Louisiana State University

LSU Digital Commons

LSU Historical Dissertations and Theses Graduate School

2001

X -Ray Absorption Fine Structure (EXAFS and XANES) and
Microscopic Investigations of Supramolecular Systems.

Pierre Nicolas Floriano
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool_disstheses

Recommended Citation

Floriano, Pierre Nicolas, "X -Ray Absorption Fine Structure (EXAFS and XANES) and Microscopic
Investigations of Supramolecular Systems." (2001). LSU Historical Dissertations and Theses. 284.
https://digitalcommons.Isu.edu/gradschool_disstheses/284

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@Isu.edu.


https://digitalcommons.lsu.edu/
https://digitalcommons.lsu.edu/gradschool_disstheses
https://digitalcommons.lsu.edu/gradschool
https://digitalcommons.lsu.edu/gradschool_disstheses?utm_source=digitalcommons.lsu.edu%2Fgradschool_disstheses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_disstheses/284?utm_source=digitalcommons.lsu.edu%2Fgradschool_disstheses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:gradetd@lsu.edu

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UM 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 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., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher 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.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



X-RAY ABSORPTION FINE STRUCTURE (EXAFS AND XANES) AND
MICROSCOPIC INVESTIGATIONS OF SUPRAMOLECULAR SYSTEMS

A Dissertation

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

in

The Department of Chemistry

by
Pierre Floriano
D. E. A. University of Franche-Comté, Besangon, France, 1994
May 2001

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3016547

UMI

UMI Microform 3016547

Copyright 2001 by Bell & Howell Information and Learning Company.

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

Bell & Howell Information and Learmning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Mi 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dedication

This dissertation is dedicated to:

My mother, Claudine Jacquin
My father, Gerard Floriano
My sister, Sylvie Peltier
my nephew, Julien Peltier

Thank you for your love and support despite the distance

My wife Christy Witt, without whom all of this would not have been possible

Thank you for your love, support, motivation and tolerance

and all my family and friends,

in France and in the U.S.

Finally,
Professor Alain Chambaudet and Michel Fromm, thank you for believing in me,
motivating me and thank you for your trust

and thank you Tintin and Milou

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgments

This work would not have been possible without the guidance of both of my
advisors, Dr. Robin L. McCarley and Dr. Erwin D. Poliakoff. Thank you both for
giving me the opportunity to work with you on this joint project that I have thoroughly
enjoyed during my stay at Louisiana State University. This highly interesting research
area helped me redefine my career goals and ambitions. [ would also like to
acknowledge Dr. Roland C. Tittsworth, John M. Schoonmaker, and the entire staff at
the Center for Advanced Microstructures and Devices (CAMD) for providing me with a
great deal of help and discussions about EXAFS experiments. [ also had the wonderful
opportunity to collaborate with the group of Dr. J. Hormes at the University of Bonn,
Germany. I am very thankful for all the help that their group provided. Thanks to
Cindy Henk and Dr. J. Jiang for help with the TEM work.

Being a part of two research groups was a very unique experience allowing me
to learn about a wider range of scientific issues. I thank my past and present fellow
group members and wish them the best of luck for their personal lives and careers.
Finally, I would like to thank my family in France and in America, and especially my
wife, Christy J. Witt who also went through the hardships and the good times of
graduate school with me to earn a Ph. D. of her own in Psychology. The financial
support for this work was provided by the U.S. National Science Foundation (RLM,
CHE-9529770; EDP, CHE-9616908), LSU, and CAMD.

il

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Dedication ii
Acknowledgments i
List of Tables vii
List of Figures viii
Abstract xi
Chapter 1. Introduction 1
1.1. Introduction 1
1.2. Alkanethiol Self-Assembled Monolayers 6
1.3. Mixed SAMs 9
1.4. Dendritic Systems 13
1.5. Bibliography 16
Chapter 2. Materials and Methods 24
2.1. Experimental 24
2.1.1. Chemicals 24
2.1.1.1. Preparation of Alkanethiol SAMs 24
2.1.1.2. Preparation of Mixed SAMs 24
2.1.1.3. Preparation of the DAB-Am,-Cu(1l),
Complexes and DAB-Am,-Cu(0).suser
Nanoparticles 26
2.1.1.4. Preparation of the Ferrocene-Terminated
Dendrimers 27
2.1.2. Scanning Probe Microscopy (SPM) 27
2.1.2.1. Scanning Tunneling Microscopy (STM) 27
2.1.2.2. Atomic Force Microscopy (AFM) and
Lateral Force Microscopy (LFM) 27
2.1.3. Synchrotron Radiation Experiments 28
2.1.3.1. The Double Monochromator Beamline (DCM)
at CAMD 28
2.1.3.2. The BN2 Beamline at ELSA 29
2.1.3.3. The X-ray Microprobe (XMP) Beamline
at CAMD 31
2.1.4. Synchrotron Radiation 3
2.1.5. X-ray Absorption Fine Structure (XAFS) 34
2.1.5.1. Theory of EXAFS 37
2.1.5.2. Data Acquisition in the Transmission Mode .......cceeee.. e 38
2.1.5.3. Data Acquisition in the Fluorescence Mode..........ccce0eece 39
2.1.54. The Si(Li) Detector , 40
2.1.5.5. The Lytle Detector 40

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1.6. Scanning Tunneling Microscopy (STM) 41

2.1.7. Atomic Force Microscopy (AFM) 43
2.1.8. Lateral Force Microscopy (LFM) 4
2.1.9. Transmission Electron Microscopy (TEM) 46
2.2. Bibliography 48
Chapter 3. LFM Investigations of Mixed Monolayers 51
3.1. Motivation for this Study 51
3.2. Results Obtained for HO-(CH,):;-SH; Validation
of the Method 53
3.3. Mapping Chemically Distinct Domains 55
3.4. Mixed Monolayers of C4H;N-(CH;)s-SH and
Octadecanethiol 57
3.5. Conclusions 59
3.6. Bibliography 60

Chapter 4. EXAFS and XANES Investigations of Alkanethiols
Adsorbed on Metallic Substrates 61
4.1. Grazing Incidence Surface X-ray Absorption
Fine Structure (GIXAFS) Study of Alkanethiols

Adsorbed on Au, Ag, and Cu 61
4.2. Remarks on the Oxidation of the Alkanethiols on Ag, and Au....... 70
4.3. Probing the End-Group 72
4.4. XANES Studies of Alkanethiols on Ag; The Unique

Behavior of Octadecanethiol 73
4.5. Bibliography 76

Chapter 5. Cu(0) Nanoclusters Derived from Poly(propylene imine)

Dendrimer Complexes of Cu(Il) 83

5.1. Experimental Details 83
5.1.1. Preparation of DAB-Am,-Cu(II)y Complexes and

DAB-Am,-Cu(0).ux.- Nanoparticles 83

5.1.2. EXAFS and XANES Measurements 84

85

88

5.2. DAB-Am,-Cu(Il), Complexes—Generation-Independent,
Square-Based Pyramid Structure Solution Studies

5.3. Studies of DAB-Am,-Cu(Il), in the Solid State.

5.4. Reduction of the DAB-Am,-Cu(Il). Complexes and
Structural Evaluation of the Resulting Cu(0)

Nanecluster-Dendrimer Composites 95

5.5. Conclusions 106
5.6. Bibliography 108
Chapter 6. Summary and Outlook 112
6.1. General 112
6.2. Mixed Monolayers 112

6.3. n-Alkanethiol Monolayers on Au, Ag, and Cu 113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.4. Thiol-Capped Ag Nanoparticles

113

6.5. Ferrocene-Functionalized Dendrimers

6.6. Bimetallic Clusters

6.7. Bibliography

117
119
120

Appendix I. X-Ray properties of Au, Cu, Ag, Fe,and S

Appendix II. Data Analysis Procedures

Vita

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

123

124

128



2.1.

3.1.

3.2.

33.

4.1.

S.1.

S.2.

5.3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

List of Tables

Physical and chemical properties of alkanethiols
used in this study

fo and coefficient of friction o obtained for different
monolayers as calculated from linear regression of the
curves in Figure 3.2

56

Molar fractions of octadecanethiol and pyrrole-terminated
hexanethiol in the mixtures.

57

fo and coefficient of friction o obtained for different
compositions of the mixture of C;3 and pyrrole-terminated
alkanethiol monolayers as calculated from linear regression
of the curves in Figure 3.3.

59

Bond distances for the various n-alkanethiols on Ag and
Cu substrates.

EXAFS parameters obtained from curve fitting analysis
for the DAB-Am,-Cu(Il); (n=4 to 64, x=n/2) complexes.

66

92

Bond distances and coordination numbers obtained from
fitting of the Fourier back-transform of the first coordination

peak in Figure 5.5 for the DAB-Am,-Cu(IlI),
(n=4 to 64, x=n/2) series.

93

EXAFS parameters obtained from curve fitting analysis
for the reduced DAB-Am,-Cu(Il), (n=4 to 64, x=n/2)
complexes and Cu foil.




Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 14.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 24.

Figure 2.5.

Figure 2.6.

Figure 2.7.
Figure 2.8.
Figure 2.9.
Figure 2.10.
Figure 2.11.

Figure 3.1.

Figure 3.2.

List of Figures

Representation of the self-assembly process of

alkanethiols onto a metallic substrate. 8
(V3xV3)R30° binding model of the alkanethiols on gold .........cceereeece 10
Cartoon of a mixed alkanethiol SAM and the possible

surface structures of the film 12
Representation of the DAB-Am;¢-Cu(I)s cOmpleXes....cccesceccrcsecessess 15
A. Structure of the @-(N-pyrrolyl) hexanethiol.

B. Structure of the 11-ferrocenoyl-undecane-1-thiol. 25
Cartoon depicting the Double Crystal Monochromator

(DCM) beamline at CAMD. 29
Schematic of the BN2 double crystal monochromator

grazing incidence beamline (DCM) at ELSA 30
Schematic of the end-station at the X-ray Microprobe

(XMP) beamline at CAMD. 32
The outgoing photelectron wave meets the backscattered

wave resulting in constructive interference in A and

destructive interference in B. 36
X-Ray absorption spectrum of metallic copper, showing

the XANES and EXAFS regions. 37
Schematic of the transmission experiment set-up. 39
Schematic of a scanning tunneling microscope (STM). .ccccecceserececee 42
Schematic of an atomic force microscope (AFM) 44
Typical friction loop obtained in the contact mode of the AFM.......46
Basic elements of a transmission electron microscope.....cc.ceescesscsces 47
Variations of the coefficient of friction as a function of

the applied load for HO-(CH_);;-SH on Au(111) 54
Variations of the coefficient of friction as a function

of the applied load for HO-(CH3)1;-SH, CH3-(CH)17-SH,

4-ATP, and pyrrole-terminated hexanethiol 56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the applied load for HO-(CH>);;-SH, CH;3-(CH,)17-SH,
4-ATP, and pyrrole-terminated hexanethiol 56

Figure 3.3. Variations of the coefficient of friction as a function
of the applied load for the mixtures of CH;-(CH);7-SH

and pyrrole-terminated hexanethiol 58
Figure 4.1. Sulfur K-edge EXAFS spectra of n-alkanethiols on Ag........eccevnene. 63
Figure 4.2. Sulfur K-edge EXAFS of n-alkanethiols on copper. 64

Figure 4.3. Fourier transform of the EXAFS function for Cs, Cyg, and Cis.......65
Figure 4.4. Sulfur K-edge EXAFS of n-alkanethiols on Au/mica.......ccceveuercercecne 68

Figure 4.5. Sulfur K-edge EXAFS of n-alkanethiols on Au/Si. 71

Figure 4.6. Iron K-edge EXAFS of ferrocene-terminated
alkanethiols on Au/Si. 73

Figure 4.7. Sulfur K-edge XANES of n-alkanethiols on Ag/Si
measured at ELSA. 74

Figure 4.8. Sulfur K-edge XANES of n-alkanethiols on Ag/Si
measured at CAMD 75

Figure 5.1. Normalized Cu K-edge XANES spectra for the
DAB-Am,-Cu(Il); (n=4 to 32, x=n/2) complexes in
CH;OH solution. 86

Figure 5.2. A. Comparison of the normalized Cu K-edge spectra for the
DAB-Am;4-Cu(Il)s and Cu(NOs); (solid state and solution).
B. Derivative of the corresponding XANES spectra.
The reference line point at the position of Feature B
in Figure 5.1. 87

Figure 5.3. UV.vis spectrum of Dab-Amj;-Cu(Il);s in methanol c....cccvescccesseesens 89

Figure 5.4. Normalized Cu K-edge XANES spectra for
DAB-Am,-Cu(Il); (n=4 to 64, x=n/2) complexes in the solid state...89

Figure 5.5. Fourier transforms of the EXAFS function for the
DAB-Am,-Cu(Il), (n=4 to 64, x=n/2, 4, 8, 16, 32) complexes
in the solid state. Experimental data (solid line) and calculated
fits (dashed line) are shown. 91

Figure 5.6. Example of the best fit of the Fourier back-transform of
the first coordination peak in Figure 4 for the

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DAB-Amj,-Cu(ll);¢. Bond distances and coordination
numbers for the DAB-Am,-Cu(Il), (n=4 to 64, x=n/2) series

are listed in Table 5.2. 93
Figure 5.7. Representation of the DAB-Am;¢-Cu(II)s complex. 94
Figure 5.8. UV-vis spectrum of Dab-Amj3;-Cu(0).suser in methanol........... —

Figure 5.9. EXAFS spectra (8940-9300 eV displayed) of the reduced
DAB-Am,-Cu(Il), (n=4 to 64, x=n/2) complexes and Cu foil. ......... 96

Figure 5.10. Fourier transforms of the EXAFS function for the reduced
DAB-Am,-Cu(Il), (n=4 to 64, x=n/2) complexes. Experimental
data (solid line) and calculated fits (dashed line) are shown............98

Figure 5.11. TEM images of copper nanoclusters obtained by reduction

of the DAB-Am,-Cu(Il), (n=4 to 64, x=n/2). 102
Figure 5.12. Size distribution of the DAB-Am,-Cu(0):/user (n=4 to 64)

[Cu(Il)]=2mM. (measured over = 200 particles) 103
Figure 5.13. TEM image and size distribution of the nanoclusters made

from DAB-Amg-Cu(il). 105
Figure 5.14. TEM images and size distribution of the clusters produced

using 0.2 mM, and 0.1 mM DAB-Am;¢-Cu(Il)s. 106
Figure 6.1. Cartoon depicting the thiol-capped Ag nanoparticles. ...ccccecevccceeecs 114

Figure 6.2. Sulfur K-edge spectrum of n-dodecanethiol on silver nanoparticles
compared to that of C;; on planar Ag and free C;; 116

Figure 6.3. Silver L-edge spectrum of n-alkanethiols on silver
nanoparticles compared to that of a metallic Ag foil. .....ccccecenrececee .116

Figure 6.4. Fourier transforms of the EXAFS function for the series
of DAB-Am,-Fc,, and reference standards. 118

Figure [1.1. Background removed and normalized Cu fcc foil spectrum.......... 125

Figure I1.2. Conversion to k space and y, (k) correction 125

Figure [1.3. EXAFS function extracted from the spectrum in Figure IL2........ 126

Figure I1.4. Fourier transform of the EXAFS function form Figure IL.3.......... 127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Self-assembled monolayers of n-alkanethiols, CH3-(CH,),-SH, on Au, Ag, and
Cu have been studied with Grazing incidence EXAFS (GIXAFS) at the sulfur K-edge.
Characterization of the bonding of self-assembled monolayers is of great interest
because of their ability to tailor physical and chemical properties of surfaces. For both
pentanethiol and decanethiol monolayers on Ag and Cu, the three-fold hollow site is
found to be the most probable sulfur binding site. However, observations for
octadecanethiol indicate that the three-fold-hollow site is not the exclusive binding site.
In addition, the possible existence of disulfide bonds on the metal surface (adsorbed
dialkyldisulfides) is not supported by the data. In addition, careful examination of the
systems by XANES clearly demonstrate the peculiar behavior of octadecanethiol on
surfaces. Preliminary results from monolayers on Au are also reported and constitute
the first ever reported EXAFS data for alkanethiol monolayers on gold. These findings
represent a great advance for the investigation of thin films on surfaces, and also present
the possibility to study mixed monolayers as a complement to scanning probe
microscopy.

Recently, dendritic systems, and especially dendrimer-metal complexes, have
been shown to have outstanding properties which make them suitable for applications in
catalysis and biology. Our long-term plans include investigations of adsorbed
dendrimer-metal complexes on metal surfaces through the use of grazing incidence
EXAFS. Preliminary X-ray absorption studies of poly(propylene imine) dendrimer-
copper(I) complexes of generation 1-5 in powder form and methanolic solution are
presented here. XANES allows determination of the oxidation state of the copper

species and the geometry of the copper complex whereas EXAFS gives us information

xi
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about bond distances, coordination number and nature of the neighbor atoms. When
reacted with NaBH,, these dendrimer-copper complexes undergo reduction which leads
to the formation of Cu(0) nanoclusters. We investigated these clusters by EXAFS,
XANES, ultra violet-visible spectroscopy and high resolution transmission electron
microscopy (HR-TEM) and discuss their geometry, composition and size depending on
the dendrimer generaticn. The synthesis of metallic nanoclusters by the dendrimer
route has been successful to produce nanoclusters of reduced size and increased

monodispersity.

xit
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Chapter 1. Introduction
1.1. Introduction

The work presented in this dissertation focuses on investigations targeting the
structure of supramolecular systems widely used in a variety of applications such as
biosensensing, biomimetics, molecular electronics, wetting, and lubrication, to name a
few. Such systems include single-component, seif-assembled monolayers (SAMs) of n-
alkanethiols (CH;-(CH,),.;-SH, hereafter referred to as C) adsorbed on various metal
substrates, two-component or mixed SAMs, dendrimers in solution, powder, or on
surfaces, or a combination of all of these. A large body of literature has been published
in an attempt to fully characterize these systems and understand their physical and
chemical properties.!-’® The driving force behind this investigation of these systems is
to gain an understanding of their properties on the nanometer scale so that future studies
can be carried out to optimize their role in current applications and in the fabrication of
nanoscale materials. Despite the large number of techniques employed to characterize
these systems, questions of fundamental importance remain concerning specifically the
bonding of the alkanethiols to the surface. The work described in this dissertation
presents ways to access to the knowledge of the direct chemical environment of a
particular chemical entity, and thus leads to information about the metal-sulfur interface
in the case of alkanethiol monolayers or the metal coordination in the case of metal-
encapsulated dendrimers.

The first family of compounds, alkanethiol SAMs on metals, have attracted the
attention of a large number of research groups, and as a result, a great amount of
knowledge has been obtained over the past 20 years. Initial interest in these systems

originated from the ease of preparation of these highly ordered monomolecular films,
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the reproducible manner in which they can be prepared, and their stability under a wide

‘range of experimental conditions.38:49.57.65.71.76  Alkanethiols self assemble on various
metallic substrates, resulting in a two-dimensional structure that provides a unique
scenario for investigating the interplay between the molecular (nanoscopic) structure of
the sulfur-metal interface and the macroscopic properties of the monolayer. The
possibility of controlling the properties of the monolayer by manipulating the
monolayers structure (substrate type and orientation, alkane chain length, w-substituent,
etc.) has made and still makes these films very useful for wettability studies, corrosion
inhibition, adhesion studies, and platforms for molecular devices.

In addition, it is possible to control the composition of these alkanethiol
monolayers so that surfaces bearing selected functionalities can be designed and serve
as sensors for a given functional group, atom, or molecule. For example, miniaturized
immuno-assay-like sensors can be made by relying on the selectivity of the end groups
(w-substituents) and recognition of such groups by analytes in solution and vice
versa.79-80 It is also possible to intercalate electroactive species within the monolayer
and fabricate arrays of conductive material within an insulating matrix. The design of
such monolayers presents a ideal way of studying electron transfer theories.!!.12.81

In all of the above examples, the overall properties of the monolayer very often
depend on the functionality of the end group, but there are other factors that intervene
during the formation of these films and their influence must be evaluated. The first
factor that comes to mind is the chain length of the SAM; the molecular order of the
SAM is dictated by the strong sulfur-metal bond and the degree of van der Waals
interactions between the chains. Therefore, the number of methylene units will affect

the properties of the monolayer (crystallinity, as has been shown in many studies).

~
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Also, the bonding of the sulfur head group plays a role in the macroscopic properties of
the SAMs because sulfur is the anchoring agent of the chains to the surface. Although
scientists do not unanimously agree on the exact bonding scheme of alkanethiols to the
metallic substrate, the strength of the S-Au bond has been shown to be = 44
kcal/mol.43.75.80 However, the effect of the bonding of the sulfur group (bond angle,
order, etc.) on the metal surface on the properties of the SAM has not been precisely
determined. Ultimately, the combination of these factors (chain order and S-M
interaction) needs to be further investigated in order to provide a complete picture of
these systems.

A great number of studies have focused on alkanethiol SAMs on the coinage
metals and much information has been gained regarding effects on alkane chain order.
However, fewer studies have focused on the sulfur-metal bond. In order to have access
to the direct chemical environment of the sulfur atoms constituting the monolayer, we
need a non-destructive technique that is capable of probing the sulfur-metal interface
and yields a large quantity of information about the sulfur-metal bond. In particular, the
desired technique must render structural information, and display excellent sensitivity.
Extended X-ray absorption fine structure (EXAFS) appears to be the method of choice
because it is element specific and sensitive enough to probe the sulfur layer so as to
detect chemical effects, such a variation in oxidation state. In addition, EXAFS
provides a way to access structural parameters such as bond distances, and coordination
numbers, both of which will lead to elucidation of the way in which the sulfur head
group bonds onto the metal surface.

Although EXAFS studies of the S K-edge for alkanethiol SAMs seemed to be

ideal at the onset of this research, further experimental development was needed to
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overcome the challenge of probing the single layer of sulfur on a 200-nm-thick metallic
substrate that may exhibit interfering effects. One of the purposes of this work is
demonstration of succesful use of EXAFS to obtain information on the bonding of
alkanethiols in SAMs. To initiate the work at hand, a collaboration with a German
group at the university of Bonn to develop a grazing incidence EXAFS (GIXAFS)
fluorescence technique was undertaken. This work shows that by probing the sulfur
layer at very grazing angles (typically on the order of hundredths of degrees), GIXAFS
yields better sensitivity and a better S/N ratio, and consequently, more meaningful data
when compared to the existing published EXAFS data of alkanethiols on Ag and Cu.
The influence of chain length of the alkanethiol (Cs, C,q, Ci3) on the bonding of the
sulfur on the surface was investigated. It was found that the bonding model for C;3 is
different from that for Cs and C,o. Furthermore, the chain length of the thiol was found
to have an influence on the distribution of sulfur atoms on the metal surface (Cu or Ag).
A significant challenge of the work here was acquisition of data for alkanethiols
adsorbed on Au, which represents the ultimate difficulty of extracting a weak sulfur
fluorescence signal from the fluorescence emitted by the relatively thick Au layer. This
challenge was met through the use of GIXAFS at the S K-edge and the data for such
experiments reported for the first time. These experiments were performed at Louisiana
State University's Center for Advanced Microstructures and Devices (CAMD). Various
chain length alkanethiols on Ag were investigated, and it was found that C,g exhibited a
different spectrum compared to those of Cs, Cy3, Cy3, Ci6, and Cy, thereby
corroborating the EXAFS data obtained in Germany. With the goal of investigating
mixed monolayers in mind, the GIXAFS technique was also used to probe the iron

center in ferrocene-terminated SAMs. These preliminary studies on the Fc-SAMs
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indicate that future, more thorough GIXAFS investigations are possible for two-
component SAM systems, and such results can possibly be used in conjunction with
data from lateral force microscopy experiments.

In addition to the alkanethiol/metal supramolecular systems discussed above,
scientists from various fields have been investigating the intriguing properties of
dendritic molecule systems. These hyperbranched molecules are obtained by the
repetitive addition of a building unit to an initiator core. Thus, their dendritic structure
provides for polyfunctionality with the possibility of extending 2D SAM systems to a
3D structure. The quantity of literature on dendritic systems continues to grow
exponentially, generating more and more research on their properties and potential
applications.

Another interesting aspect of certain dendrimers is that of their ability to
complex with metal ions to form multi-charged supramolecular complexes. In addition,
these complexes can be used to produce metal nanoclusters upon reduction, which
makes such a "template-assisted” method of making metal clusters very attractive in
heterogeneous catalysis applications. Despite the extensive published work on these
systems at the onset of the work described here, a number of questions remained
unanswered. Very little was known about the structure of the dendrimer-metal complex
itself, the dendrimer-metal complex geometry, and the coordination chemistry about the
metal ion centers. Additionally, researchers are interested in finding the optimal
conditions to produce very small monodisperse metallic nanoclusters and control their
location with respect to the dendrimer interior. Because of the success of GIXAFS as
applied to probing sulfur in SAMs on Ag, Cu, and Au, and also Fe in Fc-terminated

SAMs, we envision a series of experiments that study the catalytic behavior of these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nanoclusters on surfaces. In order to assess the validity of conventional EXAFS for
metal-dendrimer composites, powder and solution samples of copper-encapsulated
poly(propylene imine) dendrimers were synthesized and studied. We acquired EXAFS
and XANES spectra in order to obtain information on the binding of the metal ions to
the dendrimer functienalities, and the size, composition and location of the metal
nanoclusters formed upon reduction of the metal ion-dendrimer template. In particular,
the geometry of the Cu(II) complex end group of the dendrimer was determined to be
that of a square-based pyramid with three nitrogen atoms (Cu - N distance = 2.03 A)
and | oxygen atom (Cu - O = 1.94 A) in the equatorial plane and 1 axial oxygen atom at
about 2.6 A. The information contained in the EXAFS data for the reduced complexes
allowed us to assess the size of the copper nanoclusters through the use of structural
parameters. These results were compared to data obtained from transmission electron
microscope (TEM) images. The size and dispersity of the nanoclusters was shown to
decrease as a function of increasing dendrimer generation. In addition, the sizes of the
nanoclusters were compared to those of the dendrimers and conclusions were made
about the location of the nanoclusters with respect to the dendrimer interior.
1.2. Alkanethiol Self-Assembled Monolayers

Self-assembled monolayers (SAMs) of alkanethiols (CH3-(CH,),-SH) adsorbed
onto different metallic substrates (Ni, Pt, Cu, Ag, Au, Al) have attracted the attention of
researchers for the past two decades due to their ease of preparation and diversified
applications in wetting,30-31.82 corrosion inhibition,37:83 sensing, lubrication and
biological systems.?9-80 SAMs are obtained by immersion of a clean metallic substrate
in an ethanolic thiol solution, which results in the formation of metal thiolates. The most

commonly studied systems consist of SAMs of alkanethiols on gold. Alkanethiol
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SAMs on gold are popular because they are relatively easy to prepare, robust, densely
packed, and because gold is known to be stable and resistant to oxidation.38.49.57.65.71.76
A large variety of techniques has been employed to obtain information on the structure
of alkanethiol SAMs and their chemical and physical properties. Figure 1.1 represents a
self-assembled monolayer of alkanethiols adsorbed onto a metallic substrate and the
different stages of the assembly process. It is generally beiieved that the sulfur head
group of the thiol loses its hydrogen atom upon adsorption which results in the creation
of a gold thiolate on the surtace.8485 The alkanethiol is strongly chemisorbed onto the
surface and the chains are ordered by the van der Waals interactions between the
polymethylene units resulting in a tilt which is defined as the tilt angle (o). The tilt
angle of the chain results from an equilibrium between chemisorption and Van der
Waals interactions, 10-20.42.45.76.80

The adsorption process, orientation of the chains, and bonding of the thiols to
the surface have been studied by ellipsometry,9:47.65.7 reflection/absorption infrared
spectroscopy (RAIRS),!9.76 scanning tunneling microscopy (STM),10.29.37.40.52.82.86.87
scanning probe microscopy (SPM),12.33.34.55.73.74.88.89 infra-red or Raman
spectroscopy, 10.23.30.4043 Jow energy electron diffraction (LEED),76.86 X-ray
photoelectron spectroscopy(XPS),3.13.31.43.47.56.60.65.71.78.86.90.91 syrface plasmon
resonance (SPR),!6-59.92 high energy electron energy loss spectroscopy (HREELS),!+-28
electrochemical techniques,!2-22 grazing incidence X-ray diffraction,’!.74
EXAFS,27.8293 and NEXAFS.13.23.27.38.56.94.95 Reviews that summarize this work are

also available.75.80.82
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Fast

Slow

Figure 1.1. Representation of the self-assembly process of alkanethiols onto a
metallic substrate.

The research described in this dissertation focuses on the characterization of the
sulfur head-group bonding to the metallic substrate by means of EXAFS and XANES.
Collectively, these studies can provide information on the local environment of the
sulfur atom, leading to the elucidation of the bonding sites. As was previously
mentioned, EXAFS and XANES have been used by other research groups to investigate

thiol SAMs. In particular, carbon K-edge XANES has been utilized to investigate the
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alkanethiol adsorption process,23 or the orientation of the chains.36.62.96 Prior to the
work described here,!8 only two studies have focused on the sulfur K-edge 2793

We are interested in determining the influence of the chain length of the thiol on
the sulfur-metal (S-M) bond and the carbon-sulfur-metal (C-S-M) angle by examination
of the EXAFS spectra of various thiols on Cu, Ag, and Au. EXAFS data will provide
us with the coordination number for the sulfur atoms, a number which is indicative of
the position of the sulfur atoms on the surface.

A generally well accepted model for the adsorption of alkanethiols on gold is the
(¥3x¥3)R30° model in which the sulfur atom of the thiol adopts a three-fold
coordination to the hexagonal gold lattice and thus sits in a three-fold hollow site. The
sulfur-to-sulfur distance for the adsorbate unit cell is dictated by the metal unit cell;
Thus, for Au, the sulfur-to-sulfur distance is 4.97 A (2.88 A x V3). This binding model,
as well as the possibility of the sulfur sitting in an atop position, is depicted in Figure
1.2. However, another adsorption scheme where two alkanethiols bind on the metal
surface to form dialkyldisulfides has also been proposed elsewhere27.70.71.92.97 and will
be considered in this dissertation. Because the tethering of the alkanethiol on the
surface will ultimately influence the overall properties of the monolayer, it is of great
importance to further characterize the sulfur-metal interface and clarify the previously
mentioned points.

1.3. Mixed SAMs

SAMs can also be constituted of more than one alkanethiol species and are
referred to as mixed monolayers. Such systems are interesting due to their direct
applications to biomolecular recognition and molecular electronics. A schematic of a

mixed alkanethiol SAM is given in Figure 1.3. When designing such two-body
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structures, it is important to understand the distribution of the components on the
surface in terms of the intermixing of its constituents. For example, does the adsorption
process result in a homogeneous combination of both of the precursors or the creation

of domains of one of the components within the other (phase separation).2!.98

Three-fold hollow Atop

Gold
atoms

Sulfur
atoms

A /
A*AWIAYIA d
NN\ N
Y y /N Y

Figure 1.2. (V3xV3)R30° binding model of the alkanethiols on gold.
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When two different alkanethiols co-adsorb on a metallic substrate, a generally
well accepted result is that long chain thiols adsorb preferentially to short chain ones.30
Using a gold electrode immersed with a mixture solution of short and long chain
alkanethiols, Chailakapul et al. have shown that over time, the short chain thiols were
exchanged to finally form a monolayer of only the long chain thiol.? However, less
information is available on the characterization of mixed alkanethiol SAMs of similar
chain length and/or functionalized with different end groups. Overney et al.!00
demonstrated how a frictional force microscope could be used to provide information
on chemical mapping of Langmuir-Blodgett (LB) films. Later, Frisbie et al.!0!
described how the sensitivity of scanning probe microscopes could be improved by
modifying the probe tip with functional groups so that mapping of chemically distinct
domains on the surface could be obtained. Different mixed monolayers like 4-
aminothiophenol (4-ATP)/C 3,78 4-ATP/thiophenol, 192 C,¢/3-Mercaptopropionic acid
(3-MPA),103 or carboxylic acid-terminated alkanethiol/stearic acid?! were then studied
on gold.

Willicut and McCarley showed that pyrrole films on gold modified with pyrrole-
terminated alkanethiols were greatly stabilized compared to pyrrole films on bare Au.!0¢
Mixed films containing pyrrole-terminated thiols and n-alkanethiols could be conceived
to build well defined architecture of stable pyrrole film on the surface. Using the ability
of scanning probe microscopy (SPM) to map chemically distinct domains, we studied
systems where C,3 is co-adsorbed with pyrrole-terminated hexanethiol (SH-Cs-Py) by

- lateral force microscopy (LFM). The behavior of monolayers composed with different

molar fraction of its constituents was investigated.

i1
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We performed frictional coefficient measurements for a series of monolayers
made of different molar fraction of SH-Cs-Py and ODT in ethanol and investigated the
ability of the monolayers to phase separate. These studies suffered from poor
reproducibility of the determined values for the friction coefficient. However, a general
trend denoting the influence of the composition of the monolayer on the coefficient of
friction could be observed. The discrepancies between these results and results
obtained on different monolayers by other groups could be explained by possible

contamination of the tip over time.

O component 1
@ component 2

phase separated

uniformly mixed

Figure 1.3. Cartoon of a mixed alkanethiol SAM and the possible surface
structures of the film.

Grazing incidence EXAFS, as shown by the work on the alkanethiol monolayers
on Ag, Cu, and Au, offers the possibility to probe the sulfur monolayer but could also

provide an insight into the structure of the outmost layer in the case of mixed
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monolayers. Our beamline facilities currently do not allow us to carry out nitrogen K-
edge EXAFS experiments. In order to test the applicability of grazing incidence
EXAFS to probe the outmost layer of the SAM, we obtained preliminary data for
ferrocene-terminated SAMs by means of GIXAFS at the Fe K-edge. The preliminary
GIXAFS data involving ferrocene-terminated alkanethiol/C,s mixed monolayers clearly
proves the sensitivity and limit of detection of this technique is sufficient, and obtaining
information about both the sulfur and the ferrocene environments is possible.
Additionally, these results indicate the possibility of using GIXAFS at the N K-edge to
probe the pyrrole-terminated monolayers.
1.4. Dendritic Systems

Other supramolecular systems such as dendrimers are capable of self-
assembly!05 on various substrates and could contribute to new ways of making
nanoscale devices. In the last decade, dendritic molecules have caught the attention of a
number of researchers due to their outstanding properties that make them suitable to a
broad range of applications.!06-108 Dendrimers can serve not only as contrast agents in
magnetic resonance imaging,!%9 drug delivery systems in medicine,!10-11! but are
expected to contribute significantly in the fields of catalysis,!!2-113 molecular
recognition, 198 light harvesting!!4 and environmental studies,!!3 to name a few.

Poly(amidoamine), PAMAM, and poly(propylene imine)-diaminobutane core,
DAB, dendrimers, as well as other dendrimers, have been shown to form complexes
with metal ions.!16-131 Such metal-ion-dendrimer precursor species can be used to
produce metal nanoparticles upon reduction of the dendrimer-metal complexes.!!6-
119.121.124.125.127.129  Both the dendrimer-metal-ion precursors and the resulting metal

nanoparticles have been investigated using structural tools such as electron

I3
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paramagnetic resonance (EPR), ultraviolet and visible spectroscopy (UV-vis), and
transmission electron microscopy (TEM). Although a large number of studies have
focused on making metal nanoparticles from metal-PAMAM complexes (Au,!16-119
Ag,!16.118 Cy,121.124.125 p( 127.129 and Pt.127), we know of no reports focusing on the use
of metal-DAB dendrimer complexes for the fabrication of metal nanoclusters.

DAB dendrimers have been shown to form well-defined, stoichiometric
complexes with ionic Cu, Zn, Ni and Co,!30.131 an attribute that may allow for control
over the properties of metal nanoclusters derived from such metal-ion-dendrimer
complexes. To this end, it would be of great importance to have the ability to obtain
structural information for the metal ion complexed in the dendrimer, as well as
information regarding the nature of the dendrimer-metal nanoparticle structure
following reduction. We report here, for the first time, an investigation of Cu(ll)-
poly(propylene imine) dendrimer complexes (Figure 1.4) with a diaminobutane core
(DAB-Am,-Cu(Il), , n=4 to 64, x=n/2) by means of extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectroscopies.
By studying the EXAFS and XANES spectra of DAB-Am,-Cu(II); at the copper K-
edge, we have been able to determine the geometry of the dendrimer end-group
complex about the Cu ion and parameters such as bond distances, coordination numbers
and nature of the ligands contributing to the copper coordination sphere.

In addition, we have studied the properties of the Cu(0) nanoclusters that result
upon reduction of the DAB-Am,-Cu(II), template precursors. The size of the Cu(0)
nanoclusters is determined from TEM data, and EXAFS measurements are used to
understand the local environment of the reduced Cu nanoclusters. The EXAFS data are

useful for correlating the present data with the outcomes from previous studies of
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nanoparticles.!32-134 The TEM and EXAFS studies demonstrate that the size of the

Cu(0) nanoclusters decreases with increased generation of the dendrimer.

X XQ‘
XQ A, b, OX
Y "‘—’N N_:. ’
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Figure 1.4. Representation of the DAB-Am;¢-Cu(Il)s complexes.

Based on the observed relationship between nanocluster size and dendrimer
generation, we propose that the dendrimers coat the incipient copper nanocluster
surfaces (Cu(0) nuclei) via Cu-N bonds. The “surfactant-like” dendrimer coating
effectively inhibits the nascent Cu(0) nuclei from growing larger only if the steric
interactions between Cu(0) atoms/nuclei and the various-sized dendimers is sufficiently

large.
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These studies that were performed on dendrimers in the powder or solution state
show the importance of EXAFS and XANES as a tool for probing their physical and
chemical properties. A combination of the work performed with the alkanethiol SAMs
and the dendrimers would provide a great deal of information on the behavior of these
compounds on surfaces. Indeed, researchers have shown a great interest in
immobilizing dendrimers on surfaces and in some instances integrating them within
alkanethiol SAMs.50.135-139 PAMAM dendrimers have been shown to experience
variations in their shape upon adsorption onto a surface but very little is known about
their structural conformation.50:135 As changes in the adsorbed dendrimer morphology
have been observed by AFM in the case of the PAMAM dendrimers, it would be
interesting to study the influence of these changes on the DAB-Am,-Cu(II); complex
geometry when adsorbed on a surface. Because a small amount of a Cu-Cu interaction
was observed in the EXAFS data for the powder of the DAB-Am,-Cu(Il), complexes, it
is possible, for example, that the distance between the metal atoms in the adsorbed
dendrimers is small enough to have an impact on the EXAFS spectra. Grazing
incidence EXAFS has been proven to be sensitive enough to detect very small structural
changes, thereby offering the possibility of elucidating structural variations in the
conformation of the adsorbed dendrimers.
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Chapter 2. Materials and Methods
2.1. Experimental
2.1.1. Chemicals
2.1.1.1. Preparation of Alkanethiol SAMs

Au (111) films were obtained by thermal evaporation of Au (Aldrich, 99.99 %
purity) onto freshly cleaved muscovite mica sheets (V-2 grade, Asheville-
Schoonmaker) or Si(100) wafers. Films of Ag and Cu were prepared by thermally
evaporating Ag (Aldrich, 99.99 % purity) and Cu (Aldrich, 99.99 % purity),
respectively, onto a Si(100) wafer. The Si wafers were cleaned in a piranha solution (1
to 3 ratio of H,0, to H,SO, at 70 °C for at least 30 minutes handled with extreme
caution) and then placed under vacuum for evaporation. When using Si wafers, an
adhesion layer of ~ 40 A of Cr was deposited onto the freshly cleaned substrate prior to
metal deposition. After evaporation, the samples were annealed at 325 °C for at least 4
hours. The annealing procedure leads to the formation of larger and flatter gold
crystallites.!2 The typical size of the obtained gold crystallites is comprised between
150 and 300 nm. The preferred orientation of the crystallites has been shown to be
predominantly (111).! The evaporated substrates were cooled to room temperature and
immersed in a | mM ethanolic solution of the desired alkanethiol. Table 1 lists some of
the chemical and physical properties of the alkanethiols used in this work.

2.1.1.2. Preparation of Mixed SAMs

The synthesis of the m-(N-pyrrolyl) hexanethiol is described elsewhere.3 We
acknowledge Dr L. S. Curtin at Youngstown State University (Youngstown, OH) for
the kind gift of the ferrocenoyl alkanethiol. The structures of these two functionalized

thiols are shown in Figure 2.1.
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Table 2.1. Physical and chemical properties of alkanethiols used in this study.

Molecular Name Synonym | Molecular | Purity | Density | Boiling
Formula Weight (gxcm?®) | Point
(gxmol ) 0
CsH;,S 1-pentanethiol amyl 104.22 98% 0.840 126
mercaptan
CeH14S I-hexanethiol hexyl 118.24 95% 0.838 150 to
mercaptan 154
CioH2S 1-decanethiol decyl 174.35 96% 0.841 114
mercaptan
Ci2H36S I-dodecanethiol | n-dodecyl 202.40 98+% | 0.845 266 to
mercaptan 283
CisH30S | 1-tetradecanethiol n- 230.46 98.0% | 0.846
tetradecyl
mercaptan
CisH34S | 1-hexadecanethiol cetyl 258.51 ~95% 0.846 | 128-130
mercaptan
or
hexadecyl
mercaptan
CisH3sS | l-octadecanethiol | octadecyl 286.57 98% 0.847 204 to0
mercaptan 210
A.
"5\/\/\/\\/- \7

o

Figure 2.1. A. Structure of the -(N-pyrrolyl) hexanethiol. B. Structure of the
11-ferrocenoyl-undecane-1-thiol.
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2.1.1.3. Preparation of the DAB-Am,-Cu(II); Complexes and DAB-
Am,-Cu(0)csuser Nanoparticles

The DAB-Am,-Cu(ll), (n=4, 8, 16, 32, 64,x=n/2 ) complexes were all
synthesized in the same manner. All chemicals were used as received from Aldrich.
The requisite amounts of methanolic solutions of Cu(NO3),- 2.5 H,O and the
corresponding amine-terminated poly(propylene imine) dendrimer with a diaminobutyl
core (DAB-Am, (n=4, 8, 16, 32, 64)) were mixed in order to result in a final Cu(Il)
concentration of 2 mM. The faint blue Cu(NO;), solution turned to an intense blue
upon mixing with the dendrimer solution. The solution was stirred for 30 min. The
concentration in dendrimer was | mM DAB-Amy-Cu(1),, 0.5 mM DAB-Amg-Cu(ll)s,
0.25 mM DAB-Ams-Cu(Il)g, 0.125 mM DAB-Am3;-Cu(Il);6, 0.0625 mM DAB-Amgs-
Cu(I)s, for generation 1, 2, 3, 4, and S respectively when maintaining a Cu(Il)
concentration of 2 mM throughout the series of dendrimer generations. Cu
nanoparticles were formed by reduction of the DAB-Am,-Cu(II), solutions with a 10
fold excess of NaBH;.4 The reduction resulted in a color change of the solution from
blue to golden brown, which indicated the formation of the nanoclusters DAB-Am,-
Cu(0)ctuster - TEM samples of DAB-Am,-Cu(0)s.ser Were obtained by placing a drop of
the solution on a holey-carbon copper grid, and immediately transferred into vacuum.
The DAB-Am,-Cu(0)csser samples for EXAFS and XANES were prepared by reduction
of the DAB-Am,-Cu(Il), solutions. As long as these reduced solution of Cu/dendrimer
were kept under inert atmosphere, no precipitate or change of color was observed.
Powders were obtained by rotary evaporation of the solvent. The resulting powders
were transferred under Ar into an oxygen-free glove box where they were placed
between layers of kapton tape. The resulting tape/powder samples were kept in an

oxygen-free environment for all analysis.
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2.1.1.4. Preparation of the Ferrocene-Terminated Dendrimers

The synthesis of the ferrocenyl dendrimers was based on the procedure
described by Takada et al.5 Briefly, a solution of the poly(propylene imine) dendrimer
(DAB-Am,, n=4, 8, 16, 32, and 64) and triethylamine in dichloromethane was added to
a dichloromethane solution of the corresponding equivalents of 1-
chlorocarbonylferrocene. The triethylamine hydrochloride formed was removed by
washing with NaHCO3, and the solution dried over MgSOs. The resulting product
obtained for x=32 is shown in Figure 1.7.

2.1.2. Scanning Probe Microscopy (SPM)

2.1.2.1. Scanning Tunneling Microscopy (STM)

The STM used was a Digital Instruments Nanoscope III6 using one of two
available scanners depending on the desired resolution. The piezoelectric scanners were
0.8 um x 0.8 um (A head), and 13 pm x 13 um (D head). The scanning apparatus was
suspended on a homemade support with a resonance frequency of about 1 Hz, which
keeps vibrations from perturbing image acquisition. The tip was freshly cleaved from a

Pt-Ir wire. All images were collected in air on freshly prepared substrates.

2.1.2.2. Atomic Force Microscopy (AFM) and Lateral Force Microscopy
(LFM)

AFM and LFM were performed with the same Digital Instruments Nanoscope
I microscope using the multi-mode head. We used contact AFM pyramidal gold
cantilevers with a silicon nitride (Si3Ns) tip (= 30 nm tip diameter) purchased from
Digital Instruments. The calibration of the instrument was achieved through procedures

described elsewhere.?
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2.1.3. Synchrotron Radiation Experiments.

EXAFS experiments on alkanethiols described in chapter 4 were performed at
the Synchrotron Light group (SYLI) at the Electron Stretcher Accelerator (ELSA) in
Bonn, Germany (Physikalisches Institut der Rheinischen Friedrich-Wilhelms-
Universitit). The EXAFS experiments were carried out on the BN2 double crystal
monochromator (DCM) beamline with the machine operating at 2.3 GeV providing an
average ring current of 25 — 70 mA. XANES experiments as well as EXAFS
experiments described in Chapter 5 and 6 were carried out at the Center for Advanced
Microstructures and Devices (CAMD) in Baton Rouge, Louisiana (U.S.A.). Sulfur K-
edge XANES experiments were performed with the ring operating at 1.3 GeV, with an
average ring current of about 140 mA. Copper K-edge EXAFS spectra were measured
with the synchrotron operating at 1.5 GeV with an average ring current of about 100
mA. Sulfur K-edge XANES spectra were acquired at the X-ray Microprobe Beamline
(XMP), which is described in section 2.1.3.3. Sulfur K-edge, iron K-edge
measurements were performed at the BN2-DCM beamline described in section 2.1.3.2.
More details concerning the crystal pair mounted in the monochromator will be given
within each separate experiment.

2.1.3.1. The Double Monochromator Beamline (DCM) at CAMD

This beamline was installed at bending magnet 5 port B on the CAMD storage
ring in 1994 and its design and operation has been described by Schilling et al.8 The
beamline set-up is represented in Figure 2.2. The UHV system, including a
Bremsstrahlung shutter, a fast closing shutter and a 1.8 m acoustic delay line is
separated from the monochromator by a differential ion pump, which now replaces the

initial Be window. The vacuum section in which the monochromator is operated, is
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separated from the experimental station by a SO um-thick kapton window. The
monochromator is a Lemonnier-type monochromator which was built at Bonn

university (Germany) and its design can be found in the literature.?

Bremsstrahlung Aluminium
shutter ACOUStiC gate Valve Kap[orl WlndOW
Photon 1 Delay Line ' ) M /
u Experimental
Eo B @ﬂ [l hutch
shutter .
| Differential / |
Shield wall pumping Shield wall
Monochromator

Figure 2.2. Cartoon depicting the Double Crystal Monochromator (DCM)
beamline at CAMD.

Horizontal and vertical slits are placed on both sides of the monochromator and

allow for control over the horizontal acceptance from 0 to 50 mm and vertical opening

from O to 10 mm. The operation of the DCM beamline at CAMD provides usable flux

over a broad range of energies (0.8 keV to 18 keV) to be realized.

2.1.3.2. The BN2 Beamline at ELSA

The design of the BN2 double crystal monochromator at ELSA is very similar to

that of the DCM at CAMD and allows for conventional transmission and fluorescence

experiments to be realized. However, the endstation was optimized for surface EXAFS

experiments allowing the acquisition of EXAFS spectra taken at grazing incidence or

(up to 0.05°). The grazing incidence EXAFS experimental set-up or GIXAFS is shown

in figure 2.3.

Sulfur K-edge and iron K-edge measurements were performed at the BN2-DCM

beamline. The fluorescence yield was measured by a single element Si(Li) detector

described in section 2.1.5.4. The monochromator was calibrated with the strong sulfur
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peak of ZnSQ, at 2481.44 eV. A 7.5 um iron foil (Eg = 7112 eV) was used for
calibration at the iron K-edge. A multi-channel analyzer (MCA) was used to
discriminate against the gold fluorescence for the samples on Au substrates, or to

window the sulfur signal when copper and silver substrates were used.

Slit;

Si(Li) —

detector /}

6 N\ (D) ionization
chamber

sample

\ goniometer
\ / Slit; (I,) ionization
monochromator chamber

crystals

Figure 2.3. Schematic of the BN2 double crystal monochromator grazing
incidence beamline (DCM) at ELSA.

The detector was calibrated using radioactive 35Fe. InSb(111) crystals were
used for XAFS studies at the sulfur K-edge and Ge(422) crystals were used for
experiments at the iron K-edge. The alignment procedure was achieved with the sample
out of the beam path, by optimizing the current in ionization chambers I and I. This
was realized by adjusting slits 1 to 3 in Figure 2.3. The sample was then tilted to an
angle of 0.2° and moved back up into the beam path, until the current in ionization
chamber I was found to decrease. The angle was then reduced by 0.02° increments and
the sample was lifted again into the beam path. This procedure was repeated until 0°
angle was reached. The position of the true 0° angle was validated when rotation of the

sample in either direction (pitch) resulted in a decrease of I. Further verification of the
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0° angle was also achieved by applying the following procedure: The angle between the
beam and the sample surface was set to a chosen value 8. Slit 3 was vertically scanned
in order to find the height h ;3 that led to a maximum intensity of I. The distance
between the sample and slit 3 being known, the equation h ;3 = d X tan (8) permits to
verify if the alignment was properly realized. The goniometer also allowed for yaw and
roll motions. The roll motion was limited by the sample geometry, and was not
typically optimized. The yaw was optimized following the same procedure as for the
pitch angle. The grazing incidence angle was optimized by monitoring the intensity of
the sulfur fluorescence Ko peak at 2307 eV while varying the incidence angle. The
discrimination window of the MCA was defined such that the signal from sulfur was
maximized while the contribution from the metallic substrate was minimized. The
incidence angle was chosen to be 0.4° with respect to the surface for silver and copper
substrate samples.

Due to the strong gold fluorescence, it was not possible to collect data at the
same incidence angle for the gold substrate samples. The range of incident angles was
much narrower than for silver and copper due to the overlap between the sulfur signal
and the gold fluorescence. Typically, we acquired data for gold between 0.01° and
0.05° incidence angle. The quality of the data was extremely sensitive to a change of
only 0.005°. Each spectrum except for the gold data is an average of at least five
separate scans, with an integration time of at least 3 seconds per data point. The current
read in the Iy chamber was used to normalize the fluorescence counts.

2.1.3.3. The X-ray Microprobe (XMP) Beamline at CAMD
The XMP beamline is similar to that of the original DCM beamline.!0 This

beamline shares the dipole chamber used by the DCM beamline and operates on port
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5A. In addition to its capacity of performing X-ray microscopy, the XMP beamline was

also designed for EXAFS and XANES measurements. A schematic of the XMP

beamline is shown in figure 2.4.
gas inlet
and outlet I ionization
— chamber Ge detector
YA /
crystals . E / /‘\ /
hv w?ﬁg& | S / A L/ photodiode
s 1{! |
plexiglas :’ N
chamber R T'/
—— — sample

kinematic .
goniometer

table Slit

(4-way jaw)

Figure 2.4. Schematic of the end-station at the X-ray Microprobe (XMP) beamline
at CAMD

The UHV section, including the photon shutter, gate valve, fast closing valve,
and bremsstrahlung shutter, is separated from the experimental station by a 125 um-
thick Be window. An additional kapton window, 50 um or 12.5 um-thick depending on
the energy range at wich the study is conducted, allows the endstation to operate at
atmospheric pressure. The beamline relies on a modified double crystal
monochromator designed by the Laboratério Nacional de Luz Sincrotron (LNLS,
Campinas, Brazil).8 The microprobe end-station consists of a kinematic table, a
plexiglas chamber, and a goniometer. The kinematic table allows for vertical motion of

the entire end-station. The enclosed chamber containing the stages allows for air
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absorption to be minimized by purging with He, or other appropriate gases depending
on the energy range of the investigation. Finally, the motorized stages permit vertical,
horizontal, pitch and yaw motions of the sample. The fluorescence Ge detector
(Canberra, model GULO1110P!!) with a resolution of 150 eV (FWHM) at 5895 eV
(Mn Ka) is placed at 90 ° from the beam direction and positioned on a xyz translation
stage. Alignment of the beam was realized by vertically adjusting the entrance slits and
monitoring the intensity at a photodiode. Alignment of the sample was achieved by the
procedure described in section 2.1.3.2. for the GIXAFS experiment.

2.1.4. Synchrotron Radiation

When high-energy electrons (up to several GeV) are accelerated along a circular
orbit, the presence of bending magnets induces a strong centripetal acceleration which
results in the production of electromagnetic waves also known as synchrotron
radiation.!2:!3 The electrons are injected at a relatively low kinetic energy (on the order
of 100 MeV) by a linear accelerator and introduced and accelerated in the synchrotron.
The ring consists of an arrangement of bending and focusing magnets and straight
sections.!4 Synchrotron radiation has become a powerful tool for spectroscopists due to
properties summarized by Koch!3.15 that are listed below :

. Synchrotron radiation covers a broad range of the electromagnetic

spectrum from microwave to the hard X-ray and y-ray regions
. Synchrotron radiation offers a much higher intensity than conventional
X-ray sources (on the order of 10° times superior)
° High degree of collimation which associated with the small cross section

of the electrons leads to high brilliance of the source
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o The radiation is linearly polarized in the plane of the electron orbit. Off

the orbital plane, the polarization is elliptically polarized

° Pulsed emission of the electrons which travel in bunches with a pulse

duration as short as 50 ps

. Clean environment in ultra high vacuum

The advent of synchrotron radiation tremendously contributed to the
development of EXAFS and XANES spectroscopies, due to the outstanding properties
of synchrotron radiation over conventional X-ray sources, namely X-ray tubes and
rotating anodes.

2.1.5. X-ray Absorption Fine Structure (XAFS)

The interaction of photons with matter results in the absorption of all or part of
the energy of the incident beam to the material which undergoes different processes of
rearrangement of its electronic structure. These processes are scattering, pair
production or photoelectric absorption. In absorption, the loss of intensity of the
incident beam is proportional to the initial intensity [ and the thickness x of the sample
and is given by the relationship :

dl = -u x Idx 2.1)

where  is the linear absorption coefficient. Integration of equation 2.1 leads to:

[=lpxe™ 2.2)

The linear absorption coefficient is sometimes substituted for the mass
absorption coefficient (i,) which is obtained by dividing by the density (p) of the
material. The mass absorption coefficient of a mixture can be approximated by a linear
combination of the mass absorption coefficients of the individual constituents.!? W, is

expressed in cm?/g. As the energy of the incident photon is increased, there is a
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smooth decrease in the absorption coefficient which is accompanied by a sudden
increase when the energy reaches a critical value corresponding to the binding energy of
the electron. Such a discontinuity in the spectrum is called an absorption edge. An
absorption edge corresponds to the ejection of an electron from an inner shell of the
atom to the continuum. Electrons in an atom are distributed in a succession of shells,
K,L,M, N, etc..., which are labeled in order of decreasing energy. The edge energies
are specific for each element and tabulated (Appendix I). The work in this dissertation
is concerned with EXAFS and XANES studies of sulfur, copper, and iron at the K-edge
and corresponds to monitoring the absorption coefficient when an electron is ejected
from the inner-most shell of the atom, i.e., the K shell.

When an atom is isolated, the spectrum consists of the absorption edge and a
smooth decrease of the absorption coefficient. For molecules or clusters, a fine
structure, small amplitude oscillations superimposed on the decreasing absorption
coefficient called EXAFS can be seen following the absorption edge. The fine structure
might extend up to 1000 eV after the edge. The extended fine structure has been
observed by Kronig as early as 1931,16 but its use to determine structural parameters
was not exploited until the work of Stern, Lytle, and Sayers in the early 1970s.17-20 The
origin of the EXAFS oscillations is illustrated in figure 2.5.

The EXAFS wiggles correspond to the interaction between the ejected
photoelectron wave and that part of it that is backscattered with constructive and
destructive interference by the neighboring atoms. The EXAFS region extends from
about 50 eV after the edge to about 1000 eV in some cases and contains information
about the environment of the central absorber atom. EXAFS allows determinations of

bond distances, coordination numbers and the chemical identity of the neighbor atoms.
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The low energy region of the spectrum containing the pre-edge and the near-edge,
which extends from 20 eV before the edge to about 50 eV after the edge, contains
information about the chemical state of the absorber atom such as its oxidation state and
is called Near-Edge X-ray Absorption Fine Structure (NEXAFS) or most commonly X-
ray Absorption Near-Edge Structure (XANES).

absorber atom neighbor atom

Figure 2.5. The outgoing photelectron wave meets the backscattered wave
resulting in constructive interference in A and destructive interference in B.

Multiple-scattering is responsible for intense maxima in the XANES region,
whereas a single-scattering theory can be used to model the weak maxima that result in

the EXAFS region. The two regions are shown in figure 2.6.
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Figure 2.6. X-Ray absorption spectrum of metallic copper, showing the XANES
and EXAFS regions.

2.1.5.1. Theory of EXAFS
As a photoelectron is ejected from the core shell of the atom, the photoelectron
wave vector k can be expressed as in equation (2.3), where E is the energy of the
incident photon, Eq is the binding energy of the atom for the given shell, m is the mass

of the photoelectron, # is the reduced Planck constant (fi=h / 27).

k= ‘/gh'?nx(E-Eo) 23)

The photoelectron is backscattered by the neighboring atoms, which then
generate a backscattering wave that can constructively or negatively interfere with the
outgoing wave. By monitoring the variations in p as a function of the energy, we obtain
information on the nature and distances of the neighboring atoms from the absorber.
The mathematical development of EXAFS is based on a short-range single-electron,
single-scattering theory.!2-21.22 The variations in the absorption coefficient as a function
of energy are given by equation (2.4) where [o(E) is the "background” absorption

coefficient.
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_ ME)-m(E)
#E)= #(E)

The structural information that is contained in the response of W to the

(2.4)

photoelectron wave vector k can be accessed by converting the expression of ¥, from
energy space to k space by using equation (2.3). This results in an expression of x as a

function of k in equation (2.5).

The EXAFS function is given by equation (2.6).

(2.6)

gt -2 : 2kr»{-¢u(k))
k)= N Sk)F.(k 20k -2r, 14, (k) sm( f i
Z( ) ; i n( ) ,( )e e krj,_

This expression represents the summation of the contributions of all the
neighbors j to the central absorber atom i. N; is the number of atoms of type j ata
distance r; from the absorber atom. Fj(k) is the backscattering function from each of the
N;j atoms. g;j is the Debye-Waller factor and accounts for thermal and static disorder of
the atoms N; around their position. ¢ (k) is the total phase shift of the photoelectron
wave. The term exp(-ry/A;) , accounts for inelastic scattering, where A; is the mean free
path of an electron. S;(k) is a scaling factor that accounts for many-body effects. N;, fj,
and o are the structural parameters whereas Fj(k) and A; are scattering parameters. Data
analysis (Appendix II) was performed using well-established procedures.22

2.1.5.2. Data Acquisition in the Transmission Mode

The simplest and most common way to acquire an absorption spectrum is to

measure the intensity of the transmitted beam as a function of energy and normalize it

to the intensity of the incident beam using equation (2.2). The intensities of the
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transmitted and incident beam, I and I, respectively, are measured through the use of

ionization chambers. The experimental set-up used for transmission is shown in Figure

27.
(I) ionization 4
chamber “=—a
kapton window \
sample
hv
\ - slit
/ (L) ionization
monochromator chamber
crystals

Figure 2.7. Schematic of the transmission experiment set-up.

2.1.5.3. Data Acquisition in the Fluorescence Mode

Frequently one wishes to measure the EXAFS or XANES spectrum of a sample
that has a very dilute absorber, and in such cases the attenuation of the X-ray beam is
minimal. Therefore, it is not possible to determine the absorption coefficient by
measuring the transmission of X-rays and one measures some sort of "excitation’
spectrum such as the fluorescence intensity as a function of the incident X-ray energy.
The intensity of the X-ray fluorescence is proportional to the absorption probability
because the creation of a core vacancy results in the emission of a fluorescence photon
as outer electrons relax and fill the core vacancy. If the absorber density is relatively
high, fluorescence measurements can resuit in technical problems. For example, if the

composition of a sample is too rich in the element of interest, self-absorption can occur.
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In this case, fluorescence photons are energetic enough to eject electrons in the sample
and other fluorescence photons which contribute to great distortions of the spectrum.
When an electron from the K shell is ejected upon absorption of an X-ray photon, Ka.
fluorescence emission and Auger emission are two competitive processes. The
probability of these mechanisms depends on the atomic number of the absorber
element. While fluorescence emission is more probable for heavy elements, Auger
emission is more likely for lighter atoms. For the experiments performed in the
fluorescence mode, two types of detectors were used, a Si(Li) detector and a Lytle
detector.
2.1.54. The Si(Li) Detector

A Lithium-drifted Silicon detector was used for the experiments performed at
ELSA. X-rays from the fluorescence process interact with the semiconductor silicon
crystal to generate electron-hole pairs. The charge collected is then converted into a
voltage which is proportional to the X-ray energy. This results in a spectrum displaying
counts as a function of energy. Typically, fluorescence is detected at 90 ° from the
sample normal. The Si(Li) detector used was a EG&G ORTEC SLP-16220-P, based on
the detection by a single diode with a diameter of 16 mm and an energy resolution
(FWHM) of 220 eV at 5900 eV.

2.1.5.5. The Lytle Detector

Typically, the Lytle detector designed by Lytle at the Stanford Synchrotron
Radiation Light Source (SSRL),21.23 is used to detect a signal from an absorber that
displays a weak fluorescent yield, or when the concentration of the absorber atom is
very low in the sample of interest (1000 ppm). The optimal configuration for detection

of fluorescence in a Lytle detector is attained at a 45° angle between the incident beam
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and the entrance slits of the detector. The Lytle chamber is a 3 cm-ion chamber that is
filled with the appropriate absorbing gas depending on the energy of the absorber atom.
For experiments involving Cu K-edge measurements, the Lytle detector was filled with
krypton, whereas argon was used in experiménts carried out at the Fe K-edge. A filter
is placed directly in front of the Soller slits to absorb most of the elastic and Compton
scattering from the sample. For Fe K-edge and Cu K-edge, (Z-1) filters made out of
Mn and Ni, respectively, were chosen.

2.1.6. Scanning Tunneling Microscopy (STM)

Gerd Binnig and Heini Rohrer invented the scanning tunneling microscope
(STM) in 1982.24.25 The use of the STM, whose theory was proposed prior to its
invention, has revolutionized fields such as semiconductor physics, materials science,
chemistry, biochemistry, and a number of others.26 The widespread use of STM is
based on its ability to provide surface imaging with ultra-high resolution. STM is based
on the understanding of electron tunneling, a phenomenon that was first studied as early
as the 1920s.27 When a conductive sharp tip is placed very close to a conducting
sample surface, the electrons from the sample will tunnel to the surface of the tip when
a voltage is applied. A schematic of the STM is shown in Figure 2.8. The tip, usually
made of Pt or W, is mounted on a piezoelectric tube, which controls the motion of the
tip in the x, y, and z directions. The piezoelectric reacts to the applied voltage by
expanding or contracting in the direction perpendicular to the applied electric field. A
saw-tooth voltage is applied to the x piezo, while a ramping voltage is applied to the y

piezo, allowing the xy plane to be scanned.
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Figure 2.8. Schematic of a scanning tunneling microscope (STM).

The STM can be run while keeping the voltage between the tip and the sample
constant in the constant-voltage mode or allowing the voltage to vary and fixing the
height in the constant-height mode. In the constant-voltage (or constant-current) mode,
the tunneling current is amplified and converted to a voltage that is compared to the
reference value. A z piezo adjusts the height of the tip (or tip-sample separation
distance) through a feedback loop until the voltage is equal to that of the reference
value. Surface of the sample and tip behave as two conducting electrodes separated by

a potential barrier. The transmission probability or tunneling current is determined by
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solving the Schréedinger equation for an electron in a rectangular potential weil.27-30
The tunneling current (I) decreases exponentially with increased tip-sample separation
distance, as expressed in equation (2.7), where d is the distance between the tip and the
sample, and K is the decay constant.

[ece™ 2.7

In the constant-height mode, the tip is scanned across the Xy plane at a constant
distance from the sample, and the measured variations in tunneling current allow for a
3D visualization of the surface to be obtained.

2.1.7. Atomic Force Microscopy (AFM)

Binnig et al. published the first AFM results in 1986.3! The invention of the
AFM by Binnig relied on the exploitation of the minute forces that were observed
between the tip and the sample in the STM. In the original instrument, a STM tip was
monitoring the deflections by attractive or repulsive forces exerted on a cantilever by
the sample. Later on, the monitoring of the deflections was achieved through the use of
optical technology. The forces exerted between two atoms can be of short or long
order, repulsive or attractive. The theory behind AFM is based on long-order
interactions, taking into account an average of the individual forces exerted between
atoms. Different theories have been proposed to explain the interactions between
atoms and their utilization for AFM imaging.32 The treatment of AFM theory involves
a complex combination of interactions such as tip-sample, Coulomb, ion-dipole, dipole-
dipole, van der Waals.

A schematic of a typical AFM is shown in Figure 2.9. The triangular Au
cantilever is characterized by a spring constant that depends on its shape and size (width

and length of the triangle legs). The cantilever is brought into contact with the surface
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of the sample. A laser beam is directed onto the end of the reflective Au cantilever, and
the reflected beam is aligned in order to optimize its collection by a four-quadrant

photodiode.

photodiode quadrant

™ silicon nitride tip

Figure 2.9. Schematic of an atomic force microscope (AFM).

A piezoelectric tube controls the motion of the sample in the x, y, and z
directions. While scanning the motion of the sample, the deflections of the cantilever
are monitored by recording the signal from the four-quadrant photodiode. Variations in
the signal received by the photodiode are representative of the topography of the studied
surface. One of the main advantages of AFM is its ability to operate on conducting as
well as insulating samples.

2.1.8. Lateral Force Microscopy (LFM)
In LFM, the torsion induced on the cantilever by the sample is monitored

(cantilever roll) and is proportional to the frictional forces between tip and sample 3334
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LFM was introduced by Meyer and Amer,35 who correlated the torsion of the cantilever
with the amplitude of the frictional forces. The ability of LFM ability to map
chemically distinct domains with nanometer resolution was first shown by Green et al.’
and Frisbie et al.36 Given the lateral and normal spring constants of the cantilevers (k;
and ky) expressed in N/nm, lateral and normal forces are derived from Hooke's law37 in
equation (2.8)

where

Fy =AVXkyXZ, iy (2.8)
and AV is given by equation (2.9).

AV =|Vollage @ pulloff —setpointl (2.9)

Zsensiivity is measured as the slope of the contact line in the force mode of the
microscope. The slope of the contact line is determined by averaging at least 5 scan
measurements. Calculation of the lateral force involves the acquisition of friction loops.
A typical friction loop, displayed in Figure 2.10, allows for the sensitivity of the
detector to be calculated.

The lateral force is given by equation (2.10)

Fi=k xAX (2.10)
where

AX = (TMR/2 in V)x(sensitivity in namxV™") 2.11)

TMR (trace mode retrace) represents the sum of the friction curve intensity in
the trace mode and in the retrace mode of the microscope. A plot of lateral force versus
normal force is linear with the slope representing the friction coefficient and provides us
with a way to characterize a surface or differentiate between the different constituents of

a mixture on a surface.
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Figure 2.10 Typical friction loop obtained in the contact mode of the AFM.
2.1.9. Transmission Electron Microscopy (TEM)

Transmission electron microscopy was developed in 1935 by Ruska (who was
awarded a Nobel Prize later in 1986), von Borries, and Knoll in Berlin.3¥ Routinely
used in most materials characterization laboratories around the world, the TEM is
complementary to electron diffraction, and it provides a way to image microscopic and
nanoscopic materials with high resolution. In a conventional microscope, the sample is
irradiated with an electron beam in the range 10-150 keV or in the range 150 keV-3
MeV for high-voltage TEM. In Figure 2.11. is shown a schematic of a TEM.

Electrons are produced by an electron gun and accelerated by a potential V.
The electron beam is propagated in a vacuum that depends on the type of the gun.
Typically, a vacuum of 107 is enough for thermo-ionic W filament gun, whereas, higher
vacuum is necessary for a LaBg gun or a field emission gun. Two sets of condenser

lenses are used to control the illumination aperture and the irradiated sample area. A
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carbon-coated copper grid serves as a support for the sample (deposited as a thin film)
and is placed directly after the condensing system. The objective, whose role is to focus
the beam onto the object is placed after the sample and is followed by the objective
diaphragm, which determines the aperture .. An image is then formed onto the image
plan of the objective and projected onto a fluorescent screen by a system of projector
lenses. Image collection can be realized through photographic emulsion, or digitally

with a charge-coupled device (CCD).

electron gun

anode at ground
condenser lenses

sample

objective

objective focal plan

Gauss plane (conjugated image)

projection lenses

phosphorescent screen

| | <4—— Vacuum

Figure 2.11. Basic elements of a transmission electron microscope.
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Diffraction phenomena at the objective diaphragm limit the resolution whose

expression is given in equation (2.12).
d= 0.61'x/1
nxsina

(2.12)

where d is the smallest distance between two points from the object that can be
separated in the image formed by the objective, 4 is the wavelength, n is the refractive
index of the medium between the object and the objective, and «is the objective
aperture.
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Chapter 3. LFM Investigations of Mixed Monolayers
3.1. Motivation for this Study

Previous work in our group has focused on pyrrole-containing self-assembled
monolayers.!*4 In particular, it was shown that poly(pyrrole) formation could be
achieved on a surface through the use of pyrrole-terminated alkanethiol monolayers.3
The properties of these films were further investigated by electrochemistry and STM in
various environments in order to study their formation and stability. In the case of
mixed hexanethiol/w-(N-pyrrolyl)-hexanethiol monolayers, neither cyclic voltammetry
nor STM were able to confirm polymer formation,* possibly as the result of phase
separation or homogeneous mixing of our pyrrole-thiol and n-hexanethiol. In the study
at hand, we are interested in monitoring the behavior of mixed monolayers of different
compositions of aw-(N-pyrrolyl)-hexanethiol, (C4;H;N-(CHa)s-SH), and n-octadecane-1-
thiol by LFM.

When applying an increasing load (normal force) to a surface, the response of
the surface (lateral force) linearly increases, following the equation:

FizaFn+f @3.1)

where Fy is the normal force, F, the lateral force, o the coefficient of friction,
and f, a constant that is related to the chemical composition of the interface.> Values of
o and f, can be found in the literature for a number of surfaces modified with
alkanethiols of different chain lengths® and different compositions (mixed monolayers).?
In certain scenarios, monolayers composed of more than one constituent have been
shown to phase separate, resulting in the formation of islands of one compound within
the other one. For example, Hobara et al. have used STM and cyclic voltammetry to

study the phase separation of monolayers of 1-hexadecanethiol and 3-
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mercaptopropionic acid.” In addition, Hayes et al. reported LFM images showing
domains of 4-ATP within an octadecanethiol monolayer.8

In order to check for the reliability of the LFM experimental procedure in our
laboratories, we obtained F, vs Fy plots for a series of single-component monolayers.
The alkanethiols used were n-octadecane-1-thiol, (CH;-(CH,)7-SH), 11-mercapto
undecan-1-ol, (HO-(CH>),;-SH), and 4-aminothiophenol. Octadecanethiol and 4-ATP
were purchased from Aldrich and used without any further purification. The substrates
were prepared by deposition of 1500 A of gold onto mica, annealing at 300 ° C for 3
hours, and exposure to ozone for 30 minutes. Clean gold substrates were immersed in 1
mM solutions of CH3;-(CH,),7-SH, or HO-(CH,),1-SH in ethanol. The lateral force
measurements were performed under atmosphere using a multimode Nanoscope HI
(Digital Instruments) under ambient conditions. We used a commercially available
triangular , or V-shaped cantilever with a Si;N4 pyramidal tip (30-50 nm tip radius) with
a spring constant kn=0.06 N/m.

The normal force corresponding to the applied load applied to the sample
through the cantilever was calculated through the measurement of force curves. The
normal force is given by the following equation derived from Hooke’s law :

Fx (10° N or nN) = AV (V) . Z eps (nm/V) . kn (N/m) (3.2)

where AV is the absolute value of the difference between the voltage at pull-off
and the setpoint voltage (AV = | Vpuiofr - Vierpoint ). Vputiorr is the voltage at which the
contact between the tip and the sample is [ost. Vepoin: is the operating voltage that
allows for the load applied to the tip and the sample to be varied. z .yis the sensitivity

of the detector and is calculated as the inverse of the slope of the force curve in the
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force mode of the Nanoscope III microscope. ky is the spring constant of the cantilever
(0.06N/m). The lateral force is calculated from equation (3.3).

Fi (nN) = ki (N/m) . AX (nm) (3.3)

AX can be calculated upon evaluation of the signal generated through 50 nm-
friction loops using equation (3.4).

AX (nm) = TMR/2 . detector sensitivity (nm/V) (3.9)

The detector sensitivity is calculated through the average of five 5 nm-friction
loops as the inverse of the slope of the contact line in the scope mode of the Nanoscope
Il microscope. The domains chosen for measurements were in all cases 5-nm-flat
regions of the monolayer (pure or mixed) on a gold crystallite. The sensitivity was
obtained from the slope of the contact line in the force mode. The pull-off voltage,
which is supposed to remain constant throughout the experiment was checked at regular
intervals. The nanoscope was then switched to the scope mode and 5 friction loops
were captured for a given setpoint, chosen as the middle range of voltages applied, in
order to calculate the sensitivity of the detector. Then, friction traces were collected
through the use of 50 nm friction loops for each setpoint voltage. Using equations (3.2)
and (3.3), the values of the lateral force can be calculated as a function of applied
normal force.

3.2. Results Obtained for HO-(CH,);;-SH; Validation of the Method

Examples of results obtained for monolayers composed of HO-(CH.),;-SH on
Au (111) are plotted in Figure 3.1. The values of the friction coefficient are derived
from the slope of the best linear fit for each curve and are given in Figure 3.1. The
standard deviation associated with the mean value of the friction coefficient (0=0.46) is

low (£ 0.03), but this is not always the case. Extreme caution in the preparation of the
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sample and the tip does not always prevent erroneous results to be acquired. In
particular, we found that the value of the friction coefficient, o, could fluctuate by +
100% in some cases even when the tip was rinsed between measurements of different
samples. Accumulation of material on the tip is also responsible for extreme variations

in fo.
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Figure 3.1. Variations of the coefficient of friction as a function of the applied load
for HO-(CH>)1;-SH on Au(111).

The relationship between lateral force and normal force is linear up to a given
applied load. Past the critical load, different behaviors can be observed. This non-
linear behavior has been reported by Lio et al.? who demonstrated the existence of a
critical load for the applied normal force. In their study, they showed that beyond that

critical load, the frictional force either fluctuates or decreases, and then stabilizes (a roll
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off in response). In the study of 11-mercaptoundecan-1-ol, we found that the
relationship between lateral force and normal force was linear until the applied force Fy
reached =40 nN. The non linearity above the critical load is strongly correlated to
changes in the contact area between tip and sample, and therefore depends on the radius
of curvature of the tip.!0 In addition to this peculiar behavior of the lateral force, we
observed a large scatter in the determination of the friction coefficient and fo. With
these observations in mind, we believe that extreme caution should be taken when
interpreting lateral force data.

3.3. Mapping Chemically Distinct Domains

In order to verify the ability of LFM to differentiate between chemically distinct
materials on a surface, we obtained curves of the lateral force as a function of the
normal load applied for a series of thiols with different functionalities. The samples
were prepared according to the experimental procedure described earlier. In Figure 3.2
are displayed the results obtained for monolayers of 4-ATP, 11-mercaptoundecan-1-ol,
octadecanethiol, and @-(N-pyrrolyl)-hexanethiol. For each compound, the values of the
lateral force are plotted for a set of normal forces chosen below the critical load, which
varies depending on the sample. The values obtained for fo and the friction coefficient
o are given in Table 3.1.

Problems concerning the stability of fo were encountered during the experiments
as illustrated in Figure 3.2 by the large variations in fo. Therefore, a qualitative
assessment of the graphs can not be done solely on the values of f,. However, the large
differences between the slope of the curves clearly demonstrate the ability of the
frictional force method to differentiate between distinct chemical identities with the

pyrrole sample exhibiting the largest friction coefficient.
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Figure 3.2. Variations of the coefficient of friction as a function of the applied load
for HO-(CH,)1;-SH, CH3-(CH;),7-SH, 4-ATP, and pyrrole-terminated hexanethiol.

Table 3.1. fy and coefficient of friction ¢ obtained for different monolayers as
calculated from linear regression of the curves in Figure 3.2.

Mixture | % cpiy (CHy)r-SH | CHNA(CH)e-SH
fraction

Xeo 0.40 0.60

Xes 0.35 0.65

X0 0.30 0.70

Xeo 0.20 0.80

Xoo 0.10 0.90

X100 0.00 1.00

As can be seen from examination of the curves in Figure 3.2, each of the
samples verifies a linear relationship between the applied load and the resulting
measured lateral force. The values of the friction coefficient listed in Table 3.2 were
found to slightly vary between scans. However, the trend followed by these compounds
with different functionalities is always verified. In other words, during the same

experiment, and using the same cantilever, Opymote > 04-ATP> Olhydroxyt™> Clmethyi-
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Fluctuations of fy for each functionality were also observed. Because of these
observations, LFM can not be used to identify constituents in a mixture solely based on
the values of a and f. However, LFM offers a way to compare relative abundances of
two (or potentially more) distinct chemical entities in a mixture, because the friction
coefficient is dependent on the functionality and chain length of the thiol as seen from
the differences in slope for each sample. It is our belief that in order to acquire the most
meaningful data, one must use the same cantilever throughout a set of experiments.
3.4. Mixed Monolayers of C;H N-(CH;)s-SH and Octadecanethiol

This ability of LFM to distinguish between monolayers composed of different
chemical functionalities was exploited to compare mixed monolayers made out of
different molar fractions of pyrrole-terminated and methyl-terminated alkanethiols. A
1mM solution of C4HyN-(CH,)6-SH stored in a Ar-filled glove box was used for the

preparation of the mixtures listed in table 3.2.

Table 3.2. Molar fractions of octadecanethiol and pyrrole-terminated hexanethiol
in the mixtures.

compound fo 23
Py-(CH,)s-SH 13.8 4.10
4-ATP 22.1 1.28
HO-(CH,);;-SH 14.1 1.21
CH;3-(CH,)7-SH 30.7 0.32

The mixtures will be later referred to as X, with n reflecting the composition
percentage of the mixture of @-(N-pyrrolyl)-hexanethiol. The mixtures were prepared
under argon and stored in an argon-filled glove box until they were analyzed in order to

prevent oxidation of the pyrrole end groups. The composition of the mixtures has been
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derived from the work reported by Hayes and Shannon!! on mixed monolayers of 4-
aminothiophenol and octadecanethiol on gold.

The curves obtained for different compositions of the mixed monolayers of
pyrrole-terminated and octadecanethiol are shown in Figure 3.3.

A monolayer composed only of octadecanethiol exhibits a friction coefficient of
0.32 whereas a pyrrole-terminated monolayer is characterized by a friction coefficient
of 4.10. The friction coefficients and the values of fy are listed for each composition of
the monolayer in Table 3.3.

An increase of the friction coefficient can be seen when the composition of the
mixed monolayer is increased in its pyrrole constituent. However, friction images
collected for all compositions of the monolayers are similar and do not indicate that

domains of either of the constituents is formed within the monolayer (phase separation).

12071 —e— Xpyrrole=0.60
1107 - Xpyrrole=0.65
--m-- Xpyrrole=0.70 L
-+-- Xpyrrole=0.80 L
—-%— Xpyrrole=0.90 L
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—
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Figure 3.3. Variations of the coefficient of friction as a function of the applied load
for the mixtures of CH3-(CH2),7-SH and pyrrole-terminated hexanethiol.
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Table 3.3. fo and coefficient of friction c obtained for different compositions of the
mixture of C;3 and pyrrole-terminated alkanethiol monolayers as calculated from
linear regression of the curves in Figure 3.3.

molar fraction fo a
X, S040X,,, 080 413 0.99
X, S0 X, F065| 44 120
X, =030, =070 360 L67
X Cr™ 020 X', y=0-80 32.7 2.12
X SO0, =090 50 315
X 000X, ~T00| 138 410

The absence of contrast in imaging between the octadecanethiol and the pyrrole-
terminated hexanethiol seems io indicate that instead of forming domains within the
octadecanethiol matrix, the pyrrole-terminated thiols are distributed homogeneously
throughout the monolayer. This proposition is supported by the increase of the
coefficient of friction o with increasing molar fraction of the pyrrole constituent.

3.5. Conclusions

The lack of reproducibility of the data prevents this method to be used as a
quantitative tool. The poor reproducibility of LFM data has been acknowledged by
other groups.!2 Factors such as contact area, sample environment, non ideal positioning
of the laser beam on the cantilever tip have been shown to be greatly responsible for
important variations in LFM results, even within the same experiments. A procedure
was proposed to correct for the influence of these factors. However, the estimation of
the errors for V-shaped cantilevers being too complicated to model, only rectangular
cantilevers were taken into account.!?2 These considerations together with the power of

LFM as a probing tool, emphasize on the importance of utilizing caution when
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interpreting LFM data. One way to overcome these obstacles might be the
derivatization of the cantilever tip with organic material. It is suggested that modifying
the tips offers a more direct method for the investigation of chemically distinct domains
on a surface.5-13.14 QOther steps include performing experiments in a fluid cell to
minimize the effect of the accumulation of material on the tip or in vacuum to prevent
oxidation and humidity.
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Chapter 4. EXAFS and XANES Investigations of Alkanethiols
Adsorbed on Metallic Substrates

4.1. Grazing Incidence Surface X-ray Absorption Fine Structure (GIXAFS)
Study of Alkanethiols Adsorbed on Au, Ag, and Cu.

An extensive amount of literature has been published on alkanethiols adsorbed
onto a number of substrates such as Ag,!-12 Cu,!.13-24 Pt 2 Ni,24-29 A1,30 Rh,3! Pd,32 and
Au.!1-8.33-110 Ajkanethiols on gold are clearly the most studied of these systems. This is
due to their ease of preparation, their robustness, and the fact that gold is not easily
oxidizable or subject to contamination. Our interest for these systems is motivated by
the need for a clearer understanding of the relationship between a strong chemisorption
of the sulfur onto the gold substrate and the van der Waals interactions between the
polymethylene chains, that contributes to the overall equilibrium of these architectures.
We are seeking the answers to some fundamental questions that might facilitate the
design and the use of these monolayers in different applications. Even with the
extensive research into the properties of alkanethiol SAMs, there are still significant
gaps in our understanding about the actual site of adsorption. It is widely believed that
alkanethiols adsorb on Au such that the sulfur atoms reside in a fraction of the 3-fold-
hollow sites of the hexagonal Au array yielding a (V3 x V3)R30° basic adsorbate lattice.
Although this binding site model is supported by many studies 6.52.63.104 3 recently
proposed alternative model suggests that the alkane chains bind to the metal as
dialkyldisulfides 76.96.111  Also, it has been proposed that dialkylsulfides remain intact
after adsorption on Au 105, Thus, it is clear that a better understanding of the surface
structure and bonding is required, and this point has been stressed in recent surface

enhanced Raman scattering studies !!2 and STM investigations !!13 of SAMs on gold. In
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addition, the adsorption of alkanethiols on Ag and Cu is even less documented 6-10.14.114
and thus warrants further investigation.

Surface EXAFS data at the sulfur K-edge of adsorbed alkanethiols on Ag(111)
and Cu(111) have been reported by Hutt et al. !0 and Imanishi and co-workers 14,
respectively. There are unique difficulties associated with the investigation of these
systems by means of surface EXAFS. In the fluorescence detection mode, there are
major obstacles arising from low sulfur fluorescence yield. Additionally, in the case of
Au substrates, the large background resulting from Au (M-shell fluorescence) has made
data collection nearly impossible. Finally, only a few surface EXAFS studies have
targeted the sulfur K-edge region; !0-14.68 most of the investigations have been focused
on carbon K-edge XANES.

We report grazing incidence surface EXAFS (GIXAFS) spectra of alkanethiols
on Cu and Ag that have increased resolution due to less noise, smoother pre-edge and
post-edge background, and increased usable photoelectron wave vector k range in
comparison to those from previous work.10.14 Preliminary GIXAFS results on Au are
also reported. To our knowledge, this is the first report on sulfur K-edge surface
EXAFS data of alkanethiols on Au. Within this study, we have obtained data for n-
alkanethiols on all three substrates by measuring sulfur fluorescence resulting from
excitation at grazing incidence (0.01° to 0.40°). It is known that the chain length of the
thiol has an effect on the ordering and packing of the alkane chains of the monolayer.!06
In addition, it has been proposed that the chain length of the alkane moiety may have an
impact on the way in which the sulfur functionality binds to the Au substrate.!!5 This
relationship between chain length and sulfur binding site on the metal surfaces studied

here is noted in our study. By comparing the GIXAFS data of different chain length
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alkanethiol SAMs on Au, Ag, and Cu, we are able to make inferences about the nature
of S-M bond, as well as characteristics of the SAMs. The work presented, issued from a
collaboration with the group of Dr. J. Hormes at the University of Bonn, Germany,
serves as a progress report on our continuing efforts to better characterize the
environment of the sulfur atom in alkanethiol-metal systems.

In Figure 4.1 are displayed the unsmoothed spectra obtained for self-assembled
monolayers of pentanethiol (Cs), decanethiol (C,o) and octadecanethiol (C;s) on Ag.

Data for self-assembled monolayers of Cs and C;3 on Cu are shown in Figure 4.2.
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Figure 4.1. Sulfur K-edge EXAFS spectra of n-alkanethiols on Ag.
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Figure 4.2. Sulfur K-edge EXAFS of n-alkanethiols on copper.

The data presented here are of improved quality in comparison to that obtained
from electron yield detection methods as a result of lower noise, smoother background,
as well as increased energy range of the fluorescence data. Specifically, the usable k
range is thus increased from 3-6 A" t0 3-9 A™!, which allows for a better determination
of the bond distances around sulfur.10

A decrease in the amplitude of the EXAFS oscillations in the spectra is noted
when moving from Cs to Cs. This indicates that the environment of the sulfur absorber
atom is dependent on the alkane chain length. In Figure 4.3 are displayed the Fourier
transforms of the EXAFS function obtained for Cs, Cyo, and Cig on Ag. The presence
of two peaks in the Fourier transformed data is observed—the S-C peak and the S-Ag
peak. The experimental data for Cs and Cjo on Ag can be fitted with a first shell of only

3 Ag atoms (sulfur atom adsorbed in the three-fold-hollow site). Small improvements
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in the fit residual can be obtained if an additional Ag atom corresponding to an atop Ag
atom bound to a sulfur atom is added. However, fitting of the C;s data with a fit index

comparable to those of Cs and Cyq requires the use of both the three-fold-hollow and

atop sites for location of the sulfur atoms.

—— experimental data
------ theoretical fit

FT amplitude (a.u)

0 1 2 3 4 5 6 7 8
DISTANCE (A)

Figure 4.3. Fourier transform of the EXAFS function for Cs, Cyg, and Cjs.
Note that the Debye-Waller factor was locked during the fit at 0.005 A“, a value

that can typically be found in the literature.!¢ When it was allowed to vary, its value
would converge to 0.005. This indicates that the thermal disorder is comparable within

the thiol series. Moreover, this is an indication that the effects that we report are not a
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result of artifacts of the data analysis resulting from unphysical Debye-Waller factors.
In Table 4.1 are listed various bond distances obtained for the three different chain
length monolayers on Ag and Cu. It is observed that the S-C bond length is dependent
on the number of methylene units in the alkanethiol chain. Similar observations have

been found for monolayers on Cu.

Table 4.1. Bond distances for the various n-alkanethiols on Ag and Cu substrates.

Sample S-C (A) S-M (A)
[atop]
Cson Ag 1.86 +0.06 2.52+0.02
Cioon Ag 1.90 £0.04 2.50+£0.03
Cigson Ag 1.79 £0.03 2.54 £0.03
[2.00 £0.04]
Cson Cu 1.83 £0.04 229 +0.03
CigonCu 1.72 £ 0.06 2.25+£0.05
[2.70 £ 0.06]

A possible explanation for the observed differences in the data for the short (Cs
and Cyo) and long (C;s) chain alkanethiols is one which relates the competing energetics
of the S-M interaction and the chain-chain van der Waals interactions to the monolayer
formation process. For short chain alkanethiols, the monolayer formation process
should be dominated by the chemisorption reaction (~ 44 kcal mol"), while the van der
Waals interactions will dominate for long chain alkanethiols.83 In the case of Cyg, the
intermolecular chain-chain interactions dictate the arrangement of alkane chains, and
thus the position of the sulfur head groups with respect to the Ag lattice. Such an
“alkane chain-controlled” sulfur adsorption site model—three-fold hollow site for short

chains and atop/three-fold hollow sites for long chains—is at odds with that proposed
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for Cig and C;5 on Ag(111) (based on data from scanning tunneling microscopy
(STM)!16 and He/electron diffraction studies!!7). It was proposed in these previous two
studies that the known (V7 X V7)R10.9° adlattice (both atop and three-fold hollow
binding sites) for CH;SH on Ag(111)!!8 does not hold for Cjo!!6 and C,g!!?—an
incommensurate (slightly expanded (V7 x V7)R10.9° structure) adlayer with roughly
equivalent sulfur binding sites was suggested. It must be pointed out that the STM
study focused exclusively on Cyp and the diffraction study targeted solely C,;3. Thus, a
more extensive GIXAFS study involving a complete series of

n-alkanethiols on Ag will be performed in the near future to test our hypothesis
concerning monolayer structure and clarify the differences in the conclusions drawn
from the work presented here and those from the previous STM and diffraction studies.

Additionally, the data for Cs, Cyq, and C3 on Ag and Cu were fitted with a
model involving a S-S bond of 2.2 A (possible dialkyldisulfide monolayer
structure?6.111), It was impossible to fit our data to this disulfide model with a residual
comparable to those discussed above, indicating that our data do not support evidence
for the presence of dialkyldisulfide species on Ag or Cu. Furthermore, analysis of the
data in the XANES region supports this EXAFS-based conclusion.

Spectra for monolayers of Cs and Co on Au are shown in Figure 4.4. This is to
our knowledge the first report of S K-edge surface EXAFS data for alkanethiols on Au.
In addition to the expected signals, the appearance of a sharp feature at 2481.44 eV
indicates the presence of oxidized sulfur (S at the oxidation state +VI) in the monolayer,
most likely the result of reactions with atmospheric species’; future studies will target
the effects of sample environment on this oxidation process. Upon inspection and

evaluation of the data in Figure 4.4, it is found that the usable k range (3-6 A™') and
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signal intensity are not as large as that found for Ag and Cu and currently make data
analysis more challenging and less accurate. This latter issue is associated with the

difficulty of extracting the sulfur signal from the overlapping Au fluorescence resulting

from the My, My, and My edges.
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Figure 4.4. Sulfur K-edge EXAFS of n-alkanethiols on Au/mica.
However, these preliminary GIXAFS results for alkanethiols on Au are very

encouraging. We are currently working on optimizing data obtained on Au by using a
more sensitive detector.!19
The current work holds promise for new avenues of research into

XANES, as well. There has been considerable effort devoted to studying the correlation
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between molecular bond lengths and energy shifts of above threshold shape resonances.
It is possible that extensions of the work reported here can provide insights into
correlations between XANES characteristics and bond angles. When sufficiently
refined, such measurements will allow us to determine the geometry about the sulfur
atoms precisely, including the bond angle. Because the bond angle about the sulfur
atom is affected by the length of the alkyl chain, it will be possible to study the
influence of bond angle on the XANES region with some precision. Higher quality data
will be required, but the progress demonstrated by the current measurements can
provide new insights into XANES measurements in the future. Thus, it is apparent that
the current work lays the foundation for a range of further studies.

We have demonstrated the ability to acquire improved quality EXAFS data of
alkanethiol monolayers on Ag and Cu by using Grazing Incidence X-ray Absorption
Fine Structure (GIXAFS). This improvement will be beneficial to other studies
involving a low concentration sample and/or a low Z backscatterer. The analysis of our
data indicated no evidence for the presence of dialkyldisulfides on Cu or Ag. We have
reported for the first time surface EXAFS data from monolayers adsorbed on Au.
While there is still a need for improvement in order to make a more quantitative
assessment of the environment around the sulfur head group, the data presented here
demonstrate that such information is accessible. Our data analysis indicates that the
three-fold hollow site is largely favored for short chain alkanethiols on Ag and Cu,
whereas such a model is not sufficient to best fit the data obtained from C;g monolayers.
This finding indicates that there may be a correlation between chain length and the
monolayer formation process, and thus the site for adsorption of the sulfur head group

may in part be dictated by the nature of the alkane chain. As stated previously, this
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study represents considerable progress in determining the local geometry about the

sulfur-metal bond and bodes well for investigations targeting SAMs on Au. Further

experiments such as low temperature studies, which would minimize Debye-Waller

effects and amplify the EXAFS oscillations, kinetic studies to investigate the

competitive mechanisms for adsorption, as well as those focusing on the effects of chain

length, are planned to further elucidate the structure of SAMs on the coinage metals.
4.2. Remarks on the Oxidation of the Alkanethiols on Ag, and Au

The first remark concemns the differences in oxidation observed between
alkanethiol SAMs of various chain lengths. As can be seen in Figure 4.1, the amount of
oxidation as reflected by the peak at 2481.44 eV, increases with increasing chain length.
This observation is supported by oxidation studies of alkanethiol SAM:s in air or photo-
oxidized.”9 This is generally explained by the increased difficulty for an oxidant to
penetrate through the longer chain thiols which are more tightly packed. The more
closely packed, almost crystalline-like structure of the long chain alkanethiol SAMs,
protects the surface-bound sulfur more effectively from oxidation than in the case of the
short chain thiols.

The results presented for the alkanethiols on gold in Figure 4.4 were obtained
using evaporated films of gold on mica as a substrate. We also have looked at
monolayers that have been prepared with the same procedure but using Si(100) as a
support for the gold film. A typical example of EXAFS data acquired for decanethiol
on AwSi is shown in Figure 4.5.

As is obvious from this spectrum, the near-edge region is very different from the
spectra shown in Figure 4.4. This is due to the presence of a very strong signal at

2481.44 eV, that corresponds to sulfate species, or sulfur at the oxidation state +VI.
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Because these systems were made according to the same procedure as the ones on
Au/mica, and using ethanolic alkanethiol solutions of the same concentration (1mM),

the surface coverage is expected to be the same.

ABSORPTION (a.u)

Aetmemsee

2400 2500 2000 2100 2800 2000
ENERGY (eV)

Figure 4.5. Sulfur K-edge EXAFS of n-alkanethiols on Au/Si.

In other words, the total amount of sulfur species on the surface is identical.
However, as observed in Figure 4.5, the signal of sulfur at the oxidation state +II is very
weak. This indicates that the sulfur atoms adsorbed on Au/Si are more prone to
oxidation than the ones adsorbed on Au/mica. The presence of this sulfate peak greatly
complicates the interpretation and analysis of the EXAFS spectrum as resonances from
oxygen atoms of the sulfate species dominate the beginning of the EXAFS oscillations.
The intensity of the sulfate peak at 2481 eV was very sensitive to the amount of ethanol

and water rinsing, but the sulfate species did not convert back to S(I). The S(VI) peak
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would ultimately disappear with thorough rinsing, indicating that the sulfate species
were either weakly attached to the surface, or free alkyl-sulfonates were created upon
scission of the metal-sulfur bond. Two mechanisms have been proposed for the
oxidation of alkanethiol SAMs.”6! In one scenario, the oxidative agent penetrates
through the monolayer, resulting in the oxidation of the sulfur atom into sulfonates,
which induces S-C bond scission and the formation of sulfates at the surface through
oxidation of the metal-bound sulfur. It has also been proposed that the S-M bond is
broken upon oxidation resulting in the production of alkylsulfonates. In the latter case,
the sulfonates can easily be rinsed with water and ethanol.

Our studies are consistent with both of these mechanisms, where the sulfate
species ultimately disappear from the surface upon rinsing. The difference in behavior
between alkanethiol SAMs on Au/Si and Au/mica could be an effect of surface
roughness with a greater number of edge sites on Au/Si as compared to the large flatter
crystallites obtained for Au/mica.

4.3. Probing the End-Group.

The very sensitive GIXAFS technique was also tested to probe iron absorber
atoms in ferrocene-terminated alkanethiols. The structure of 1 l-ferrocenoyl-undecane-
1-thiol. later referred to as Fc-C, is given in Figure 2.1. EXAFS spectra of Fc-C;, as
well as a mixture of Fc-Cy; with C;g are shown in Figure 4.6.

These spectra clearly demonstrate the ability of GIXAFS to probe a very dilute
layer of an element. This is especially true in the case of a 50/50 mixture of Fc-C,,/C)s
where the surface coverage of the shortest thiol, here Fc-C,, is supposed to be

significantly smaller than in the case of a plain Fc-C;; monolayer.
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Figure 4.6. Iron K-edge EXAFS of ferrocene-terminated alkanethiols on Au/Si.

4.4. XANES Studies of Alkanethiols on Ag; The Unique Behavior of
Octadecanethiol.

Upon careful inspection of the XANES spectra acquired at the BN2-DCM
beamline, differences in the edge region of Cs, Cyo, and C,3 can be observed (Figure
4.7). As Cs and Co are characterized by an oxidation peak of the sulfur at around 2481
eV, C,s exhibits a sharp feature at 2487 eV.

In addition, the oxidation peak that corresponds to the formation of sulfinates,
sulfonates, and sulfates, is shown to decrease with increasing chain length, which
supports previous work by Hutt and Schoenfisch’-? We decided to conduct experiments

in order to characterize the behavior of a more complete series of alkanethiol SAMs.
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Experiments conducted at the BN2-DCM beamline at ELSA with pentanethiol,
decanethiol, and octadecanethiol were reproduced at the XMP beamline at CAMD and

completed with a set of experiments with dodecanethiol (C,,), tetradecanethiol (Ci4),

2487 eV

pentanethiol
decanethiol
octadecanethiol

ABSORPTION (a.u)

2440 2460 2430 2500 2520 2540
ENERGY (eV)
Figure 4.7. Sulfur K-edge XANES of n-alkanethiols on Ag/Si measured at ELSA.

hexadecanethiol (C;¢), and eicosanethiol (C2;). For the CAMD experiments, Cs and Cy
were substituted for Cg and C,2, which are of comparable chain length. In Figure 4.8
are shown XANES spectra obtained from Cs, C,2, and C3 taken at the XMP beamline
at CAMD.

The similarities with Figure 4.7 are striking, demonstrating the reproducibility
of the XANES features, obtained from different light sources, instrumentation, and
chemicals. C,;s clearly exhibits a resonance at 2487 eV that does not appear for either

C5 or Clz.
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pentanethiol

decanethiol

octadecanethiol

ABSORPTION (a.u)

J

2440 2460 2480 2500 2520 2540
ENERGY (eV)

.

Figure 4.8. Sulfur K-edge XANES of n-alkanethiols on Ag/Si measured at CAMD.

We performed experiments on Cy4, Ci, and C;2 but could not identify such a
feature for any of these compounds. As the highest possible oxidation state (+VT) of
sulfur lies at 2481.44 eV, we can discard any oxidation cause as being responsible for
this feature. It was deduced from our EXAFS work,! that C;g does not follow the same
adsorption model as Cs and C;o on the metallic substrate. Additionally to the sulfur
binding to the metal in the three-fold hollow site, atop sites where the sulfur sits on top
of the metal had to be considered in order to satisfy fitting parameters for C;3. The
sharp resonance observed for C;3 in the XANES region could be a consequence of this
particularity. This intriguing feature for C;3 was shown to be very sensitive to minute
changes in incidence angle. Further experiments are needed to explain the unique

behavior of C,g, with some of them developed in the conclusion of this dissertation.
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Chapter 5. Cu(0) Nanoclusters Derived from Poly(propylene imine)
Dendrimer Complexes of Cu(II)

5.1. Experimental Details

5.1.1. Preparation of DAB-Am,-Cu(II)y Complexes and DAB-Am,-
Cu(0)c/useer Nanoparticles

All chemicals were used as received from Aldrich. The DAB-Am,-Cu(Il), (n=4,
8, 16, 32, 64; x=n/2) complexes were synthesized in the same manner, as described by
Bosman.! In order to ensure that the proper stoichiometric ratios were obtained (i.e. a
given ratio of Cu(I) to dpt end groups), the requisite amounts of methanolic solutions
of Cu(NO3),>-2.5 H>O and the corresponding amine-terminated poly(propylene imine)
dendrimer with a diaminobutane core (DAB-Am, (n=4, 8, 16, 32, 64)) were mixed in
order to result in a final Cu(II) concentration of 2 mM. The faint blue Cu(NOs),
solution turned to an intense blue upon mixing with the dendrimer solution. The
solution was stirred for 30 min. Maintaining a Cu(Il) concentration of 2 mM
throughout the series of dendrimer generations results in the following, in terms of
Cu(Il)-dendrimer complex concentration: 1 mM DAB-Amy-Cu(Il)z, 0.5 mM DAB-
Amg-Cu(Il)4, 0.25 mM DAB-Am;s-Cu(Il)s, 0.125 mM DAB-Am3;-Cu(Il)s6, and 0.0625
mM DAB-Amg;-Cu(Il);2. Cu nanoparticles were formed by reduction of the DAB-
Am,-Cu(Il), solutions with a 10 fold excess of NaBH,.2 The reduction resulted in a
color change of the solution from blue to golden brown indicating the formation of
nanoclusters, DAB-Am,-Cu(0)ciserr TEM images of DAB-Am,-Cu(0)ctuster Were
obtained by placing a drop of the solution on a holey-carbon copper grid, and then
immediately transferring the sample into vacuum. The DAB-Am,-Cu(0)ctusier sSamples
for EXAFS and XANES were prepared by reduction of the DAB-Am,-Cu(ll), solutions.

As long as these reduced solution of Cu/dendrimer were kept under inert atmosphere,
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no precipitate or change of color was observed. Powders were obtained by vacuum
evaporation of the solvent. The resulting powders were transfered under Ar into an
oxygen-free glove box where they were placed between Kapton tape. The resulting
tape/powder samples were kept in an oxygen-free environment for all analyses.

5.1.2. EXAFS and XANES Measurements

EXAFS and XANES measurements were taken at the Center for Advanced
Microstructures and Devices (CAMD) in Baton Rouge, LA. The experiments were
performed at the double crystal monochromator (DCM) beamline with a Lemonnier-
type monochromator3 equipped with a pair of Si(400) crystals. The ring was operated
at 1.3 or 1.5 GeV with corresponding average ring currents of 140 mA and 100 mA,
respectively. At least two scans were taken for the DAB-Am,-Cu(Il), (n=4, 8, 16, 32,
and 64, x=n/2) from 8779 eV to 9779 eV in both fluorescence and transmission mode.
The powder samples were kept between two pieces of Kapton tape and no degradation
of the samples was observed over time or exposure to radiation. The solution samples
were held in a homemade liquid cell with Kapton windows. The fluorescence was
measured with a krypton-filled Lytle detector,? using a Ni filter and normalized to the
incident beam current I, measured by an ionization chamber placed before the sample.
Transmission measurements were taken by monitoring the current in an ionization
chamber placed after the sample. Additionally, a copper foil (8979 eV) or copper oxide
powder (Cu,O at 8983.79 eV) were scanned in all measurements for calibration
purposes in a third ionization chamber. The calibration was also checked between each
sample. The DAB-Am,-Cu(0)csseer (n=4 to 64), were measured in the transmission
mode with Si(311) crystals. Spectra were acquired in the quick-EXAFS mode3 over the

energy range 8800-9900 eV. This instrumentation will be described in detail elsewhere
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6, but is modeled after the apparatus described by Frahm.5 Briefly, quick-EXAFS
entails integrating the motion control with the data acquisition system to facilitate the
rapid production of the data sets generated in the course of the typical EXAFS study.
The stepper motor stage that drives the monochromator is equipped with an optical
encoder that transmits quadrature signals marking angular rotation with a resolution of 1
millidegree. These TTL level signals take the form of pulse trains when the
monochromator is rotated. A multifunction data acquisition board that features
sampling of analog and TTL inputs allows instrument readings (represented by scaled
analog voltages) to be correlated with the concurrent position of the rotating
monochromator, as determined from the TTL pulse train. Therefore, minimal real-time
processing of the sampled encoder and instrumentation signals provide a fast and
accurate measurement of photon flux as a function of photon energy.

Data reduction and analysis involving energy calibration, pre-edge and post-
edge background subtraction, edge normalization, conversion to k space and extraction
of the EXAFS function (k) were carried out using well established procedures.”$

Winxas 979 was used for data analysis in conjunction with autobk!0 and feff7.!!

5.2. DAB-Am,-Cu(II), Complexes—Generation-Independent, Square-Based
Pyramid Structure Solution Studies.

Normalized, solution-phase, fluorescence mode XANES spectra at the Cu K-
edge for the DAB-Am,-Cu(Il), complexes (n=4, 8, 16, 32, x=n/2) are displayed in
Figure 5.1. The XANES spectra in Figure 5.1 support the claim that Cu(Il) is the only
copper species present, as is demonstrated by the presence of only the expected three
major bands for Cu(Il).!2-17 In addition, the positions of the spectral features indicate
that Cu(ll) is bound to nitrogen atoms. Feature B in Figure 5.1 is known to be

associated with a copper 1s— 4p transition with simultaneous shakedown!2!3 and is
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apparent in the first derivative spectra, as shown in Figure 2B for DAB-Am,¢-Cu(Il)s.
The 1s—4p transition occurs at 8985.5 eV for the entire DAB-Am,-Cu(II), complex

series (data not shown), which is typical of Cu(Il) complexes.!4

DAB-Am,-Cu(ID),

DAB-Am,-Cu(ID),

DAB-Am,,-Cu(Il)

ABSORPTION (a.u)

1 1

8940 8972 9004 9036 9068 9100
ENERGY (eV)

Figure 5.1. Normalized Cu K-edge XANES spectra for the DAB-Am,-Cu(Il); (n=4
to 32, x=n/2) complexes in CH;OH solution.

The spectra in Figures 5.1 and 5.2 point to the lack of any uncoordinated Cu(II),
as observed upon comparison of the spectra for the DAB-Am,-Cu(II); complexes with
those of Cu(NOs),.14.17-26 In addition, features C and D further support the +2

oxidation state of copper in the complexes. The 8996.4 eV value for the transition
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associated with feature C is routinely observed in the XANES spectra of Cu(II)-ligand
complexes containing Cu~N bonds and has been described to be caused by a larger
degree of covalency between the Cu(ll) and equatorial ligands.!4 In addition, feature D
is observed at 9001 eV for all generations and is typical of nitrogen-bonded Cu(II)
ions.16.17

A slight increase in the intensity of feature D, in comparison to the other spectral

features, is observed when moving from dendrimer generation 1 to 4, Figure 5.1.

DAB-Am,s-Cu(Il)g

89855 |
powder 1 \ :

solution

Cu nitrate powder

Cu nitrate solution

ABSORPTION (a.u)

ABSORPTION FIRST DERIVATIVE (a.u)

A

8940 8980 9020 9060 9100 8940 9000 9060
ENERGY (eV) ENERGY (eV)

B

Figure 52. A. Comparison of the normalized Cu K-edge spectra for the DAB-
Amy-Cu(Il)s and Cu(NOs); (solid state and solution). B. Derivative of the
corresponding XANES spectra. The reference lines point at the position of
Feature B in Figure 5.1.
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We attribute this intensity increase for feature D to an increase in the degree of
covalency of the Cu—N bond as a result of a distortion of the copper-dendrimer
complex, possibly caused by increased steric crowding of the Cu(Il)-dendrimer
complexes with increased dendrimer generation. This distortion is further supported by
the presence of feature A at 8977.3 eV in the solution and solid-state (Figure 5.2 A)
XANES spectra. The position of spectral feature A is consistent with the electric dipole
forbidden 1s—3d transition2” associated with a variety of distorted Cu(Il)-N
complexes.12.14.28.29

The electronic (UV/vis) spectra of the DAB-Am,-Cu(II), complexes in methanol
(MeOH) are virtually indistinguishable and consist of a d-d band (Figure 5.3) near 630
nm.!30 Observation of this transition is consistent with trigonal bipyramidal and
square-based pyramidal geometries for Cu(II) complexes.393! Electron paramagnetic
resonance (EPR) data obtained by Bosman!-3! for DAB-Am,-Cu(Il) indicate that the
latter case is more likely.32

5.3. Studies of DAB-Am,-Cu(II), in the Solid State

X-ray spectroscopy experiments with DAB-Am,-Cu(Il), solids were undertaken
in order to obtain high quality (high signal-to-noise ratio) spectra that could be used to
accurately determine the structure of the Cu(Il)-dendrimer complexes.33 Free-flowing
“baby blue” DAB-Am,-Cu(Il), powders were obtained for n=1-5 by vacuum
evaporation of the MeOH solvent. Representative XANES spectra for all Cu(ll)-
dendrimer complexes are displayed in Figure 5.4. In general, the solid-state spectra are
almost identical to the solution-phase spectra (cf. solution and powder spectra for n=16
in Figure 2A), with the differences being associated solely with the intensities of

features A and D.
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Figure 5.3. UV-vis spectrum of Dab-Am;;-Cu(Il);s in methanol
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Figure 5.4. Normalized Cu K-edge XANES spectra for DAB-Am,-Cu(Il), (n=4 to
64, x=n/2) complexes in the solid state.
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As discussed above for the solution-phase spectra, features A and D arise when
the geometry of Cu(Il)-ligand complexes is distorted.!4.28.29 Thus, the Cu(II)-dendrimer
complexes in the solid state have a structure with a higher degree of distortion than
when in solution, albeit only slightly more distorted. It can be concluded that the Cu
oxidation state and overall structure of the DAB-Am,-Cu(Il), materials around the Cu
ions is virtually the same when the Cu-dendrimer complexes are in the solid state or in
MeOH solution.

Analysis of the EXAFS data provides a means of determining bond distances
and coordination numbers for Cu(Il) in the DAB-Am,-Cu(Il), materials, and can be
utilized to identify the nearest neighbors to Cu(Il). Previous studies involving
comparison of EPR data for DAB-Am,-Cu(II), complexes with that fora N, N, N’, N’-
tetrakis (3-aminopropyl)-1,5-diamino-3-oxapentane di-Cu(II) complex suggest that
Cu(Il) is most likely coordinated to two primary amines, one tertiary amine, and two
other ligands (such as MeOH or H,0) in the DAB-Am,-Cu(Il), complexes.!-3¢ Due to
the similarity of the atomic weight, size and electronic configuration of oxygen and
nitrogen, their backscattering functions are sometimes difficult to differentiate and
could lead to ambiguities in assignment of ligand identity. However, it is possible to
overcome this challenge by comparing the experimental EXAFS data to simulated
EXAFS data generated using all possible combinations of O and N atoms coordinated
to Cu(Il).

The Fourier transforms of the EXAFS function (experimental-solid lines) and
the calculated fits using Feff7!!.35 (dotted lines) are shown in Figure 5.5 for the five
DAB-Am,-Cu(Il); complexes. Table 5.1 lists the coordination numbers and bond

distances obtained from the curve fitting procedure.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DAB-Amg-Cu(l),

DAB-Am, -Cu(Il),

FT amplitude (a.u)

1 i | 1 t ' 1 1 I

o 1 2 3 4 5 6 1 8
DISTANCE (A)

Figure 5.5. Fourier transforms of the EXAFS function for the DAB-Am,-Cu(Il),
(n=4 to 64, x=n/2, 4, 8, 16, 32) complexes in the solid state. Experimental data
(solid line) and calculated fits (dashed line) are shown.
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Table 5.1. EXAFS parameters obtained from curve fitting analysis for the DAB-
Am,-Cu(1l); (n=4 to 64, x=n/2) complexes.

Sample Element | Coordination | Bond distance (A) | Debye-Waller
Number factor o°

DAB-Amg- | N,O 4 1.99 0.0071
Cu(I), O 1 2.67 00118
C 3 3.03 0.0062
Cu l 3.36 0.0078
DAB-Amg-| N,O 4 2.00 0.0089
Cu(I)4 O 1 2.64 0.0125
C 3 3.00 0.0065
Cu l 3.50 0.0107
DAB- N,O 4 1.99 0.0089
Amye- o l 2.60 00168
Cu(Il)s C 3 2.99 0.0078
Cu 1 3.45 0.0082
DAB- N,O 4 201 0.0081
Am3z- 0] 1 2.68 0.0146
Cu()s C 3 3.03 0.0083
Cu 1 347 0.0109
DAB- N,O 4 2.00 0.0087
Amgs- 0 1 2.61 0.0104
Cu(Il)s2 C 3 3.01 0.0067
Cu 1 3.42 0.0107

The shape of the Fourier transform data is reminiscent of that obtained for
Cu(TI) complexes having one or two axial oxygen ligands;36-40 the fits of the Fourier
transform data and previous literature?3 allow us to clearly identify one axial O atom at
about 2.6 A away from the Cu(Tl). As determined from the data in Figure 5.5, the first
coordination shell contains a combination of four nitrogen and/or oxygen atoms in the
equatorial plane of the complex. But, the Cu-ligand atom bond distances obtained (1.99
A) are higher than those for known oxygen-coordinated Cu(Il) complexes (typical bond
distances between 1.85 and 1.96 A), indicating that the atoms in the equatorial plane are

most likely not oxygen but nitrogen.25
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In order to identify the ligand atoms in the equatorial plane, the first
coordination peak centered at 1.6 A in the Fourier transform data (without phase-shift
correction) that corresponds to the contribution of the four equatorial atoms (see Figure

5.6) was back transformed to k space.

3 4 5 6 7 8 9 10 11
k(A
Figure 5.6. Example of the best fit of the Fourier back-transform of the first
coordination peak in Figure 4 for the DAB-Am;;-Cu(Il),s. Bond distances and

coordination numbers for the DAB-Am,-Cu(Il), (n=4 to 64, x=n/2) series are listed
in Table 5.2.

Table 5.2. Bond distances and coordination numbers obtained from fitting of the
Fourier back-transform of the first coordination peak in Figure 5.5 for the DAB-
Am,-Cu(Il), (n=4 to 64, x=n/2) series.

10(A) 3N(A)
DAB-Amy-Cu(Il), 1.92 2.02
DAB-Ms-CU(H)‘t 1.95 2.02
DAB-Am,s-Cu(Il)s 1.96 2.03
DAB-Amj;;-Cu(l);s 1.96 2.04
DAB-Amgs-Cu(ll)s> 1.92 2.04
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Then, the k space data was fitted using standard procedures.!!35 The best fit to
the experimental data was obtained through the use of a model with 3 nitrogen atoms
and | oxygen atom in the equatorial plane.41-42 Similar results were obtained for the
other DAB-Am,-Cu(Il), complexes, Table 5.2. The bond distances obtained are typical
of Cu-O at 1.92 A and Cu-N at 2.03 A.15.17.25.38.40.43

The results from this analysis strongly support a structure which has the Cu(il)
surrounded by three nitrogen atoms in the equatorial plane and an oxygen atom at 1.92
A at the base of the pyramid. An axial oxygen atom at approximately 2.6 A completes
the square-based pyramid. The oxygen atoms in the equatorial plane and the axial
position could be associated with the methanol solvent, nitrate anions, or water; we are
currently unable to further delineate the structure of the Cu complex. A representation
of the Cu(II)-dendrimer end-group structure is shown schematically in Figure 5.7 for

DAB-Amm-Cu(II)s.

xo::N\j % é [/;-gi“ox
Y )
x&a‘ P ﬂ; "-.”NHI X
X0 ox

Figure 5.7. Representation of the DAB-Am,s-Cu(Il)s complex.
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5.4. Reduction of the DAB-Am,-Cu(II), Complexes and Structurtil Evaluation
of the Resulting Cu(0) Nanocluster-Dendrimer Composites

Samples obtained from reduction of DAB-Am,-Cu(Il), (n=4 to 64, x=n/2) with a
fixed concentration of Cu(Il) have been investigated. The preparation of the reduced
materials is summarized below. The requisite amount of a given generation dendrimer
solution was added to a MeOH solution containing 2 mM Cu(NOs),-2.5 H;O to
maintain the primary amine-Cu(Il) ratio at 2:1 for all generations (no excess Cu(Il) in
solution). This procedure results in Cu(II)-dendrimer solutions that contain a fixed
concentration of Cu(II) but a varying concentration of dendrimer (1 mM to 0.0625
mM). Upon reduction of DAB-Am,-Cu(II), complexes with methanolic NaBHys, a
golden brown solution resulted. UV-vis spectra did not reveal the presence of any
remaining DAB-Am,-Cu(ll),, as noted by the lack of the characteristic d-d band for the
Cu(ID) species (Figure 5.8) at 630 nm!-30 and Cu(TI) signal in the XANES spectra, vide

infra.

ABSORBANCE (a.u)

300 400 500 600 700 800
WAVELENGTH (nm)

Figure 5.8. UV-vis spectrum of Dab-Amjz-Cu(0).iuseer in methanol
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When stored under an inert atmosphere, these solutions were stable (no
precipitates or color changes) for a minimum of 3 days, the longest time evaluated.
Brown powders were obtained from these solutions by vacuum removal of solvent; the
solids were stored and handled under an inert atmosphere at all times.

The EXAFS spectra for powders obtained as described above are displayed and

compared to that of a 7.5 um-thick copper foil in Figure 5.9.

Cu foil

DAB-Am,-Cu(0)

cluster

DAB-Amg-Cu(0)

= ﬂ cluster
S DAB’Aml6-Cu(O)Cl“Sler
0|

E —me DAB'Am‘_;z'Cu(O)clmter
M 1

8 | DAB'AmM'Cu(O)cluster
(aa]

<

1 1

¥ L

8940 9000 9060 9120 9180 9240 9300
ENERGY (eV)

Figure 5.9. EXAFS spectra (8940-9300 eV displayed) of the reduced DAB-Am,-
Cu(II), (n=4 to 64, x=n/2) complexes and Cu foil.
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The similarities between the spectra of the reduced DAB-Am,-Cu(Il),
complexes and that of the copper foil are striking and demonstrate the existence of
metallic Cu(0) domains in the reduced DAB-Am,-Cu(Il),, denoted as DAB-Am,-
Cu(0)ciuseer- The position of the K-edge threshold for all of the DAB-Am,~ Cu(0)cpuster
materials is 1.4 eV higher in energy than that of the pure fcc metal at 8979 eV. This
shift in K-edge threshold is characteristic of Cu(0) nanoclusters,34 thus pointing to their
presence in the reduced dendrimer complexes. Furthermore, the amplitudes of the
EXAFS features are strongly decreased when compared to those of the fcc copper
reference foil, as is expected for Cu(0) nanoclusters.** Finally, the presence of
nanoclusters is corroborated by UV-vis data. The electronic spectra obtained are
characteristic of Cu(0) nanoclusters,*5-49 as noted by the presence of a monotonical
increase in the absorbance with increasing energy. Absence of a plasmon band near
550 nm in the UV-vis spectra indicates that the diameter of the nanoclusters is less than
5 nm for all DAB-Am,-Cu(0)tuser Studied.43-49

Changes in the X-ray absorption spectra as a function of increasing dendrimer
generation indicate a decrease in the size of the Cu(0) nanoclusters with increased
dendrimer generation, Figure 5.9. The amplitude of the post-edge features (>9000 eV)
in the spectra is found to decrease with increasing dendrimer generation. Such a
decrease in spectral amplitude can be correlated to an increase of the surface to volume
ratio of nanoclusters,44-50 which points to a decrease in the average Cu(0) nanocluster
size with increased size of the dendrimer.

The Fourier transform of the EXAFS function was obtained for each generation
of DAB-Am,-Cu(0),/.s.r; representative spectra are displayed in Figure 5.10 for the
DAB-Am,-Cu(0)cuseer series.
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DAB -Am4-Cu(O)
DAB 'AmS'Cu(O)cluster
DAB -Aml6~Cu(O)
DAB-Am32-Cu(O)
DAB -Am64-Cu(O)
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cluster
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Figure 5.10. Fourier transforms of the EXAFS function for the reduced DAB-
Am,-Cu(Il), (n=4 to 64, x=n/2) complexes. Experimental data (solid line) and
calculated fits (dashed line) are shown.

Table 5.3 lists the EXAFS parameters!! for the successive copper shells of the
nanoclusters in the DAB;~Cu(0)cuse.r series. The Debye-Waller factors used in the
fitting protocol are those determined from previous studies of Cu(0) nanoparticles.5!
Care must be exercised to keep the Debye-Waller factors physically reasonable, or one

can obtain improbable coordination numbers. However, the analysis used for the
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present data was checked in several ways. While the use of other Debye-Waller
factors,52-33 including values for bulk Cu(0), leads to variations in the coordination
numbers and sizes of the nanoclusters, all approaches tested yield a trend of decreased
coordination number, first coordination shell bond distance, and nanocluster size with

increased dendrimer generation.

Table 5.3. EXAFS parameters obtained from curve fitting analysis for the reduced
DAB-Am,-Cu(Il), (n=4 to 64, x=n/2) complexes and Cu foil.

Sample Element Coordination Bond Debye-Waller
coordination Number distance (A) factor ¢”

shell
Cu foil Cuy, 12 2.55 0.0096
Cu, 6 3.62 0.0147
Cu; 24 443 0.0175
Cuy 9 5.02 0.0103
DAB-Amy- Cu, 2.1 2.52 0.0095
Cu(0)ctiuster Cu; 1.1 3.54 0.0110
Cu; 2.9 441 0.0140
Cuy 1.6 4.96 0.0120
DAB-Amg- Cu, 1.6 2.50 0.0098
Cu(0)ctuster Cu, 0.9 3.51 0.0125
Cus 1.9 4.42 0.0170
Cuy 1.5 4.96 0.0140
DAB’Amm- CU[ 0.8 2.50 0.0110
Cu(0)ctuster Cu; 0.4 348 0.0065
Cu; 0.9 4.40 0.0220
Cuy 0.9 4.86 0.0180
DAB-Ams;- Cuy, 0.5 2.50 0.0109
Cu(0)ctuster Cu, 0.3 347 0.0040
Cus 1.2 444 0.0200
Cuy 0.5 4.84 0.0140
DAB-Amgy- Cu; 04 2.50 0.0120
Cu(0)ctuster Cu, 0.2 3.51 0.0115
Cus 0.6 447 0.0160
Cug 0.4 5.00 0.0140
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As has been shown previously, the observed contraction of the first coordination
shell Cu-Cu bond distance has been correlated to a decrease in cluster size.#4254 In
this work by Montano,?4 Apai,? and Gota>2 it was demonstrated that the size of Cu
nanoclusters can be estimated by examination of the first coordination shell Cu-Cu bond
distance and the coordination numbers of the successive copper shells.55 The average
Cu-Cu bond distance of the first copper shell obtained for our samples (for example,
2.53 A for DAB-Ams-Cu(0)ctuseer), is very close to that of fcc Cu (2.55 A) and is found
to slightly decrease with increasing generation, reaching 2.50 A for DAB-Amg,-
Cu(0)csusrer- By comparing the bond distances of the first coordination shell Cu-Cu bond
distance determined in this study with data from Apai et al.,’ we estimate a diameter of
roughly 4 nm for DAB-Amy-Cu(0)ctuseer» and 1.5 nm for DAB-Amey-Cu(0)cruster» thus
confirming the suggested decrease in cluster size with increase in dendrimer generation
(decreased amplitude of the post-edge features, vide supra). In addition, the ratio of the
coordination numbers of one copper shell to the others for a given cluster-dendrimer
complex agrees well with the corresponding ratio for bulk fcc Cu(0), Table 5.3.

The low coordination numbers that are reported in Table 5.3 for the third and
fourth Cu coordination shells could be the result of the presence of small defects caused
by a film (copper oxide or dendrimer) on the cluster surface. This hypothesis is
substantiated by the presence of an additional peak at ~1.6 A (without phase shift
correction) in the Fourier transforms of all the samples. This peak could arise from a
layer of copper oxide at the surface,56 but its position is also consistent with the binding
of nitrogen atoms from the dendrimer to the copper atoms of the cluster surface.37-58
Although it is difficult to differentiate between nitrogen and oxygen solely on their

backscattering properties, a Cu;O oxide layer on the surface of the cluster would
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generate a peak in the Fourier transform at about 2.3 A (without phase shift
correction),36 which is not the case for any of the DAB,~Cu(0)cs.s- materials. Thus,
these observations are consistent with the presence of dendrimers adsorbed on the Cu(0)
nanocluster surface through nitrogen functionalities.

Transmission electron microscopy (TEM) images obtained for nanoclusters
made by reduction of DAB-Am,-Cu(ll), (n=4 to 64, x=n/2) complexes are displayed in
Figure 5.11. Electron diffraction patterns were also obtained for each sample (not
shown); the diffractograms indicate a predominant fcc structure, thereby corroborating
the EXAFS data. The size distributions (based on cluster diameter) for all of the DAB-
Am,-Cu(0)esseer are displayed in Figure 5.12 and demonstrate that the dispersity in size
of the Cu(0) nanoclusters is quite low. Furthermore, the TEM images demonstrate a
decrease in size of the nanoclusters with increasing dendrimer generation, as indicated
by the EXAFS studies.

The decrease in Cu(0) nanocluster size with increasing dendrimer generation
indicates that the size and possibly the location of the nanoclusters with respect to the
dendrimer interior is a function of a property associated with the dendrimer and/or the
Cu(0) clusters. We address the location of the Cu(0) nanoclusters first by postulating
that the Cu(0) nanoclusters are coated with a layer of dendrimer in the case of the low
generation dendrimers, but the smaller nanoclusters generated from the larger
dendrimers are stabilized by being encapsulated inside the dendrimers, coated by the
dendrimers, or a combination of the two. From simple geometric considerations, the
DAB-Am, (diameter of ~0.8 nm) cannot contain the Cu(0) clusters (diameter of 3.7
nm). However, we do not observe precipitation of material from solutions of any DAB-

Am,-Cu(0)¢fusrer material.
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Figure 5.11. TEM images of copper nanoclusters obtained by reduction of the
DAB-Am,-Cu(Il), (n=4 to 64, x=n/2).

Thus, the resulting DAB-Amg-Cu(0)cpseer cOmposite is most likely one in which
the resulting cluster is coated with a large number of DAB-Am, dendrimers that act to
stabilize the Cu(0) cluster. A similar argument can be made for protection of the Cu(0)

nanoclusters by the n=8-16 materials. Only in the case of the n=64 dendrimer (diameter
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of roughly 2.4 nm) is it possible to have some degree of encapsulation of the Cu clusters
(diameter ~2 nm).

DAB-Am,-Cu(0) ..., DAB-Amg-Cu(0),,, ..,
3.71 £0.67 nm 3.35£0.63 nm

01 2 3 456 738 01 23 456 738
DIAMETER (nm) DIAMETER (nm)

DAB-Am,-Cu(0)
2.55 +0.55 nm

DAB-Am,,-Cu(0)
2.29 +0.49 nm

cluster cluster

012345678 012345678
DIAMETER (nm) DIAMETER (nm)

DAB-Am,-Cu(0)
1.98 +0.50 nm

cluster

012345678
DIAMETER (nm)

Figure 5.12. Size distribution of the DAB-Am,-Cu(0)ciuser (n=4 to 64),
[Cu(I)]=2mM. (measured over = 200 particles)

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



We propose that the observed decrease in Cu(0) nanocluster size with increasing
dendrimer generation is the result of steric interactions between dendrimers adsorbed on
nascent Cu(0) nanoclusters or dendrimers containing the incipient Cu(0) nanoclusters.
Immediately upon reduction, the newly formed Cu(0) atoms near the periphery of the
dendrimer can either diffuse into the interior of the dendrimer or be captured at the
periphery of the dendrimer. In either case, the Cu(0) atoms diffuse until they encounter
other atoms and then form a nucleus/cluster. The nucleus/cluster then will continue to
grow only if the interaction between the dendrimer and Cu(0) species is sufficient. If
the nucleus/cluster is effectively encapsulated inside the dendrimer, then the resulting
cluster will grow and eventually emerge from the dendrimer when it is too large to be
contained. Further growth would then be retarded by adsorbed dendrimer, which
should be slower in the case of the larger dendrimers due to the larger coating thickness
on the Cu clusters. In the case of nucleus/cluster formation at the periphery of the
dendrimer, cluster growth will be inhibited by similar steric interactions, yielding a
similar trend between the size of the final nanocluster and the dendrimer size.

Significant decreases in the Cu(0) cluster size and size dispersity can be
obtained by varying the ratio of primary amines to Cu(II) ions in the dendrimer
precursor. This was achieved through the use of "half-fuiictionalized" materials, such
as DAB-Amgs-Cu(ll)16, where the ratio of primary amine groups to copper atoms in the
nanocluster precursor is increased from 2:1 to 4:1. Upon reduction, nanoclusters with
sizes of 1.60 £ 0.31 nm were obtained, see Figure 5.13. This result is not due to a mere
decrease in the concentration of Cu(Il) in the solution, as indicated by TEM data for

clusters formed from DAB-Am,-Cu(I),, x=n/2, solutions that were two-fold lower in
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total Cu(II)-dendrimer concentration (Figure 5.14). Further studies aimed at controlling

the size of Cu(0) clusters by varying the ratio of amine groups to Cu(Il) are underway.

DAB-Amg;-Cu(0) r0r
1.60 +0.31 nm

prepared from

DAB-Amg,-Cu(Il)

T

012345¢6 1738
DIAMETER (nm)

Figure 5.13. TEM image and size distribution of the nanoclusters made from
DAB-Amgs-Cu(il)s6.
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DAB’A-mlﬁ‘CH(O)cluster
[DAB-Am15-Cu(II)8] 0.2 mM

251 +£0.44 nm
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DA-B‘Aml6‘C‘1(O)cluster
[DAB-AIHm-CLl(H)g] =0.1 mM

2.37 £ 0.50 nm

DIAMETER (nm)
Figure 5.14. TEM images and size distribution of the clusters produced using 0.2
mM, and 0.1 mM DAB-Am;¢-Cu(Il)s.

5.5. Conclusions

EXAFS and XANES have been successfully applied to the determination of the
Cu(Tl) complex geometry formed upon reaction of Cu(NO3)2:2.5 H,O with
poly(propylene imine) dendrimers containing 4 to 64 primary amine groups. These

techniques, routinely applied in the study of inorganic materials and catalysts, offer a
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powerful tool for the structural investigation of supramolecular metal complexes such
as the Cu-dendrimer complexes studied in this work. Analysis of the XANES spectra
points to an identical environment of the Cu ions in each of the dendrimer end-groups
for each generation. The DAB-Am,-Cu(I), complexes were found to be penta-
coordinated in a square-base pyramidal geometry. Each Cu ion binds to three nitrogens
from the dendrimer dipropylene triamine end group (Cu - N distance=2.03 A) and an
oxygen atom completes the equatorial plane (Cu -~ O distance=1.92 A). Another
oxygen atom occupies an axial position at about 2.6 A. To our knowledge, this is the
first study which has given clear geometric information on the complexation of Cu(Il)
poly(propylene imine) dendrimers; such structural information on the precursor is
essential for developing a clear picture of Cu(0) nanocluster formation.

The evidence of nanocluster formation upon reduction with NaBH, is
demonstrated in the XANES data by a shift of the K-edge threshold of 1.4 eV. The
EXAFS results indicate a decrease in the size of the clusters with increasing dendrimer
generation and are in agreement with the TEM results. However, the presence of a peak
at about 1.6 A in the Fourier transforms of the DAB-Am,-Cu(0)c/use- indicates a
complex environment of the copper atoms at the cluster surface. We attribute the
presence of this peak to Cu-N bonds between the dendrimer and cluster surface as the
result of adsorbed dendrimer. Based on this observation and the generation-dependent
cluster size, we propose a model in which the dendrimer acts as a surfactant for the
copper nanoclusters. For example, clusters synthesized from DAB-Amy-Cu(Il),, are
larger in size because of the more facile diffusion of copper atoms and the smaller size
of the dendrimer, which allows for multiple Cu-N bonds on the cluster surface.

However, when the size of the dendrimer is increased, steric hindrance impedes
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diffusion of copper atoms. This results in a decreased number of Cu-N bonds at the
surface of the cluster, and the formation of smaller Cu nanoclusters, which then may be
located inside the dendrimer. TEM studies demonstrate that it is possible to further
decrease the size of the clusters by varying factors such as concentration and the NH,
to Cu ratio. Future work will focus on the preparation and characterization of smaller
monometallic and bimetallic nanoclusters and the application of EXAFS and XANES to

the study of adsorbed Cu-dendrimer complexes on gold.
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Chapter 6. Summary and Outlook

6.1. General

The previous chapters describe a wide variety of new data that have been generated
and interpreted for new classes of chemically significant systems. However, it should
be realized that these results represent a first step. Many refinements, as well as
fundamentally new studies, are suggested by the work done to date. This chapter
summarizes what has been accomplished and also describes useful new experimnents
suggested by the completed work.

6.2. Mixed Monolayers

Mixed monolayers composed of an electroactive group and simple n-

alkanethiols have been used to investigate interfacial electron transfer on chemically
modified surfaces.!-5 These studies have shown that the structure and composition of
the mixed monolaycrs depend on the physical and chemical properties of the
electroactive group, the chain length and the molar fraction of both of the components.
Electrochemical studies of mixed monolayers containing ferrocene-terminated
alkanethiols and an n-alkanethiol of various chain lengths%7 have demonstrated that
when the chain length of the n-alkanethiol is longer than that of the ferrocene-
terminated thiol, the surface coverage of the ferrocene constituent is decreased and
variations of the redox potential to more positive values are observed. The GIXAFS
results obtained by our group on both ferrocene-terminated thiol monolayers and mixed
monolayers show that XAFS is an alternative method to study these systems and could
deliver a great deal of information on these structures. Coupled with the emerging
capability of measuring EXAFS signals in a very short time - as shown in Chapter 5
with the QUICKEXAFS studies of copper-dendrimer nanoparticles - it should now be
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possible to realize a combined in situ electrochemistry-XANES experiment in which,
minute changes of the ferrocene environment could be probed by XANES as the
electrochemical potentials are scanned using cyclic voltammetry.

6.3. n-Alkanethiol Monolayers on Au, Ag, and Cu

Improvement of the data obtained for n-alkanethiols on Au would be possible

through the use of a 13-element Ge detector.8 As shown by the results obtained for n-
alkanethiols on Ag, and comparison of Figure 4.7 and Figure 4.8, the apparatus used at
CAMD is as sensitive as the one used in Bonn to collect the published alkanethiol data.?
The GIXAFS technique offers a great control over the incidence angle, and the method
can be implemented by a more efficient detection and amplification of the small sulfur
signal and filtering of the strong gold fluorescence. This could be achieved with the use
of a 13-element detector where each diode acts as a single detector but where the
signals collected by the 13 diodes can be collected and added up together. This new
feature could also benefit the investigations of n-alkanethiols on Ag. However, the data
that was obtained for the n-alkanethiols on Ag was of very sufficient quality to be able
to detect variations in the XANES spectra as a function of chain length and very
shallow angles. It was shown that among the series that was investigated (Cg, Ci2, Ci4,
Ci6, Cis, and C3»), the amount of oxidation decreased with increasing chain length.

6.4. Thiol-Capped Ag Nanoparticles

In our XANES studies of n-alkanethiols on Ag, it was proposed that the

substrate might play a role in the appearance of a particular feature for Ci3. We are
interested in pursuing a series of experiments where the effect of the chain length is
probed for n-alkanethiols adsorbed on various Ag substrates. An interesting way to

realize this is to fabricate Ag nanoparticles of different sizes which should display
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significant variations in their surfaces (orientations, step-edge density). These
nanoparticles can be derivatized with alkanethiols of different chain lengths. Most of
the studies of thiol-capped metal nanoparticles involve gold clusters!0-2! with just a few
concerning silver nanoparticles.!7-18.22-25 By acquiring sulfur K-edge and silver K-edge
XANES spectra of these systems, we can study the adsorption of n-alkanethiols on Ag
particles, and we expect to be able to draw important conclusions regarding the
influence of the substrate by comparing the results with that obtained from n-
alkanethiols adsorbed on planar Ag. A series of small (=5 nm), medium (=30 nm), and
large (=100-200 nm) particles can be synthesized and capped with Cg, C2, and Cys for
each size (drawn to scale in Figure 6.1).22

5 nm 30 nm 100-200 nm
Cs %{ *

C

~

0
-]

Figure 6.1. Cartoon depicting the thiol-capped Ag nanoparticles.
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As the size of the particles increases, the surface of the particles is expected to
begin to resemble that of a flat Ag(111) surface. Thus, the XANES spectra should
display similarities with those of n-alkanethiols adsorbed on Ag/Si. HoWever, when the
size of the particles is decreased to just a few nanometers, important changes in the
surface of the particles should induce significant variations in the adsorption of the
sulfur atoms on the surface and could be monitored by XANES spectroscopy. Such
variations in S adsorption sites have been shown for thiols on Au nanoparticles.!2

Preliminary experiments were conducted at the DCM beamline at CAMD.
Samples of Ag nanoparticles capped with Cs, C;2, and C;g were synthesized according
to a procedure described in the literature.22 This one-phase synthesis is reported to
result in the formation of thiol-capped Ag nanoparticles of about 8 nm in diameter.
Powders were obtained by evaporation of the solvent (ethanol) and placed between
layers of kapton tape for scans in the transmission mode. The spectrum of the C;»-
capped Ag nanoparticles is given as an example in Figure 6.2.

This spectrum presents fundamental differences between that of free n-
dodecanethiol indicating that the sulfur species present are adsorbed on the Ag surface.
In addition, similarities with the spectra of adsorbed C;2 on planar Ag can be observed.
The silver Lip-edge spectra for Cg, Ci2, and C;g exhibit cluster size effects as noted by
the dampening of the oscillations seen for that of a Ag foil but demonstrate the metal-
like character of the silver nanoparticles (Figure 6.3).

These preliminary studies set the stage for new experiments that will further our

understanding of alkanethiol adsorption on metal surfaces.
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Figure 6.2. Sulfur K-edge spectrum of n-dodecanethiol on silver nanoparticles
compared to that of C; on planar Ag and free Cy,.
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Figure 6.3. Silver Lig-edge spectrum of n-alkanethiols on silver nanoparticles
compared to that of a metallic Ag foil.
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6.5. Ferracene-Functionalized Dendrimers

Poly(propylene imine) dendrimers can be functionalized with ferrocene end-
groups.26-28 As for the DAB-Am,-Cu(Il), series, the spatial architecture of the
dendrimer itself is not known, and functionalizing the outside of the dendrimer with
ferrocene could give us some insight into the structure of such assemblies. In particular,
as the size of the dendrimer increases with increasing generation, steric hindrance could
force the ferrocene units to get closer to each other. We have conducted preliminary
EXAFS studies of generation 1 to 5 ferrocenyl dendrimers or DAB-Am,-Fc,, (n=4 to
64), and ferrocene (Fc), and polyvinyl-ferrocene (pvFc) as reference standards. The
Fourier transform of the EXAFS function for each generation measured in the solid
state is shown in Figure 6.4 as well as those of Fc and pvFc. No noticeable difference
can be seen between the XANES spectra of the dendrimers, indicating that they all
share a similar chemical environment. Slight changes can be detected in the Fourier
transforms of their EXAFS functions. When compared to Fc and pvFc, a shift of the
absorption edge to lower energy for the Fc dendrimers indicates the presence of the
carbonyl electron-withdrawing group close to the ferrocene unit in the dendrimer. The
Fourier transforms obtained for generations 1, 2, and 3 present the same shape as that of
pvFc in the region following the first coordination shell corresponding to 10 carbon
atoms.

However, some change is discernable for generations 4 and 5, with the Fourier
transform of generation 5 appearing identical to that of Fc. Fourier back-transforms of
the region between 2 and 4 A™! indicate the possible presence of a heavy backscatterer
for generation 4 and 5. This means that as the generation of the dendrimer increases,

some ferrocene groups are moving closer to each other, enough to generate this signal
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in the Fourier back-transform. More studies are planned of adsorbed DAB-Am,-Fc,on
gold surfaces, which are expected to show increased interaction of the ferrocene groups

due to distortion of the dendrimers on the surface.29-30

3 -
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O 1 2 3 4 5 6 7 8
DISTANCE (A)
Figure 6.4. Fourier transforms of the EXAFS function for the series of DAB-Am,-
Fc,, and reference standards.
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Recently proposed mixed dendrimers-alkanethiols systems present some novel
characteristics that complement those of SAMs of alkanethiols by extension to a three-
dimensional architecture. Dendrimers have been shown to be compressed on the
surface upon coadsorption with alkanethiols on surfaces,31-32 which gives us a way to
study and control the ferrocene groups interaction. The work presented in this
dissertation outlines possible ways in which to study these systems at the iron K-edge
and at the sulfur K-edge at grazing incidence angles in order to obtain structural
information.

6.6. Bimetallic Clusters

The advances realized in the characterization of dendrimers as shown by the
EXAFS, XANES, and TEM work on the DAB-Am,-Cu(Il); and the nanoparticles in the
DAB-Am,-Cu(0).ss.r series created upon reduction of the dendrimer-copper complexes
(Chapter 5) open new avenues in the fabrication of nanoparticles and their
characterization. In particular, it was shown that we can obtain very small (=1.6 nm)
and very monodisperse particles when reducing the ratio of Cu to amine groups. Itis
also possible to load the dendrimers with two different metallic ions and use the
dendrimers as templates for the production of bimetallic nanoclusters. Such clusters33-
36 are of high interest for potential applications in catalysis. A combination of the
dendrimer work presented here with routine EXAFS experiments on bimetallic clusters
is proposed in order to effectively design nanoparticles composed of mixed metals and
of a chosen composition. This would be very useful in a number of applications. For
example, in the design of carbon nanotubes, the size of the catalyst used during the
chemical vapor depostion process governs the diameter of the structures produced.37-46

The increased control of the size and composition of the catalyst using the dendrimer
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synthesis route, combined with the possibility to adsorb the dendrimers on surfaces
could lead to great advances in the production of carbon nanotubes and their use for
patterning surfaces and creating three-dimensional nano-architectures.
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Appendix I. X-Ray Properties of Au, Cu, Ag, Fe,and S

79 47 29 26 16
196.96 |107.86 |63.546 |55.847 | 32.066
2602.0 |823.1 12400 | 150 [214.8
1.1624x | 1.7267x |2.0493 |6.7998 | 3.7682
102 102 x10? | x10? |x10?
19.3 10.5 8.96 787 |[2.05
0.1989 |1.157 [09003 |[8482 [22.71
1.45 133 1.35 0335 |0.395
80713 | 25517
14353 | 3810 1100 | 849 193
13733 |3528 953 721 164
11919 [3352 933 708 163
3379 734 135 93
3149 619 90

588

389

383
762
642
546
353
335
87
83
107
74
57
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Appendix II. Data Analysis Procedures

This appendix is a brief summary of the steps involved in EXAFS data analysis.
The reader is strongly encouraged to refer to literature that is listed in Chapter 2 as well
as manuals that can be obtained for the software mentioﬁed in this appendix.

Raw data is obtained and the background is subtracted using Winxas 97 or
autobk. The procedures are automated in Winxas and were achieved by fitting a
polynomial of first order to the pre-edge and a 3rd order polynomial to the post-edge.
Background removal with autobk necessitates the use of an autobk input file
(autobk.inp), dos4gw.exe, and autobk.exe. The program runs in DOS. The raw data
file (with an extension .dat) that is used in autobk.inp has a format that can be created
by importing the raw data in Winxas. The energy units need to be converted to eV.
The proper procedure consists in opening the file saved under Winxas with Axum 5.0.
Axum opens it as a program file. The three first lines must be deleted, and the rest
selected and copied into a microsoft wordpad template document. The template

document consists of the following succesion of characters:

#

# energy xmu

The selection obtained in Axum must be pasted after the first two lines.
Background removal with Winxas normalizes the edge jump to 1. Normalization can
also be obtained with autobk (see autobk manual). A background-removed and
normalized Cu spectrum is shown in Figure IL.1.

After determination of Ey, the spectrum is then converted from energy space to k

space using equation 2.3 in section 2.1.5.1. An example is given for Cu in Figure [.2.
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XANES EXAFS
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Figure I1.1. Background removed and normalized Cu fcc foil spectrum.
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Figure I1.2. Conversion to k space and y, (k) correction.
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The next step or correction consists in determining the atomic absorption in the
EXAFS region and extracting the EXAFS function by fitting a series of cubic splines to
approximate the total absorption curve p (k) with a smooth background absorption

curve M, (k). This step is illustrated by Figure II.3.

ABSORPTION (a.u)

4 6 8 10 12 14
Photoelectron wave vector k (A1)

Figure I1.3. EXAFS function extracted from the spectrum in Figure I1.2.

The obtained (k) versus k curve or EXAFS function is weighted by k" in order
to compensate for the attenuation of the EXAFS amplitude at high k. The EXAFS
function is then Fourier transformed and results in a curve of amplitude versus distance

as shown in Figure I1.4.

Curve fitting is based on least-squares and aims at best fitting the k"y(k) or its Fourier

transform with theoretical models.
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The solid lines in Figure I1.4 represent the experimental data and the fit is represented
by the dotted lines.

Fourier transform amplitude (a.u)

0 1 2 3 4 5 6 7
DISTANCE (A)

Figure I1.4. Fourier transform of the EXAFS function form Figure IL.3.
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