported. The latter two 

techniques are significant on this list in that they are tools with which the molecular 

structure of emersed layers may be probed, in contrast to the techniques listed above. In 

this light, the dearth of studies on emersed layers under ambient pressure conditions is 

unfortunate, because emersion in such environments results in interfaces which more 

completely resemble those in-situ since the solvent is retained. 

The most critical questions about the emersion approach are: how does the 

interface at the electrode change once it loses contact with the electrolyte and how can 

the emersed interface be related to its in-situ state upon removal from the electrolyte? 

On the basis of a thermodynamic analysis of the emersion process ^ the following 

criteria are desired for successful emersion: the outer potential of the emersed electrode 

varies in a 1:1 relationship with the emersion potential; and no charge transfer occurs 

upon emersion. When emersion satisfies both criteria, the emersed layer accurately 

represents its immersed state. However, the emersed electrode remains electrochemically 
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active. If any discharge of the double layer occurs, internal current may flow. Such 

processes may be accompanied by exchange of hydrogen, carbon dioxide, or oxygen 

with the ambient gas.'^ Although internal charge transfer after the emersion cannot be 

measured directly, its correlative part can, by measuring the charge transient upon re-

immersing the electrode into the electrolyte at the same potential. 

Stuve proposed three models to describe the key step of removing the electrode 

from the electrolyte: ideal, superequivalent, and dynamic.Ideal emersion occurs upon 

satisfying the criteria of emersion mentioned above. These criteria can be tested by 

Kelvin probe measurements of the work function in vacuum and by re-immersion charge 

transient measurements in the electrochemical cell. Superequivalent emersion describes 

the case for which only one criterion for ideal emersion is satisfied. Dynamic emersion 

is used when neither criteria of ideal emersion are satisfied. 

Stuve has presented examples of all three types of emersed interfaces. A study of 

emersion of Pt (111) from 0.1 M HCIO4 + ImM Cu*"^ showed ideal emersion at potentials 

greater than 0.7 Vrhe. For emersion potentials less than 0.6 V, ex-situ Auger data shows 

that anions from the bulk electrolyte adsorb along with Cu^*. Thus, only one of the 

criteria for ideal emersion is satisfied in this case (zero charge transfer), and the emersion 

is defined as superequivalent at these potentials." A system that exhibits dynamic 

emersion is electrodeposited lead on Pt (1II), since thePb° discharges to Pb-^ after 

emersion. " 
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Many studies from the previous literature have demonstrated that the potential 

drop across the electrochemical double layer is largely preserved during the emersion 

process." However, it is noted that significant differences still exist between the emersed 

and in-situ double layers. Many of these examples indicate that the emersed double layer 

is little affected by the emersion process when the emersed layer characteristics are 

dominated by the metal electronic structure and inner layers, in contrast to their in-situ 

counterparts which are dominated by the diffuse layer. Hansen's research proved that 

both metal electronic and solvent molecular structure have an effect on the emersion 

process at the electrolyte-vacuum boundary due to charge flowOther studies also 

reported that upon emersion and transfer to a vacuum environment, surface HiO desorbs 

from the surfaces of clean noble metals and from surfaces modified by ion adsorption. 

17 

A recent study by Samec yielded the first experimental evidence for an emersion-
9 

induced potential shift due to events at the emersed layer-gas or vacuum boundary.'^ 

This shift was sensed using work function measurements of layers on Au electrodes 

emersed from aqueous electrolyte solutions. He rationalized this shift using the accepted 

concept of absolute electrode potential developed by Trasatti, which describes the 

absolute potential difference, E,b„ between a metal electrode and the adjacent vacuum or 

gas phase by equation (1) 

E.bs = /eo - + g^ ion - g^dip + (1) 
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where is the electronic work function of the metal, Jjf^the change in surface 

potential of the metal caused by the solvent, g^io„ and the ionic and solvent 

contributions to the electrical potential difference across the solution side of the 

metal/solution interface respectively, and surface dipole potential of the solution. 

If the electrical double layer along with the dipole structure of the liquid surface are 

retained upon emersion, then (E",^ - E will be zero, where is the absolute 

electrode potential of the electrode in the emersed state. 

Samec observed that upon emersion of Au electrodes from aqueous solutions, the 

absolute electrode potential decreased by as much as 0.32 V.'- This change was 

attributed to reorientation of the H2O molecules at the emersed layer-gas interface. The 

surface potential of HjO, %®(H20), for the emersed interface is negative relative to the 

dipole orientation ofH^O on the metal electrode surface resulting in a decrease in the 

potential difference across the emersed layer (i.e. potential more negative) relative to that 

in solution. The magnitude of this potential decrease was observed to be reduced for 

electrolytes which contained specifically adsorbing anions.'^ 

In previous work from this laboratory, we demonstrated the utility of surface 

Raman spectroscopy for the investigation of emersed layers.'*Specifically, studies on 

Ag and Au electrodes emersed from electrolyte solutions of a series of normal alcohol 

solvents were performed. These studies illustrated quite clearly the power of surface 

vibrational spectroscopy for emersion systems. Furthermore, the results suggested that 
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the emersed layers generally resembled their in-situ counterparts in terms of potential-

dependent solvent orientation. No evidence of an emersion-induced potential shift was 

noted. The present study was undertaken with two goals. First, we wanted to 

demonstrate more fully the general utility of surface Raman scattering for the study of 

these systems. Secondly, and perhaps more importantly, we sought to further define the 

importance of emersion-induced potential shifts in these systems on the basis of 

molecular spectroscopic measurements. For reasons that are elaborated more fully 

below, we chose dimethylsulfoxide (DMSO) as the solvent for this study. Thus, this 

chapter describes surface Raman spectroscopic characterization of Ag electrodes emersed 

from 0.2 M LiBr / DMSO solutions as a function of potential. The conclusions about the 

interaction and orientation of DMSO at emersed electrodes are compared to those to 

previously deduced for in-situ electrodes to address the question of whether 

electrochemical double layer structure is retained upon emersion. 

RESULTS AND DISCUSSION 

The emersed spectroelectrochemical cell used here is a modified version of a 

previous design reported from this group.'-'" A schematic of the emersion 

spectroelectrochemical cell is shown in Figure 7.1. The emersed spectroelectrochemical 

cell is made of glass with a Teflon lid. Solution is injected into a glass container on the 

side of the cell and allowed to flow through the glass ttibe in which a counter electrode. 
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consisting of a Pt wire, and the reference electrode, made of Ag wire, are housed. A 

capillary of ca. 1 mm id is used to bring DMSO solution to the lower portion of the 

working electrode surface to achieve electrical contact with the working electrode. The 

working electrode is connected to a motor (Micro Dynamics, Inc.) which slides through a 

Teflon sheath that fits into a ground-glass joint on the side of the cell. A conductive 

carbon rod is force-fit into an opening in the Teflon lid and makes electrical contact with 

the working electrode. The electrode is rotated at a speed of ca. 0.15 mm/s during all 

experiments. In this design, electrochemical contact is achieved through a drop of 

solution from the an ca. I mm id capillary at the lower portion of the working electrode. 

Ar gas is pumped into the cell through a valve on one side while exiting through another 

valve on the opposite side. A constant vapor pressure of DMSO is maintained during the 

experiments by maintaining the gas flow constant. The potentials reported here are 

versus the Ag wire pseudo-reference system (ca. -4 mV versus Ag/Ag" (DMSO), ca. 155 

mV versus Ag/AgCl.). 

Previous research from this laboratory and others has provided compelling 

evidence that the structure of the emersed electrochemical interface bears a direct 

relationship to the structure of that interface in-situ. In recent work on Ag and Au 

electrodes emersed into Ar from electrolyte solutions of alcohols, we have shown that 

this similarity applies not only to the ionic content of the interface, but also to the 

potential-dependent solvent structure and orientation.'-One of the goals in undertaking 
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the work described in this report was to extend the range of solvents used to better 

ascertain the generality of this conclusion. Towards this end, the results described below 

on Ag electrodes emersed from DMSO will be compared to the potential-dependent 

interfacial structures of DMSO and electrolyte ions at in-situ electrodes reported in 

Chapter 6. 

The results of Chapter 6 indicate that DMSO predominantly interacts with Ag 

electrodes through the oxygen atom at positive potentials and through the sulfur atom at 

negative potentials, with pronounced restructuring of the interface occurring in the 

vicinity of the potential of zero charge (pzc.) Evidence for specific interactions between 

DMSO and electrolyte ions in the interface was also noted. Specifically, bands for 

oxygen-bound Li"^ species and methyl-bound Br species in the interface were observed. 

The extent to which such species can be observed in emersed interfaces was also assessed 

in the context of this investigation. 

The second, and perhaps more significant, focus of this investigation was the 

existence and relative importance of the emersion-induced potential shift as manifest in 

the vibrational spectroscopy of interfacial solvent molecules. In the previous work in the 

alcohols reported from this research group, no evidence of a significant emersion-

induced potential shift was noted. Consideration of the solvent properties of the 

alcohols led us to hypothesize that the absence of an emersion-induced potential shift was 

due to the relatively small dipole moment of these solvents, and that a more significant 



shift might be observable in a solvent of larger dipole moment. DMSO was chosen as 

one such solvent, since it possesses a dipole moment of 3.96 D. Thus, surface Raman 

spectra were acquired from smooth Ag electrodes emersed from 0.2 M LiBr/DMSO 

solutions over the potential range between -0.4 and -2.8 V and compared with those 

observed in-situ at rough and smooth Ag electrodes at comparable potentials. The 

vibrational modes observed on the emersed electrodes and their assigrmients [20] are 

tabulated as a function of potential in Table 7.1. 

Surface Raman Spectroscopy at Emersed Electrodes in 0.2 M LiBr/DMSO 

100-500 cm ' Region. Figure 7.2 shows surface Raman spectra between 100 and 500 

cm*^ A weak v(Ag-Br) band from specifically adsorbed Br" on emersed Ag electrodes is 

observed at ca. 160 cm"' at -0.4 V. This band decreases in intensity and finally 

disappears as the potential approaches -0.8 V, similar to the behavior of this band in-situ. 

C-S=0 and CSC bending vibrations are also observed in this region at ca. 385, 

335, and 308 cm"' corresponding to the y (c-s=o), and 6(csq modes, 

respectively.[20] These bands are broader and exhibit slight differences in relative 

intensity ratio for DMSO species on emersed electrodes relative to in-situ, although no 

frequency shifts are observed in either case relative to neat DMSO. The intensities of 

these modes on the emersed surfaces decrease as the potential is made more negative. 

A weak feature at 245 cm*' emerges at a potential of ca. -1.0 V that becomes 
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Table 7.1 Peak Frequencies Assignments for 0.2 M LiBr/ DMSO on Emersed Ag Electrodes 

Assignment -0.4 -0.6 -0.8 -1 -1.2 -1.4 -1.6 -1.8 -2 -2.2 -2.4 I to
 

-2.8 

v(Ag-Br) 152 152 152 

v(Ag-S) . 245 245 245 . 245 245 245 245 245 245 . 245 

6(S=0)ip 385 385 385 385 385 385 385 385 385 385 385 385 385 

6(S=0)„p 335 335 335 335 335 335 335 335 335 335 335 335 335 

6(CSC) 308 308 308 308 308 308 308 308 308 308 308 308 308 

v.j«,(CSC) 671 671 671 671 671 671 671 671 671 671 671 671 671 

VMym(CSC) 700 700 700 700 699 696 696 694 691 690 690 690 690 

v(S=0) 1001 1001 1001 1001 1001 1001 1001 

1024 1024 1024 1024 

1046 1046 1046 1046 1046 1046 1043 1043 1043 1043 1043 1043 1043 

1085 1085 1085 1085 1085 

6(CH 3)..g 825 825 825 825 825 825 825 825 825 

895 895 895 895 895 895 895 895 895 

955 955 955 955 955 955 955 955 955 955 955 955 955 

6(CH,) 

Overtone 

2816 2816 2816 2816 6(CH,) 

Overtone 2875 2875 2875 2875 
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rf CN 

Assignment -0.4 -0.6 -0.8 -1 -1.2 -1.4 -1.6 -1,8 -2 -2.2 -2.4 -2.6 -2.8 

v.>™(C-H) 2914 2914 2914 2914 2914 2914 2914 2914 2914 2914 2914 2914 2914 

2896 2896 2896 

2998 • 2998 2998 2998 2998 2998 2998 2998 2998 2998 2998 2998 2998 

2977 2977 2977 

v(O-H) 3666 3666 3666 3666 3666 3666 3666 3666 3666 
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Figure 7.2 Raman spectra of DMSO in 100-500 cm"' region, (integration time 180 s) 
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more intense as the potential is made negative. This band was observed in-situ for 

potentials in the vicinity of the pzc (estimated to be ca. -1.2 V versus Ag/AgCl) [Chapter 

6] and assigned to the v(Ag-S) mode for surface DMSO.-' The observation of this band 

both in-situ and on emersed electrodes is significant in that it represents direct evidence 

for strong interaction of the sulfiu* atom with the Ag electrode surface at negative 

potentials. Its observation at more negative potentials on emersed electrodes than in-situ 

is probably the consequence of a greater interference in-situ from Raman scattering of 

bulk solution species. 

One feature that is observed in this region in-situ that is absent on the emersed 

electrodes is a band at ca. 425 cm"' that was assigned to a vibration involving the Li^ 

within a well-defined DMSO solvent cage ^ on the basis of previous solution studies.^ 

This band was observed in-situ at potentials near and negative of the pzc and postulated 

to involve solvent cages composed of surface DMSO molecules solvating Li"^ species in 

the outer Helmholtz layer through their oxygens in combination with DMSO molecules 

on the outer side of the Li". The absence of any trace of this band in the emersed spectra 

despite the fact that most other features of the in-situ spectra are retained in the emersed 

spectra is curious. Although an explanation for this observation that is completely 

consistent with all of the experimental results on these emersed layers is lacking at this 

time, one might speculate that either these solvent cage structures cannot be stabilized 

within the thin emersed layer or that these cage structures in-situ exist outside of the 
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500-800 cm ' Region. Figure 7.3 shows surface Raman spectra on emersed electrodes in 

the v(CSC) region. Two bands are observed at ca. 670 and 700 cm"' corresponding to the 

VqtoCCSC) and V„,m(CSC) vibrations, respectively.-"^ The frequencies of these bands are 

essentially potential independent in the in-situ spectra, but the band at ca. 700 cm'^ shifite 

to slightly lower frequencies and broadens considerably at potentials negative of the pzc 

in the spectra from the emersed electrodes. 

The intensities of both v(CSC) bands are potential-dependent in both 

environments, generally decreasing as the potential is made negative. However, the 

intensity of the Vjym(CSC) band decreases more rapidly in both environments as the 

potential is made negative. Small differences between the in-situ and emersed behavior in 

the intensity ratio of these bands is observed as shown in Figure 7.4. For the in-situ 

electrodes at potentials positive of the pzc, this ratio increases prior to its sharp decrease 

just after the pzc. The behavior for emersed electrodes in this potential region is 

somewhat different, exhibiting a relatively constant intensity ratio prior to the sharp 

decrease. Although the exact cause of this difference is unknown, we suspect that it is 

due either to significant contributions to the observed in-situ spectra from neat DMSO or 

perhaps from slightly different solvent orientations in-situ and on emersed electrodes in 

this potential region. 
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More important is the difference in potential at which the sharp decrease in this 

intensity ratio is observed. For the in-situ spectra, this sharp decline starts, as noted 

above, just after the pzc (at ca. -1.4 V). For the emersed electrodes, however, this shift 

starts at ca. -1.2 V, two hundred mV more positive. If one assumes that this ratio is a 

valid indicator of solvent orientation, and that the solvent orientation is a fiinction of the 

potential drop across the interface felt by the DMSO molecules, this observation suggests 

that the DMSO molecules in the interface on the emersed electrode experience a more 

negative potential than the potential at which the electrode was emersed, or in other 

words, an emersion-induced potential shift. This issue is discussed below in more detail 

in terms of a model for an emersion-induced potential shift in this system. 

Also noteworthy about the plot shown in Figure 7.4 is the fact that the magnitude 

of the ratio observed for the emersed electrodes never reaches the lowest value observed 

in-situ. We propose two reasons for this observation, both of which prohibit the emersed 

interface from reaching the same negative potential as the in-situ interface. At very 

negative potentials in this system, Faradaic current begins to flow due to the reduction of 

trace water and the DMSO solvent breakdown processes. Given the geometry of our 

emersion cell, once a significant amount of Faradaic current flows, the potential at the 

working electrode becomes less than that applied due to resistive effects through the 

capillary that brings the drop of solvent to the electrode surface. Second, we suspect that 

once emersed at these negative potentials, these interfaces may not be stable if the 
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interface contains redox-active species, in this case trace water. This latter issue is 

addressed below in the context of the surface Raman spectra in the v(0-H) region. 

800-1200 cm'' Region. Figure 7.5 shows surface Raman spectra from emersed Ag 

electrodes in the region containing the CHj rock and v(S=0) modes. A weak band 

corresponding to the CH3 rock mode is observed at 955 cm"' at -0.4 V. As the potential 

is made negative, no frequency shifts or intensity changes of this band are noted. Low 

frequency shoulders of this band emerge as the potential approaches the pzc; these 

become new components at ca. 825 and 895 cm*' at -1.2 V, and are assigned as CH3 

rocks for DMSO species interacting with Br which have been desorbed but which still 

remain in the interface near the surface. This assigimient is further confirmed by the 

observation a weak band at 2977 cm"' in the potential region around the pzc (discussed 

below) which has previously been assigned to Br species interacting with DMSO methyl 

groups. The behavior of the ch3 rock region on the emersed electrodes is almost 

identical except that the potentials at which the low frequency components become 

prominent (ca. -1.2 V) are again several hundred mV less negative than observed in-situ. 

A broad v(S=0) band at 1046 cm"' with a shoulder at 1024 cm*' is observed at -

0.4 V. As the potential decreases to -1.3 V (near the pzc), the frequency of the main 

band decreases slightly to 1043 cm*' and its intensity increases. The shoulder at 1024 cm* 

' disappears as the potential approaches the pzc. Beyond the pzc, this band splits, and 
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both lower and higher frequency components emerge at 1001 and 1085 cm"' at -1.5 V 

and -1.6 V, respectively. 

In previous Raman spectroscopy studies of neat DMSO and DMSO LiBr 

electrolyte solutions, it was observed that the v(S=0) band consisted of five components 

at ca. 1015, 1027, 1042, 1052, and 1064 cm"^ These were assigned to polymeric DMSO 

species, linear dimer DMSO species, an in-phase v(S=0) component, an out-of-phase 

v(S=0) component, and monomeric DMSO species, respectively. " Similar species 

are expected in the surface Raman spectra as well. However, in addition, several other 

bands are observed due to unique interfacial and surface species in the spectra from both 

in-situ and emersed electrodes. 

A new component at 1001 cm"' becomes prominent at ca. -1.3 V in the spectra 

from emersed electrodes indicative of Li"" - DMSO interactions.^® A similar band is 

observed in-situ reported in Chapter 6, but at potentials several hundred mV more 

negative (ca. -1.6 V). In the spectra from emersed electrodes, this band remains 

prominent until very negative potentials (ca. -2.8 V) where its intensity noticeably 

decreases relative to the 1043 cm"' band. This is most likely a consequence of the 

precipitation of LiOH on the electrode surface due to trace interfacial water reduction at 

these very negative potentials, a process which would greatly reduce the free Li* 

concentration in the emersed interface. This intensity decrease is not as noticeable in the 

in-sim spectra due to the fact that, even though LiOH is being precipitated due to the 
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same trace water reduction process, the interfacial Li" can be replaced from an essentially 

infinite pool in the bulk solution. 

A new component at 1085 cm"' is also observed in the spectra from emersed 

electrodes at potentials negative of the pzc and is assigned to sulfur-bound surface 

DMSO. This surface v(S=0) mode is considerably higher in frequency than that of 

solution DMSO suggesting that the S=0 bond increases in strength when the sulfur atom 

interacts with the electrode surface at negative potentials. This result is consistent with 

earlier studies which indicate that sulfur coordination generates a partial positive charge 

on the sulfur atom, which stabilizes its empty d orbitals and increases the electron 

donation from the oxygen atom to the sulfur atom.-® This band is also observed 

prominently at these potentials in-situ. However, in contrast to the behavior in-situ, this 

band never dominates the spectra in this potential region on emersed electrodes. This 

effect is proposed to result from the emersion cell geometry and the reduction of trace 

water in the interface in these systems, as discussed above. Charge transfer in the 

emersed layer (e.g. reduction of trace water) has the very important consequence that 

excess negative charge is drained from the electrode surface rendering it more positive. 

One would expect to see the potential of the emersed electrode appear to be more 

positive due to this reduction process. Thus, even though the emersion potential may be 

very negative, the potential felt within the emersed interface at these potentials is 

probably considerably more positive due to these effects. 
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2600-3200 cm'' Region. Figure 7.6 shows surface Raman spectra in the v(C-H) region 

between ca. 2800 and 3000 cm"' where the intense VsymCC-H) and Vasyn,(C-H) bands are 

observed at 2914 and 2998 cm'\ respectively. The intensities of these bands are 

strongest at more positive potentials, generally decreasing slightly as the potential is 

made negative. The bands observed at 2816 and 2875 cm"' are probably due to an 

overtone of the ^(CHs) band at ca. 1420 cm"'. This band gets weaker as the potential 

becomes negative, and almost disappears for potentials negative of ca. -1.5 V. Similar 

behavior is noted in-situ except that this overtone band disappears at more negative 

potentials. 

In addition to the main vCCHj) features, these spectra exhibit two other significant 

bands that are potential dependent. A weak feature on the low frequency side of the 

V^ymCCHj) band (at ca. 2980 cm"') emerges in the vicinity of the p'zc and then disappears 

at more negative potentials. This feature was also observed in-situ and was assigned to 

DMSO species interacting with interfacial Br" through their methyl groups. 

A second feature is observed on the low frequency side of the VjynCCHj) band (at 

ca. 2900 cm"') that remains at more negative potentials. A similar band was observed in-

situ, but in contrast to the behavior observed on emersed electrodes, this band becomes 

very prominent at negative potentials. In a previous Chpater describing an in-situ study 

of DMSO, this band was assigned to the Vsjto(CH3) mode for DMSO methyl groups 

interacting with the negatively charged surface. The fact that this band does not 
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become as prominent in the spectra from emersed surfaces can again be explained in 

terms of the change in electrode potential due to the reduction of trace water in the 

interface after emersion. 

Despite the slight instability problems of these emersed interfaces at very 

negative potentials, a systematic trend in the intensity ratio of the V„,m(CH3) to the 

VjymCCHa) bands is observed as shown in Figure 7.7 where it is compared with the same 

ratio for the in-situ spectra. In both cases, the intensity ratio increases as the potential is 

made negative. However, two differences that distinguish these environments are that the 

range of values of this ratio is much smaller on emersed surfaces than in-situ surfaces, 

and that the ratio is increasing at positive potentials for the emersed surfaces but constant 

for the in-situ surfaces until potentials in the vicinity of the pzc are reached. The former 

effect is a result of the contributions from bulk DMSO scattering to the results in-situ as 

well as the instability of the emersed interfaces at very negative potentials (which leads 

to the value from emersed surfaces never reaching that of the in-situ surfaces.) The 

observation that the intensity ratio values from the emersed surfaces begin to increase at 

potentials more positive than on in-situ surfaces is consistent with the behavior of the 

V(CSC) modes described above and is suggestive of an emersion-induced potential shift. 

A model for such a shift in this system is described below. 

3400-3800 cm ' Region. Figure 7.8 shows spectra in the V (0-H) region between ca. 
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3400 and 3800 cm'^ from emersed Ag electrodes. This frequency region documents the 

behavior of trace water in the interface resulting from an inability to completely dry these 

organic solvents." In contrast to the behavior observed in-situ, the band at ca. 3620 cm"' 

due to "free" water at more positive potentials and the band at ca. 3600 cm*' due to water 

associated with interfacial Li" in the interface at negative potentials, are very weak 

This is probably the result of both the limited thickness of the emersed layer at positive 

potentials and the instability of water towards reduction at negative potentials on these 

emersed electrodes as discussed above. As the potential approaches the pzc, a band at 

3666 cm*' emerges that becomes more intense as the potential is made negative. This 

band corresponds to microcrystalline LiOH forming at the electrode surface due to the 

reduction of water. 

Raman Spectra in v(C-H) Region with Laser Position Across the Electrode Surface. All 

of the spectra just discussed were acquired with the laser focused on the electrode surface 

at position 2 as illustrated in Figure 7.1. When the laser is focused at position 1 in this 

Figure, spectra identical to those discussed above are observed. However, when the laser 

is focused at position 3, the spectral response characteristic of neat DMSO is observed. 

Examples of spectra acquired from position 3 on the electrode surface are shown in 

Figure 7.9 for the v(C-H) region. These spectra exhibit the intense v,ya(CH3) and 

VujmCCHa) modes of DMSO, but none of the modes associated with unique interfacial or 
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surface species observed in-situ or on emersed electrodes at positions 1 and 2. Thus, one 

must conclude that what is being sampled at this position is a relatively thick film of 

emersed DMSO. At the rotation velocity used in these experiments, positions 1, 2, and 3 

represent spots on the electrode surface which have been emersed for ca. 20, 33, and 7 

sec, respectively. At position 3, therefore, these results suggest that insufficient time has 

lapsed to enable the emersed layer to establish its equilibrium thickness. Curiously, 

however, the intensity of the spectra at position 3 are potential dependent, decreasing as 

the potential is made more negative. Thus, although the emersed'layer at this position is 

not yet at its equilibrium thickness, the surface tension of the solution drop, and hence 

emersed layer thickness at this position, appears to be potential dependent which is 

manifest in the spectral intensities observed from this position. 

Proposed Model of Emersion Induced Potential Shift 

Previous studies on emersed electrodes reported from this research group suggest 

that interfacial structure is generally retained upon emersion of Ag electrodes from 

nonaqueous solvent systems.''^" However, differences between in-situ and emersed 

electrodes have been noted in the literature from work fimction measurements which 

have been attributed to an emersion-induced potential shift in the emersed interface. The 

degree to which this shift was observed in aqueous systems was found to be sensitive to 

the presence of specifically adsorbing ions.'^ In the presence of strong specific 
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adsorption, the magnitude of the emersion-induced potential shift was much smaller than 

in the absence of specific adsorption. In our previous studies in a series of the normal 

alcohols, no evidence of an emersion-induced potential shift was observed on the basis of 

surface Raman spectroscopy data. However, these studies were all done using 
» 

solutions of LiBr from which Br strongly specifically adsorbs.^ We rationalized our 

previous findings on the basis of the strong specific adsorption of Br* and the relatively 

small dipole moments of the alcohols (Di2.6) which together, give rise to a small 

emersion-induced potential shift that was not detected. 

In order to address this particular question fiirther, DMSO was selected as the 

target solvent. In light of its large dipole moment (D=3.96) and the expectation that 

DMSO would interact strongly with metal electrode surfaces, thereby rendering specific 

adsorption minimal, we hypothesized that an emersion-induced potential shift might be 

observable in this system. As the data described above attest, a small emersion-induced 

potential shift has been detected. What remains to be done is to rationalize the direction 

of this shift in terms of a plausible molecular model of the interface at various electrode 

potentials. 

One essential feature of the model used by Samec to explain an emersion-induced 

potential shift is the existence of an oriented solvent layer at the electrode surface, which 

we have demonstrated for the case of DMSO at all potentials. Furthermore, the accuracy 

of such models relies on the assumption that the emersed layer is not greater than several 
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monolayers in thickness. Although efforts to determine the exact-thickness of the 

emersed layers in DMSO are underway in this laboratory and will be reported at a later 

date, previous estimates in aqueous systems have shown this assumption to be generally 

valid.'- ̂  If effects at the emersed layer-gas boundary can be neglected for emersed 

interfaces, in the limit of a perfect emersed bilayer, the second layer of solvent molecules 

should take on the same orientation as the first dipolar solvent layer based on 

electrostatic considerations.^" If, however, the solvent orientation at the emersed layer-

gas boundary is dictated by other forces, then the potential drop felt by the first layer of 

solvent molecules will be different than that in the absence of the emersed layer-gas 

boundary effects by an amount that depends on the misalignment of the surface solvent 

dipole moment and the emersed layer-gas boundary solvent dipole moment. This 

difference is the yf term in equation (1). When considered relative to the surface solvent 

dipole moment direction, any direction of the dipole moment other than identical to the 

surface dipole moment will result in avalue that is negative. Thus, a change in 

orientation of the solvent dipoles at the emersed layer-gas boundary will have the effect 

of decreasing the potential drop across the emersed layer. Thus, the emersed interface 

would appear to exhibit a more negative potential than that applied in-situ. 

The surface Raman scattering data discussed above suggest that an emersion-

induced potential shift of up to several hundred mV is observed as the potential 

approaches the pzc. This magnitude of shift is consistent with those observed by Samec 
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mentioned above. In the case of DMSO, this shift is rationalized by the model shown in 

Figure 7.10. At potentials positive of the pzc, DMSO interacts with the surface through 

its oxygen atom giving rise to the dipole orientation shown in the left side of Figure 7.10. 

At potentials negative of the pzc, the solvent dipole has reversed due to interaction of the 

sulfur atom with the electrode surface. This is indicated in the right side of Figure 7.10. 

In order to predict an emersion-induced potential shift in these interfaces, the orientation 

of DMSO at the DMSO-gas boundary must be known. 

Recentiy, Gragson and Richmond used sum-frequency generation (SFG) to 

evaluate the orientation of DMSO molecules at the DMSO-air interface.^* Their results 

suggest that DMSO molecules are oriented at the gas interface as shown in Figure 7.10 

with their two methyl groups pointing into the gas phase at an angle of ca. 46* with 

respect to the surface normal. This orientation is expected at the DMSO-gas boundary 

regardless of emersion potential. 

The influence of this DMSO-gas boundary orientation on the emersed layer 

potential depends on the potential region of emersion. Figure 7.10 shows two cases. At 

potentials well positive of the pzc, the electrode surface DMSO dipole orientation is 

essentially identical to that at the DMSO-gas interface. In other words, xf = 0. 

Therefore, no emersion-induced potential shift is expected, nor is one observed. 

However, given the fact that the spectral changes observed with potential are minimal 

well positive of the pzc, a small shift could not be detected with Raman spectroscopy if it 
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Figure 7.10 Schematic of proposed model of potential induced potential shift. 
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were present. 

At the other potential extreme, well negative of the pzc, the DMSO dipole at the 

DMSO-gas boundary is considerably different than at the electrode surface. As noted 

above, the orientation shown corresponds to a negative value for jj®. At very negative 

potentials, since the spectral changes observed with potential are small, it is impossible to 

observe this shift with Raman spectroscopy. (This situation is made even more complex 

by the cell geometry and charge transfer considerations noted above in this potential 

regime.) However, in the transition region between positive and negative potentials (i.e. 

near the pzc,) where significant spectral changes are observed with potential, one would 

expect to see evidence of an emersion-induced potential shift due to the negative value of 

jf®. In fact, a shift of the correct sign is observed in this region as described above which 

we propose to be due to DMSO reorientation at the emersed layer-as interface as shown 

in Figure 7.10. 

CONCLUSIONS 

Emersion of a Ag electrode from a 0.2 M LiBr/solution of DMSO into a DMSO-

saturated Ar environment results in emersed layers which exhibit potential-dependent 

Raman spectra of interfacial DMSO that are similar to those acquired in-situ. Thus, these 

spectral data suggest that the potential-dependent solvent orientation of DMSO remains 

intact upon emersion of the interface. The spectroscopic data also reveal interactions 
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between Br and Li^ ions with DMSO molecules in the emersed interface that were 

observed in-situ. 

Although the spectra of the emersed interfaces are generally similar to those 

observed in-situ, they are not identical. Specifically, as the emersion potential approaches 

the pzc, the spectra of the emersed layers begin to resemble those in-situ at more negative 

potentials. These observations are interpreted in terms of an emersion-induced potential 

shift that occurs in the interface for potentials near and negative of the pzc. This potential 

shift is proposed to be due to the reorientation of DMSO molecules at the emersed layer-

gas interface. The molecular picture developed to rationalize the observed shift is 

supported by SFG studies of the orientation of DMSO at the DMSO-air interface. These 

results represent the first molecular spectroscopic evidence for an emersion-induced 

potential shift in emersed electrochemical interfacial systems. 
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Chapter 8 

TETRABUTYLAMMONIUM HEXACYANOFERRATE: 

SYNTHESIS AlVD STUDY OF ITS REDOX BEHAVIOR ON Ag 

ELECTRODES 

TNTRODUCTTON 

The hexacyanoferrate redox couple is one of the most widely used simple model 

reaction systems for electrochemists. Although it has often been assumed that the 

mechanism of the redox process is a simple one-electron transfer, this is not the case. It 

was reported some years ago that the rate of the homogeneous electron exchange reaction 

in the hexacyanoferrate couple depends on the concentration of cations '• ^ and the nature 

of the added electrolyte.^ A recent study reported by Campbell notes that the 

heterogeneous redox process for the hexacyanoferrate (III)/(II) couple is first order with 

respect to the K" concentration.* 
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Fleischmann and Graves ^ investigated this redox system in alkali chloride 

solutions using SERS and surface unenhanced Raman spectroscopy (SUERS) on Au and 

Pt as a function of potential. When investigating the surface of Au, they found that the 

v(CN) band of adsorbed ferricyanide is dependent on the nature of the cation in the 

supporting electrolyte. This mode differs from the spectra of the solution-phase species 

as all the spectra are shifted to higher frequencies compared with'those in solution. The 

spectra display marked change around 0.2 V versus SCE (the formal potential of the 

redox couple) giving rise to one or two weaker bands due to v(CN) in the lower 

frequency region between 2100 and 2130 cm'^ at less positive potentials. 

On smooth Pt, the results indicated the existence of adsorbed ferricyanide at 0.3 

V (vs. SCE) and adsorbed ferrocyanide at 0.0 V in 1.0 M LiCl containing 0.01 M 

ferrocyanide . The ferrocyanide band was split into two bands at ca. 2060 and 2100 cm"', 

while the ferricyanide band appeared at 2125 cm*^ 

Weaver ® also reported SERS studies on the Fe(CN)6^'^ redox system at Au 

surfaces. He observed variations in the spectral transition from adsorbed ferricyanide to 

adsorbed ferrocyanide around the formal potential of the redox couple when the cation 

was changed. In 0.1 M KCl containing 1 mM Fe(CN)6^, an intense potential-dependent 

band was observed at ca. 2150 cm"* of potentials more positive than 0.2 V (vs. SCE). 

However, the band shifted to ca. 2130 cm"', and a new band emerged at ca. 2100 cm*' in 

a narrow potential region below 0.2 V (vs. SCE). These results agreed with the data 
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reported by Flesichmann and Graves. 

Most recently, a report focusing on the adsorption of Fe(CN)6'*' on colloidal TiO, 

showed that Fe(CN)6^ was adsorbed onto colloidal TiOi with either one or two CN 

groups.^ This observation indicated that the Fe(CN)6^ ions are coordinated with Ag 

metal via CN bridges which lowers the site symmetry of the adsorbate state.* 

To date, most studies of the hexacyanoferrate (II)/(III) redox behavior have been 

reported from aqueous interfaces. Only very limited work exists under nonaqueous 

conditions. This chapter focuses on the synthesis effort undertaken for the construction 

of the tetrabutylammonium hexacyanoferrate complex compound. Surface enhanced 

Raman scattering (SERS) and electrochemical measurements are used to investigate their 

redox and adsorption behaviors in butanol at Ag electrodes as a function of potential. 

SYNTHESIS 

Figure 8.1 shows the scheme of the synthetic pathway for the synthesis 

tetrabutylammonium hexacyanoferrate (HI) [(CH3CH2CH2CH2CH2)4N]3Fe(III)(CN)6 or 

(Bu4N)3Fe(CN)6. 

Procedure for Synthesis of Tetrabutylammonium Hexacyanoferrates (III) 

[(CH3CH2CH,CH2CH2)4N]3Fe(III)(CN)6 or (Bu4N)3Fe(CN)6' 
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K3Fe(CN)e; H3Fe(CN)66+ [CH3(CH2)3]4NOH 

pH = 11 (Ends) 

I pH= 1.5 (Start) 

[(ch3 CH, CH2 CH2) 4N]3Fe (CN)6 

Figure 8.1 The scheme of the synthetic pathway for the synthesis 
Tetrabutylammonium Hexacyanoferrate (HI) 
[(CH3CH2CH2CH2CH2)4N]3Fe(III)(CN)s or (Bu4N)3Fe(CN)6. 
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I. Hexacyanoferric Acid H3Fe(CN)6 

Hexacyanoferric acid was prepared by passing a solution of K3Fe(CN)6 tlirough a 

fully protonated cation exchange column.Amberlite IR-I20 (plus) ion-exchange resin 

from Aldrich was immersed in TDI water overnight prior to use. 40g of Amberlite IR-

120 resin was put into a glass column without air bubbles. The column was then washed 

with TDI water several times. Ca. 5 g K3Fe(CN)6 was dissolved in a small amount water 

and passed through the column. The column was rinsed with a small amount of TDI 

water and the fraction was collected. In order to prevent acid decomposition, a 

continuous dim light was used. The product of this step is hexacyanoferric acid 

(H3Fe(CN)6) which has a yellowish appearance. 

n. Normal Salt. 

Tetrabutylammonium hexacyanoferrate (HI) was prepared by the neutralization 

of H3Fe(CN)6 (from step I) with tetrabutylammonium hydroxide [CH3(CH2)3]4NOH 

(purchased from Aldrich) to a pH of 7.0. When tetrabutylammonium hydroxide was 

added to the H3Fe(CN)6 acid solution (pH 1.2-1.3), a yellow precipitate was formed. 

As more tetrabutylammonium hydroxide was added, the color of the solution changed 

from yellow to green-yellow, and the precipitate dissolved. The pH value at this point 

was measured ca. 2.5. The color of the solution changed to clear yellow-green with 

additional tetrabutylammonium hydroxide, and the pH value at this point was ca. 4.5-5.0. 
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A few drops more tetrabutylammonium hydroxide was added to complete the reaction as 

the pH value increased rapidly to ca. lO-l 1. It was noted that it was difficult to maintain 

the pH value at exactly 7.0. At this point, the aqueous product of tetrabutylammonium 

hexacyanoferrate (HI) was obtained. 

in. Purification of Tetrabutylammonium Hexacyanoferrate (HI) from Aqueous 

Solution 

Aqueous tetrabutylammonium hexacyanoferrate (HI) was evaporated under 

vacuum in a dim light using a rotary evaporator. After evaporation, a wet, yellow solid 

of tetrabutylammonium hexacyanoferrate (HI) was obtained. This compound was then 

dissolved into a small amount ethanol. The ethanol was subsequently removed by rotary 

evaporation. Again, the residue was dissolved in a small amount benzene (ca. 15 ml), 

followed by removal of this solvent by rotary evaporation. After these clean-up 

procedures, the residue obtained was the crude product of tetrabutylammonium 

hexacyanoferrate (IE). 

rV. Recrystallization 

Tetrabutylammonium hexacyanoferrate (HI) was dissolved in a small amount 

ethanol in dry ice-acetone bath. Ether was added into the cool solution drop-wise until 

the formation of yellow powder-like precipitate was complete. The crystals were then 
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filtered off and rinsed with cold ether. Tetrabutylammonium hexacyanoferrate (HI) was 

recrystallized twice using this procedure. Any residual water and solvent was removed 

by vacuum drying at 60° C for 24 hours. 

V. Elemental Analysis 

The empirical formula for tetrabutylammonium hexacyanoferrate (HI) was 

deduced to be [(CH3CH2CH2CH2)4N]3Fe(III)(CN)6 'l.S H2O ( Cj^HmNsFe • 1.5 HjO) on 

the basis of the elemental analysis. The molecule weight of this compound was 966.39. 

Calculated: 67.15%C, 11.58%H, 13.04 % N; found 67.31%C, 10.99% H, and 13.59 

%N. 

RESULTS AND DISCUSSION 

Cyclic Voltammetry 

Cyclic voltammetry was used to study the redox behavior of tetrabutylammonium 

hexacyanoferrate (HI) at polycrystalline Ag and Au electrodes in butanol. Figure 8.2 

shows the cyclic voltammetry of 5 mM (Bu4N)3Fe(CN)6 and 0.15 M bu4ncio4 at Ag 

electrodes in butanol at scan rates of 50 mV/s, 100 mV/s, and 300 mV/s respectively. 

The reference electrode system is Ag/Ag* in methanol solution containing kno3 and 

AgNOs- The peak potentials (Epc) for reduction of [Fe(CN)6]^ are found at-1.2 V,-1.3 

V, and -1.4 V at 50, 100, and 300 mV/s, respectively. On the return scans, the oxidation 
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Figure 8.2 Cyclic voltammograms of 5 mM (Bu4N)5Fe(CN)6 and 0.15 M bu4ncio4 

at Ag electrodes in butanol at scan rate of (a) 50, (b) 100, and (c) 300 
mV/s. 
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Figure 8.3 Cyclic voltammograms of 5 mM (Bu4N)3Fe(CN)6 and 0.15 M BU4NCIO4 
at Au electrodes in butanol at scan rate of (a) 50, (b) 100, and (c) 500 
mV/s. 
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peak potentials (EpJ are found at -0.7 V, -0.7 V, and -0.6 V at 50, 100, and 300 mV/s, 

respectively. Peak potential separations of the cathodic and anodic peaks (^Ep) are 0.5 

V, 0.6 V, and 0.8 V at scan rates of 50, 100, and 300 mV/s. These values are consistent 

with quasi-reversible behavior in this system. Similar characteristics were observed for 

the cyclic voltammetry acquired at Au electrodes as shown in Figure 8.3. The peak 

potentials of Epc are ca. -1.5 V, -1.5 V, and -1.7 V at 50, 100, and 500 mV/s, 

respectively. In the reverse direction, the oxidation peak potentials (Ep,) are found at -0.9 

V, -0.8 V, and -0.7 V at 50, 100, and 500 mV/s, respectively. Peak potential separations 

of the cathodic and anodic peaks (AEp) are ca. 0.6 V, 0.6 V, and 1.0 V at the scan rate of 

50, 100, and 500 mV/s, respectively. 

Surface Enhanced Raman Scattering Measurements on In-situ Roughened and Smooth 

Ag Electrodes 

Earlier studies indicated that both hexacyanoferrate (II) and (HI) ions in solution 

have Oh symmetry. Of the three fundamental v(CN) modes, v, (aig), V3 (Cg) and Vg (fm), 

only Vi and Vj are Raman-active while Vg is infrared-active." The literature values for the 

frequencies of these bands are tabulated in Table 8.1. As an example, solutions of 

Fe(CN)6^ exhibit two Raman bands at 2095 (Vi, aig) and 2058 (V3, Cg) cm''. 

Figure 8.4 shows the Raman spectra in the v (CN) region between 2000 and 2200 
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Table 8.1 Vibrational bands assigned to v (CN) modes in hexacyanoferrate (II) and 

m 

Wavenumber (cm'O 

Raman Infrared 

Vi (a ig) V3(eg) flu 

Fe°(CN)fi^ 2095 2058 2040 

Fe'°(CN)6^ 2132 2125 2114 
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Solid (Bu,N)3Fe(CN), 
2111 

2105 
1 

J 
T2132 

0.1 M(Bu,N)3Fe(CN),/EtOH / 

/ 1 2132 

2108 

2072 1/ 

/ / 11 ' 

/ \ 
0.1 M (Bu,N)3Fe(CN), / BUOh/ \ 

2072 1 2104 1/ \ 

2000 2050 2100 2150 

Figure 8.4 Raman spectra in v (CN) region between 2000 and 2200 cm"' of solid 
(Bu4N)3Fe(CN)6, and in ethanol and butanol solutions containing O.IM 
(Bu4N)3Fe(CN)6 • 
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cm"' in ethanol and butanol solutions containing 0.1 M (Bu4N)3Fe(CN)s and solid 

(Bu4N)3Fe(CN)5. The Raman spectrum of the solid shows two bands at 2111 cm"^ and 

2105 cm"' which correspond to the v (CN). The data indicate that the v(CN) stretch is 

weaker in solid (Bu4N)3Fe(CN)6 than in K3Fe(CN)6. Raman spectra of ethanol 

containing 0.1 M (Bu4N)3Fe(CN)6 show an intense, broad peak at 2132 cm"' and shoulder 

at ca. 2125 cm*' due to the v(CN) modes of ferricyanide [Fe(CN)6] which correspond 

respectively to the Vj (aig) and Vj (eg) modes. The shoulder and small peak at ca. 2108 

and 2072 cm"' corresponding to the Vi (ajg) and Vj (e^) modes of [Fe(CN)6] may be 

caused by the small amounts of [Fe(CN)6] in the raw material. Raman spectra of 

butanol containing 0.1 M (Bu4N)3Fe(CN)6 show an intense, broad peak at 2132 cm"' and 

a shoulder peak at ca.2125 cm"' due to v(CN) modes of ferricyanide [Fe(CN)6] which 

correspond respectively to the Vi (aig) and v 3 (eg) modes. Furthermore, a weak feature at 

ca. 2104 and 2072 cm"' corresponding to the Vi (aig) and v 3 (Cg) modes may be due to a 

small amount of ferrocyanide [Fe(CN)6] . The Raman spectra show a larger splitting 

between the two modes Vi (aig) and V3 (Cg) of v(CN) in the solutions, than in the solid 

and v(CN) shifts to higher frequencies in the solutions. These results indicate a stronger 

v(CN) band in the solution relative to the solid. Peak frequencies are tabulated in Table 

8.2. 

Figure 8.5 shows Raman spectra in the v (CN) region between 2000 and 2200 cm" 

' for ethanol, propanol, and butanol solutions containing ca. 5mM (Bu4N)jFe(CN)6. A 
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5mM (Bu,N)3Fe(CN), / EtOH 

I 2134 

2126 1 A 

5mM (Bu4N)3Fe(CN), / PrOH 

SmM (Bu4N)3Fe(CN), / BuOH 

H-H 

xlO 

2100 2150 2200 

Wavenumbers(cm"^) 
Figure 8.5 Raman spectra in v (CN) region between 2000 and 2200 cm"' for ethanol, 

propanol, and butanol solutions containing ca. SmM (Bu4N)3Fe(Gs06 • 



Table 8.2 Vibrational bands assigned to v(CN) in (Bu4N)3Fe(CN)s 

284 

Vi (a ig) (cm-*) V3(eg) (cm-*) 

solid (Bu4N)3Fe (CN)6 sample 2111 2105 

0.1 M (Bu4N)3Fe (CN)6 in ethanol 2132 2125 

small amount (Bu4N)3Fe ° (CN)^ in ethanol 2104 2072 

0.1 M (Bu4N)3Fe ^ (CN)g in butanoi 2132 2125 

small amount (Bu4N)3Fe ° (CN)6 in butanoi 2104 2072 

5 mM (Bu4N)3Fe (CN)6 in ethanol 2134 2126 

5 mM (Bu4N)3Fe (CN)6 in propanol 2134 2126 

5 mM (Bu4N)3Fe ^ (CN)^ in butanoi 2134 2126 
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broad band is observed at 2134 cm"' in all three solutions. The band is not symmetric, as 

tailing is observed at 2126 cm*'. The intensity of these bands decreases from ethanol to 

butanol. These results indicate that the relative intensities of Vi (aig) and Vj (eg) are 

solvent dependent. Peak frequencies are shown in Table 8.2 

A recent study by Loo reported hexacyanoferrate (II) and (EI) ions adsorbed on 

Ag electrodes.' Four bands are associated with this adsorption at 2026, 2067, 2082, and 

2122 cm*'. Loo suggested that the 2122 cm*' mode is due to adsorbed Fe(CN)6*' on Ag, 

while the two modes at 2067 and 2082 cm*' correspond to the degeneracy of the V3 (eg) 

mode due to Fe(Q06^ adsorption. Furthermore, the 2026 cm*' mode is assigned to a 

surface-induced IR-active Vg mode. These bands appear to be potential-dependent. As 

an example, the 2100 cm*' feature of the adsorbed Fe(CN)6^ on Ag was observed to shift 

up to 2114 cm*' at -0.65 V, and to 2122 cm*' at -1.0 V. It becomes very weak at -1.2 V. 

The 2060, 2083 cm*' modes due to Fe(CN)6^ adsorption were observed at -0.65 V, and 

increased in intensity as the potential was made to more negative. The 2060 cm*' mode 

was shifted to 2067 cm*' at -1.0 V, and 2056 cm*' at -1.2 V. Loo also reported that in the 

SERS spectrum of Fe(CN)6^on Ag, a band due to Fe(CN)6^ adsorbed on Ag was 

observed at 2124 cm*' at 0 V in solutions containing K^. This mode was downshifted to 

2120 cm*' at -0.10 V, and 2117 cm*' at -0.2 V. In summary. Loo's study indicated that 

both the Fe(CN)6^ and Fe(CN)6^* ions were co-adsorbed on the Ag electrode at potentials 

positive of -0.2 V, and Fe(CN)6^ was the predominant species at potentials negative of -
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0.2 V. 

In a similar study on TiOi, Umapathy and coworkers also observed a strong band 

at 2115 cm"' and an ill-resolved doublet at 2055 and 2075 cm"' which was suggested to 

be Fe(CN)6^ adsorbed on TiO, surface.'^ Moreover, Blackboum reponed three bands at 

2058, 2072, and 2118 cm"' in a similar study on Ti02. These bands were observed at 

colloidal TiOi surfaces from adsorbed Fe(CN)6'*'. Fleischmanne/a/.^ confirmed these 

results on Ag surfaces, showing that at 0 V, the bands due to adsorbed Fe(CN)6^ on Ag 

electrodes were observed at 2125 cm'* in solutions containing K*, 2127 cm"' in solutions 

containing Cs", 2156 cm'* in solutions containing Na\ and 2100 cm'* in solutions 

containing Li*. These results indicate that the position of the Fe(CN)6^ band is related to 

the nature of the cation in the supporting electrolyte. 

Figure 8.6 shows the potential-dependent SERS spectra in the v(CN) region for 

butanol solutions containing 5 mM (Bu4N)3Fe(CN)6 and 0.15 M bu4ncio4 on a 

roughened Ag electrode. Spectra were acquired in the potential region from -0.2 V to -

1.8 V versus Ag/Ag7 methanol reference electrode containing kno3 and AgNOs. Many 

changes are observed in these spectra as the potential is varied from -0.2 V to -1.8 V. 

Two broad, intense bands are observed at 2166 cm'* and 2143 cm'* at -0.2 V. As the 

potential is changed from -0.2 V to -0.6 V, the intensities of these bands decrease, and 

the band observed at 2166 cm'* completely disappeared at -0.6 V. The 2143 cm'* band 

shifts to 2129 cm'* as the potential is changed from -0.2 V to -1.2 V. Also when the 
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Figure 8.6 Potential-dependent SERS spectra in the v(CN) region for butanol 
solution containing 5 mM (Bu4N)3Fe(CN)6 and 0.15 M bu4ncio4 on a 
roughened Ag electrode. 
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Figure 8.7 Potential-dependent SERS spectra in the v(CN) region for butanol 
solution containing 5 mM (Bu4N)3Fe(CN)6 and 0.15 M BU4NCIO4 on a 
smooth Ag electrode. 
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Table 8.3 v(CN) frequencies (cm"') from 5 mM (Bu4N)3Fe(CN)6 and 0.15 M 

BU4NCIO4 in butanol at smooth and rough Ag electrodes 

Potential(V) Fe(CN)6^ (smooth) Fe(CN)s^ 

(smooth) 

Fe(CN)6''(rough) Fe(CN)," 

(rough) 

-0.2 2168(S,),2143(S„Sj) 2I66(S,), 2143 (S„Sj) 

-0.3 2168(S,),2143(S„Sj) 2166 (S,), 2143 (S„SJ 

•0.4 2l68(S,),2143(S„Sj) 2166 (S,),2143 (SLSJ 

-0.5 2168(S,),2143(S„Sj) 2139 (Sj) 2166 (S,),2I39(S„S,J 

-0.6 2139 (S,J 2135 (Sj) 2135 (S,J 

-0.7 2135 (S,J 2134 (S,J 2134 (SJ 

-0.8 2132 (S,J 2132 (SI) 2132(SJ 

-0.9 2129 (Si) 2104^073 (SJ) 2129(SJ 2104, 2072 (SJ 

-I.O 2129 (Sj) 2104^072 (S,J 2129(SJ 2104, 2072(SJ 

- l . I  2129 (S,J 2104^072 (S,J 2129(SJ 2104, 2072 (SJ 

-1.2 2103^072 (SJ 2104,2072(SJ 

-1.3 2103,2072 (S,J 2104,2072 (SJ 

-1.4 2103,2072 (S,J 2104,2072(SJ 

-1.5 2103,2072 (SJ 2104.2072 (SJ 

-1.6 2103,2072 (Sj) 

S| = Surface band 

S; = solution band 
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potential approaches -0.9 V, the broad band at 2129 cm"' decreases more and two new 

bands at 2104 cm"' and 2072 cm"' and a shoulder at 2114 cm"' are observed. No 

frequency shift is noticed for these two bands as more negative potentials are applied. 

Similar characteristics are observed for the data acquired at in-situ smooth Ag 

electrodes as shown in Figure 8.7. Spectra were acquired in the potential region from -

0.2 V to -1.8 V versus Ag/AgV methanol reference electrode containing KNO3 and 

AgNOs- Intense bands at the 2168 cm"'and 2143 cm"'are observed at-0.2 V. The 

intensity of 2168 cm"' band increases as the potential is changed from -0.2 V to -0.4 V. 

A steady decrease in the intensity is noted at potentials negative of -0.4 V, and this band 

is no longer visible at -0.6 V. As the potential is changed from -0.2 V to -1.2 V, the 

2143 cm"' band shifts to 2129 cm"'. It disappears after the value of ca. -1.2 V. Two new 

bands are observed at 2104 cm"' and 2072 cm"' as the potential approaches -1.0 V. Peak 

frequencies are tabulated in Table 8.3. 

On the basis of previous studies, the bands observed at 2168 cm"' and 2166 cm"' 

at -0.2 V from roughened and smooth Ag electrodes in 5 mM (Bu4N)3Fe(CN)6 and 0.15 

M bu4ncio4 butanol solutions are assigned to the Vi (aig) mode. Moreover, these bands 

represent the Fe(CN)5^ adsorbed on the Ag electrode. The broad peak observed at 2143 

cm"' at -0.2 V at both roughened and smooth Ag electrodes in butanol may be due to a 

mixture of adsorbed Fe(CN)6^ ions, which may belong to the V3 (Cg) mode and the 

solution (Bu4N)3Fe (CN)6- As the potential is made more negative, the Fe(CN)6^ 
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species are reduced to Fe(CN)5^. Two bands observed at 2104 and 2072 cm*' at -0.9 V 

are assigned to the solution Fe(CN)6"'" species according to the solution frequencies 

observed previously. These two bands respectively correspond to the Vi (ajg) and v 3 (eg) 

modes. The shoulder observed at 2114 cm*' is possibly due to adsorbed Fe(CN)6^ which 

is consistent with previous studies.^-' 

Figures 8.6-8.7 illustrate the potential dependence of these spectra. The bands at 

ca. 2143 cm*' due to adsorbed Fe(CN)6^ [V3 (eg)] and solution Fe(CN)6^ shift to lower 

frequencies as the potential is made more negative, presumably due to increasing back 

donation from the d levels of the negatively charged n* levels of the electrode to the 

adsorbed anions. All spectra obtained from surface species in this study are observed at 

higher frequencies compared to those species in solution. This could be due to the 

involvement of the it* orbital of the v(CN) group after bonding to the electrode. 

Alternatively, the increase in frequency could be due to bonding interactions via the lone 

pair electrons from N to the electrode surface if a bridging bond is formed. 

Korzeniewski et al. have modeled the adsorption of a hexacyanoferrate ion at a 

metal surface based upon symmetry arguments and model calculations.'^ The 

coordination of the hexacyanoferrate ion on a metal surface through one, two, or three 

nitrile groups results in the reduction of Oh symmetry to C4V, Cjv and C3V, respectively. In 

each of these cases, the center of symmetry is removed, and the V; (aig ),V3 (Cg), and flu 

modes become both Raman and infrared-active. For Fe(CN)6^ adsorbed at Ag, the Vj 
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v(CN) mode shows a shift of ca. 32 cm"' in frequency, i.e. from 2134 cm"' (solution 

phase) to 2166 cm'S which indicates that a stronger surface interaction with Ag occurs at 

positive potentials. As the potential is made more negative (ca. -1.0 V), the shoulder 

observed at 2114 cm"' indicates that the reduced species Fe(CN)6^ weakly adsorbs on the 

surface. Also noted is that the magnitude of the shift is comparable to those observed 

from nitrile compounds coordinated to metal ions through lone pair electrons on the N 

atom, resulting in a bridging CN-metal bond.'® It is concluded that Fe(CN)6^ ions 

strongly adsorb to Ag electrodes through bridging CN bonding at positive potentials and 

Fe(CN)6^species weakly adsorb to Ag through CN bonding at negative potentials. The 

electrochemical data confirm the spectroscopic results, indicating Fe(CN)6^ ions adsorb 

on Ag at positive potentials -0.2 V to ca. -1.0 V. As the potential is made more negative, 

Fe(Q>06^ ions are reduced to Fe(CN)6^ ions and at ca. -1.0 V, most Fe(CN)6^ species 

have been reduced. The results also indicate that solvent (butanol) may induce larger 

splitting between (Vi, ajg) and (Vj, eg) modes of CN. 

sinvrvrARY 

From the cyclic voltammetry and Raman spectra presented in this chapter, it has 

been illustrated that strong interactions exist between Fe(CN)fi^and Ag at positive 

potentials (from -0.2 V to -0.6 V). As the potential is made more negative, Fe(CN)6'*" 

weakly adsorbs to Ag. The results indicate that both Fe(CN)6^ and Fe(CN)6^ ions are 



coordinated with Ag via CN bridges. 
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Chapter 9 

SUMMARY AND FUTURE DIRECTION 

OVERVIEW OF PROBLEMS 

Research on the electrochemical double layer provides fundamental information 

for electrochemistry. A better understanding of electrochemical phenomena can only be 

achieved when the molecular properties of the double layer are fully characterized. 

Although a great many advances have been made in these areas in recent years, studies of 

the electrochemical double layer of many varieties are still incomplete. Information that 

is especially lacking is on solid electrodes where the analysis suffers from uncontrolled 

complexities. Up to date, most of the electrochemical double layer characterization has 

been done at aqueous electrochemical interfaces although nonaqueous solvents remain a 

relatively unexplored area of research in electrochemical technologies. The maturing and 

further development of surface science and electrochemistry and studies in specific 
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solvent-electrode, ion-electrode, solvent-ion, solvent-solvent, and ion-ion interactions at 

the nonaqueous electrochemical interface will no doubt provide a wealth of information 

to both academic researchers and future technologies. 

ORTECTIVES OF RESEARCH 

The objectives of this research were to characterize the interfacial chemistry at 

electrode surfaces in nonaqueous media. One focus of this research was to monitor the 

behavior of interfacial HiO in alcohols including methanol, ethanol, propanol, butanol, 

and pentanol, and dimethylsulfoxide (DMSO). Surface enhanced Raman scattering 

(SERS) and electrochemical measurements (cyclicvoltammetry) were used to determine 

the interfacial strucmre of these species at electrode surfaces as a function of potential. 

More specifically, these techniques were applied to further the understanding of the 

interaction between the interfacial H2O species along with anions, cations, other solvent 

molecules, and the electrode surfaces. The potential of zero charge and surface coverage 

of specific ion adsorption have been determined using these techniques. 

The other focus of this research is the development of Raman strategies for study 

of emersed nonaqueous interfaces. The solvent DMSO was selected as the probe for this 

study because of its special properties, such as its large dipole moment (4.5), and strong 

interaction with metal surfaces. Last but not least, the study of the redox behavior of 

Fe(CN)6 from butanol solutions at Ag electrodes was also a focus in this dissertation. 
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STTMMARY OF RESULTS 

The results of these studies are summarized below. 

Chapter 3: Bromide Ion Adsorption On Ag Electrodes in Alcoholic Solvents 
Using Differential Capacitance and Surface-enhanced Raman Scattering 

Differential capacitance measurements and surface-enhanced Raman scattering 

(SERS) have been used to study Br ion adsorption on polycrystalline Ag electrodes as a 

function of potential and concentration in a series of alcohol solvents including methanol, 

ethanol, propanol, butanol, and pentanol. SERS spectra in the v(Ag-Br) region indicate 

the potential region over which Br are adsorbed. Br surface coverage is calculated using 

the Hurwitz-Parsons analysis of differential capacitance-potential data in these media. 

The potential of zero charge is quantitatively estimated from these measurements using 

the criterion that the pzc occurs at 5 % of a close-packed monolayer of Br in 0.4 M 

LiBr/0.1 M LiC104 solutions of these alcohols. SERS suggests that different populations 

of adsorbed Br exist at electrode. The v(Ag-Br) mode is strongest at positive potentials 

due to the formation of a Ag-Br adlayer with Br" hydrogen bonding with the interfacial 

HiO species. A weak feature on the v(Ag-Br) mode observed at more negative potentials 

is possibly due to a second type of Ag-Br vibration. Interfacial HjO species in these 

alcohol systems can stabilize the Ag-Br adlayer. Br surface coverage as a function of 

electrode potential is quantitatively determined using the Hurwitz-Parsons analysis. 

Correlation of the SERS data with the electrochemical data yields a complete picture of 
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the interfacial molecular structure in these systems. 

Chapter 4: Investigation of Trace Interfacial Water and Electrolyte Ions At Silver 
Electrodes in Normal Alcohols Using Surface Enhanced Raman Scattering 

The behavior of trace interfacial H^O and its interaction with Li^ and Br ions at 

Ag electrodes in the series of alcohols methanol, ethanol, propanol, butanol and pentanol 

is studied using surface-enhanced Raman scattering (SERS). SERS spectra in the v(0-

H) region exhibit four bands from the interfacial HjO species which are a sensitive 

function of the nature of the solvent, the residual H^O concentration, and the electrode 

potential. These bands are assigned to H2O species interacting with specifically adsorbed 

Br, Li" in the outer Helmholtz plane, or directly with the electrode surface. More 

specifically, four v(O-H) bands, designated as A, F, C, and H, are observed in these 

alcohols. The A band, attributed to HiO species hydrogen-bonded with specifically 

adsorbed Br", perhaps that existing in a AgBr adlayer, is best resolved and most intense in 

methanol and ethanol indicating the greatest number of these species in these solvents. 

The F band is most intense in propanol, butanol, and pentanol suggesting that the lower 

solubility of HjO in these solvents makes the Li'^-rich electrochemical interface more 

desirable than bulk solution. The important implications of these observations are that 

Li"^ appear to carry a disproportionate number of trace H2O species in these electrolyte 

solutions, and that the H2O species that do interact with certain Li"^ may be clustered. 

The results of this study indicate that in the interface, HiO molecules cluster around Li" 
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and Br ions and are not homogeneously dispersed. The spectral data suggest pronounced 

restructuring of the water in the interface in the vicinity of the potential of zero charge. 

Detailed molecular pictures of the electrochemical interface existing at Ag electrodes in 

these media have been proposed in different potential regimes. 

Chapter 5: Bromide Surface Coverage in Butanol Isomers at Smooth Au Electrodes 
from Differential Capacitance Measurements 

Br* surface coverage as a function of electrode potential at Au electrodes is 

quantitative determined using the Hurwitz-Parsons analysis. The results signify that Br" 

specific adsorption is much weaker at Au than at Ag electrodes. No evidence of a AuBr 

adlayer was observed. The potential of zero charge observed at Au electrodes is more 

positive than at Ag electrodes. Solvent interactions with Au electrodes are probably 

stronger than at Ag electrodes. The results show similar behavior for the butanol isomers 

at Au and Ag electrodes as a function of potential, indicating that the interactions and 

orientation of these solvents are similar on both metals. 

Chapter 6; Interfacial Solvent Structure of Dimethylsulfoxide and Electrolyte Ions at 
Ag Electrodes from Surface Enhanced Raman Scattering 

Surface enhanced Raman scattering (SERS) and differential capacitance are used 

to study interfacial structure in LiBr containing dimethylsulfoxide (DMSO) at Ag 

electrodes. The potential-dependent orientation of the solvent molecules appear to be 
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driven by interactions with the Ag surface of the O nonbonding electrons at positive 

potentials, and S nonbonding electrons at negative potentials. Significant changes are 

observed at potentials in the vicinity of the pzc, suggesting that solvent molecules 

reorient at in this potential range. Evidence for unique interactions of both Li" and Br 

ions with DMSO and of Li" and Br with trace interfacial HiO species has been 

uncovered and presented in terms of their potential-dependent behavior. The 

spectroscopic data also reveal interactions between Br and methyl groups. Collectively, 

these results support the contention that DMSO is strongly interactive with Ag surfaces. 

Chapter 7: Surface Enhanced Raman Scattering Investigation of Dimethylsulfoxide 
Electrochemical Interfaces At Emersed Ag Electrodes 

Surface enhanced Raman scattering (SERS) has been used to study interfacial 

dimethylsulfoxide (DMSO) in LiBr electrolyte solution at emersed Ag electrodes. The 

potential-dependent behavior of the interfacial structure of DMSO solvent molecules 

appears to be driven by interaction of the oxygen atom positive of the potential of zero 

charge (pzc) and the sulfur atom negative of the pzc with Ag surfaces. The interaction 

between DMSO solvent molecules and electrolyte ions has been clearly detected. Upon 

emersion of a Ag electrode into a solvent-saturated gas environment, SERS spectral data 

suggest that the essential features of the electrochemical double layer remain intact. The 

interfacial solvent structure of DMSO and electrolyte ions at Ag electrodes as a function 

of potential are similar to the results obtained at in-situ Ag electrodes. The spectroscopic 
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data also reveal interactions between Br and methyl groups, and Li* with DMSO 

molecules. Pronounced restructuring of DMSO in the interface is found in the vicinity of 

the pzc. Most significantly, an emersion-induced potential shift in the interface is 

observed. This potential shift is proposed to be due to the reorientation of the DMSO 

molecules at the solution/gas interface. These results represent the first spectroscopic 

evidence for the existence of this emersion induced-potential shift. 

Chapter 8; Tetrabutylammonium Hexacyanoferrate Synthesis and Study of Its Redox 
Behavior on Ag Electrodes 

The detailed procedure for the synthesis of tetrabutylammonium hexacyanoferrate 

has been presented in this chapter. The redox behavior of this complex compound in 

butanol solutions has been investigated using electrochemical measurements and SERS. 

From the cyclic voltammetry and Raman spectra, it has been illustrated interactions 

between the Fe(CN)6^/Fe(CN)6^ and Ag electrodes. At positive potentials, Fe(CN)6^ ion 

adsorption dominates (from -0.2 V to ca. -1.0 V) with two poorly-resolved v(CN) modes 

observed at 2166 cm"' (Vj) and 2143 cm*' (V3). As the potential is made more negative, 

weak FeCOOe'*" adsorption occurs instead of Fe(CN)s^ adsorption. Two new bands 

related to Fe(CN)s** solution species are observed at 2103 cm*' (Vj) and 2072 cm*' (V3). 

The results indicate that both Fe(CN)6^ and Fe(CN)6'** are coordinated with Ag through 

CN bridges. 
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FUTURE DIRECTION 

Although remarkable progress has been made in better understanding 

electrochemical interfaces in nonaqueous media, a great deal remains to be learned. To 

date, we have more comprehensively investigated the interfacial structure of the lower 

alcohols methanol, ethanol, propanol, butanol, and pentanol. These studies were 

centered around how these normal alcohols function in the presence of LiBr as 

supporting electrolytes and trace interfacial H2O at metal surfaces as a function of 

potential. This work has revealed that specifically adsorbed ions and interfacial H^O 

species in the interface play an important role in dictating solvent orientation. Studies 

were undertaken to broadened our knowledge in different nonaqueous media by applying 

Br ion. In the future, this research can be broadened by using non-specially adsorbed 

ions. One example of such is the use of ions such as (RtN)"" and PFg" which will 

demonstrate how different ions may interact and affect a particular nonaqueous solvent. 

The spectroscopic signatures of trace H^O in nonaqueous interfaces provide 

significant insight for elucidation of the interactions at interfaces. This research has 

shown that trace HjO species in the interfaces of nonaqueous systems appear to be 

strongly interactive with ions and, under certain circumstances, the electrode surface. 

Even more importantly, these H2O species exhibit clustering behavior consistent with 

what has been observed in a microheterogeneous interface. The understanding of this 
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behavior is a piece of a larger puzzle for unraveling the behavior of mixed organic-

aqueous systems. Overall, the results reported here are not only interesting for academic 

reasons but rather, they are useful processes which can be directly probed for future 

technologies. Towards the objectives described herein, further studies of the v(O-H) 

region in the alcohols, DMSO, and other solvent systems can be carried out from the 

"dry" (HjO content in alcohols is ca. 3-8 mM after purification) solvents to the solvents 

where varying amount of HjO are intentionally added. 

Although this research demonstrates the power of surface Raman spectroscopy 

for elucidating the molecular structure of interfaces in organic solvents, it has revealed 

some limitations and problems. These issues include the fact that organic solvents such 

as the alcohols interact only weakly with metal surfaces. Thus, maintaining their 

presence at metal surfaces in emersion requires the presence of a relatively high vapor 

pressure of the solvent in the ambient gas environment. Under these kinds of conditions, 

the study is often unfruitful. Therefore, systems must be chosen carefully and conditions 

of each experiment may need to be closely scrutinized in further studies. Also, in order 

to demonstrate the general applicability of SERS and electrochemical methods, organic 

solvents other than alcohols and DMSO need to be studied. 

Pyrrole is not only of great interest for organic chemist as describe herein but also 

an important molecule for other discipline of chemistry and biology because of its 

important properties in amino acids and proteins. As we know, the pyrrole ring is the 
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basic unit of porphyrin systems, which occur in chlorophyl and in hemoglobin.' From a 

purely academic point of view, pyrrole is one of the simplest five-member conjugated 

heterocyclic compound which contains a nitrogen hetero-atom. The delocalization of the 

n electrons of pyrrole stabilizes the ring. In contrast to most amines, pyrrole is an 

extremely weak base (pKa 3.8), since the lone pair of electrons on the N is involved in 

the aromaticity and is not available for sharing with acids. By the same token, a high 

electron density exist in the ring system. Because of these properties, pyrrole is expected 

to interact with metal surface more strongly than the alcohols. Moreover, pyrrole is 

attractive as a solvent because of its unique vibrational spectroscopic perspective. The 

distinct v(CN) vibration is observed at ca. 2300 cm'\ where relatively few spectral 

interferences are encountered. The v(CN) mode is extremely sensitive to interaction of 

either the lone pair of electrons on the N atom or the k electrons on the ring. When the 

solvent interacts with metal surfaces through the lone pair electrons, the v(CN) can 

increase or decrease in frequency by up to 100 cm"' relative to its corresponding solution 

value." When the solvent molecules are it-bonded to the metal, very large shifts of 

several hundred cm"' to lower frequencies can be observed.^ 

Finally, it is extremely important to better understand the mechanism of action for 

the electron transfer within a redox-active molecules. SERS has been demonstrated to be 

a valuable tool for gaining detailed structural information about molecules adsorbing at 

metal surfaces. Although much research has been focused at metal-aqueous interfaces, 
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only a few studies have been done in nonaqueous media. Chapter 8 in this dissertation 

discussed the preliminary results regarding tetrabutylammonium hexacyanoferrate (in/II) 

redox couple in butanol solutions at metal-nonaqueous interfaces. This research has 

gained much needed information about the behavior of this redox couple in a nonaqueous 

media, but it will undoubtedly be more interesting to encompass a greater range of redox-

active molecules [such as pentaammine (pyridine) osmium (III/II), pentaammiruoitheium 

(in/II)] in nonaqueous media in future research. The author believes that the techniques 

described above will continue to be models for studies under nonaqueous conditions and 

provide further useful information in this area of research for many years to come. 

Last but not least, significant progress has been made in the development of 

surface Raman spectroscopy strategies for study of emersed nonaqueous interfaces. The 

newly-designed Raman spectroscopic emersion cell incorporating a motor-driven rotating 

electrode which can be operated at rotation rates of less than I rpm (0.13 mm/sec) is a 

feature essential to success of the emersion approach. The method was demonstrated to 

be very successful for study of smooth polycrystalline Ag surfaces. By applying this 

technique, spectra of excellent quality were obtained from emersed layers. By applying a 

probe study of Ag electrodes emersed from DMSO, research undertaken by the author 

and co-workers have revealed that the emersed layer generally track the in-situ spectra. 

We also detected the existence of an emersion-induced potential shift. Conclusions were 

made that the emersion-induced potential shift is due to the reorientation of DMSO 
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molecules at the gas/solution boundary. Although pioneering and preliminary studies of 

this system are obtained, the author believes further work should be aimed at 

discrepancies between the in-situ and emersed interface where the emersion-induced 

potential shift issue can be further clarified. To such an end, the generality of the 

emersion approach needs to be further established using a greater range of solvent and 

electrolyte systems. Issues such as the thickness of these emersed layers, and how the 

thickness affects the nature of the metal surface, the solvent properties, and the 

electrolyte should be addressed in any future studies. 
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Appendix A 

A STUDY OF TETRABUTYLAMMONIUM 

HEXACYANOFERRATE REDOX BEHAVIOR ON EMERSED Ag 

ELECTRODES 

Tetrabutylammonium hexacyanoferrate redox behavior in butanol on Ag 

electrodes in-situ has been discussed in Chapter 8. The results indicate strong 

interactions between Fe(CN)6^ and Ag, and weakly adsorption between Fe(CN)5"'*and 

Ag. At positive potentials, Fe(CN)6^ adsorption is predominant; and at negative 

potentials, Fe(CN)6'*" solution species are predominant on surface. Both Fe(CN)6^ and 

Fe(CN)6'*'are coordinated with Ag via CN bridges. 

The preliminary results of tetrabutylammonium hexacyanoferrate on emersed Ag 

electrodes are reported in this appendix. Further research work about the redox couple 

on emersed electrodes will be reported later. 

Figure 1 shows potential-dependent Raman spectra in the (CN) region between 

2000 and 2200 cm*' in butanol solutions containing 5 mM (Bu4N)3Fe(CN)6 and 0.15 M 
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BU4NCIO4 on mechanically polished Ag electrodes. The electrode has been emersed in 

Ar environment which remains a constant vapor pressure of butanol during the 

experiments by maintaining the gas flow constant. Spectra were acquired in the 

potential region from -0.4 V to -1.6 V versus a Ag wire reference electrode. A broad 

intense peak centered at 2116 cm"' is observed at -0.4 V. As the potential is made more 

negative, this peak shifts to 2110 cm*'. 

A study reported by Loo suggested that the band observed at 2114 cm"' at -0.65 V 

versus SCE is due to adsorbed Fe(CN)6^ on Ag in 0.01 M K4Fe((^5 and 0.1 M KCI' 

Umapathy and coworker also observed a strong band at 2115 cm*' and an ill-resolved 

doublet at 2055 cm"' and 2075 cm*' which were suggested to be Fe(CN)6^ adsorbed on 

TiOo surface.- A previous study reported by Stuve proposed that three models to describe 

the key step of removing the electrode from the electrolyte: ideal, superequivalent, and 

dynamic.^ All three types of emersed interfaces were discussed in detail in Chapter 7, 

will not be repeated here. A system that exhibits dynamic emersion is electrodeposited 

Pb on Pt (111), since the Pb° discharge to Pb*^ after emersion.* According to previous 

studies, the band observed at 2116 cm*' at -0.4 V is assigned to adsorbed Fe(CN)6^ on 

Ag. This result is consistent with Loo and Umapathy's studies. In Chapter 7, the 

question of an emersion-induced potential shifts was discussed. The result suggests that 

the emersed interface would appear to exhibit a more negative potential that applied in-

situ. This is probably the reason why even at a positive potential -0.4 V, there is no 
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Fe(CN)6has been detected. Another possible reason is that Fe(CN)6^ discharges to or 

Fe(CN)6^ after emersion, which is similar to Stuve's Pb^"" case."* 
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Figure 1 Potential-dependent SERS spectra in the v(CN) region for butanol 
solution containing 5 mM (Bu4N)3Fe(CN)6 and 0.15 M BU4NCIO4 on 
emersed Ag electrode. 
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