IOWA STATE UNIVERSITY

Digital Repository

) . . Towa State University Capstones, Theses and
Retrospective Theses and Dissertations y-ap ' .
Dissertations

1999

Raman characterization of alkanethiols and the
application of alkanethiols to electroreflectance
spectroscopy

Albert Avila

Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
0 Part of the Analytical Chemistry Commons

Recommended Citation

Avila, Albert, "Raman characterization of alkanethiols and the application of alkanethiols to electroreflectance spectroscopy " (1999).
Retrospective Theses and Dissertations. 12643.
https://lib.dr.iastate.edu/rtd /12643

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/132?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/12643?utm_source=lib.dr.iastate.edu%2Frtd%2F12643&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

INFORMATION TO USERS

This manuscript has been reproducad from the microfilm master. UMI films the
text directly from 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 bieedthrough, 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., maps, 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 overiaps. 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. Higher quality 6" x 8" 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

Bell & Howell information and Leamning
300 North Zeeb Road, Ann Arbor, Mi 48106-1346 USA
800-521-0600






Raman characterization of alkanethiols and the

application of alkanethiols to electroreflectance spectroscopy

by

Albert Avila

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Analytical Chemistry

Major Professor: Dennis Johnson

Iowa State University
Ames, [owa

1999



UMI Number: 9940180

UMI Microform 9940180
Copyright 1999, by UMI Company. All rights reserved.

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

UMI

300 North Zeeb Road
Ann Arbor, MI 48103



ii

Graduate College
[owa State University

This is to certify that the Doctoral dissertation of
Albert Avila

has met the dissertation requirements of [owa State University

Signature was redacted for privacy.
Major Profesgor

Signature was redacted for privacy.

For the' Major Program

Signature was redacted for privacy.

For the Gradgdte College



iii

To my wife Jackie, my family and friends
whose love and encouragement helped
make this dissertation possible.



v

TABLE OF CONTENTS

CHAPTER [. GENERAL INTRODUCTION
Dissertation Organization
Surtace-Enhanced Raman Spectroscopy

Theoretical Considerations

Analytical Applications
Electroreflectance Spectroscopy

Theoretical Considerations

Previous Studies
References

CHAPTER 2. INVESTIGATION OF THE SERS RESPONSE OF
ALKANETHIOLS ON METAL SURFACES

Abstract

[ntroduction

Experimental
Materials
Electrode Preparation
Colloid Preparation
Raman Instrumentation and Experimental Conditions
Temperature Dependence Conditions
Sample Purity Determination
Electrochemical Conditions

Results and Discussion
Surface [mpurity Experiments
Alkanethiol Impurity Experiments
n-Alkanethiol Monolayer Experiments
Temperature Effects
Resonance Effects
[sotopic Labeling Studies
Electrochemistry and Charge Transfer
Bulk Au(l) Thiolates

Conclusions

Acknowledgments

References

CHAPTER 3. SURFACE-ENHANCED ELECTRONIC RAMAN
SCATTERING FROM SELF-ASSEMBLED ALKANETHIOL
MONOLAYERS ON GOLD SURFACES

Abstract

[ntroduction

Experimental

Results and Discussion

L) ) O 00 ~) L) LI e —

—

16
16
16
I8
18
20
21
21
22

23
23
24
26
29
34
40
41
47
49
35
56
36
57

60
60
60
62
62



Conclusions
References

CHAPTER 4. EFFECTS OF pH AND IONIC STRENGTH ON THE
ELECTRON-TRANSFER REACTION GF CYTOCHRGME C ACROSS
ALKANETHIOL SELF-ASSEMBLED MONOLAYERS
Abstract
[ntroduction
Theory of ET Rate Measurement by ER
Fxperimental Methods
Chemicals
Substrate Preparation
Electrochemical Measurements
ER Instrumentation
Results and Discussion
Electrochemical Measurements
Electroreflectance Measurements
Theory of Electron-Transfer Kinetics
[onic Strength Effects on the Electron-Transfer Rate of Cyt. ¢
pH Effects on the Electron-Transfer Rate of Cyt. ¢
Binding Site of Cyt. ¢ to the COO- Terminal
Conclusions
Acknowledgments
References

CHAPTER 5. SOLUTION VISCOSITY EFFECTS ON THE ELECTRON-
TRANSFER REACTION OF CYTOCHROME C ACROSS ALKANETHIOL
SELF-ASSEMBLED MONOLAYERS
Abstract
Introduction
Experimental
Chemicals
Substrate Preparation
Electrochemical Measurements
ER Instrumentation
Raman [nstrumentation
Results and Discussion
Electrochemical Measurements
Electroreflectance Measurements
Viscosity Effects on the Electron-Transfer Rate of Cyt. ¢
Raman Results
Conclusions
Acknowledgments
References

71
71

73
73
74
76
81
81
82
82
83
84
84
84
86
90
94
96
96
97
97

100
100
100
105
103
104
105
105
106
107
107
107
109
116
118
[20
120



CHAPTER 6. GENERAL CONCLUSIONS
Future Research

APPENDIX

ACKNOWLEDGMENTS

vi



Ccv

St c
EM

ER

ET
FWHM
GC
GC/MS
HPLC

Im

PMT
Re
SAM(s)
SCE
SEERS
SERS
TLC

UV-Vis

vii

LIST CF ABBREVIATIONS
Cyclic voltammetry
Cytochrome ¢
Electromagnetic
Electroreflectance
Electron-transfer
Full width half maximum
Gas chromatography
Gas chromatography/mass spectroscopy
High pressure liquid chromatography
[maginary (component)
Nuclear magnetic resonance
Photomultiplier tube
Real (component)
Self-assembied monolayer(s)
Saturated calomel electrode
Surface-enhanced electronic Raman scattering
Surface-enhanced Raman scattering
Thin layer chromatography

Ultraviolet-visible



CHAPTER 1. GENERAL INTRODUCTION

The characterization and applications of self-assembled monolayers (SAMs), especially
alkanethiol SAMs on metal surfaces, are increasingly yielding useful information in the field of
surface chemistry. Despite previous investigations of the structure of alkanethiol SAMs, there
are several issues which need to be resolved. Understanding these issues is very important in
order to fully characterize these monolayers and determine their proper structures. This
information is also critical to the application of these alkanethiol SAMs in the fields of surface
chemistry. One critical area in which these monolayers can be applied is as a pathway for
electron-transfer between electrodes and redox proteins.

The research objectives of this dissertation can be divided into two main sections. The
first section involves the characterization of various alkanethiol SAMs on coinage metal
surfaces. Novel Raman bands have been observed and possible sources of the band
investigated. The second section involves the application of alkanethiol SAMs on gold
electrodes as model systems to study biological electron-transfer reactions. The alkanethiol

SAMs serve as biomimetic membranes to immobilize proteins for study.

Dissertation Organization
Chapter 1 is a general background of the two most important areas and techniques
related to this dissertation research. The first section examines surface-enhanced Raman
scattering (SERS). which is used extensively in this dissertation. A brief review of SERS

theory and analytical applications of SERS described. The second section examines the



technique of electroreflectance (ER) spectroscopy. A review of ER spectroscopy and its
applications to electron-transfer rate measurements are provided.

Chapter 2 is a characterization of various alkanethiol SAMs on gold eicctrodes and
colloids and silver electrodes. A series of previously unknown Raman bands are observed
within a broad excitation range under a variety of conditions. This research centers on efforts
to determine the source of the new bands using SERS and a variety of other techniques. This
chapter is a paper to be submitted to the Journal of the American Chemical Society. Chapter
3 is an extension of the research involving the SAMs of alkanethiols on metal surfaces. The
efforts in this chapter focus on a possible source of the previously unknown Raman bands due
to image states on the metal surface. This work has been submitted to the Jowrnal of Physical
Chemistry.

Chapter 4 is a paper submitted to Biochemistry. This work involves the application of
alkanethiol monolayers as spacer molecules (membrane models) between gold electrodes and
immobilized cytochrome ¢. The effects of electrolyte solution pH and ionic strength on
electron-transfer reactions are determined using potential modulated ER spectroscopy.
Chapter 5 is a paper submitted to the Journal of Biological Inorganic Chemistry. Alkanethiol
monolayers are again employed as spacer molecules (membrane models) between gold
electrodes and immobilized cytochrome c¢. Electrolyte solution viscosity is varied and the
effects on electron-transfer reactions are determined utilizing potential modulated ER
spectroscopy. SERS is applied to confirm the native state of the immobilized cyt. ¢ as the
viscosity is changed. Chapter 6 is a brief section on general conclusions of research

achievements and possible directions for future work.
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Surface-Enhanced Raman Spectroscopy

A strong increase in Raman scattering intensity has been observed for molecules and
ions that are close to or adsorbed on certain metallic surfaces. This phenomenon, known as
surface-enhanced Raman scattering (SERS), can lead to intensity enhancement factors of 10°
to 10° relative to the Raman scattering in the absence of the metal surface.'” SERS is
employed as an important tool in the present dissertation work to characterize alkanethiol
monolayers on gold and silver surfaces.

The SERS effect was discovered by electrochemists in the early 1970s in efforts to
study adsorption processes at metal electrodes in aqueous solutions.*® As study of the
pyridine-Ag system continued, researchers noted the large enhancement in Raman scattering
at the electrode surface. Since the early 1980s, many efforts have been made to understand
the SERS enhancement mechanisms.”® Other studies have applied the SERS effect as a
spectroscopic tool in areas such as chemistry, biochemistry and material science.>'**!

Theoretical Considerations

The classical treatment of light scattering examines particles which are much smaller
(typically < A;/15) than the wavelength of the incident radiation.”* In such cases, a particle
can be polarized by the electric field E of the incident radiation, inducing a dipole moment w in
the particle. The induced dipole moment is expressed by

p=a-E 9]
where a is the polarizability of the particle. The polarizability, a tensor quantity, can be

thought of as a deformation of the particle’s electron cloud by the incident electric field E. In



cases where the particle is a molecule whose atoms can vibrate at a frequency a, a time
dependence t is introduced into the polarizability «. which can be shown as

oL = Ol + COS(Qxt) (2)
where a, is the polarizability of the molecule at its equilibrium geometry.® A time dependence
is also present in E which varies with the frequency of the light @

E =E, cos(wt) 3
Equations (2) and (3) are substituted into equation (1), followed by expansion of the equation
to include the time-dependent terms. Simplification of the equation yields the expression

H(or) = aE, cos(art) + (*2)aEq cos(@r-oit + (*2)oEo cos(mrrax)t (4)
The first term on the right side of equation (4) describes Rayleigh scattering. This
“elastically”™ scattered light emerges from the sample at the same frequency as the incident
light. The second and third terms are Raman scattering in which this “inelastically” scattered
light is shifted in frequency relative to the incident light. The frequency shifts are determined
by vibrational frequencies of the molecule and measurement of these shifts yields information
on the scattering molecules. The second term is Stokes Raman scattering where the scattered
light is red-shifted relative to the incident light while the anti-Stokes Raman scattering of the
third term is blue-shifted. Statistical thermodynamic treatments of Raman scattering (the
Boltzmann distribution function) predict that the Stokes bands have a larger intensity than the
anti-Stokes bands, therefore only the Stokes spectra are usually collected in normal Raman.
[f the molecules of interest are adsorbed on or near the surface of certain metals

(notably Ag, Au and Cu), the intensity of the Raman scattering is greatly enhanced. These

metal surfaces are generally referred to as “SERS-active™ and usually visible light is used as



incident radiaticn. The theories proposed to explain SERS are divided into two broad
categories, as expected from equation (1}. These two broad categories are known as
electromagnetic (EM) enhancement mechanisms and chemical enhancement mechanisms.
The EM enhancement mechanisms propose a large increase in the electromagnetic
field E exerted on the molecules on or near the metal surface. The EM field exerted on these
molecules is modified in several ways. First, the incident EM field is enhanced through the
polarization of the metal surface that allows the metal to act as a mirror, allowing the
adsorbed molecules to be exposed to larger EM fields.” Second, the incident EM field
polarizes adsorbed molecules. The vibrations of these polarized molecules induce plasmon
oscillations on the metal surface, causing the surface to radiate at vibrational frequencies of
the adsorbed molecules.” Third, the lifetimes of molecular excited states can be changed by
energy transfer between the adsorbed molecule and the metal surface. It is thought that
structures with very small radii of curvature produce these three effects most efficiently.>'*
EM enhancement theories have generally been useful in accounting for several
experimental observations of SERS.™ Surface roughness is necessary for the SERS substrate
and these roughness features (ex. adatoms, clusters, particles, dislocations, islands) provide
sites where the EM field is greatly magnified. Metal specificity and excitation wavelength
dependence can generally be accounted for by EM theories since only specific metals with the
“night” optical properties enhance the SERS signai. Excitation profiles of a given vibrational
mode (Raman intensity vs. @) of SERS active compounds show band intensity increases as

the excitation frequency decreases, counter to the ®* dependence of normal Raman. A

distance dependence effect in SERS can also be explained with the EM theories. A SERS



dependence of (c/r)'%, where o is the radius of curvature for the surface roughness features
and r is the distance of the adsorbed molecule to the metal surface, has been observed
therefore molecules of interest do not have to be in direct contact with the metal surface to
get SERS.

The chemical enhancement mechanisms propose large increases in adsorbate
polarizability due to the interaction of the adsorbate with the metal surface to form a surface
complex.”* Some chemical enhancement theories suggest that SERS arises from the
interaction of adsorbates with metal adatoms or clusters on the electrode surface. Other
enhancement theories maintain that the SERS effect originates from metal/adsorbate charge-
transfer or electron-hole pair creation. Chemical enhancement mechanisms tend to exhibit
adsorbate specificity due to the interactions of the molecules of interest and the metal surface.
For the most part, the chemical enhancement mechanisms are more difficult to test
experimentally.

Chemical enhancement theories have generally been successful in explaining several
SERS observations. It has been noted that a degree of adsorbate specificity exists since many
compounds and ions do not yield high quality SERS spectra yet nitrogen and sulfur containing
species exhibit very good SERS. A “relaxation” of selection rules in SERS is possible due to
the presence of the metal surface; bands not seen in the bulk may be observed by SERS. Band
frequencies and relative band intensities obtained by SERS often differ from those from bulk
samples.” Finally, a Raman band potential dependence has been observed for certain
adsorbed molecules on SERS active electrodes. Raman band position shifts and changes in

their relative intensities can vary with applied SERS electrode potential.



Alone, neither EM nor chemical enhancement mechanisms can fully account for all
experimental observations involved with SERS. When taken together, the EM and chemical
enhancement mechanisms offer methods to predici the overall behavior of SERS systems.
The total SERS enhancement is likely to be a product of both enhancement mechanisms.

Analytical Applications of SERS

The application of SERS to analytical problems has been demonstrated as an effective
method for both qualitative and quantitative analysis.'® Recent applications of SERS based
detection systems have been centered in the areas of gas chromatography, thin layer
chromatography and flow injection analysis. Several problems have been encountered with
the application of SERS to detection systems which have been overcome by novel means.
These problems include a) long term stability of the metal surface, b) fouling of the electrode
surface by strongly adsorbing species or weak adsorption by desired compounds, 3)
reproducibility of SERS intensities at different electrode sites and 4) calibration curves that
are linear over a small dynamic range.

SERS detection for GC was demonstrated by Roth by trapping pyridine effluent in Ag
colloid solutions and on colloid modified TLC plates.”” Another GC-SERS detection
approach was based on a |-propanethiol modified Ag foil, as demonstrated by Carron.”® The
alkanethiol modified Ag electrode promoted adsorption of organic species on the electrode
without fouling and prevented the Ag electrode from oxidation. The application of SERS to
TLC has recently be reviewed by Somsen and coworkers.”” Newer applications of SERS to
TLC include work by Matejka and coworkers to detect aromatic hydrocarbons using Ag

activated TLC plates.® Caudin and coworkers employed Ag colloid precoated TLC plates to



detect sub-femtogram amounts of crocetin with FT-Raman techniques.”’ SERS applicaiions
to flow injection analysis and liquid chromatography have been achieved by several groups.
Cabalin and coworkers have utilized mixing fresh Ag colloid with the column eluent to detect
various drugs in biological samples.”* Ancther approach involved a computer controiled
potential waveform to adsorb/desorb analytes at an Ag foil electrode.” Potential modulation
of the Ag foil alternately cleaned the electrode and provided a fresh SERS electrode. An
alternate method demonstrated by Rubim and coworkers involved the introduction of Ag™ ion
into the flow system, followed by electrodeposition of Ag onto a glassy carbon electrode.”
Anodic stripping is used to clean the carbon electrode between analytes and maintain a stable
SERS active surface.

Thus it appears that SERS is a practical technique for routine analysis. SERS provides

the high sensitivity, molecular specificity and low detection limits necessary for analytical

applications.

Electroreflectance Spectroscopy
Electroreflectance spectroscopy is one of the surface sensitive techniques that combine
the areas of spectroscopy and electrochemistry. In essence, electroreflectance spectroscopy
determines the change in reflectivity R of a solid/electrolyte interface resulting from a change
in electrode potential E (SR/SE).*® This change in reflectivity may or may not be accompanied
by a faradaic reaction. The benefits ER spectroscopy has to offer for electrode surface study
include the determination of information on a molecular level, the nondestructive nature of the

experiments and its application in situ.” The relatively simple ER instrumental setup and the



use of any light-reflective electrode material contribute to its usefulness. Unless a highly
colored electrolyte solution is used, it is generally not necessary to use thin-layer cells, as is
necessary for [R reflection measurements. Another advantage of the ER technique is the
ability to measure faradaic processes at the electrode as an optical response. The double layer
charging effects on the ET reaction measurement are eliminated when ER is utilized, as
compared to other electrochemical techniques.

Theoretical Considerations

In this treatment of ER theory for electron-transfer (ET) rate determination, it is
considered that UV-Vis reflectance measurements are conducted at an electrode/solution
interface where the electrode is covered with a thin film (or monolayer) of an electroactive
species.” The solution in which the electrode is immersed is free of electroactive species. It
is also noted that if the electroactive species has a strong absorption band which can be altered
by a change in electrode potential, then a spectral change of the film can be obtained by the
application of an ac signal to the electrode.”’ The UV-Vis reflectance spectra can be
determined by several modulation techniques, however electrode potential modulation is
surface sensitive and relatively easy to employ. The chemical reaction of the adsorbed species
can be reduction/oxidation (redox) or adsorption/desorption.

The equivalent circuit of the molecular reaction on the electrode surface is shown in
Figure I where R, is the solution resistance, Cs the double-layer capacitance, R, the charge
transfer resistance and C, the capacitance induced by the adsorbed redox species. Er is the

total ac voltage across the equivalent circuit while Eg is the ac voltage due to the faradaic
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Figure 1. Equivalent circuit of the molecular reaction on the electrode surface. The
dotted box shows the faradaic portion of the circuit. See text for notations.

component of the circuit. A total potential E can be applied to the ER working electrode as
shown in equation (5)

E = Eq + Eic =Eae + AE,c exp(iot) (%)
where Eq. is a dc potential, E,. an ac potential, AE, the ac amplitude, o the frequency of ac
modulation and t is time. [fE,. is set to the E*’ of a redox reaction and AE.. is much smaller
than RT/n,F, then by linear approximation R, and C, can be expressed for the equivalent

circuit by the following equations.”>"

Ree=2RT/ nn,FAT, (6)

C.=nnFT./4RT (7
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In equations (6) and (7) R is the gas constant, T the absolute temperature, n the number of
electrons involved in the redox reaction, n, the apparent number of electrons®, F the Faraday
constant and [, the total surface concentration of the redox species. Substitution of equation
(7) into equation (6) and solving for the electron-transfer reaction rate constant &, yields
k.= (2RC.)" (8)
Equation (8) is applicable only to the equivalent circuit. ER does not directly determine R,
and C,, but the change in reflectance. The reflectomittance Y, of the equivalent circuit can be
thought of as the change in reflectivity as the electrode potential is modulated.® With lock-in
amplifier detection, the ac reflectance and potential signals are determined over the entire
circuit and can be written as
Rr=Y.Er 9

Application of circuit theory to equation (9) in terms of Ry, R., C,, and C4 and solving for Y
yields the real and imaginary parts of Y, which are the values actually determined by lock-in
detection.

Re (Y3) =-KC,(1-0°R.RC.Cs) / & (10)

[m (Y4) =KC.0 (RuC, +R.C.+R.Cq) /€ (1)
where K is a difference absorption coefficient between the reduced and oxidized forms and

& = (1-0’RRC.Cq)* + @*(RuC, + RCa + RLCa)* (12)
The relation cot ¢ = Re (Y,) / Im (Y ) in addition to equations (10) and (11) produce

- cot ¢ = (1-0°RRC.Ca) / (ReCa + RCa + RCy) (13)
where ¢ is the phase angle between Rr and Er. The solution resistance. R,, and double layer

charging, Cq, in equation (13) are measurable quantities of the ER cell. A plot of ® cot ¢ vs.
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o is used to determine slope and y-intercept data from different applied ac frequencies. The
y-intercept is equal to [ / (R«C, + R,C; + R,Cy) while the slope is equal to (R,RC.Cq) / (RuCa
+ R, + R,Cy). Determination of the y-intercept, followed by the application of R, and Cq4 to
the slope term enable the values of R and C, to be calculated. The apparent ET reaction rate
constant can then be determined from R and C,.

Previous Studies

ER spectroscopy has been applied to the investigation of electrode reactions for
several organic species. Sagara and coworkers employed ER spectroscopy to determine
monolayer characteristics and ET rates of methylene blue adsorbed on pyrolytic graphite
electrodes.™™* These papers described ER theory and established some acquisition
parameters as applied to monolayer study. Various orientation effects were also noted while
using polarized light. The investigation of physical and chemical changes in monolayers of
heptylviolgen on Ag electrodes was performed by Wang and coworkers.” These workers
found that different aggregation states of cation radicals were formed on the Ag surfaces over
time which led to different ET rates. Work by Feng and coworkers centered on determining
ET rates of cyt. ¢ through alkanethiol monolayers.”*>® These studies investigated the ET rate
dependence on alkanethiol chain length and noted the effects of varying instrumental
parameters and experimental conditions. ER spectroscopy has also been employed to
investigate ET through mixed monolayers of alkanethiols.™

It appears that ER spectroscopy is an excellent method to determine ET rates on
electrode surfaces. Its ease of use, nondestructive nature and general applicability to surface

studies contribute to its increasing application as an analytical tool.
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CHAPTER 2. INVESTIGATION OF THE SERS RESPONSE
OF ALKANETHIOLS ON METAL ELECTRODES

A paper to be submitted to the Journal of the American Chemical Soctety

Albert Avila, Brian W. Gregory and Therese M. Cotton

ABSTRACT

A series of novel Raman bands has been observed in the surface-enhanced Raman
scattering (SERS) spectra of self assembled monolayers (SAMs) of alkanethiols on Au and Ag
surfaces. The novel Raman bands display a resonance effect, observed with excitation in the
630 to 710 nm range. The bands exhibit a chain length dependence at room temperature,
occurring in SAMs with # > 9 methylene groups. At liquid nitrogen temperatures, SAMs with
n > 6 display the bands. indicating a dependence on monolayer structure. Alkanethiol isotopic
labeling studies involving substitutions of *H. “C and *'S reveal that the novel bands are not
likely of a vibrational origin. In addition, SAMs of (CH:-(CH,)s-Se), on Au yield identical
spectra (within = { cm™) as the alkanethiol SAMs. Electrode potential studies of SERS have
shown that charge transfer effects are not the source of the bands. Impurities on the SERS

electrode surfaces do not appear to be source of the novel bands.

INTRODUCTION

The self-assembly of molecules to form monolayers, especially alkanethiols, on Au and
Ag metal surfaces has been extensively studied in the past several years.'™ The relative ease
of alkanethiol monolayer preparation, their well-ordered structure and their general

ruggedness have all contributed to their study. The affinity of the thiol headgroup for a
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variety of metal surfaces offers a wide range of materials to study monolayers. These benefits
have been exploited in a variety of research areas, including electron-transfer’, membrane
modeling® and corrosion’. Variation of the alkanethiol monolayer properties can be achieved
by the careful selection of terminal groups, carbon chain lengths and chain modification.

Analytical techniques such as electrochemistry®. [R spectroscopy®, XPS®, electron
diffraction'’ and ellipsometry'' have indicated that highly ordered alkanethiol monolayers are
formed on Au surfaces. The substrates used in the majority of this work have been Au(l11)
surfaces. Early diffraction and scanning probe microscopy studies of methyl-terminated
alkanethiols on Au(111) indicated a simple (V3 x ¥3)R30° monolayer structure.'® Later
studies have demonstrated the existence of a ¢(4 x 2) superiattice of alkanethiol molecules on
the Au surface.” Although these data yield much information on alkanethiol monolayer
structure, they do not reveal much about the bonding of the sulfur headgroup and the Au
surface.

IR spectroscopy has been the technique most commonly employed to determine
vibrational information from the alkanethiol monolayers.® Spectral information of the
alkanethiols has for the most part been determined from the v(C-H) region since the many C-
H bonds along the carbon chain yield a relatively strong IR signal. Various modes have been
identified in this region which indicate relatively dense carbon chain packing. I[n contrast,
direct vibrational information in the v(C-S) region is lacking since these bands are relatively
weak in the [R.™* The use of Raman spectroscopy, especially surface-enhanced Raman
scattering (SERS), is another technique which can determine additional vibrational

information about these monolayers.
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There have been several previous reports on the application of Raman spectroscopy to

study thiol monolayers on Au and Ag surfaces.'**

A number of these reports have involved
aromatic thiols."’ The orientation of benzenethiol and other aromatic compounds on Au
surfaces were deduced. Some reports have involved straight chain thiols on Au and Ag
surfaces, mostly short chain alkanethiols.'” The formation of 1-propanethiol and I-butanethiol
on roughened Au surfaces has shown some aspects of chain packing. A few studies have
focused on longer carbon chain alkanethiols, most notably work by Bryant and Pemberton.'®"
These workers have assigned the v(C-H), v(C-C) and v(C-S) bands in the SERS spectra
obtained on both Au and Ag surfaces. The authors also rationalize the surface selection rule
arguments which explain the differences in SERS spectra observed between the two metals.
Recently we have discovered several new bands in the SERS spectra for straight chain
alkanethiols on both Au and Ag surfaces. These new bands are only observed in a limited
excitation range and for longer chain lengths. This report describes the new SERS bands, the

monolayers giving rise to the new bands, and the experimental results relating to their possible

sources.

EXPERIMENTAL

Materials. All alkanethiol solutions were freshly prepared in HPLC grade methanol
from Fisher Scientific or punctilious grade ethanol from Quantum Chemical Co. A number of
alkanethiols, including 1-butanethiol (99%), 1-hexanethiol (95%), 1-octanethiol (97+%), 1-

nonanethiol (95%), [-decanethiol (96%), 1-dodecanethiol (98%), 1-hexadecanethiol (92%)
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and [-octadecanethiol (98%2), were purchased from Aldrich Chemical and used as received.
|-Tetradecanethiol was purchased from Pfaltz & Bauer Chemiical and used as received.

I I-Mercapto-[-undecanol and 12-mercapto-1-dodecanol were prepared in our
laboratory by a modification of literature procedures.”® The starting compounds, I 1-bromo-1-
undecanol (98%) and [2-bromo-l-dodecanol (99%), were purchased from Aldrich Chemical
and used as received. Thiourea (99+%) was purchased from Sigma Chemical Co. and used as
received. Briefly, equal molar amounts of the w-bromo-1-alcohol and thiourea were refluxed
in 95% ethanol for three hours, followed by the addition of aqueous base and refluxed for an
additional two hours. The solutions were cooled, neutralized with dilute H,SO, and the o-
mercaptoalcohols were extracted from the aqueous solutions. The synthesized
mercaptoalcohols were washed with HPLC grade methanol and 18 M cm water to remove
impurities and vacuum dried. GC/MS analysis demonstrated the desired mercaptoalcohols
were synthesized with an estimated 98% purity.

The synthesis of didecyl diselenide was a modification of the alkanethiol procedure.™
The starting compounds, [-bromodecane and selenourea were purchased from Aldrich
Chemical and used as received. Equal molar amounts of 1-bromodecane and selenourea were
refluxed in 95% ethanol for approximately four (4) hours under a nitrogen atmosphere.
Aqueous base was added and the solution refluxed for approximately three (3) additional
hours. Despite the nitrogen atmosphere during the synthesis, the formation of diselenide
instead of [-decaneselenol occurred due to the traces of oxygen in the reaction vessel. The
didecyl diselenide formed as a yellow oil and then separated from the aqueous reaction

mixture. The aqueous fraction of the reaction mixture was acidified with dilute H,SOs, and
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extracted with hexane to yield additional diselenide. The diseienide fracticiis were added
together and placed on a Buchner Roia-vap to remove any remaining hexane and ethanol.
GC/MS analysis demonstrated the desired diselenide was synthesized with an estimated 98%
purity.

Solutions prepared for self-assembly typically contained total alkanethiol or
dialkanediselenide concentrations of approximately | to 5 mM in methanol or ethanol. Both
Ag and Au electrodes were exposed to the deposition solutions overnight (minimum of 10
hours) at room temperature unless otherwise noted. The electrodes were rinsed with fresh
methanol or ethanol upon removal from the solutions.

The water used in these experiments was distilled and then deionized using a Millipore
Milli-Q water system. Low temperature experiments were performed using 200 proof
punctilious ethanol obtained from Quantum Chemical Company and used as received. The
ethanol was mixed with liquid nitrogen to form a slurry with temperatures as low as -30°C.

Sodium citrate for colloid preparation was purchased from Fisher Scientific and used
as received. Hydrogen tetrachloroaurate(IIl), sodium tetrachloroaurate(III) dihydrate, silver
nitrate and 2,2’-thiodiethanol were purchased from Aldrich and used as received.

Electrode Preparation. The electrodes were prepared from either polycrystalline Au
foil or polycrystalline Ag or Au rod electrodes press-fitted into Teflon shrouds. The Au foil
electrodes were initially placed in warm concentrated nitric acid for approximately 30 minutes
to remove surface impurities and then sonicated several times in 18 MCQ cm water. The Au
foil electrodes were then flame annealed to achieve a smoother, more uniform surface. The

Teflon shrouded electrodes were initially polished with successively finer gradations of



alumina paste until they had a mirror-like optical finisk and were subsequently sonicated in 18
MQ cm water. Afterwards, the Teflon shrouded Au electrodes were immersed in 9 M HNO;
for approx. 3-5 s, followed by sonication in 18 MQ cm water. Tue Ag electrodes were
electrochemically roughened by oxidation-reduction cycles (ORC) in 0.1 M Na,SQ, solution
followed by rinsing and storing in 18 MQ cm water. The Au foil electrodes were roughened
by 400-1000 ORCs consisting of potential steps between +1.3 and -0.3 V vs. a saturated
calomel electrode (SCE) followed by a 2 s rest at -0.3 V. The Teflon shrouded Au rod
electrodes were roughened by 40 ORCs consisting of potential ramps of 500 mV/s between
+1.3 and -0.3 V vs. SCE. All Au electrodes were roughened in 0.1 KCl solution and then
rinsed and stored in 18 MQ cm water. [mmediately before exposure to the alkanethiol
solutions, the electrodes were dipped in HPLC grade methanol or ethanol to remove excess
water. The electrodes were exposed to the alkanethiol solutions within | hour of preparation.

Colloid Preparation. Au colloid was prepared in 500 mL batches using a literature
method.” Ag colloid was prepared using a citrate reduction proceedure. ™

Raman Instrumentation and Experimental Conditions. The 514.5 nm line of a
Coherent Innova 200 Ar laser was used for excitation and for pumping a dye laser and a Ti~
sapphire laser. A Coherent [nnova 100 Kr [aser provided excitation at 752.5, 676.4, 647.1
and 568.2 nm. A Coherent 599 dye laser charged with DCM laser dye was used for excitation
from 604 to 708 nm. A Spectra Physics Model 3900 CW Ti-sapphire laser was used for
excitation between 720 to 750 nm. An Anaspec pre-monochromator was employed to
remove plasma lines when exciting with the Ar” and Kr laser lines. The laser power for all

experiments was 20 mW when measured at the sample unless otherwise noted. The Raman



22

scattering was collected by a Nikkor-S lens and focused onto the entrance slit ot a 1877 Spex
Triplemate monochromator equipped with a 1200 groove/mm grating. A Princeton Applied
Research CCD (model LN/CCD-1152) cooled to -120 °C was used for Raman signal
detection. Signal integration periods were typically 200 s unless otherwise noted. A Gateway
2000 486DX2/50 computer with CSMA software (version 2.3a) was used for data collection.
The Raman spectra were processed using CSMA and SpectraCalc software (version 2.21).
Temperature Dependence Conditions. To obtain temperature dependence data, a
heating/cooling system was constructed to control the electrode surface temperature. A
Furon Teflon diaphragm pump was used to circulate the heating/cooling fluids through a
Pyrex flow cell containing the electrodes. Teflon tubing connected all components of the
heating/cooling system. A glass jacketed Type J thermocouple submerged in bath oil and
placed immediately following the flow cell was used to monitor the fluid temperature. For the
heating experiments, [8 MS) cm water was heated in a round bottom flask using a heating
mantle. A stirring rod with fins circulated the water in the flask to improve temperature
stability. The useful temperature range for electrode heating was approximately 20 to 85 °C.
For the cooling experiments, an ethanol/liquid nitrogen slurry was formed in a dewar, and
stirred occasionally to circulate the slurry. The slurry temperature was varied by careful
addition of liquid nitrogen to the dewar. The effective temperature range for cooling the
electrode was approximately 0 to -30 °C. A stream of N, gas was directed at the flow cell
during cooling experiments to avoid atmospheric water condensation on the flow cell window.

Cell flow rates varied according to the viscosity of the heating/cooling fluids.



Sample Purity Determination. The purity of the synthesized mercaptoalcohols was
ascertained using a Hewlett-Packard (HP) GC/MS system. Separations were accomplished
on a 5890 Series II Plus GC using a HP-5MS GC celumn (30 m length, 0.25 mm ID, 0.25 pm
film thickness) and He as carrier gas. A 5972 Series MSD was used to generate mass spectra.
Data analysis was carried out on a HP Vectra 486/66XM computer using G1034B HP
Chemstation software.

The 'H NMR data were collected using a Bruker V22520 NMR spectrometer
operated at 300 MHz with a Varian VXR-300 controller for data collection. Experiments
were conducted in either CDCl; or CD;0D solvents, used as received from Aldrich Chemical.
No tetramethylsilane (TMS) was used for NMR calibration. The center band of a quintet
located at 3.30 ppm was used for spectra calibration for samples in CD;OD while a singlet
band at 7.25 ppm was used to calibrate spectra for samples in CDCl;. The number of sample
scans was varied according to individual sample concentrations. The NMR data were
analyzed using Varian NMR software.

Electrochemical Conditions. Cyclic voltammetry (CV) and potential dependent
SERS measurements of the alkanethiol monolayers were carried out in a three electrode H cell
containing a Au wire auxiliary electrode and a Ag/AgCl/1.0 M NaCl reference electrode in
one half of the cell and the working alkanethiol/Au electrode in the other half. The electrolyte
solution. 0.5 M KOH (aq), was bubbled with nitrogen for approximately 30 minutes before
use to remove dissolved oxygen. A blanket of nitrogen gas was kept over the electrochemical
cell during potential scans. Reagent grade KOH from Fisher Scientific Co. was used as

received for the electrolyte solutions. A BAS CV-1 potentiostat was used for potential
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control and a HP 1068A X-Y plotter was used for current measurement. A potential sweep

rate of 50 mV/s was typically used.

RESULTS AND DISCUSSION

Initial efforts to understand and utilize alkanethiol monolayers on polycrystalline metal
surfaces began with a study of 1-octadecanethiol monolayers on roughened Ag. When
excited by 514.5 nm light, strong SERS signals were observed, the most intense of which
include the v(C-S), v(C-C), and r(CHj3) bands, as seen in Figure la. The observed results are
in good agreement with literature reports.'*'? The strong v(C-S) band at 710 cm™ is an
indicator of the chain trans (T) mode, v(C-S)rt, while the much smaller band at 640 cm™ is an
indicator of the chain gauche (G) mode, v(C-S)s. The strong v(C-S); reveals that a relatively
well ordered monolayer exists on the metal surface. The much smaller v(C-S)g band also
suggests a relatively well ordered monolayer since the gauche conformation does not pack as
well as the trans configuration. When the [-octadecanethiol monolayers on roughened Ag are
excited with 647.1 nm light, an unusual spectrum is observed. In the v(C-S) region, two new
bands appear and the v(C-S)r band shifts slightly to the red. The v(C-C) and the r(CH;)
bands appear as before, as shown in figure Ib. The new bands in the v(C-S) region are at 680
and 747 cm™ and are sharp relative to other bands in the v(C-S) region. The FWHM of the
new bands are approximately 6 cm™ whereas the FWHM of the v(C-S) bands is approximately
30 cm™. [n an effort to discover the source of the new bands, several [-octadecanethiol

monolayers were prepared on roughened Au electrodes.



o]
W

1130
1103

v
(o]
P—————
1063
2
890
710
/>
/ 640

=2 i
i A ;
. 3 >
z I =3 = =
D : i N > i
- b : [ = = - /
g ; iV /\ e~ H
= j
=2 x8

e 833 { :
- /] “\ K
680 680
640
593

<Q
2z
= = 2 5
f = S § § - = N Ei\J :
/‘\“/M L ;
; ‘ ; . ; i | { i i ! w’\l\.w
1100 900 700 500

Raman Shift (cm'l)

Figure I. SERS spectra of CH3;-(CH);7~SH monolayers on Ag and Au electrodes. a)
Ag electrode with 514.5 nm excitation, b) Ag electrode with 647.1 nm excitation, c)
Au electrode with 647.1 nm excitation. Spectra a & b are x8 for clarity.
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Figure lc shows a spectrum of an [-octadecanethiol monolayer on roughened Au with
647.1 nm excitation. The dominant feature is the very strong band at 680 cm™. In addition to
the above bands. other bands at 692, 746, 833, 850 and 954 cm™ are present on Au which are
not seen on Ag with 514.5 nm excitation. The v(C-S)r and v(C-S)g bands, expected about
710 and 640 cm’' respectively, are overshadowed by the much stronger 680 and 693 cm™
bands. The Raman bands in the v(C-C) region and the r(CH;) band appear as before, but are
also much weaker than the 680 cm™ band. A review of the literature did not indicate a
possible source of the strong novel bands, which appear not to have been reported prior to
now. In the previous SERS work involving SAMs of long-chain alkanethiols on Au and Ag
surfaces. laser excitation at 514.5, 600 and 720 nm did not reveal the novel bands.'®"” These
excitation wavelengths are just outside the excitation profile in which the new bands appear,
as will be shown later.

Surface Impurity Experiments. [t was considered that a possible and highly
undesirable source of the new bands may be impurities in the monolayer preparation solutions.
A common impurity found in alkanethiols is the dialkane disulfide (RSSR), the result of thiol
oxidation. Dioctadecyl disulfide was prepared according to literature methods, purified, and
exposed to roughened Au electrodes.” Figure 2a shows the SERS spectrum of dioctadecyl
disulfide monolayers on roughened Au with 647.1 nm excitation. The new bands in the v(C-
S) region are also present in the dioctadecyl disulfide spectrum. The band at 679 cm™ is very
strong compared to all other bands while bands at 693, 748 and 833 cm™ are still present. It
has been shown for dialkyl disulfides that the S-S bond is cleaved as the disulfide forms a

monolayer on Au.** Thus, the dioctadecyl disulfide should form monolayers on Au similar to
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the corresponding |-alkanethiol and produce a similar SERS spectrum. These results suggest
three possible sources of the new bands: a) impurities on the Au and Ag surfaces from
electrode pretreatment, b) impurities in the 1-alkanethiols, which survived the dialkyl disulfide
formation procedure and subsequent disulfide purification procedures, or c) the 1-alkanethiol
monolayers are the source of the new bands.

Figure 2b shows the spectra of a clean roughened Au electrode, in the absence of an
alkanethiol monolayer. This electrode was subject to the exact same polishing, cleaning and
roughening treatments as the other Au electrodes that were subsequently exposed to thiol
solutions. The bare Au electrode was also exposed to HPLC grade methanol. the thiol
deposition solution solvent, for the same amount of time as the Au electrodes with the
alkanethiol monolayers. The results of this experiment indicate that there are no substantial
impurities in the methanol used for monolayer deposition. The roughening procedure for Au
electrodes, performed in aqueous 0.1 M KCl, may leave substantial amounts of CI" on the
electrode surface. To reduce the possible interference of CI” on the Au surface, the Au foil
electrodes were roughened by the usual procedure, then placed in an aqueous 0.1 M KBr
solution for approximately 25 hours. The Br should displace the CI on the Au surface,
reducing the possible interaction of CI” with the Au surface. After the normal roughening
procedure and Br” exposure the Au electrodes were rinsed with water and methanol, then
exposed to the | mM [-decanethiol deposition solution. The resulting SERS spectrum is
shown in Figure 2c. No change in the new bands is noted in the spectrum after Br exposure.
Thus, the possible interaction of CI” with the alkanethiol monolayer as the source of the new

SERS bands is ruled out. These experiments indicate that the source the new bands is not due
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to Au surface impurities. Similar exposure experiments with Ag electrodes indicated no
impurities from the deposition solvent or the electrode roughening procedures (results not
shown).

Alkanethiol Impurity Experiments. Several experiments were then conducted to
detect possible impurities in the 1-alkanethiols and their deposition solutions which may give
rise to the novel SERS bands. An initial series of GC/MS analyses were conducted to detect
impurities in the deposition solutions. Alkanethiol deposition solutions of | mM
concentration in methanol were analyzed before and after exposure to Au electrodes. The
GC/MS chromatograms of all the alkanethiol deposition solutions reveal very minor amounts
of impurities consisting of long-chain 1-alcohols, 1-hydrocarbons, and 1-bromoalkanes with
similar carbon number to the alkanethiols used for deposition. The l-alcohols and -
hyvdrocarbons are not expected to be the source of the new SERS bands since they are weakly
adsorbed to the Au surface and are easily displaced from the electrode surface by alkanethiol
monolayer formation. The l-bromoalkanes are most likely unreacted starting material from 1-
alkanethiol synthesis and are also expected to be weakly adsorbed on Au. Thus, these 1-
bromoalkanes should be readily displaced from the Au electrode surface. Figure 3 compares
the SERS spectra of a I-bromododecane monolayer on roughened Au to a 1-dodecanethiol
monolayer on Au and as can be seen, the absence of the strong 680 cm™ band is the most
notable difference. The other novel SERS bands at 593, 747, 833 and 954 cm™ are also
absent from the l-bromododecane spectrum. Thus, the GC/MS results combined with the I-
bromoalkane on Au SERS spectrum indicate that these minor straight chain impurities are not

the source of the new SERS bands.
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Different alkanethiols from different sources were used to form monolayers on
roughened Au electrodes. [t is believed that alkanethiols from different sources would have
different impurities. 1-Decanethiol and 1-dodecanethiol, from Aldrich Chemical Co., formed
monolayers on roughened Au which display the same characteristic strong, sharp SERS bands
at 680, 747, 954 cm™ as the 1-octadecanethiol monolayers on Au when excited at 647.1 nm.

1 I-Mercapto-1-undecanol and [12-mercapto-1-dodecanol, compounds synthesized and
purified in our lab, also yielded the same strong new SERS bands at their characteristic
frequencies. Alkanethiol monolayers formed from l-decanethiol and 1 [-mercapto-i-
undecanol on Au colloids also produce the strong SERS bands seen in the [-octadecanethiol
spectra. Figure 4 illustrates the similarities between the different alkanethiol monolayers
formed on Au surfaces, notably the SERS bands are seen at approximately 593, 679, 747, 833
and 954 cm™. There are differences which can be seen in the monolayer spectra, occurring in
the v(C-C) region between 1000-1130 cm™ which are due to the different carbon chain
lengths.* The novel Raman bands are also notably weaker in the #n = 8 spectrum. These
simple experiments show that the source of the novel bands is present in all the long-chain
alkanethiol monolayers tested to date.

The next step in the effort to detect possible impurities in the monolayers utilized "H
NMR to study the thiol deposition solutions and Ag colloids with thiol monolayers. "H NMR
was chosen because many sample scans could be run to improve sensitivity and aromatic rings
can readily be observed. Aromatic compounds, which yield SERS bands in the 600-700 cm™
region, can thus be ruled out as monolayer impurities if such are not detected by "H NMR_ In

Figure Sa, the "H NMR spectrum of 1.0 M 1-decanethiol in CDCI; reveals a very small single
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peak in the region near 7 ppm. The higher decanethiol concentration, 100 times greater that
used for monoiayer deposition, was used in this experiment to increase sensitivity. The single
NMR band at 7.25 ppm is assigned to residual CHCI; in the deuterated solvent. No other
NMR bands are seen in this region of the spectra. Thus, ‘H NMR does not reveal any
possible contaminating aromatic compounds in the monolayer deposition materials. The
second set of 'H NMR experiments involved alkanethiol monolayers on metal colloids. Ag
colloid was used in the NMR experiments because of their greater ability to remain in solution
in organic solvents. Au colloid tended to aggregate and precipitate out of solution in both
CD;OD and CDCl:. [2-Mercapto-i-dodecanol was chosen for this NMR colloid monolayer
study since a) there are many protons to detect and b) there is an ~-OH group at the end of the
alkyl straight chain to help stabilize the colloid in the CD;0D solvent. The modified Ag
colloid tended to aggregate more and precipitate in CD;0D when a methyl terminated
alkanethiol was used for monolayer formation. No NMR bands were seen on the thiol
modified Ag colloid in the 7 ppm region, as seen in figure 5b, indicating no aromatic
impurities in the alkanethiol monolayers. These NMR experiments indicate that the source of
the new resonance bands is not due to impurities in the 1-alkanethiols used for monolayer
deposition.

1-Alkanethiol Monolayer Experiments. Another series of experiments was then
designed to investigate changes in the SERS spectra on Au due to changes in 1-alkanethiol
carbon chain length. As demonstrated in previous figures, 1-alkanethiol monolayers on Au
with carbon chain length from 10 to 18 C atoms yielded the strong novel SERS bands.

Monolayers of 1-nonanethiol, 1-octanethiol and 1-butanethiol were then formed on roughened
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