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ABSTRACT

Surface Enhanced Raman Scattering (SERS) is a process by which molecules near certain
special metal surfaces exhibit Raman scattering that is measurably more intense than is the
normal Raman scatteriilg exhibited by molecules in the absence of the surface. The
majority of SERS-active metal substrates, such as roughened electrodes and colloidal sols,
are fabricated from coinage metals, Au, Ag and Cu. The principal subject of this thesis is
the surface enhanced Raman spectroscopic study of the adsorbates; pyrazinamide, 2- and 4-
mercaptopyridine. A range of SERS-actve Ag substrates was used, viz., Ag colloids,
metal liquid-like films (MELLFs), and roughened Ag electrodes. In addition, an original
technique that encompasses both SERS and waveguide Raman spectroscopy (WRS),
known as integrated optics, evanescent wave, surface enhanced Raman Spectroscopy
(IOEW-SERS) was developed. For this technique, a waveguide heterostructure was
fabricated on nano-scale dimensions by self-assembly of silver colloidal particles on thin
glass slides. The unique optical behaviors of both SERS and WRS systems are combined
such that optically guided light propagates in the thin film with an evanescent wave and
couples with surface plasmon modes of metal particles. A comparative SERS study of 2-
and 4-mercaptopyridine (MPy) was undertaken using all of the above methods. The
purpose of this compaﬁsdn was to deterrnine the similarities between IOEW-SERS and
other Ag SERS-active systems. These studies were extended by using a 4-MPy modified
SERS-active optical waveguide as a thin film chemical sensor. Intermolecular interactions
between probe ions, Cu2t and H*, with 4-MPy were observed by vibrational
perturbations to the IOEW-SERS spectrum. X-ray photoelectron spectroscopy (XPS)
-allowed a layer-by-layer examination of the 4-MPy derivatized waveguide from the
substrate to the Cu?* ion. A potcntiéi dependent SERS study of 4-MPy modified Ag
electrodes, including the interaction with Cu2* ions, was undertaken to complement the
IOEW-SERS experiment. Additional studies describing the preparation and SERS of
MELLFs of pyrazinamide, and 2- and 4-MPy were undertaken. The deposited films were
characterized by Transmission Electron Microscopy (TEM) and Surface Plasmon
Absorption (SPA). |



RESUME

La diffusion Raman de type Surface Enhanced (SERS) est un processus selon lequel
les molécules situées a proximité de surfaces métalliques spéciales présentent une
diffusion Raman qui est plus intense que la diffusion Raman normale manifestée par
les molécules en absence de telles surfaces. La majorité des substrats métalliques
actifs en SERS, tels les électrodes dépolies et les solutions colloidales, sont fabriqués
a partir de métaux de frappe tels 1’or, I’argent et le cuivre. Le sujet principal de cette
thése est I’étude spectroscopique SERS d’adsorbats: pyrazinamide, 2- et 4-
mercaptopyridine. Une gamme de substrats d’Ag actifs en SERS a été utilisée,
comme par exemple des colloides d’Ag, des films de métaux a caractére liquide
(MELLFs), ainsi que des électrodes d’Ag dépolies. De plus, une technique originale
qui comprend 1 la fois les spectroscopies SERS et Raman de guide d’ondes (WRS) a

¢té développée et est connue sous le nom de SERS d’onde évanescente a optique

intégrée (IOEW-SERS). Pour cette technique, une hétérostructure de guide d’ondes a
- été fabriquée a une échelle nanoscopique par ’auto-assemblage de particules d’argent
colloidales sur de fines lamelles de verre. Les comportements optiques uniques des
systemes SERS et WRS sont combinés de sorte que la lumiére guidée par optique
puisse se propager dans la couche mince avec une onde évanescente and puisse alors
se coupler au modes plasmons de surface des particules métalliques. Une étude SERS
comparative du 2- et du 4- mercatopyridine (Mpy) a été entreprise en utilisant toutes
les méthodes ci-haut. La raison-d’é€tre de cette comparaison était de déterminer les
similitudes entre les systemes IOEW-SERS et d’autres systémes d’Ag actifs en SERS.
" Ces études furent étendues en utilisant un guide d’ondes optique actif en SERS de 4-
Mpy modifié comme senseur chimique en couche mince. Les interactions
intermoléculaires entre les ions sondes, Cu®* et H' et le 4-Mpyont été observées par

des perturbation vibrationnelles au spectre IOEW-SERS. La spectroscopie.

photoélectronique des rayons-X (XPS) a permis une interprétation couche par couche
du guide d’ondes de 4-MPy dérivé du substrat jusqu’a I’ion Cu®*. Une étude SERS,
dépendante du potentiel, d’électrodes d’Ag modifiée par 4-MPy, incluant I’interaction
avec les jons Cu®’ a été entreprise comme complément a 1’expérience IOEW-SERS.
Des études additionnelles décrivant la préparation ainsi que la SERS de MELLFs des
molécules de pyrazinamide, 2- et 4-MPy, ont été entreprises. Les films déposés ont
été caractérisés par microscopie de transmission d’électron (TEM) et par adsorption
de plasmon de surface (SPA).



FOREWORD
The thesis was prepared in accordance with article B2 of the Guidelines

Concemning Thesis Preparation of McGill University. This article reads as follows:

"Candidates have the option of including, as part of the thesis, the text of a paper(s)
submitted or to be submitted for publication, or the clearly-duplicated text of a published
paper(s). These texts must be bound as an integral part of the thesis.
-If this option is chosen, connecting texts that provide logical bridges between the
papers are mandatory. The thesis must be written in such a way that it is more than a
mere collection of manuscripts; in other words, results of a series of papers must be
integrated.
-The thesis must still conform to all other requirements of the "Guidelines for Thesxs
Preparation”. The thesis must include: A Table of Contents, an abstract in English and
French, an introduction which clearly states the rationale and objectives of the study, a
comprehensive review of the literature, a final conclusion and summary, and a thorough
- bibliography or reference list.
-Additional material must be provided where appropnate (e.g. in appendxces) and in
sufficient detail to allow a clear and premse judgement to be made of the importance and
originality of the research reported in the thesis.
-In the case of manuscripts co-authored by the candidate and others, the candidate is
required to make an explicit statement in the thesis as to who contributed to such
work and to what extent. Supervisors must attest to the accuracy of such statements at
the doctoral oral defense. Since the task of the examiners is made more difficult in these
- cases, it is in the candidate's interest to make perfectly clear the responsabilities of all
the authors of the co-authored papers.* |

ThlS thesis consists of six chapters. Chapter.l describes the field of research pertaining to
the present work. Chapters 2, 3, 4, 5 present the principle results of the research
conducted, written in .pub]jcation format. Chapter 6 contains general conclusions,
contributions to knowledge and suggestions for future work.

- The following are manuscripts written by the author and were used in the preparation of
this thesis. Manuscripts #1, #2, #3 and #4 are included in Chapters 2, 3, 4 and 5,
'respect:ively. Following normal procedure, the papers have been either submitted or will Be

submitied for publication in scientific journals. A list of the papers is given below:



1. Jean A. Baldwin, Blanka Vickova, Ian S, Butler and Mark P. Andrews.
“Surface Enhanced Raman Scarttering of Mercaptopyridines and Pyrazinamide from Glass-
Deposited Silver Metal Liquid-like Films.” Submitted for publication in Langmuir.

2. Jean A. Baldwin, Mark P. Andrews, Wenbo Xu and Ian S. Butler.
“Integrated Optics, Evanescent Wave, Surface-Enhanced Raman Spectra of 4,4°-
- Bipyridine”. To be submitted for publication in Journal of Physical Chemistry.

3. Jean A. Baldwin, Norbert Schithler, Mark P. Andrews and Ian S.
Butler. “Surface Enhanced Raman Scattering of Mercaptopyridines and the Fabrication of
a Metal-Ton Chemical Sensor based on Integrated Optics, Evanescent Wave, Surface
Enhanced Raman Scattering (IOEW-SERS)”. Accepted for publication in Langmuir, July
1996.

4. Jean A. Baldwin, Alexander Brolo, Ian S. Butler and Mark P. Andrews.
“Surface Enhanced Raman Scartering of 4-Mercaptopyridine on Silver Electrodes and the

Interaction with Copper (IT) ions. Submirted for publication in Langmuir

All of the above papers include the research co-directors, Dr. Ian, S. Butler and Dr. Mark
Pl. Andrews as co-authors. Chaptef 2 includes Dr. Blanka Vickova as co-author, (Dept. 6f
Physicél and Macromolecular Chemistry, Charles University, Prague, Czech Republic)
who co-wrote this paper, recognizing her expertise in MELLFs and for collecting some of
the SPA and optical micrographs included in this Chapter. Chapter 3 includes Wenbo Xu
as co-author, (MCGlll University, Montreal, Canada) who initially developed the IOEW-
SERS technique and waveguide fabricaton. Chapter 4 includes Dr. Norburt Schiihler as
co-author, (McGill University, quu'eal; Canadaj recognizing his advice on the
preparation of samples for XPS and for collecting the XPS data used in this study.

Chapter 5 includes Alexander Brolo as co-author, (Guclph-Watcrloo Center for Graduate

iv



Work in Chemistry, University of Waterloo, Waterloo, Canada) who assisted in the
spectroelectrochemical experiments used in this Chapter. Other than the supervisors who
gave advice and direction and the aforementioned contribution to the chapters, all of the

work presented in this dissertation was performed by the anthor.



ACKNOWLEDGEMENTS

I would like to thank my supervisors, Dr. Ian S. Buter and Mark P. Andrews for their
guidance and support throughout the course of this work.

I would like to express my deepest gratitude to Dr. Stephane Brienne for proofreading this
thesis. His time and interest in my work were indispensable.

I would also like to thank:
Dr. Tanya Kanigan for assisting me with the Raman instrumentation and for
showing me the wonders of waveguiding,
Laura Deakin for proofreading this thesis and the great chats; _
Antonella Badia and Shanti Singh for their assistance in collecting TEM data;
Dr. Ross Markwell and Andrew Vreugdenhil for keeping the computers alive and
undoing all the wrong doing;
Messrs. Micheal Boulay, Rick Rossi and A. Kluck for their technical expertise;
Drs. Honggi Li and Steven Barnett for their friendship and assistance in the
early years of my work;
- Réenee Sharon for her kindness and tireless support;
Henry Lin Soo from the PSE Library for providing a great service;
James for his wonderful nerve tonic;
Mark Wall for his love and support;
All my friends, Jason, Louise, Shaune, Nuna, Fred, Tara, Emmanuel, Louie,
Karen, Michelle, Daphne, James, Phillip, Dan, Mary Jane, Dave, Claudirie, SPAM
~and eﬁerybody else in the Otto Maass Chemistry and Pulp and Paper buildings who

have supported me through the ups and downs and made my graduate years very
mcmorable

4]



TABLE OF CONTENTS

ABSTRACT oot eeee e eee e e e ee e e entee et eat e s eeeanseeen e
RESUME -.oooooeooeeeeeeeeeeeeeeeeeeeeeseeneee e emeeseesteesaseeensaesaeressaennenses
FOREWORD........ccoivoeeeeeeeeieeeeesesieesaanesssasesaseesssameeeeeaeeennseeannesnann
ACKNOWLEDGEMENTS «..c.noeomteeeieeeeeeeeeeeeseeeoaeeeeeaeeeee e e eaeeene
TABLE OF CONTENTS.......... et e et eirraetrearat e nr e rtereeaeeareanranns
LIST OF SYMBOLS AND ABBREVIATIONS ......cccueeeivuiiemieervrenenns
LIST OF TABLES........cccooiimimiieiuneinecsneaeeeas e n e
LIST OF FIGURES .......cccimiuiiieeceteeeereeaeeeeeseeteeaaseenresaeeesenseeeseans

CHAPTER 1

INTRODUCTION. ....ccomiiniiiimiiii et cret e s e s e s e s
1.1 NORMAL RAMAN SCATTERING ......c.cccovumnnninnnes evteseseesasereracsensenns
1.2 RESONANCE RAMAN SCATTERING........cceeemrrneasreesaresscesanssensans
1.3 SURFACE ENHANCED RAMAN SCATTERING (SERS)..cccciiieeiinnnnns
1.3.1  Surface Electromagnetic Field Enhancement (EM) Effect.........c.....

1.3.2  Chemical or Charge-Transfer (CT) Enhancement Effect.oomnemerreeerenn

1.4 ADSORBATE ORIENTATION AT METAL SURFACES.......cccveieennrnna
1.5 SURFACE ENHANCED RAMAN SCATTERING SYSTEMS.....cccccvnvenene
1.5.1 Colloidal Silver SolS...cccoiiercrrisieeesvenssenisnnns teeevessaeasaaens

1.52 Roughened EIECITOAES . evunerrirsenrainenessnssssssnsssacssssasssianees
1.5.2.1 Spectroelectrochemical Cell INSTUMENtAEON .. ...v.evververersisseseens
15.2.2 Electrode Surface Preparation............ ereee e feeettiereranaanes
1.5.3 Metal Liquid-Like Films (MELLFS).....oorveuomeereeeeemmereemsereneen

1.5.4  Integrated Optics Evanescent Waveguide

Surface Enhanced Raman Scattering IOEW-SERS) ........ccvenne.

1.5.4.1 Waveguide Raman Spectroscopy.... S TR e,
1542 Coupling MechaniSm......coeiiiiiniiiiieiniininiiniie i
1.5.4.3 Field Dismibution ..cc..cveiiiiiiinicieiiiiiiaie e sesasensesnes
1.5.4.4 Combining WRS and SERS ..........iveesieeersesuemerensssnssesessonns
1.6 SELF ASSEMBLING MONOLAYERS (SAM)....ccccciiieiiumminiiinneniinnnnan.

| 1.6.1 | _ Mercaptopyridine. e s



-

CHAPTER 2
SURFACE ENHANCED RAMAN SCATTERING OF

- MERCAPTOPYRIDINES AND PYRAZINAMIDE IN METAL

LIQUID-LIKE FILMS (MELLFS).....c.ccooviotrirrtenrnsirienneiseeeesee oo 44
2.1 SUMMARY .covoneiitiveieneiessetenesaseseseseesesenesessseesssseseseseeneesesseseenenos 45
2.2 INTRODUCTION .......couieerensanrresennsnsassssesssssessnsasasesessseessssoeeennns 46
2.3 EXPERIMENTAL.......cootiimmeeieieeseeesesassssesasaesesesssseseseesesetnensseness 47
2.4 RESULTS AND DISCUSSION...co.oioieiremmeeeseerieeseeseessesesreeeneesee 51

2.4.1 AgColloid-pzaFilms ... .cirioiiiiii e et e n e 51
242 AgColloid-4-MPy FIImS .....ouimiiimiiiinciiiniit e eec e e e ean 60
243 AgColloid-2-MPy FIIMS ....oiiiiiiiiiiiiiii ittt ee e e ea e 69
2.5 CONCLUSIONS .....eoveieiiteeesiaistsesinresssnsesssssssnsesssesenssssnessssensnsasons 76
REFERENCES ......cucueitetiesseeieasseassesessesssssssasasesessossssassessesessssnsassnan. 78
CHAPTER 3
INTEGRATED OPTICS, EVANESCENT WAVE, SURFACE ‘
ENHANCED RAMAN SCATTERING OF 4, 4¢-BIPYRIDINE................80
3.2 ]NI‘RODUCI‘IONSZ
3.3 EXPERIMENTAL.......ccecuruimninererntmesseseasetseasenessessaresesessnesstessas .85
3.4 RESULTS AND DISCUSSION.......o.cceeeromerinneersorenencsesessaesesroreneeenisedl
3.4.1  IOEW-SERS of Ag Colloid-Derivatized Waveguide.....................91
'3.42  IOEW-SERS of 4, 4-Bipyridine Derivatized Wavegmde..............““,.94
3.5 CONCLUSIONS ......coeriirrrenenruerescrnssnseseseserssessssnssessnssesensiaseenests 100
REFERENCES ......ououneuuiesisesissnsnnssensssesssssinssssssssssssssssssnresssnsssnssss 101

- CHAPTER 4 : 0
SURFACE ENHANCED RAMAN SCATTERING OF T
MERCAPTOPYRIDINES AND THE FABRICATION OF A METAL- A
ION CHEMICAL SENSOR BASED ON INTEGRATED OPTICS, = |
EVANESCENT WAVE, SURFACE ENHANCED RAMAN S
SCATTERING (IOEW-SERS)...ccccooumirirerrnrmrernssiionsessessssnsessasasseisnens 103
4.1 SUMMARY ...cvrrerieerereressaensresssesssessssesescesssnsssesssesssasesesesassstanns 104"



PART 1. SERS STUDY of 2- and 4-MERCAPTOPYRIDINE............c.cociiiiiinenns 113

4.4 RESULTS AND DISCUSSION.....eouitmiiieteiieeieeereeemrerinnann s saraesesseanns 113
4.4.1  SERS of 4-MercaptopyTidine ....oovoviveiiimraiiiiiiniieiiiaccnennseneens 113
4.4.2  SERS of 2-Mercaptopyriding ........c.ceeemierunnieeiemirinnnniaeaseeeeeenns 117
O IR ¢ 1= 117215 (o) 1 DO S PPON 121
4.4.4 Mode of Adsorption of 2- and 4-MPy on the SERS Substrate
SUTFACE «eeeeeeeeeeeeeeemnieeeeeaeeerneaeeenees e tm——————raaeaaaas 125
PART 2. IOEW-SERS STUDY OF THE SENSOR APPLICATION ...........cccuvennns 129
'4.5. RESULTS AND DISCUSSION .....cuveuueeeeeeeeeeeeserteaneeaseesseeseeeeeaanessenns 129
4.5.1 IOEW-SERS of Cu?* iont BIding . ...uveevneeecnasrerieseenensnsnsneneennns 129
4.5.2 TOEW-SERS 0f Proton Binding.......c.vuuueeeeeermmuriiaeaeereeenrnnnnnens 133
4.5.4 XPS ANALYSIS: RESULTS AND DISCUSSION.......c.ccevvvuennnn. 136
4.7 CONCLUSIONS ....ccveteiriainerersnreriaressseesasasessiesasnansosseesssaesasesnens 150
REFERENCES ...t eveeueeeeeteeeeeeeeeeseseeeaseeeesensnnes oo ener s 152
CHAPTER 5§

- SURFACE ENHANCED RAMAN SCATTERING OF 4-
MERCAPTOPYRIDINE ON SILVER ELECTRODES AND THE

SURFACE INTERACTION WITH COPPER (II) IONS........ccooeniiincennns 155
5.1 SUMMARY ....ouviietireereenreeeseiesensssesessseesessensasesessonsasenssssaesesenns 156
5.2 INTRODUCTION .......coiiiiirieirrerirnieetesssasmnsestesssesensisasersssasessssans 158
5.3 EXPERIMENTAL.......0ccoviiumiiirrrieiteesivesessaesssesssanasssenssssssesassessesssans 159
5.4 RESULTS AND DISCUSSION........ccoveeernnene eeeeeere et eteae b aeaas 162
5.4.1  SERS Spectra of 4-MPy.............. eeeeesenenaemesannns e 162
5.4.2  Electrochemical SERS of 4-MPy.............. erreereea—reeeaeraraeans 167
5.4.3 Wavelength and Potential Dependence of 4-MPy.........ccccevvernnne. 176
5.4.4. Immersion of a 4-MPy-Modified Ag Electrode in Aqueous
Cu(NO3)3 Solution............ eeereeteetenesseceeteanenasaenenensantnsbanns 179
5.5. CONGLUSIONS w..ovvocecovinnienienismnensssssessesssesssssssenssssessnessesenes: 184
REFERENCES ..0..vvteneietieeeeiaiesssssssbeeeasasssssonssssssestnsessnsesnssssssesasensaines 185
CHAPTER 6
SUMMARY .....viiimiiniiiinminieesessnnressseseesersesssseessesssesessseesans e 188
6.1 CONCLUSIONS -...eov.eeeoeesseoeeeeeeesessseeeesssmseeseees s seeessssesssseeeeeeenns 189
6.2 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE........osvovmeeeemmmmmsersen 1993



6.3 SUGGESTIONS FOR FUTURE WORK
REFERENCES... ...t

...............................................

................................................



R

2-MPy

4-MPy

pa

FT-Raman
SERS
IOEW-SERS
MELLFs
XPS

FEd

SPA

g g d

LIST OF SYMBOLS AND ABBREVIATIONS

2-Mercaptopyridine

4-Mercaptopyridine

pyrazinamide

o Ns
\Y
AN

NH,

3-mercaptopropyltrimethoxysilane  HS(CH2)38i(OCHz)3

Porphyrin
Resonance Raman

Foﬁrier Transform Raman

Surface Enhanced Raman Scattering

Integrated Optics, Evanescent Wave, Surface Enhanced Raman Scattering

Metal Liquid-Like Films

X-ray Photoelectron Spectroscopy

Transmission Electron Microscopy

Scanning Electron Micmscbpy

Electron Energy Loss Spectroscopy

Surface Plasmon Absorption
Transverse electric
Transverse magnetic

Ultraviolet



ORC

Charge Transfer

Electromagnetic

Oxidation Reduction Cyclic

Cyclic Voltammetry

Standard Calomel Electrode

Under Potential Deposition

Fermi Level

Indium Tin Oxide

Ultra High Vacuum

Fractal dimensionality (D = log N/log (1), where N is the number of

generations and 1 is dilation factor)



LIST OF TABLES

TABLE 2.1 Assignments and wavenumber positions (cm!) for SERS and normal
Raman spectra of pyrazinamide. .......ccccoiiemiimiimeiiirii e ee e secnaneaannnnes 54

TABLE 2.2 ‘Assignments and wavenumber positions (cm-1) for SERS and normal
Raman spectra of 4-mercaptopyriding. ... ereeeeenanenes 65

TABLE 2.3 Assignments and wavenumber positions (cm-1) for SERS and normal
Raman spectra of 2-mercaptopyridiNe. ......ccoiciiiioiiiiiimmiinnreieneressees s anaas 71

TABLE 4.1 Assignments and wavenumber positions (cm!) of normal Raman and SERS
spectra for 4-mercaptopyriding. ....ccoccciiiiiiciiiiiniiiiaie e e e s er e aaenea s 116

TABLE 4.2 Assignments and wavenumber positions (cm-1) of normal Raman and
SERS spectra for 2-mercaptopyridine. ......ccccccciieeeicecissseemmeesssaeareenssssnasesessens 120

TABLE 4.3 XPS b1ndmg energy ShlftS and FWHM (in brackets) for samples (A) (E)

....................................................................................

TABLE 4.4 Dara from S 2p curve-fit (Figure 4.14) for samples (B) to (E). ........... 141

TABLE 5.1 Assignments and wavenumber positions (¢cm-1) of normal Raman and SERS
spectra for 4-mercaptopyridineg. ..ccccciiiciiiciiiiioracreeieienners s e sasaanesnsansserannns 166



LIST OF FIGURES

FIGURE 1.1 Schematic representation of a room température Raman spectrum of CCly
excited with 514.5-nm line of an argon ion laser.

(Adapted from Buter, 1. S. and Harrod, J. F. Inorganic Chemistry: Principles and
Applicarions: Benjamin/Cummings Publ., Menlo Park, California, 1989). ......ccocueee.. 4

FIGURE 1.2 The symmetry ciasses, Raman tensor components and relative
enhancements of the vibrationz: modes of Pyridine. ....occociicciececiniieeeeciniiie e 12

FIGURE 1.3 Spectroelectrochemical cell used for SERS experiments.

FIGURE 1.4 Cyclic voltammogram of an Ag electrode in 0.1 M KCl. A single
oxidation reduction cycle (ORC) process consisting of a double potential sequence of -700
mV 10 +100 mV and back 10 -700 mV (vs.SCE) at SMV/S.  criiiiiiiiiieiriiinenens 17

FIGURE 1.5 Schematic views of an interfacial MELLF (a), and interphase transfer of
colloidal particles with adsorbate molecules in an organic phase (b). .....cccccceeerviiennee 19

FIGURE 1.6 Photograph of a freshly prepared interfacial MELLF of 2-
mercaptopyridine. 21

.................................................................................. £

FIGURE 1.7 Structural model of an interfacial MELLF. Loosely held aggregatcs in
flooculated state.

....................................................................................

FIGURE 1.8 Schematic diagram showing the prism coupling assembly. The relation
between the internal angle 6°, and the external angle ¥, is sin @ =np sin (0” - 7). Refractive

index (n) conditions are met, i.€., n (prism) > n (film) > n (substrate) > n (air) such that the
optical field is concentrated within the thin film. ..., 26

FIGURE 1.9 A glass slab waveguide with prism and waveguide assembly. A Kr* laser
beam is directed onto the prism at an angle by way of a beam steerer. The propagating light
enters the waveguide and is seen as a streak through the length of the waveguide.interfaces
for light to propagate along the waveguide. ......ccciiiriiciicineriiccinaensennaeasasensens 28

FIGURE 1.10 Optical field intensity distribution (TE wave) for a 2 pum waveguide for

m =0 and m =1 modes. Evanescent tails are shown in the air supersirate and the substrate
dielectric. (Adapted from Rabolt, J. F.and Swalen, D. in Spectroscopy of Surfaces; Clark,
R. J. H.; Hester, R. E.-Wiley: New York, 1988; Vol. 16, Ch.1.). 30

--------------------------

FIGURE 1.11 A schematic diagram of the heterostructure assembly, glass/3-MPT/Ag

colloid, of the IOEW-SER substrate with an adsorbate layer, 3 . The propagating
evanescent wave, TE mode (----) leaks into the 3-MPT/Ag colloid overlayers increasing the
Raman scattering cross section and enhancing the surface adsorbate vibrations. The
adsorbate is immobilized on the Ag colloid surface. ......oveniiciinnnniinienan 32

FIGURE 2.1 Optical micrographs of Ag colloid I-pza (Ag-pza I) (A), andAg colloid II-
pza (Ag-pza II) (B) films deposited from the water-dichloromethane interface. ............ 53

xiv



FIGURE 2.2 Surface plasmon absorption curves (SPA) of Ag colloid I-pza (Ag-pza I)
(a), and Ag colloid Ii-pza (Ag-pza II) (b), films deposited from the water-dichloromethane
b8 18753 & 21 L PRSP 35

FIGURE 2.3 SERS spectra of Ag-pza I (aqueous layer) (a), Ag-pza I (organic layer)

(b), and Ag-pza II (c), glass deposited fIlmS. ...cocorvriiiiiiiniiccrmeecserarene s 56

FIGURE 2.4 SERS spectrum of Ag colloid / pza system (a), and normal FT-Raman
spectrum Of neat PzZa (D). .iiivriirireirrieriimiirre et s rre s e an s bt b re e n e e aas 57
FIGURE 2.5 TEM micrograph of Ag-4-MPy film II deposited onto a carbon coveréed
=5 9 1« D TP TORR 2
FIGURE 2.6 SERS spectra of A:g-4-MPyI (a); and Ag-4-MPy II films (b); and Ag
colloid / 4-MPy system (c), glass deposited films. ...ccoiiviiiniiinnininnnininenicens 63

FIGURE 2.7 Normal FT-Raman spectra of 4-MPy powder (a), and silver-4-MPy
complex powder (b), (band labeled * is assigned to the Vgym(NO3) band of AgNO3).
Aex =1064.1 N at 150 MW, L. oiiieiiiiiiiiiice it it ctancesnnesasansennnsssassnssesensnsns 64

FIGURE 2.8 Thiol-thione tautomers of 4-MPY. ...ccvvrirncersemmesmsssessecsens 66

FIGURE 2.9 SERS spectra of Ag-2-MPy I from different 2-MPy concentrations. Ag-2-

MPy I (2 x 10-5 M 2-MPy) (a); Ag-2-MPy I (1 x 10-3 M 2-MPy) (b); glass deposited films
and Ag colloid/2-MPy System (C). aeiciriccciieniiueiinaiantesisesseetiamenatosasnssssssasasnss 70

FIGURE 2.10 TEM micrograph of Ag-2-MPy film U deposited onto carbon covered
grid. The film shows a2 2D monolayer of Ag colloidal particles. .........cvcicreinnnenaans 73

FIGURE 3.1 Photograph of the assembly apparatus used for 3-MPT derivitization of
. glass cover slides. A Teflon block with lateral ridges holds glass cover slides separately.
A Teflon coated stirbar is inserted into the bottom of the block. The block is inserted in a
glass barrel, each half of the barrel is separated by a Teflon O-ring and Teflon sleeves are
employed to eliminate the use of vacuum grease. Facilities for Ny flushing and entry/exit
ports for liquid are attached at the top of the barrel. ...covinrcciiisnssncennneaneess 87

FIGURE 32 A schematic of the waveguide assembly heterostructure. A glass cover
slide reacts with molecular adhesive, 3-MPT (a); the hydrolysis and condensation reaction
of 3-MPT is completed (b); and the derivatized glass is immersed in an- Ag colloid hydrosol

(C) . ttiiiiiirrrerrr i itietieraeiaar e trereaataaaaaerate sttt anantetateetstananatetsrarasannanines 88
FIGURE 3.3 IOEW-SERS spectrum of an Ag derivatized waveguide<(a), and normal
FT-Raman spectrum of bulk liquid 3-MPT, (b). A¢x = 1064.1 nm at 150 mW. ........... 92

FIGURE 34 IOEW-SERS Sligl‘tmm of C-H stretching region of an Ag derivatized
. waveguide (a), and unenhanced FT-Raman spectrum of bulk liquid 3-MPT (b).

Aex=1064.1nmat 150 MW.  .oiiiiiiiiiiiicraeneeee e eeieeeeeeeeeeesaeeseesrssssrssssanen 93

FIGURE 3.5 SERS of the waveguide surface. The spectrum was collected using the
- classical 900 backSCAtMETing SEOMEITY. .cevviiricrreeriaesreessesessasssnessessssssessrensessnses 95

Xv



FIGURE 3.6 UV-extinction maxima of parent Ag colloid (A); Apax = 392 nm,
waveguide derivatized with Ag colloid (B): Amax = 402 nm, and Ag colloid derivatized
waveguide immersed in 2 mM 4.,4'-bipyridine (C) Amax = 422 NM. ccoerievrieeercnnnenn. 96

FIGURE 3.7 SERS of Ag colloid sol / 4,4 *-bipyridine system (20 pl, 2 mM) to 2 ml of
Ag colloid (a); IOEW-SERS of derivatized waveguide after immersion in 2 mM acetonitrile
solunon of 4, 4’-bipyridine (b); and une'lhanced FT-Raman spectrum of bulk solid 4, 4’-

bipyridine. Aex = 1064.1 nm at 150 mW (c).

FIGURE 4.1 A schematic diagram of the heterostructure assembly, glass / 3-MPT / Ag
colloid, of IOEW-SERS substrate with an adsorbed layer of sensor coating, 4-MPy. The
propagating evanescent wave, TE mode (----) leaks into the 3-MPT / Ag colloid overlayers
increasing the Raman scattering cross section and enhancing the surface 4-MPy adsorbate

vibrations. The selective sensor function of 4-MPy is depicted by the H* ions of 4-
MPyH, (33) which are replaced by Cu2+ ions (I).

FIGURE 4.2 SERS spectra of 4-mercaptopyridine (4-MPy) adsorbed on: MELLFs (2ml
of 2 x 10-3 M 4-MPy in 2 ml of colloid) (a); IOEW-SERS (2 x 10-3 M of 4-MPy in
acetonitrile) (b); and silver hydrosol (10 pl of 2 x 104 M 4-MPy in 2 ml of colloid)
0 et ettt ieeeteeiitaassenecancasrasensaantaantsaatantaatranaaneantaaaataeaatrerhaaetaannancanentannns 114

FIGURE 4.3 Unenhanced normal FT-Raman spectra of silver-4-MPy complex (a), and
4-MPy in the solid state (b). Aex = 1064.1 nm at 150 mW. L
(*) Band assigned to Vsym(NO3") from AgNO3. ...... rereredser et ntr s sans 115

FIGURE 4.4 SERS spectra of 2-mercaptopyridine (2-MPy): MELLFs (2 ml. 2 x 103
M 2-MPy in 2 ml colloid) (a); IOEW-SERS (2 x 10-3 M of 2-MPy in acetonitrile) (b); and
silver colloid hydrosol (60 pl, 1 x 10-2 M 2-MPy in 2 ml of collmd) (+) F 118

FIGURE 4.5 Unenhanced FT—Raman spectra of silver-2-MPy complex (a), and 2-MPy
in the solid state (b). Aex = 1064.1 nm at 150 mW. :

(*) Band assigned 10 Vsym(NO3") from AgNO3. ....ooiiivniiiiiiiiiinnnesesce, 119
FIGURE 4.6 IOEW-SERS spectra of V(C-H) stretching region of adsorbed 2-MPy (a),
and 4-MPy " (D). crteeiiiirerierrrietrsata e ertsa st s s et s ansaananisare cerreanennnnn i1 24
FIGURE 4.7 Thiol- thlone tantomers of 4-MPY. . ...cccociiciianninnnnennesriranans 127

FIGURE 4.8 IOEW-SERS spectra of 4-MPy after immersion in 2 x 103 M aqueous
solution of Cu(NO3)2: after 30 min immersion (a); after 10 min immersion (b); and before

exposure to the CuZ* SOLUtion (C). ..ivcerniiriiiinincnnsinii e sesresssssensasnssees 130

FIGURE 4.9 IOEW-SERS spectra of v} ring breathing mode of 4-MPy before exposure
to Cu2+ (a), and after exposure to Cu2+ ion solution (b).

.................................... 131
FIGURE 4.10 Unenhanced FT-Raman spectra of 4-MPy in different aqueous pH

solutions at different pH: pH 14 (a); pH 8.3 (b); and pH 1 (€). ..ccevrreccnrnrnrnnencns 134



FIGURE 4.11 IOEW-SERS spectra of 4-MPy immersed in different aqueous solutions
at different pil: pH 14 (a); pH 6.4 (b); and pH 1 (C). werrrrircciniiiiceeenntirerennens 135

FIGURE 4.12 XPS of sulfur 2p region with surface bulk Si plasmon for sample (A): Si
wafer; sample (B): Si wafer modified with 3-MPT, (Si/3-MPT); sample (C): Si/3-MPT
with adsorbed Ag colloid, (Si/3-MPT/Ag); sample (D): Si/3-MPT/Ag with adsorbed 4-
MPy, (Si/3-MPT/Ag/4-MPy); and sample (E): Sif3-MPT/Ag/4-MPy immersed in aqueous
- Cu(NO3)2 solution, (Si/3-MPT/AZ/4-MPY/CL). ccvicceercinriccccrneeesaessennnnaanns 139

FIGURE 4.13 XPS of sulfur 2p region without surface bulk Si plasmon. ............ 140

- FIGURE 4.14 Curve fitted S 2p peaks for samples (B): Si wafer modified with 3-MPT,
(Si/3-MPT); sample (C): Si/3-MPT with adsorbed Ag colloid, (Si/3-MPT/Ag); sample (D):
Si/3-MPT/Ag with adsorbed 4-MPy, (8i/3-MPT/Ag/4-MPy); and sample (E): Si/3-
MPT/Ag/4-MPy immersed in aqueous Cu(NO3)2 solution, (8i/3-MPT/Ag/4-MPy/Cu).

FIGURE 4.15 XPS of Nitrogen 1s region fbr sample (C): Si/3-MPT with adsorbed Ag
colloid, (Si/3-MPT/Ag); sample (D): Si/3-MPT/Ag with adsorbed 4-MPy, (Si/3-
MPT/Ag/4-MPy); and sample (E): Si/3-MPT/Ag/4-MPy lmmersed in aqueous Cu(NO3)2

'_soluuon (STER LS VERTES 015760 NI —-— cerneen 145

FIGURE 4.16 Curve fitted N 1s peaks for samples (D): 81/3 MP’I‘/Ag with adsorbed 4-
- MPy, (Si/3-MPT/Ag/4-MPy); and sample (E): Si/3-MPT/Ag/4-MPy immersed in aqueous
Cu(NO3)2 solution, (Si/3- MP'I‘/_AgI4—MPy/Cu)_ ersessestsssaassesnenasssassassasssasnees 146

FIGURE 4.17 - XPS of Copper 2p region for sample (A): Si wafer; sample (B) : Si
wafer modified with 3-MPT, (S1/3-MPT); sample (C): Si/3-MPT with adsorbed Ag colloid,
(Si/3-MPT/Ag); sample (D): Si/3-MPT/Ag with adsorbed 4-MPy, (Si/3-MPT/Ag/4-MPy);
and sample (E): Si/3- MPTIAg/«d—MPy immersed in aqueous Cu(NQOz); solution, (SJJ3-
MPT/AG/A-MPY/CUY ciiiiiiiiiintiriiinietcetniaseiaarersetssasaetassseanssseessressaansens

FIGURE 4.18 Curveﬁtte.d Copper 2p peaks for sample (E) Si/3-MPT/Ag/4- MPy/Cu
148

.....................................................................................

FIGURE 4.19 XPS of Silver 3d region for sample (A): Si wafer; sample (B): Si wafer
modified with 3-MPT, (8i/3-MPT); sample (C): Si/3-MPT with adsorbed Ag.colloid, (Si/3-
- MPT/Ag); sample (D): Si/3-MPT/Ag with adsorbed 4-MPy, (Si/3-MPT/Ag/4-MPy); and
. sample (E): Si/3-MPT/Ag/4-MPy immersed in aqueous Cu(NO3)2 solution, (Si/3--

© MPT/AZ/A-MPY/CU)...vrrirsnsarssssssssssssaessssssissssessssssssesssssaseassasanes 149

FIGURE 5.1 Unenhanced FT-Raman spectra of bulk powder 4-MPy (a); bulk powder
- silver-4-MPy complex (Aex = 1064.1 nm at 150 m) (b); Ag colloidal SERS spectrum of 4-
- MPy (10 pl of 2 x 104 M in 2 ml of colloid) (¢); and SERS spectrum of 4-MPy adsorbed
on Ag electrode at 0 V acquired with 514.5 nm excitation (d). .....cececevrenercrsssarenens 164
FIGURE 5.2 Thione-thiol tautomerism of 4-MPY. w..ovoemooeoeeesmssoeeeemeesessseenes 166

FIGURE 5.3 Cyclic voltammogram of 4-MPy (1 mM) adsorbed on an Ag electrode in
- 0.1 MKCL The potenual range 1s from 0 to -1.0 V (vs. SCE) with scan rate of ‘



FIGURE 5.4 SERS spectra of 4-MPy adsorbed on an Ag ¢lectrode using 514.5 nm
excitation at the potentials listed (vs. SCE). .o 169

FIGURE 5.5 SERS spectra of 4-MPy adsorbed on an Ag electrode using 633.47 nm
excitation at the potentials Iisted (V5. SCE). it nessenees 170

FIGURE 5.6 SERS spectra of 4-MPy, V1 ring breathing modes at 998 and 1019 cm-1,
at -1000 mV (vs. SCE) at excitation wavelengths: 488 (a); 514.5 (b); 633.47 (c); 651.5n2

(). eiiii it et e e i et ieane e teeentan s et e e anntenntereranaeeeaateaaranneannss 171
FIGURE 5.7 SERS spectra of C-S band region of adsorbed 4-MPy on Ag elccﬁ‘ode at0
mV (a), and -1000 mV (vs. SCE) using 514.5 nm excitation (b). ...cccecrninnicernnenns 173

FIGURE 5.8 Normalised SERS intensities 6f the v} ring breathing mode of 4-MPy for;

633.47 nm (a), 514.5 nm (b), and 488 nm excitations (c), plotted as a function of applied
electrode potential (V5. SCE). i reiniiiietissisreneesesssss s iisnss e sabans 177

FIGURE 5.9 SERS spectrum of adsorbed 4-MPy on Ag electrode at open potential after
the addition of 10 -ml (2 mM) Cu(NQ3); solution to the electrolyte soludon. ..............181



CHAPTER 1

_ INTRODUCTION

7 T e

7



1.1 NORMAL RAMAN SCATTERING |

Raman scattering was predicted theoretically as ca;'ly as 1923! but was only
demonstrated experimentally in 1928.2 This type of spectroscopy makes use of the optical
frequency of monochromatic visible light to excite molecules to induce changes in
vibrational energy states. The vibrational data obtained can provide a molecular fingerprint
from which information such as structure, symmetry, and orientation can be extracted.

From classical theory,? the Raman scattering effect results from the modulation of
the induced dipole moment, P. The induced dipole is proportional to the electromagnetic

field strength, E. The scaling factor, o, is described as the polarizability of the molecule.

P=aE | | ‘(1.1:)-

Using this simple model, a classical description of the Raman process can be derived. The

‘ electric field of incident radiation (wavelength &) is defined as:

- E=Egcos2rvpt . (1.2)

where Eg is the incident field maximum, 1 is the frequency, and t is the time. ‘The induced
dipole of a molecule in this oscillating field is obtained from combinin g equations (1.1)and
(1.2):

P=0Egcos 2 vpt | 13

. The vibrational frequency of a bond in the absence of incident radiation is givenas:

W
1

a=0op+(Ax)cos 2t - (1.4)
where  is the equilibrium polarizability, A is its maximum variation and 2 is the natural
ﬁbraﬁonal frequency of the bond. Combining equations (1.3) and (1.4) the induced dipolg' .

oscillation is given by :



P=cagEgcos 2r vgt + (1/2) Aa Eg[cos 27 (Vg + v}t +cos 2w (vg— D) t] (1.5)

Equation ( 1.5 ) predicts that the oscillating eleciric dipole radiates electromagnetic waves of
frequency vg (Rayleigh scatteﬁng), Vg + v (ant-Stokes radiation) and vg — v (Stokes
radiation). The elastic or Rayleigh scattering is merely the incident radiation scattered with
frequenc'y Vg and constitutes the major part of scattered light. A small fraction of the
scattered radiation (1/1000) is scattered inelastically. One component results from
molecules elevated to an excited vibrational “virtual” state which upon relaxation to an
excited state (e.g., v=1) j:roduces Raman scattered light called Stokes scatteting. This
scattering frequency is red-shifted, (vg — v), from the wavelength of ineident radiation.

Another component results from molecules, elevated from an excited state (e.g., v=1) to

“an excited “virtnal” state, returning to a ground state (v=0) and the scattered light is blue-

shifted, (Vg + ), from the wavelength of incident radiation. A schematic representation is
shown in Figure 1.1. The Stokes-shifted scattering is more intense than is the anti-Stokes
scattering (at ambient conditions) and Raman spectra are usually displayed as Stokes-

shifted spectra Charactensuc frequenctes of scattered light can be-associated with distinct

‘ v1brauons of the molecule

The weakness of the Raman effect (lRaman = 108 to 10-12 Io) and interference from

‘sample fluorescence has hampered the use of normal Raman Spectroscopy for routine

) .sample analys:s, whereas mfrared spectroscopy has been more extensively used and has

led to a sub‘;tantlal IR reference library. However, together with recent instrumental
nnprovements (e.g., CCD detector, the Raman microscope etc.), applications such as -

resonance Raman (RR-) and Surface Enha.nced Raman Scattenng (SERS) have advanced

- ttus techmque to a point where it xs now recogmzed as an effective and sensmve analytical

' tool
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1.2 RESONANCE-RAMAN SCATTERING

If the exciting frequency is coincident, or almost coincident with an electronic
l:ransmon of the molecule, the intensity of certain Raman bands will be greatly enhanced,
often by factors of 102 to 104 This is known as the resonance Raman effect. The most
common enhancement mechanism is the Frank-Condon enhancement.5 Since the
resonance Raman experimeht involves absorption of the incident light, the intensity band

profile roughly foliows the shape of the absorption spectrum of the molecule. Resonance

Raman spectroscopy has found extensive use in studying specific chromo_phoric regions of

transition metal complexes and biological molecules.

1.3 SURFACE ENHANCED RAMAN SCATTERING (SERS) |

Surface Enhanced Raman Scattering (SERS) provides intense Raman signals from

~ molecules adsorbed on specially roughened metal surfaces. The effect was originally

dlscovered by F1e1shmann etal 7in 1974 when an anomalously intense Raman signal was

observed from pyndme adsorbed from aqueous solution onto an electrochemmally
- -roughened sﬂver electrode surface. The high intensities were originally attributed to an

- increase in eléctrode surface area and a concomitant increase in the number of molecules.

However, Jeanmaire and Van Duyne® and Albrecht and Creighton® were the first to

“recognize that an intrinsic surface enhancement effect was responsible for enhancement
fectors of up to 105, Since this discovery, there has been a considerable volume of work

pubhshed on: SERS both expenmental and theorencal a1med at understanding the-

enhancement effect. A number of reviews on SERS have been published.10-13

As described above, the intensity-of any Raman scattenng is proportional to the

change in molccular polarizability and incident electmmagnenc ﬁeld strength. 'I'herefore ‘
- profound alteratxons in one or both of these components can pro\nde a poss1ble mechanism

: _ -;.for the enhancement. Although some controversy st111 exists regarding the theorencal

mterpletanon of SERS, two rationalizations are genera.lly agreed upon. A purely physmal



mechanism has been proposed in which metal surfaces are able to concentrate the
eleciromagnetic radiation due to the incident light into a regibn of the surface.!»14-16 The
metal surfaces do this principally as a result of a resonant resﬁonse of conduction electrons
in the roughened or particulate surface to the electromagnetic field. There is also a chemical
mechanism in which contributions to the resonance enhancement require an interaction
between the adsorbate and substrate. 1141 This interaction can take place in the form of a
charge transfer between the metal and adsorbate or else f_onnatien of a molecule-metal atom
complex with consequent molecular resonances. Contributions from tﬁese two kinds of -
mechanisms, electromagnetic and chemical, are not metua]ly exclusive - the current view is

that the major contribution is electromagnetic.!” These mechanisms are described in more

detail below.

1.3.1 Surface Electromagnetlc Field Enhancement (EM) Effect
Experimentally, it has been found that the most intense SERS spectra are obtamed'
from molecules adsorbed on silver surfaces, although comparable mtensmes are also_
pbserved from copper and gold surfaces. che.r metals including soc:hum,18 alum.mumlg‘
‘and indium!S have been rePOrted to show surface enhanced Raman scatterieg of similar
intensity in soﬁ;e cases. The most successful theory which has been able to account fer a
large number of features of SERS is based on the response of small metal panicles to
electromagnetic fields. Known as the EM theory, enhancements up to 106 heve bc'en‘
estimated due to the presence of these microscopic surface structures comblihed thh the
optical properties of the metal substrate.!? Metal particles of t]ie subs.trate have an
elecuomﬁgnetic resonance, known as dipolar surface plasmons. These oscillating
plasmons may be resonately excited by an electpomagnetic_ wave of the same freq'uency.‘\ As
a result of this “tuned” response, the metal surface then becomes hfghi‘y polarizable leading
to large field induced polarizations and thus large fields local to the surface ars produced. |
The surface field has been calculated for a'l spheﬁeal particle smaller than the



wavelength of the light since the electromagnetic field is uniform over the sphere and there
is only a dipole response from which the polarizability can be estimated.!>-20.21
Considering only the dielectric components of the electromagnetic field, the maximum

value of the local field is approximately equal to,
Re £ (wp) / Im & (@p) (1.6)

where € is the complex dielectric constant of the metal inside the sphere at the plasmon -
resonance frequency @p. The field inside the sphere is 3Eg/(e +2) where Eg is the incident
field (e is relative to the surrounding medium) and outsnie the sphere the field is equal to Eg

“+ agEg, where as is the polanzabﬂlty at the center of the sphere,

s = 83 (1) / (£42) N (1.7)

in which a is the radius of the sphere. “The resonance condition is observed when,

| Re.e (op) +282=0 | (1.8)

Thus, a wavelength for which the real part of the dielectric ‘const;int of the metal sphere is
equal to -2, such that Re [(€, (0p)] = -2(e2) (where £5=1, relative to the surrounding
medium), constitutes a dipole resonance response of the sphere.10(2) Also, since at the
resonance frequency the enhancement factor is proportional to Im & (O)p)"* of the metal, a
small € value increases the magnitude of the field enhancing response of the metal particle.
‘chce“, the requirement'of a metal for a large field enhancing response by the sphere is not
| only that the metal has Re (g) = -2 at the excitation wavelength, but also tﬁat Im (g) is small
| at that wavelquth._ The metals which satisfy these conditions are the alkali metals and
coinage metals, i.e., copPer, silver and gold. 'I_’hg resonance condition for these metals lies
in or near the visible region of the spectrum. For silver in water, the enhancement
maximum is at 380 nm where € = i V2 (for spheres of average diameter < 10 nm).??

7



The dependence of the enhancement upon excitation ffcquency is also greatly
-effected by particle size, the smallest showing a sharp resonance due almost exclusively to
the excitation of the dipolar surface plasmons, while the larger particles show broader
excitation spectra from higher rxiultipole plasmons.?? In all of the surfaces, it is important
for high SERS activity that the particles sizes which make up the solid substrate are not
only small but are close together on a 10-100 nm scale.!21523 Particle shape also shifts
the enhancement maximum, e.g., the calculated reponse of prolate (football-shaped) silver
spheroids of various axial ratios shows.thc peak enhancement shifts to longer wavelengths
as the axial ratio is increased.?* For sols, the peak for the enhancement maximum is red-
shifted to the Apax of the sol. This behaviour is apparenﬂy associated with large
aggregates of smaller individual metal particles. z
The electromagnenc enhancement mechanism is largely moleculc independent and
ilas a long-range effcct. For a small sphere of radius a, the enhanced fields die away as
(a/d)3, where d is the distance from the center of the sphere.26 OVerﬁll; the enhancement
depends on substrate roughness and electronic structure since the frequency of the surface

plasmon resonances depends on these parameters.

1.3.2 Chemical or Charge-Transfer (CT) Enha;ncement Effect

There are several features in the S%RS spectra that suggest chemical ihteractiohs
| ‘betwe‘en the adsorbate and substrate are important. SERS spectra of adsorbed pyridin; on
different metal subétrates showed different intensity patterns for different vibrational
modes.1227-2% In electrochemical experiments, the electrodg‘potemial had a marked Ieffect-“.‘
on the SERS intensity. The potential at which the SERS intensity reaches a maximum,
Imax. for a given adsorbate, is dependent on the pa.rticﬁla_;r adsorbate and also varies with
wavelength excitation. Furthermore, the Imax shift is not always in thé same direction but
depends on the particular adsorbate. A resonance Raman-like process associated with

electronic transitions (metal-adsorbate or adsorbate-metal) has been described which -



accounts for the above observations.!214-16 This mechanism can explain the differing
enhancements for different molecules, and for any specificity of the enhancement to
molecules in the first monolayer, since only certain molecules will have the donor or
acceptor levels of the correct energy to allow a charge transfer to or from the surface.3?
SERS spectra that show resonance-shaped intensity profiles aS a function of applied
potential display a potemial range for which Ipax varies linearly with excitation wavelength.
This approach is based on tuning the CT excitation into and out of resonance by changing
either théfﬂled metal band Fermi level, Ef (by changing the applied poténtial, mYV) or the
energy of excitation, hm.28-29-31'33 - The molecules can be divided into two classes: those
for which Imax has a positive slope with ho and those for which the slope is negative.
Molecule-to-metal CT, in which an eléctron is transferred from the highest occupied
molecular orbital to an empty metal Orbifal, is associated with a negaﬁve slope in the Ipax
vs. ho plot. Conv.ersely, when an electron is n'anéferfed from Ef to an empty molecular
orbital (metal-to-molecule CT), a positive slope is observed. Electrochemical obser\iations
. from pyndmc adsorbed on sﬂver electrodes have been studled extenswely to support the
theory related to the CT mechanism,28-3033.34

- Estimates of the contribution of charge transfer to the SERS effect have been in the
10- 103 range. 35 Another aspect of the chemical i interaction is that the interactions between |
the analyte molecules and the substrate surface can effect the Raman emission by causing _
spectral shifts i in certain bands or inducing changes in the mtensny distribution of the
specttum. The process of molecules adsorbed on a metal surface is analogous to
-spectroscopic changes that are observed when ligands are complexed with metal ions in
solution to form metal coordinéﬁon complexes.36 As a result, in some SERS spectra,
many features can be explained by the formation of a complex with the metal surface.3 All
chemxcal (or CT) enhancement theories are related to changes in the polarizability o of the

metal-molecule system due to the formamn of chemasorphve bonds.



Despite many efforts since the discovery of SERS, the CT mechanism is still poorly
understood compared to the EM mechanism. Consequently, it has often been easier to
explain experimental results or to test enhancement theories within the framework of the

EM theory than to predict the outcome of an experiment using CT theory.

1.4 ADSORBATE ORIENTATION AT METAL SURFACES

The use of selection rules in the interpretation of vibrational spectra has historichlly
proven to be a valuable .approach for obtaining structural information on molecules. In the
qése of molecules at surfaces, the selection rules differ from those of free molecules
because of the effect of the surface in modifying the EM ﬁeld- at the surface and in orienting
the molecules relative to this field. Adsox;bate orientation has generaily been investigated
with SERS under the premise that the electromagnetic (EM) effect is thé predominant .-
enhancement mechanism. SERS selectiori rules for orientation determination have been e
established and applied to several Cay molecules, notably, pyridine, N-methylpyridine and
substituted benzenes on silver substrates. 153840 Al the adsorbates chosen for the SERS
studies in this ttlesié are pyridine derivaﬁves; therefore, a review of the selection rules will
~ be presented for the SERS prototype, pyridine. Pyridine ring vjbratidns are distributed
between four symmetry species under Cpy symmetry, aj, az, by aﬁd by, all of which are
Raman-active. The symmetry convention, polarizability-tensor components and relative
‘mode enhancements of pyridine are illustrated in Figure 1.2. The a; and b modes involve
in-plane motions while those of a2 and by symmetry are associated with oﬁt-of-plane
vibrational motions. Using a generally accepted symmetry convention, where z ié taken as
the direction perpendicular to the surface and the molecular plane of the pyridine ring lies in
the yz plane, the by mo;les contribute to the polarizability tensor component, otyz, whereas
the by and ap mode§ contribute to the oz and oy components, respectively. For a
pei'pendicular orientation (yz plane), the by and by modes are expected to be enhanced

relative to the a3 modes. For a flat orientation of the ring relative to the surface (xy plane),
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the relative intensities of the by and a2 modes are anticipated to be greater than those of the
by modes. The a) totally symmetric vibrational modes contain all three diagonal
polarizability tensor clementé Oixx,Oyy,0izz. The relative magnitude of each component iS
unknbwn and this can prccludé the use of a; modes for the purposes of orientation
analysis.!® As observed for pyridine, bands due to 2 modes vary greatly with a change in
surface potential.?’ It has been established that some of the a; modes undergo additional
enhancement from .a resonance Raman process, involving a CT mechanism, as discussed
above. Clearly, therefore, if the a; band intensities are to be interpréted from an EM point
of view, it is necessary to show tﬁat there i.s not a large effect on the relative intensities

from surface potential changes and resonance Raman effects.
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FIGURE 1.2 The symmetry classes, Raman tensor components and relative .

‘ enhancements of the vibrational modes of pyridine.
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1.5 SURFACE ENHANCED RAMAN SCATTERING SYSTEMS

Since: the discovery of SERS, numerous SERS-active substrates have been
explored for both theoretical and experimental applications of the effect.- These include
colloidal sols, roughened metal electrodes and Metal Liquid-Like Films (MELLFs), which
utilize silver colloid aggregation between two 1mm15c1ble phases A new technique which
1nvolvcs grafting a self-assembly of silver c01101d particles onto a planar waveguide
combines both Waveguide Raman Spectroscopy (WRS) and SERS activity. The Iatter is
introduced in this thesis as Integrated Optics, Evancscént Wave, Surface Enhanced Raman
Scattering (OEW-SERS). ’ |

1.5.1 Cotloidal Silver Sols

Metal colloid hydrosols are frequently employed in producing SERS in liquid/liquid
interfaces because of the apparent ease of colloid formation. Colloidal dispersions of Ag
(and Ali) in aqxieous solﬁﬁons were first used as a;merllod for enhancing Raman scattering

by Creighton et al. 41 Silver sols produced from sodium borohydride give clear yellow sols

_wnh an extinction maximum (or surface plasmon absorption) near 400 nm 2 and an
| average size particle diameter estimated between 8-13 nm depending on the method of

| prgpafation.2°'43 Following addition of an analyte/adsorbate to the colloidal sol,

aggregation occurs. Stable aggregates. pfesent in sols are predominantly chains of
individual particles rather than cbmpac't clusters.** The effect of the close proximity of
spheres within particle aggregates 1s to shift the plasma resonance to lon ger wavclengr.hs,
resulting in a change in the extinction spectrum. 245 In carlier reports, it was shown that
there is a similarity between the extinction profile and SERS scattering 4144 The SERS
excitation profile peaks at a wavelength close to the long wavelength extinction max1mum
of the sol. | - |

Despite the simplicity of published procedures for preparing colloids, the routine is

‘deceptive since there are 2 number of experimental parameters associated with the sol
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preparation.!® In particular, the maximum Raman signal obtained as the concentration of
analyte is increased reflects saturation of available interaction sites at the silver surface. The
concentration at which the maximum Raman signal is reached is characteristic of the
pa.rricﬁlar analyte. As the concentration is increased, the extent of coagulation increases and
the particulates can be precipitated. Particle coagulation is also dependent on the ionic
strength and pH. Colloid hydrosols may be unstable over long periods of time. Thus,

these interdependent parameters have resulted in poor reproducibility of SERS signals and

a decrease in signal intensity over time.

1.5.2 Roughened Electrodes
Electrochemistry is an in-sifu technique that can provide information concerning
reactions at the metal-liquid mterface.45 The use of electrochemistry has the advantage that
the surface potential of the conductor is in contact with the solution and hence the net
surface charge may be variéd in such a way as tq' control the processes of adsorption,
oxidation and/or reduction. Many of the processes that occur at the _elecn‘bde sﬁrface
proceed without exhibiting current flow thfough the cell circuit and f]al;e thcrefore |
undetéctable by electrochemical means alone. ansequenﬂy, spectroelectrochemical
studies can offer a high degree of chemical specificity in chamcterizing‘ reactions at the |
electrode surfécc, Electrochemical methods can measure and control factors 'sﬁch as fhe
amount of analyte species at the surface of the electrode and, since SERS is localized to the
vicinity of a metal surface, it means that this technique is ahighly sensitive surface probe
which can be used to study both the static and dynamic molecular processes at acﬁvate&

metal surfaces. A nuinber of reviews and texts concerned with SERS and electrochemistry

is available,12:26:47.48
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Figure 1.3 Spectroelectrochemical cell used for SERS experiments.
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1.5.2.1 Spectroe}ectrochemical Cell Instrumentation

The electrochemical set-up generally consists of a three-elecirode cell comprised of
a SERS-active working electrode, an inert counter electrode and a reference electrode. ‘The
cell design used in our work employed a 90° collection geometry, as shown in Figure 1.3.
The cell was made of glass with an optically flat Pyrex window. The reference electrode
was kept in a separate compartment from the working and counter electrodes and was
connected by a Luggin capillary. The reference potential was monitoreci at the tip of the
Luggin'capillary which was placed in the potential gradient ihduced by the current flow
between the working and counter electrodes. A facility for solution degassing was

available. A more detailed description of the electrodes used is given in Chapter 5.

1.5.2.2 Electrode Surface Preparation
To generate an electrode that is capable of enhancing the Raman signal of molecules
- at the electrode surface the metal is mughened by an oxidation-reduction cycle (ORC).48
Electrochemical etching of the su:faéc by oxidizing the silver in the presence of halide ions
followed by reduction of the‘ silver halide forms a layer of silver crystais on top of the
electrode. In this work, prior to immersing the working electrode in the analyte solution,
the electrode was roughened in-situ (0.1M KCI) by an anodic swecp;-‘lfollowed 'by a
-cathodic sweep at the same rate (-700 mV to +100 mV vs. SCE at SmV/s). ﬁe initial
potential was set negative to the onset of Ag oxidzition and then swept to a potential where
Ag oxidation occurred. Figure 1.4 shows the cyclic voltammogram for roughening
pretreatment. The cathodic limit is imposed by the reduction of -water, namely,
2H70 + 2¢ l-- H2 +20H"
.SERS ‘spectra are ii-revefs;ibly lost at more negative potentials not only Becausg of the

reduction process but it has also been argued that SERS active sites are destroyed beyond

this potential range.®®
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Figure 1.4 Cyclic voltamrﬁogram of an Ag electrode in 0.1 M KCl. One ORC process
| consisting of 2 double potential sequence of ~700 mV to +100 mV and back to -700 mV
(vs. SCE) at 5 mV/s.
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The anodic limit is restricted by the oxidation of the Ag electrode surface in halide solution
Ag+Clm = Ag(Cl +e” |

The AgCl layer at the electrode sﬁrfacc is sparingly soluble and is removed reversibly
(when the layer is limited to 100 monolayers) when the potential is reversed. The
pretreatment process roughens the electrode surface, producing sites of large-scale
roughness (nodules 25-500 nm in diameter) and molecular-scale roughness (adatoms or
adatom clusters). Itis widely agreed that the active sites produced by an ORC pretreatment
are crucial in ﬁﬁng the molecule to the surface, thereby permitting SERS to be observed.
The SERS actvity of an electrode has been shown to depend on the presence of laser
{llumination during the ORC:* Larger enhancements are achieved with illumination during

an ORC.

1.5.3 Metal Liquid-Like Films (MELLFs)

| Silver metal liquid-like films are thin films of a highly concentrated sus;iension of
silver colloid confined to the interface between two mutually immiscible liquid_s, generally |
water and dichloromethane. Although most studies are of silver MELLFs, copper and gold
colloids have also been reported to produce MELLFs.5%51 MELLFs show a unique
combination of characteristics: metallic luster characterized ‘by specular reflectivity in the
near UV, visible and IR ranges, prac'tica.lly“\zero conductivity, and liquid-liké méchanical
behaviour (described as “mercury-like” appearance) with the chemical properties of
colloids.’2. |

MELLFs can be produced in a number of different ways,33-56 In our work, the

adsorbate was dissolved in dichloromethane and vigoroltllsly‘ shaken with an equal volume
' of silver sol in a tall stoppered:glass vial (5 mL). The colloid was extracted into the organic
phase containing ﬂle_adsorbate and ft:;rmed an adsorbate-silver particle layer at the intcrfacc.

Figure 1.5 shows a schematic for a MELLF preparation. Figure 1.6 shows two |

photograph of a freshly prepared interfacial MELLF of 2-mercaptopyridine.
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FIGURE 1.6 Photographs of a freshly prepared interfacial = -
MELLF of 2—mercapt6pyridine.
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FIGURE 1.7 Structural model of an interfacial MELLF. Loosely held aggregates in a
flocculated state. '
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The factors that constitute the delicate balance which keeps the colloidal particles
confined to a small region but yet, keeps them apart, without coagulating and imparts
liguid-like properties to the film are undoubtedly quite complex. The adsorbates stabilize
colloid particles against aggregation, probably by steric replusions and some electrical
charging. They also reduce the average density of the particles and thus decreases the
tendency to precipitate. The adsorbed layer apparehtly shows its hydrophobic side to the
aqueous solution side and therefore the particles tend to flocculate at the interface. A
structural diagram of a continuous interfacial MELLF is shown in Figure 1.7.

Several experimental findings suggest that in the MELLF the colloid is in a
ﬂdcculafed state, i.e., loosely held reversible aggregates of basic colloidal particles. The
overall structure is a rather open one, allowing easy motion of molecules between and
‘ -Iamong the silver cores. This composition is in accord with the lack of conductivity. UV-
visible spectra (reﬂeéta.ncé modej.()f MELLFs in-situ 5? and of dned glass-depositéd
- films?3 [transmittance mode (SPA)] showed band shifts (red-shifted relative to.the parent
colloid) which indicate the presence of silver colloidal paﬁcles with various degrees of
aggregation depending upon the conditions employei | |

It is 'well known that__the cbndiﬁon$ for the generation of surface plasmon
resonances which are necessary for the enhancement of opticél processes experieﬁccd by
adsorbed molecules are strongly dependent on the internal structure of the SERS-active
'systeni." Scaﬁning electron microscopy (SEM) and transm_ission electron mi‘croscopy‘
(TEM) have confirmed the findings of UV-visible spectroscopy and showed various levels
of clustering in MELLFs. 59545859 In some cases, TEM photographs resemble self-
similar fractal structures.>* o

Th.e:e are a number of experimental factors which control the formation and
structure of interfacial MELLFs. Shaking the two-phase mixture is one of the conditions
necessary to aﬂow rapid interphase transfer of adsorbate from the organic to the aqﬁeous

| phase and formation of a MELLF at the interface. In some cases, the adsorbate can transfer
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from the organic to aqueous phase without shaking and form colloidal aggregates at the
interface, e.g., 2,2’-bipyridine. No metallic films develop, however, with this slow
“passive” interpnase transfer.>> The surface potential of borohydride-reduced Ag colloid
can also influence aggregate-adsorbate infrastructure. The Ag colloid potential can be
adjusted by aging or by adjusting the amount of excess BHy" ions in the electric bilayer
enveloping the Ag colloidal particles. The latter method adjusts the AgNO3 to NaBH4 ratio
and thus the amount of silver particles in the sol. The surface coverage of adsorbate on 2

silver particle can then be adjusted by either the silver or adsorbate concentration.

1.5.4 Integrated Optics, Evanescent Wave, Surface Enhanced Raman

Scattering (JOEW-SERS)

1.54.1 Wéveguide Raman Spectroscopy _
Combinihg two techniques, integrated optics ‘and Raman spectroscopy, produces a
versatile method capable-of probing thin films. This ine;thod has been described as
.wave guide Raman spectroscopy (WRS). Initially; this technique was introduced by Levy
et al.5 in 1974 to perform spectroscopic measurements on poiymer thin films. 'Optica.l
waveguides seemed an ideal solution because the defecn'oh, idenﬁﬁcation, aﬁd observation
of thin films on a substrate or at an interface with sufficient signa1~t0:noise ;equired both a
reasonable optical field at the surface and a long pathlength to increase the scattering
volume. In an asymmetric slab waveguide, the optical field is contained in a narrow region
near the surface. High irradiances are obtained interior to the thin film and one of two
'unique polarizations - s polarization (transverse electric, TE) or p polarization (transverse
magnetic, TM) can be chosen. Slab waveguide substrates can be made from a variety of
optically transparent materials that behave as a lens-like medium, such as glass, quartz and
fused silica onto which the thin film is deposited. With recent detection capabilities down

to monolayer levels, new thin film growth technologies have been embraced for optical
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waveguide fabrication. These include sol-gel technology®! and Langmuir-Blodgett
monolayers.®2 A general review on waveguide devices is given by Tien.®

In order to guide optical radiation efficiently in a thin film wavegnide, certain
conditions must be met. An optical waveguide is comprised of a high dielectric constant
- thin film normally coated on a non-optically absorbing substrate. A focused laser beam is
coupled into the film at an angle by means of a high index prism. Providing that certain
refractive index (n) conditions are met, i.e., n (prism) > n (film) > n (substrate) > n
(superstrate, normally air), the optical field is concentrated within the thin film and has a
‘parlticular distribution accoi‘ding to the waveguide mode excited. In addition, the film must
be sufﬁ_ciently thick, hpproximately 1 pm for refractive index differences between the film
and substrate of 0.05 to support a guided mode. | |

| 1.5.4.2 Coupling Mechanism _ ‘

‘Since the integrated optics method requires trapping the incident radiation into a m
sized—wavéguide, differént mechanisms have ‘been used for coupling the light to the |
waveguide. Details of these methods can be found in a review by Tien.63 Prism coupling
is the method of choice used in our work and‘the principle prbcedures are discussed. A ray
- optics ideﬁzaﬁon of .prism coupling is detailed in Figure 1.8. The prisrﬁ is pressed down
onto the waveguide by a prism coupling assembly and held in place By a pressure bar.
Withmodérate pressure, a small air gap exists between the priém and film surface (because
of surface roughness and some dust particles). This gap is required in the coupling
"mechanism to couple light from the prism into the wavéguide. Light impinges on a corner
of the pnsm at an angle such that tb;al internal reflection can take place at the prism-air-
interface. This reflection process caﬁses an evanescent field, i.e., a propagating wave that
deéays 'exbonéntially, to be set up in the air gap. Coupling is obtained. when the
propagaﬁdn vector of light in the evanescent field matches the propagation vector of a

resonant eigenmode of the waveguide. When these two vector components are equal, the
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FIGURE 1.8 Schematic diagram showing the prism coupling assembly. ‘The relation
- between the internal angle 6’, and the external angle ¥, is sin ¢ =njp sin (8’ - y). Refractive
index (n) conditions are met, i.e., n (prism) > n (film) > n (substrate) > n (air) such that the

optical field is concentrated within the thin film. | S
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FIGURE 1.9‘ A glass slab waveguide with prism and waveguide assembly. A Kr laser
beam is directed onto the prism at an angle by Way of a beam steerer. The propagating light

enters the Waveguide and is seen as a streak through the length of the waveguide.
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light wave in the prism will have the same velocity as that in the waveguide. Light
penetrates the waveguide and the propagating wave can be approximated as traveling in a
zigzag manner through the guiding film being reflected along the top and bottom surfaces.
A photograph of a thin glass siidc waveguide assembly with light wave propagation is |
shown in Figure 1.9. A description of the integrated optics spectrometer; including
collection optics, Raman detection system and beam steering assembly used in this work
are detailed in a previous thesis.%* A brief outline of these features are given in Chapters 3

and 4.

1.5.4.3 Field Distribution

Analysis of the optical waveguide propagation is achieved by using Maxwell’s
equations for matching electric and magnetic fields at each iﬁterface; There are a number of
reviews and textbooks which discuss the theoretical background of optical waveguide
transmission.567 Briefly, there are two fundamental requirements in order for a guided
mode to pfopagatc as illustrated in Figure 1.8. IFi.rstly, the angle 8;, which the propagating
 beam makes between the top and bottom surfaces must be above the critical angle for total
internal reﬂecuon Secondly, rays travehng along the same phase front must have a total
: phase shift by an integral mulnp‘e of 2x. To summarize, propagation of waves in a three-
layer thin film, labeled_: air (1) - film (2) - substrate (3) (for s or TE mode polarization) can
be described by | | | |

tan-1 13512"'-&; tan-1 BS3p + mzm € kypoto _‘ (1.9)

- where B8;; = kzj / kzis kzi isthes polarized wa\'re propagéting coefficient (=kg nj cos 6; for
a non-absorbing film i, where kg = vacuum wavevector, 8; = propagatlon angle, a.nd nj the
refractive index) in a direction perpendicular to the substrate suxface (2), tp is the film
thickness and m is the waveguide mode number (m =0, 1, 2, ..., the nﬁmber of iantinochles

in the field distribution). The Fresnel phase shift terras tan-] BS;j (which arise through
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plane wave reflections between the film/superstrate (air) and film/substrate interfaces ) are
complex. The imaginarjr coniponent arises from absorption losses in the wavegnide.
Small adsorption losses are necessary to allow for a calculated minimum. Thus, equaﬁon
(1.9) can provide a means of calculating the waveguide modes, their characteristic angles
and their optical fields in terms of reflection and fransmission coefficients of each layer. A
typical 0ptical field intensity distribution is shown in Figure 1.10 for two different modes.
This shows that the optical field near the substrate/film interface may be enhanced by
changing the mode number (m = 0 to m = 1}. This change can be made by altering the
phase-matching coefficients in equation (1.9). For a given film and refractive index, the
condition may be changed by altering the prouagaﬁon angle. This ie achieved by rotating
‘the input beam. Alternatively, the film thickness t or refractive index n may be changed.

1.5.4.4 Combining WRS and SERS | _
The combination of WRS with SERS employing typical SERS-active.(tjulk uzetal
substrates eannot support.thé requirements of an integrated optical wavegu.idel{\because of
the extremely high absorbﬁv_ity of bulk metals at visible \'.vavelengtllls.‘58 Since the unique |
* optieal prdpertieS of metal colloids are controlled by the degree of aggregation and cluster |
- sme,“’3 1mmob1hzauon of SERS—acuve metal collo1ds on surfaces in nanoscale dimensions
| can lend 1tself to waveguide fabrication. ‘Such a thin ﬁlm structure was recently fabricated
which is capable of SERS activity while retaining opncal and geometnc reqmrements for
.' wavegmdm g. This complete wavegmde-SERS substrate has been introduced as an
mtegrated opucs, evanescent wave, surface-enhanced Raman scattering: (IOEW-SERS)

.techmque 65. Thls thin film: assembly uses the sulfur termini of 3-mercaptopropyl- _

E tnmethoxysﬂane 3 MPT) grafted onto a glass film (glass microscope covershp) to bind

S collmdal szlver parucles from an aqueous sol The 3-MPT is chemmally gra:&ed onto a

- iglass subsu'ate, ie., mlcroscope coverglass shde, after subsequent hydrolysis and.

o ‘con.densauon reactions of the a]ko_x1de termini to form siloxane bonds. The unreacted thiol

1 (}
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FIGURE 1.11 A schematic diagram of the heterostructure assembly, gla;s/S-MPTlAg
' colloid, of the IOEW-SER substrate with an adsorbate layer, 3 . The :plropagating
evanescent“\wawie, TE mode () '_Ieaks into the 3-MPT/Ag cpﬁoid overlayers ihéreasing the
Raman scatte:irig ci:'ossf section and éﬁhancing the surféice adsorbate vibfatiohs.' ‘The

adsorbate is immobilized on the Ag cbl._‘toid surface.
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termini can then bond covalently to a metal through the sulfur atoms. Immersion of the 3-
MPT-derivatized glass in a dilute hydrosol of silver produces a 2-D colloidal silver array
bonded to the surface. The IOEW-SERS assembly is illustrated in Figure 1.11. Using this
approach, the depositon is thin enough to allow the evanescent wave to penetrate the
colloidal silver layer and, in doing so, acts to intensify the effective cross-section for

SERS. Thus a 2-D array of silver colloidal particles grafted onto a planar glass waveguide

can suppbrt a propagating optical field while enhancing the evanescent optical field.

Typical SERS analytes (e.g., pyridine and its derivatives) are able to adsorb passively on to
the waveguide colloidal surface from solution. The propagating evanescent wave, TE
mode (----) leaks into the 3-MPT/Ag colloid overlayers increasing the Raman scattering

cross section and enhancing the surface adsorbate vibrations.

There are a number of advantages realized by both the spectroscopic technigue and
substrate assémbly Pprocess in IOEWQSERS.
(1)  The self-assembly of colloidal Ag particles allows for a macroscopic surface that

has a well defined and uniform nano-scale architecture. This process is highly reproducible

A (aé with all nano-scale technology preparation it is crucial that all glassware and reagents

are clean and purified). Controlling nano-structure is currently a central focus throughout

materials research.

(2)  The entire waveguide preparation is inexpensive, simple to prepare and can be

scaled up. Derivatized wavcguidés are stable for about one week (stored under Na).

(3) . This solution-based process is extremely general, encompassing a number of
substrates besides glass coverslips, viz., quartz slides and silicor wafers and for uses other

than waveguiding, i.e., indium tin oxide surfaces,’® the glass face of a

__.'"sper':t':oele;n'ochemical cell, unmodified-SiOx - coated TEM grids and the inside of a

capillary tube.
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(4)  The nature of waveguiding allows both lateral and depth spectral profiling of the
waveguide. The derivatized waveguide behaves as an interfacial vibrational probe,
revealing information about the waveguide and metal/adsorbate interfaces. |

(5)  The construction of these waveguides can be generalized to explore a range of
surface chemisiries in gas and liquid phase (flow cell) environments, variable temperatures

and chemical sensors.
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1.6 SELF-ASSEMBLING MONOLAYERS (SAM)

Alkylthiol self-assembling monolayers (SAM’s) are probably the most intensively
studied SA monolayers on gold and silver surfaces, mainly due to their stability,
organization, and potential application as basic building blocks for novel microstructures.
SAM’s can also be extended to aromatic thiols, dialkylsulfides and dialkyldisulfides on
gold, organosilicon on hydroxylated surfaces and fatty acids on oxidized aluminum and
silver. 62727 A self—assembling molecule structure, from an energetics point of view,
consists of three basic parts, a head group, a central alkyl or aromatic group and a terminal
group. The head group provides the most exothermic process - chemisorption on the
substrate surface; This can be covalent Si-Q, in the case of organosilanes on hydroxylated
surfaces, or a covalent but highly polar Au-S bond, in the case of a]kylfhiols.
Chelmisorptionpis a spontaneous "process which brings molecules close together for short
range van der Waals forces to become important. The second molecular part is for example
an alkyl chain which can form an ordered and élosely pabked array through intramolecular
van der Waals and electrostatic interactions. The third mblecular part is the terminal
functionality, e.g., CH3, OH, COOH, NHj and PO3H. These surface groups introduce a
rangé of different chemical properties to the substrate surface on a macromolecﬁlar scale

" such as hydi‘ophilic/hydrophobic, acid/base, charge transfer, ion-binding and hydrogen
~ bonding interactidns. Self-assembly and related techniques have thus provided a means to
fabricate, at ambient temperature and in an ordinary laboratory en‘vironmeﬁt, interfaces of
well-defined structure. Such a capability brings to mind applicéti.ons in thin film
technology, including optics, coatings for lubrication, adhesion, wetting and protection,

sensors and transducers and biomolecular films.

1.6.1 Mercaptopyridine |
In"'.contpést with the extensive research on SA monolayers of alkylthiols, little

attention has been given to aromatic thiol monolayers.”*77 There have been some reports
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on the SERS of an ambidentate ligand, 4-mercaptopyridine (4-MPy).’8-30 Spectral
interpretation was limited, however, to pH dependcrice, electrode potential dependence and
electron wransfer of cytochrome ¢ on 4-MPy-modified Au electrodes. Recently, a series of
articles by Crooks er al.8! has demonstrated that 4-MPy modified Au electrodes exhibit a
pH-dependent electrostatic binding interaction with probe molecules, shown by
voltammetric capacitance experiments. This ambidentate ligand has multiple binding sites
available; pyridine nitrogen, thiol and the nt-ring and therefore a number of possible modes
of adsorption and concomitant orientation can occur on a metal surface. Being a derivative
of pyridine, 4-MPy is an intense Raman scatterer and has a relatively simple vibrational
profile. SERS is an ideal spectroscopic technique to probe the substrate/adsorbate interface
and provide a vibrational fingerprint of the metal-adsorbate interaction and adsorbate
orientation. Furthermore, apart from pH studies,?® interactions between 4-MPy and liquid-
phase probe moleﬁ:ules or ions have not been observed .preViously by a vibrational

technigue. SERS thus offers the capability of characterizing the chemical interactions with

‘surface-confined 4-MPy molecules at a molecular level.



1.7 AIMS AND STRUCTURE OF THE THESIS

The principle subject of this thesis is the surface enhanced Raman spectroscopic
study of adsorbates: pyrazinamide, and 2- and 4-mercaptopyridine. The approach to this
study is threefold. Firstly, a novel SERS technique, IOEW-SERS is introduced. Its use as
a spectroscopic tool to study surface-confined adsorbates will be demonstrated using 4,4'-
bipyridine. Secondly, the SERS of 2- and 4-mercaptopyridine is investigated for a range
of SERS-active Ag substrates, e.g., Ag colloids, MELLFs, IOEW-SERS and roughened
Ag eleétrodes. -A comparative study of IOEW-SERS is made with these more classic
SERS-active metal substrates to establish the extent to which the SERS effect is
coextensive from one system to another. The fundamental aspects of adsorbate orientation-
and mode of adsorption are addressed An attempt is made to compare the

molecule/substrate interaction at liquid/liquid (colloid), metal/liquid (Ag electrode) and'

- metal/molecular layer (ax situ IOEW-SERS and MELLFs) interfaces by way of Raman,

. TEMand XPS measurements. An addmonal SERS study of pyrazinamide usmg MELLFs
is also discussed. Thirdly, we take advantage of the previously-demonstrated ion-binding
capability of surface-bound 4-mercaptopyridine and investigate intermolecular interaéﬁorié
of this adsorbate with probe ions,. viz., Cu?t and H* using SERS techniques: IOEW-
| SERS aﬁd'Ag electrodes and XPS. The potential use of derivatized planiar waveguides as a
chemical sensor is demonstrated.

Eal

The general outline of this thesis is as follows;

(1) Chapter 2. Surface Enhanced ‘RamanIScattering of Meréaptopyridines E
and Pyrazinamide from ‘Glass-Deposited . Silver Metal Liquideike Films
(MELLFs). | - ' |

This chapter describes the preparation and SERS of MELLFs and organosol systems usin g
pyrazinamide and 2- and 4-MPy compounds. The macro and microstructure of the' Ag
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colloid/adsorbate system vary with Ag content of the parent colloid and adsorbate

concentration in the organic phase. The infrastructures of deposited films are characterized
using TEM and SPA.

(2) Chapter 3. Integrated Optics, Evanescent Wéve, Surface-Enhanced
Raman Spectra (IOEW-SERS) of 4,4’-Bipyridine.

'This chapter describes a new technique combining integrated optics, WRS and SERS. The |
preparation of SERS-active wavegﬁidcs, derivitization with a classic SERS-active

adsorbate and the similarity of IOEW-SERS with other SERS substrates are discussed.

(3) Chapter 4, Surface Enhanced Raman Scattering of Mercaptopyridines
and the Fabrication of a Metal-ion Chemical Sensor Based on Integrateu’

Optics, Evanescent Wave, Surface Enhanced. Raman Scatterih‘g' (IOEW-

- SERS).

The orientation and mode of adsorption of 2- and 4-MPy molecules on a wavegui&e
colloidal surface are charaéterized by IOEW-SERS technique. A comparison of IOEW-
SERS is made with Ag colloid sols and MELLFs. The ambidentate functionality ofLA—MPy
is explored by exposiﬁg the surface-confined 4-MPy ‘laycr on the wavcguidc surface to
probe ions suéh as Cu?* and H*. Spectral changes associated with 4MPy pyridine
nitrogen-probe ion interaction are discussed. The layer-by—layér construction of the 4-MPy

derivatized waveguide, including exposure to Cu?+, is followed by using XPS.

(4) Chapter jii\ Potential _Dependence of Surfz_lce_ Enhgnéed Raman
Scattering of 4-Mercaptopyridine on Silver Electrodes ‘and the Interaction
with Copper(Il) fons. | |

The potential ‘dependent behaviour of 4-MPy adsorbed on an Ag electrode is 'digcﬂssed. _ '.

The ambidentate nature of 4-MPy is utilized by the potential change at the electrode surface,
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where either the pyridine nitrogen or thiolate sulfur are adsorbed preferentially to the Ag
electrode over different potential ranges. The contribution of a' CT mechanism to the
intensity enhancement profile is investigated by wavelength and potential dependence.
Probe Cu2™ jons are added to the electrolyte solution and the spectral changes observed are

discussed in terms of a Cu-4-MPy pyridine nitrogen interaction at the electrode surface.

| (5)'::‘ Chapter 6. Summary.

This chapter contains conclusions, claims to original research, and suggestions for future

work.

39



REFERENCES

(1)  Smekal, A. Narrwissenschaft 1923, 11, 973.
(2) Raman, C.; Krishnan, F. Namure 1928, 121, 501.
€)) Harris, D. C.; Bertolucci, M. D. Symmetry and Speciroscopy : An Introduction to
Vibrational and Electronic Spectroscopy.; Dover: New York, 1978.
(4 Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. G. Handbook of
Characteristic Infrared and Raman Frequencies of Inorganic Compounds;, Academic
Press: San'Dieuo, 1991,
(5 Asher, S. A. Ann. Rev. Phys. Chem. 1988, 39, 537.
(6) Spiro, T. G. Biological Applications of Raman Spectroscopy, Wlley New York;
1987; Vol. 2.
€))] Fleishmann, M.; Hendra, P.; McQuillan, A. J. Chem Phys. Lert. 19’74 26, 163
() Jeanmaire, D.; Van Duyne, R. J. Electroanal. Chem. 1977, 84, 1
&) Albrecht M.; Creighton, J. J. Am. Chem. Soc. 1877, 99, 5215
~ (10) Creighton, J. A. in Spectroscopy of Surfaces; Clark, J. H.; Hester, R, E Eds.,
-~ Wiley: New York, 1988; Vol. 16, Ch. 2, p37; (a), Metiu, H. Progress in Sw:face
. Sci. 1984, 17, 153; (b), Pettmger,B in Adsorption of Molecules at Metal
Electrodes, Lipokowski, J. and Ross B.N. Eds VCH New York 1992, Ch. 6
p 283, (c). . o : :
(11)  Cotton, T. M. in Spectroscopy of Surfaces Clark R. J H Hester R E Eds “
 Wiley: New York, 1988; Vol. 16, Ch.3,p91 . = |
(12)  Chang,R.K; Furtak, T. E. Surface Enhanced Raman Scattermg, Plenum Press .
" New York, 1982. - ‘
(13) Brandt, E. §., and Cotton, T. M. in Investigations of Surfaces and Interfaces- Part |
B, Physical Methods of Chemzstry Series; 2nd edition, Rossner, B. W Baetzold
R. C. Eds., Wiley: New York, 1993; Vol. IXB, p633. = - .~ o
(14) Otto, A; Mrozek, I.; Grabhom,l—l Akemann,w J. Phys Condens Matter
| 1992, 4 1143, o :
- (15) .Moskovns, M. Rev. Mod. Phys. 1985, 57, 783
(16) .Ouo, A,; Billman, J; Eickmans, 1.; ‘Erturk, U Pettenkoffer, C. Sw:f Sm 1984
. 138, 319. : : G
(17) Murray, C; Alla.ra,D J Chem Phys 1982 76, 1290 S
-(18) - Lund, P Ay Tevault, D.E; Smardzewslq R.R.J. Phys Chem. 1984 88 S

S



(19

(20)
(21)
(22)
(23)
(24)
(25)

(26)

- @D

(28)

(29)
(30)

(3D

- (32

- G3)
(34)

35

ee)

37
(38)

(39)
(40)
41)

(43)

‘ L_}_(44') ;
N N
: SN COR

@

Lopez-Rios, T.; Pentenkofer, C.; Pockrand, 1.; Otto, A. Surf. Sci. 1982, 121,
541.

Kerker, M. Acc. Chem. Res. 1984, 17, 271.

Wang, D.-S.; Chew, H.; Kerker, M. Appl. Opt. 1980, 19, 2256.

Kerker, M.; Wang, D.S.; Chew, H. Appl. Opt. 1980, 19, 4159.

Busby, C. C,; Creighton, J. A. J. Electroanal. Chem. 1982, 140, 379.

Wang, D.S.; Kerker, M. Phys. Rev. B 1981, 24, 1777.

Siiman, O.; Bumm, L. A.; Callagan, R.; Blatchford, C. G.; Kerker, M. J. Phys.

Chem. 1983, 87, 1014. _
Efrima, S.in Modern Aspects of Electrochemistry, Conway, B. E.; White, R. E.;

Bokris, J. O., Eds., Plenum: New York, 1985; Vol. 16, p285.
Creighton, J. A. Surf. Sci. 1986, 173, 665.
Chase, B.; Parkinson, B. J. Phys. Chem. 1991, 95, 7810.

 Ingram, I. C.; Pemberton, J. E. Langmuir 1992, 8, 2034,

Furtak, T. E.; Roy,D Surf. Sci. 1988, 158 126
Guzonas, D. A.; Irish, D. E.; Atkinson, G. A. Langmuzr 1990, 6 1102.

‘Furtak, T. E.; Roy, D. Phys. Rev. Lert. 1983, 50, 1301.

Lombardi, J. R.; Birke, R. L.; Lu, T.; Xu, J. Chem. Phys. 1986 84 4174
Macomber, S. H.; Furtak, T. E. Swf Sci. 1982, 122, 556.

Gersten, J. L; Birke, R. L.; Lombardi, J. R. Phys. Rev. Lett 1979, 43, 14‘7
Adrian, F. J. J. Chem. Phys. 1982, 77, 5302..

Werzel, H.; Genshcr, H.; Pettinger, B. Chem. Phys. Lert. 1981 78, 392.

'Moskovus M. J. Chem. Phys. 1982, 77, 4408.

Cre1ghton, LA Surf. Sci. 1983, 124, 209.
Cre1ghton T. A, Surf. Sci. 1988, 158, 211.

- Creighton, I. A.; Blatchford, C.G. Albrecht, J.J. Chem. Soc. Faraday Trans. _
| 1979, 75, 190. ' |
@)

Kerker M.; Wang, D. S Chew, H. Appl Opr. 1980, 19,2256.

- Fomasmro, D.; Grieser, F. J. J. Colloid Interface Sci. 1991, 141; 168.
Blatchford C.G.: Campbell LR, Crelghton, J. A. Surf. Sci. 1982, 120, 435.

Chppe R, Evrard Ry Lucas, A. A Phys. Rev. B 1976 14, 1715.

*Bard., ATy Faulkner,L Electrochenucal Methods Fundemem‘als and
.“Apphcanons, Wiley: New York, 1980.

: Chang, R.K.and Laube, B. L. in CRC Crmcal Revlews in Solid State and
o Marenals Sc:em‘e CRC: Pxess Baton rouge, Flonda, 1984, Vol.12, pl

4



(48)

(49)
(50)

(51)
(32)
(33)
>4)
(55)
(36)
(57
(58)
(539)

(60

(61)
(62)
(63)
(64)
(65)

Hester,

(66)

- (67)

(68)

(69)

(70)
(71)

(72)

(73) -

(74)

Gale, R. 1. Spectroelectrochemistry: Theory and Pracrice; Plenum Press: New
York, 1988.

Tuschel, D. D.; Pemberton, J. E. Langmuir 1988, 4, 58.

Al-Obaidi, A. H. R.; Rigby, S. I.; McGarvey, J. I.; Walmsley, D. G.; Smith, K.
W, Hellemans, L.; J., S. J. Phys. Chemn. 1994, 98, 11163,

Bell, S. E. J.; McGarvey, J. F.; Rigby, S. J. J. Raman Spectrosc. 1991, 22, 763,
Yogev, D_; Efrima, S. J. Phys. Chem. 1988, 92, 5754. '
Vickova, B.; Barnett, S. M.; Kanigan, T.; Butler, L. S. Langmuir 1993, 9, 3238.
Yogev, D.; Deutsch, M.; Efrima, 8. J. Phys. Chem. 1989, 93, 4174.

Yogev, D.; Efrima, S. J. Colloid and Interface Sci. 1991, 147, 88.

Yogev, D.; Edelstein, R.; Efrima, S. J. Colloid and Imerface Sci. 1991, 147, 78.
Farbman, L.; Efrima, 8. J. Phys. Chem. 1992, 96, 8469.

‘Krech, J.; Lorenc, C.; Bradley, M. J. Colloid and Interface Sci. 1992, 153, 437.

Cermakova, K.; Vickova, B.; Foft, V.; Lcdnicky,-F. J. Mol. Struct. 1995, 349,
129. :
Levy, Y.; Imbert, C.; Ciprani, J.; Racine, S.; Dypeyrat, R. Opt. Commun. 1974,
11, 66.
Yoldas B. E. Appl. Opt 1982, 21, 2960.
Swalen, J. D.; Rieckhoff, X. E.; Tacke, M. Opt Com. 1978 24, 146.
Tlen, P. K. Rev. Mod. Phys. 1977, 49, 361.
Kanigan, T. Ph.D. Thesis 1995, McGill University, Montreal, Canada,
Rabolt, J. F. and Swalen, J. D. in Spectroscopy of Surfaces; Clark, R. J. H,;

" R.E., Eds.; Wiley: New York, 1988; Vol. 16, Chl, pl.
Born, M.; Wolf, E. Principles of Optics; Pergamon: Oxford, 1975,
Heavens, O. S. Optzcal Propemes of Thin Solid Films; Dover: New York,.1965.
Kre1be1g,U Light Scatrenng by Small Particles; Wiley: Ncw York 1981,
Andrews, M. P.; Xu, W. Manuscript in preparation
Doron, A.; Katz, E.; Willner, 1. Langmuir 1995, 11, 1313.
Freeman, G. R.; Grabar, K. C.; Allison, K. I; Bnght,R. M.; Davis, J. A
Guthrie, A. P.; Hommer, M. B.; Jackson, M. A.; Smith, P. S.; Walter, D, G.;
Natan, M. I. Science 1995, 267, 1629.
Sabatani, E.; Cohen-Boulalua, J.; Breuning, M.; Rubemstem,l Langmuzr 1993,
9, 2981.

Ulman, A. Ultrathm Organic Films from Langmwr—Blodgett to Self Assembly;
- Academic: New York, 1991.

Joo, T. H; Yim, Y. H; Kim, K_; Kim, M. S.J. Phj:s. Chem. 1989, 93, 1422,

42



(73)

(76)
(77)
(78)
(79)
(80)

(81)

Garrell, R. L.; Szafranski, C.; Tanner, W. SPIE Proceedings: Raman and
Luminescence Spectrosc. in Tech. 1990, 1336, 264.

Gui, J. Y,; Stern, D. A,; Frank, D. G.; Lu, F.; Zapien, D. C.; Hubbard, A. T.
Langmuir 1991, 7, 955.

-Carron, K.; Hurley, L. G. J. Phys. Chem. 1991, 95, 9979,

Bryant, M. A; Joa, S. L.; Pemberton, I. E. Langmuir 1992, 8, 753.
Taniguichi, I.; Iseki, M.; Yamaguchi, H.; Yasukouchi, K. J. Electroanal. Chem
1985, 186, 299.

Mullen, K. L.; Wang, D.; Crane, G. L.; Carron, K. T. Anal. Chem. 1992, 64,
930.

Jones, T. A.; Perez, G. P.; Johnson, B. J.; Crooks, R. M. Langmuir 1995, 11,
1318.

[

W,

43

N



CHAPTER 2

SURFACE ENHANCED RAMAN SCATTERING OF
MERCAPTOPYRIDINES AND PYRAZINAMIDE IN GLASS-
- DEPOSITED SILVER METAL LIQUID-LIKE FILMS



[\

2.1 SUMMARY

This Chapter describes the_preparatidn procedure for L&ELLFS/organosols using
pyrazinaihide and 2- and 4- mercaptopyridine as the adsorbates. Pyrazinamide and 2
mercaptopyridine form Ag c_ﬁolloid—adso:bate films at the interface between an aqueous Ag
colloid and a solution of an adsofbatc in dichloromethane. In comparison, 4-

mercaptopyridine is the only adsorbate for which an interphase transfer of adsorbate-

- covered particles occurs from aqueous to organic phase forming adsorbate-colloid

aggregatcs descnbed 2s.an organosol All adsorbate films and organosol samples were

mvesngated by SERS. We demonstraie that for a particular adsorbate, the process of film

' _' and/or organosol formation, as well as the microstructure of the film and ultimately the
.l'-'-SERS spectrum are influenced substannally by the Ag content of the parent Ag colloid and
. be the adsorbate itself. Transmission electron microscopy, optical mxcroscopy and surface

. plasmon absorpnon techmques are used to characterize the MELLFs and orga.nosol

~-

. structures. Furthermore, we show by usmg SERS that for 2—MPy mterfacml films, the

adsorbate concentrauon in the dlclﬂoromethane soluuon influences the onentauon of 2-MPy

relanve to thc Ag surface.
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‘2.2 INTRODUCTION
Glass-deposited Ag colloid-adsorbate films containing a variety of adsorbates such
as N-bases, "2 porphyrins?? and 17-ethynylestradiol,* have been analyzed by TEM and
comparisons with previously reported MELLFs discussed.*? Both ft‘actal and non-fractal
monolayer films were prepared indepet_tdent of the chemical nature of the adsorbate. A
hypothesis relating the chemical nature of the atdsorbate, the mechanism of formation of
interfacial Ag-colloid-adsorbate film and the resulting fractal and/or non fractal structure of
the film has also .been. presented.? Furthermore, a transition from a non-fractal to fractal E
structures has been obiierved upon perturbation of the Ag-TPyP film in its interfacial state.2
Three types of Ag-colloid-adsorbate strucmree were discussed: fractal clusters of Ag.-'
colloidal particles (where the fractal dimensionality, D = 1.2), non-fractal monolayers of

Ag colloidal particles (D = 1.97) and fractal, close to monolayer structures consisting of Ag

colioidal particle clusters ® = 1.85). j\ccording o t.he hypotitesis presented, 2 ' the different

 structural types of Ag collond-adsorbate films ongmate from dlﬁ'erences in the mechamsms |
of aggregauon which, in turn, result from differences in the chermca] nature of the_l‘
adsorbate (in particular, its hydrophobic/hydrophilic cha:-atcter). _
In thi_é Chapter, We_fu_nher ekplore the factors inﬂuencitlg the structure of Ag- |
colloid-adsorbate films. Attention has focused on the pqssit;ility of inﬂuencitjg the g

mechanism of formation of a particular Ag colloitl_-adsorbate film in such a way thtu more’

than one structural form of the pa:rticular Ag colloid-adsorbate film could be ebtained In -

this study, the range of adsorbates incorporated into Ag collmd-adsorbate films i is extended _

to include pyramnamtde (pza), 4-mercaptopyridine (4-MPy) and 2-mercaptopynd1ne 2- o

MPy). A prevxously unobserved mechamsm of Ag c01101d-adsorbate film fonnauon is

reported for 4—MPy All structural forms of the newly prepa.red ﬁlms are mvesugated by

'SERS and the effects of the parncula.r film structure on the frequenmes of the adsorbate SRR

bands are dlscussed.
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2.3 EXPERIMENTAL

Materials. 2- and 4-Mercaptopyridine (Aldrich) were sublimed in vacuo immediately
prior to use. Pyrazinamide (Aldrich) and all other reagents were used as received. Sodium
borohydride {99+%, Janssen Chimiea) and silver nitrate (p.a. Aldrich) were used for the
Ag colloid preparations. Interfacial films were prepared using dichloromethane (UV
spectral grade, ACS chemicals). High-purity water was obtained from a Milli-Q Ultrapure
Milﬁpore water system and was used in all preparations.

Preparation Procedures. .Ag colloids were prepared by reduction of AgNO3 with
NaBH4 following a procedure described previously.? For Ag colloid I , the procedure was

~ followed exactly, the concentration of silver being 9 mL of 2.2 x 103 M AgNOs. ForAg

colloid I, the procedure was modified by using 15 mL of 2.2 x 103 M AgNO3. The
smface potennal of each Ag colloid differs, as the ratio of AgNO3 :NaBHy4 is dlfferent. The

difference, however, is not crucial, as NaBH4 is present in large excess. _

‘Preparatlon of Siiver-4 -MPy Salt To prepare the <1lver-4-MPy salt, equ1molar

quantn:les of AgNO3 -and 4—MPy (0.05 mol) were dlssolved in ethanollwater solution to
yleld a pale yellow prec1p1tate of silver-4-MPy. The prempnate was filtered rinsed with

ethanol and water, and then dned under vacuum. The FT-Raman spectra of 4—MPy and the

sﬂver~4—MPy complex were measured on the solid samples

1

. Preparatior of Interfacnal Ag Collmd-Pyrazmarmde (Ag-pza) Films. The Ag-

adsorbate films were prepamd ina two—phase system consisting of an aqueous Ag colloid
and a solution of the adsorbate in dichleromethane 'I'he p}epemtion‘ of interfacial films and
deposmon on m1croscope glass slides followed the procedure described prevmusly 1 Both

Ag colIozd I and II were: used in the preparauon of Ag—pza Tand I ﬁlms reSpecnvely The

) opumum Iesults were obtamed by mixing equal volumes (2 mL) of an aqueous Ag colloid

L a.nd a dlchlommema.ne solution of pza 2x 10'3 M)ina tall cylmdncal stoppered vial (5

mL) The rmxmre was shaken vxgorously The Ag—pza I ﬁlms were formed wnhm 12

min and two mter_faces covered by Ag-pza I films were observed in this system-an upper
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film on the surface of the aqueous phase and a lower interfacial film between the aqueous-
dichloromethane phases. The lower film at the interface was removed carefully by
immersing a small piece of giass slide (0.7 cm?) through the aqueous phase and then the
film, which cracks. The film was then ransferred onto the glass by lifting the glass from
underneath the film and slowly withdrawing the glass with the adhered film back through
the aqueous phase. However, before the lower phase was removed, the upper ﬁlrri was ‘ -.

deposited on a glass slide in the same manner. As the lower phase of the two phase system

is the organic phase, the upper film was deposited on a glass slide “organié phase up” and

the lower “aqueous phase up”. The Ag-pza II films wefe foermed rapidly within 20 s and
only one interface (the lower) was produced. This film was thus deposited on a glass slide
“aqueous phase up.” | A | _
Preparation of Ag Colleid-Mercaptopyridine (Ag-4-MPy and Ag.2- MPy)
Films. Both Ag colloid I and IT were used in the preparation of Ag-4-MPy I and II ﬂlms,
respectively. The concentration of 4-MPy in the dichloromethane solunon was 2x 103 M.

Even after vigorous shakmg, formauon of an interfacial film was not observed Instcad :

the Ag collmdal particles were u'ansfcrred from the aqueous to the mchlommcthane phase

producing a yellow-orange organosol in which macroscopic aggregates’ (Wthh appearasa
cloudy partlculate suspension) were formed at the interface. In the case of Ag-4-MPyI the
aggregates were brown while for the Ag-4-MPy. II sample they were of a bnght orangc?”
color. When deposited on a glass slide, the aggregates formed by Ag collozd I remained
brown whﬂe the o-angc aggregates of Ag L.ollozd Ir changed color upon deposition and\
aftcr the residual d1chloromethane was evaporated, formed a lustrous,: blue-violet film.

Interfamal Ag-2- MPy I films were prepared with Ag coh‘ozd I by wgorously

 shaking equal volumes (2 IDL) of an aqucous Ag colloid and a dxchloromethane solutlon of
2-MPy. (1x103M and 2x 10 M). Interfacial films were formed afte*' 1 min of shaking =

and after deposition onto a glass shde showed a metalhc lustrous appcarance No such film

formation was observed using Ag colloid II.
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Preparation of Ag Colloid/Mercaptopyridine and Ag Colloid/Pyrazinamide
Systems. The Ag colloid/2:MPy system was prepared by adding an aqueous solution of
2-MPy (60 puL of 1 x 10-3 M) to 2mL of the Ag colloid 1. The colloid aggregated
immediately turning a purple color. Similarly, the Ag colloid / 4-MPy system was prepared
by adding an aqueous solution of 4-MPy (10 pL of 2 x 104 M) to 2 mL of Ag colloid I. In
' this case, aggregation forming a purple-brown color was slow and the optimal SERS
spectrum could be collected only after 12.hrs of aging. The Ag colloid/pza system was
prepared by adding an aqueous soluiion of pzﬁ (50 pL of 2 x 103 M) to 2 mL of Ag colloid
I. Aggzegation to a purple color occurred immediatel,. For the SERS measurements, the
Ag cbllbidal mixtures were transferred to a capillary sample cell .
Instrumentation. All SERS spectral data were obtained using 514.5 nm (50 mW)
mdiaﬁoﬁ from a Spectra Physics Model 164 Art*-laser. The detector system consisted of a
| liquid Na-cooled charééd coupled device (CCD) interfaced to in Instruments S.A. i—IR640
- spectrograph equipped with-a holographic grating (1800 grooves mm-1). The exciting
radiation was focused into the glass-deposited filmata smalI angle adjustable by rotation of
the laser beam ﬁsing a corﬁputer controlled precision rotation stage. The Rayleighr
: .scaitcrin'g‘was removed by a Raman ﬂolographic edge filter (Phyéical Optics Corp.). The

acquisition time employed was typicaily 30 s, for each 500 cm-! window. The FT-Raman

" spectra of 4-MPy powder and the silver 4-MPy complex were recorded on a Bruker IFS-83

* spectrometer equipped with an FRA-105 Raman module and a liquid N2-cooled proprietary
detector. The sﬁéctra were e;ﬁcitgd with a Nd3+:YAG laser'opgraﬁng at 1064.1 nm (150
mW), with 250 scans.beihg typically collected. Surface plhsmon absorptiqn (SPA) spectra
were measured with a Hewlett Packard HP 8452 UV/vis diode array spectrometer. Optical

. microscopy images of the Ag-pﬁé' sampleé were obtained using a Zeiss miéroscope :

equipped with a 40 x objecti\}e. The ima‘ges' wéré collected with a Sﬁanyo color‘.CC.._TV

camera and were displayed‘on\\a Panasonic Video monitor, from which the photographs
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o were taken by a Polaroid camera. Transmission electron microscopy photographs were

obtained with a Philips 410LS (30 kV) TEM, (Eindoven, Holland).
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2.4 RESULTS AND DISCUSSION
2.4.1 Ag Colloid-pza Films

The process of Ag colloid-pza film formation is influenced substantially by the Ag
content of the parent Ag colloid. The factor of 1.7 increase of Ag content in Ag colloid I,
by comparison with Ag colloid 1, resulted in an increase in the rate of interfacial film
formation from 1-2 min to 20 s and produced only one interfacial film (covering the water-
dichloromethane interface) instead of two films (covering both the upper aqueous phase
and lower dichloromethane-water interface). Optical micrographs of Ag colloid II-pza (Ag-
pza II) and Ag colloid .I-pza (Ag-pza I) films deposited from the water—djchloromethane
interface are compared in Figure 2.1 [micrographs (A) and (B), respectively]. Structural -
differences can be observed between the two films. While Ag-pza I film is a continuous "

' layer structure (probably a multilayer), the Ag-pza II film consists of aggregate Ag colloidal
 particles. Surface plésm_on ‘absorption (SPA) curves from both films are compared in -

Figure 2.2, [spectra (A) and (B)]. Both the optical micrographs and the SPA curves of Ag-

pza II film resemble ﬂ;ose of the deposited Ag. colloidal aggregates'®!! which have been

shown to be composed of a fractal structure.>14 We did not undertake any electron

_microscopy studies to confirm whether or not the deposits were fractal.

The SERS _spectra of Ag-pza I (both aqueous and organic) and Ag-pza II films are
compared in Figure 2.3, The SERS spectrum of the Ag colloid/pza system and the normal

.Raman spectrum of neat pza aré compared in Figure 2.4. The vibrational assignments

presented in Table 2.1 are based mainly on those reported previously,rls-16 as well as the
assignments given for the ﬁbrmal Raman and SERS of pyrazine.!”131% The SERS
spectra of all types of Ag-pza ﬁlms show spectral bands of pza analogous to those of the
Ag colloid/pza system, Whlch in turn, areina good agreement with those previously
reported.16 The band at 1630 cm'l in the Ag collmd/pza spectrum can be attributed to

either a 3(H0)2° or an amide II [S(NH>)] band.!5 Two weak and broad bands at ca. 620

- and 930 cm-], observed in the SERS spectra of all types of Ag-pza films, are attributed to

31



FIGURE 2.1 Optical micrographs of Ag colloid Il-pza (Ag-pza ) (A), and Ag colloid I-
pza (Ag-pza ) (B) films deposited from the water-dichloromethane interface (magnification
x40). -

32



~
=
—

53



0.4

: (A)
0.35 1

0.25 +

0.2

ABSORBANCE

0.154

0.1~

0.05 T

| T )
400 500 600 700 800
WAVELENGTH (nm)

0.2

(B)

0.18 4

0.16 ~

0.14 -

ABSORBANCE

0.12

0.1

— l L —T f
*400 500 £00 700 800
WAVELENGTH (nm) .
FIGU_RE: 2.2 Surface plasmbn absorption (SPA) curves of Ag célloid I-pza (Ag?pza 1§
(A), and Ag colloid II-pza (Ag—pz.a 1) (B), films deposited from the water-dichloromethane
o interface. The small peak near 700 nm in the SPA curve (A) is artifact from a pixel.
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TABLE 2.1 Assignments and wavenumber positions (crr'!) for SERS

and normal Raman spectra of pyrazinamide.

Agpzal | Ag-pzal | Ag-pza Ag
Assignment @) | Solid | Solution | (Organic- | (Aqueous-| filmI | colloid/pza
phase) phase) .
16b 415 42
466 466 461 486
6a 506 560
6b 618 602
(NHa)t 662 656
717 717 710 716
8(CH) 778 778 766 759
Amide IV 807 800 803
| 88 900 859
la 1025 1014 1025 1023 1019/ 1024
- o | 1028
[12a 1053 1044 1058 1059 - 1059 1053
(NHpy 1081 1081 -
14a 1182 1172 1165 1166 1163 1165
% g - 1225 1224 1221, 1220
8(CH) 1297 1292 1269 N 1270
Amide I 1382 1364 1386 1393 1388 1392
19b 1453 1434 1435 1437 1429 1439
192 - 1489 1472 1473 1472 1470 1472
8b 1525 1522 1523 1526 1519 1524
8a 1578 1578 1588 1589 1585 1586
Amide 1/ 1674 - 1628 : -
3(EL0)*

‘(a) Assignments for normal Raman spectra of pyrazinamide from refs. 15-19.

(*) See text.

s
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borates.’ The in-plane ring stretching modes (82, 8b, 19a and 19b) as well as the 1a ring
breathing mode, retain similar relative intensities and frequency positons to those in the
normal Raman of bulk pza. In view of the surface selection rules,'519 the frequencies and

~ selective band intensities of pza ring modes observed in the SERS spectra of all Ag-pza
systems are characteristic of a ring plane orientation perpendicular to the surface, in
agreement with the previously reported SERS analysis of pza.?16 Adsorption of pza on the
metal surface has been proposed to occur vig the carboxamide moiety with prior |
dissociation of one of the amidic hydrogen atoms, since the ring modes, in particular the la
mode, remain relatively unshifted from their spectral counterparts in the normal Raman
spectrum of bulk pza.l® Pyrazine proved unreactive to forming interfacial films or
aggregates using the preparation protqcol for Ag-pza films. Given the low affinity of
pyrazine for metallic surfacc;;,lg and the rapid formation observed for Ag-pza filrns, it.is
feasible to éssume that pza adsorbs via the carboxamide substituent group. Only one SERS |
band attributed to the carboxamide group is observed, namely, the amide III [in-plane v(C-
N)] band near 1390 cm-l. This band is enhanced relative to the normal Raman spectrum of
bulk pza which lends further support for the proposed mode of adsorption.

Some spectral differences are observed for Ag-pza II when compa!i:éd with the
spectra of Ag-pza I and Ag colloid/pza. The SERS spectrum of Ag-pza Il di'sglays some
additional bands, notably, a shoulder at 1019 cmr! on the lower f_requéncy side of the la
ring breathing mode (1028 cm-1) and a weak band at 803 cm-l. Furthermore, most of the -
barids assigned to the pza ring modes are shifted fo slightly lower frequencies cén}pared
with the SERS spectra of both 'Ag-pza Ifilms. These spectral variations suggest that there
are two differe;lt pza environments observed for the Ag-pza II sysfem. The 4additional la
- band, shifted to lower wavenumbers relative to the original 1a mode; is consistent witha
mciecular reorientation where the pza ring s tilted towards the surface, binding through the
ring n-electrons. An aromatic ting brcﬁthihg modc associated with a-flat orientatioh is

expected to decrease slightly from its value in the free or uncoordinated molecule since
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utilizing n-ciect:rons weakens the ring C=C bonds.}® A weak band at 803 cm-} observed
in Ag-pza Il spectrum has a similar spectral counterpart in the normal Raman spectrum of
the bulk pza, assigned to an amide IV band [in-plane 6(CO) bend].}® In addition, the
amide I band for all Ag-pza I and I film spectra remains unshifted and of similar intensity
which suggests that the substituent group remains bonded to the Ag particle surface for
both perpendicular and tilted orientations in all Ag-pza films.

Changes in band intensities aré also expected to acco:hpany pza orientation
differences in Ag-pza I and II films. In particular, the 8a and 8b V(C=C/C=N) modes
which involve vibrational motion oriented largely in the direction along the N-N _axis would
be most énhanced when the ring is oriented normal to the surface. The intensity ratio for
the V4 : Ug, modes increases from 0.8 for Ag-pza I to 1.2 for Ag-pza II films and is
consistem with molecuiar reorientation from a perpendicular to a flat orientation,
'respectively'. The spectral changes observed for the Ag-p"z'\‘a II spectrum follow similar
cﬁariées i-eported for the SERS of pyrazine at submonolayer and highl (multilayer) surface
covcragé where pyrazine assumes flat and perpendicular orientations, respectively.?! -
Although the pza concen&aﬁons in Ag;p;rla 1 and I systems were the same, an excess of Ag
© particles was used‘ for the latter colloid'prcparation The SPA curves are similar for both
| Ag-pza I and II films, thus we can assume that there is an increase in the number of Ag
palncles rather than in the particle size. An increase in the number of Ag sites permits a
small fraction of pza molecules to tilt towards a flat orientation in regions of low pza
coveragc Since the SERS spectral changes observcd for Ag-pza II film are mmor. '
(compared to Ag-pza I films), the majority of molecules are assumed to retain a
- perpendicular orientation similar to that observed for Ag-pza I films. It has been reported
previously that colioid surfaces are heterogeneous, consisting of both positive anﬂ_ ncutrall‘
- cﬁarged Ag sites.’3 Variable amounts of. Ag particles m the Ag éolla"idl and /7 preparation
(as well as aging)' may contribute to a disparity in the .amount and disuiﬁuﬁdn of these

- kinds of Ag sites and thus influefice the 9g’iél‘0f adsorption and orientation of adsorbates
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on the surface and, ultimately, the macro-structure of the adsorbate-colloid interaction, i.e.,

continuous or fractal films or aggregated particles.

24.2 Ag Colloid-4-MPy Films

No interfacial Ag-4-MPy films were formed under the conditions routinely used for
preparation of Ag colloid-adsorbate films, i.e., upon vigorous shaldng of a two-phase
system consisting of the aqueous Ag colloid and a dichloromethane solution of 4-MPy.
Instead, the 4-MPy-covered Ag particles were transferred into the organic phase where they
fonncfl cloudy aggregates of 4-MPy-covered organosol. The argument that the transferred
Ag cdﬂoidal particles are covered by 4-MPy7follows from a previous observation v}hcre, in
the absence of any adsorbate, the Ag colloidél particles were noi .\transferred into the
dichloromethane phase.! The character of the 4-MPy covered aggregates and their
behavior upon deposition is different for Ag-4-MPy film I and II (originating from Ag
colloids I and II, respectively) and is, thus, apparently affected by the Ag content in the
parent Ag colloid. While the glass-deposned “ﬁlm” I consists of irregutarly spaced areas of
brown organosol aggregates, the orange organosol from “film” II readily assembles upon
deposition into a lustrous film, analogous in appear;mce to deposited interfacial films. A
TEM photograph of the Ag4—MPy film II, deposited on a carbon covered grid, is shown in
Figure 2.5. The film consists of a 3-D aggregation of Ag particles. o B

The SERS spectra obtained for Ag-4-MPy I and II films and the Ag colloid/4-MPy
system are compared in Figure 2.6 (a)-(c), respectively. The nofmél Fr:Raman spec'tra.'lof |
bulk 4-MPy and the silver-4-MPy complgx are shown in Figﬁrc 2.7. The band positions in
the SERS spectra, as well as in the nofmal Raman spectrum of bulk 4-MPy (solid and
aqueous solution), are listed in Tablc 2.2, The a551gnmcnts are based on those for para- .
subsututed pyndme and thlophenol 17,223 The spectral d1ffcrcnces obscrved between the
sohd and soluuon normal Raman spectra of 4-MPy, in part:cular the bands at 1004 and |

- 1626 cm! which are shifted to higher wavenumber positions in the sclution spectrum, are
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'FIGURE 2.5 TEM micrograph of Ag-ﬁ-MPy film H deposited onto a
carbon covered grid (magnification x32000). The film shows 3-D silver

colloid aggregates.

N
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FIGURE 2.6 SERS spectra of Ag—4-MPy 1 (a); and Ag-4-MPy II (b); glass deposited
. films and the Ag colloid/4-MPy system (). |
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FIGURE 2.7 Normal FT-Raman specﬁa of 'silver-4-MPy complex powder (a), and 4-
MPy powder (b). Aex = 1064.1 nm at 150 mW. |
(*) Band assigned 1o the Vgym(NO3") band of AgNO;.
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TABLE 2.2 Assignments and wavenumber positions {(cm-!) for SERS

and normal Ramun spectra of 4-mercaptopyridine.

Assignment @) Solution{ Solid g-li\‘:lgy Ag-4-MPy | Ag-4-MPy | Ag colloid/
complex filmI film II 4-MPy
721, 8(C-SYMCCC) | 430 431 430 415 430
16by, Y(CCC) 471 497
6b2, B(CCC) 655 647 646 682
a3, BCCy/vEs) | 722 721 714 708 707 705
10b;, Y(CH) 790 780 811 813
901
laj, DRing breathing) | 1004 990 1007 1010 1001 (sh)/ 1007
| 1008
18ay, B(CH) 1053 1045  1014* 1037 1049
| 18b2. BecHy | 1080 11065 1064 1065
12a}, (Ring 1119 1106 1107 1102 1097 1098
breathing) / (C-S) ‘ '
9a1, B(CH) . 1200 1206 1204(sh)/ 1222
o/ 1218
: 1255 1250
3b2, B(CH) - 1290
14bg, V(CC) | 1394 | 1390
19bg, V(C=C/C=N) 1459 1458
1921, 0(C=S/C=N) | 1487 1478 1477 1470
L 1505 1525 ‘
8b2v(CC) 1604 1586 1582 1583 1573
8aj, V(CC) 1626 1617 1616 1616 1611 - 1615

(a) Assignmchts for the nor_mal Raman specﬁ-a of 4-mercaptopyridine from refs. 17, 22
and 23. k | |

(*) Band assigned to the Vgym(NOy) of AgNO3.
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associated with the loss of intramolecuiar hydrogen bonding between the molecules in
solution.

The SERS spectra of Ag colloid/4-MPy and Ag-MPy film II systems are
comparable to previously reported SERS studies of 4-MPy adsorbed on Au, Pt and Ag

surfaces?-26 and to the normal Raman spectrum of the silver-4-MPy complex. It has been

concluded that 4-MPy adsorbs on the metal surface through the sulfur ator, the plane of

the pyridine ring being perpendicular to the surface.?*2¢ For all SERS spectra, the relative
enhancement of in-plane a; and bz modes namely, v; and D12, and the Vg modes, which
are pefp’endicular modes for a normal orientation, by analogy with the surface selection
rules,?>30 indicate that the ring plane orientation of adsorbed 4-MPy is perpendicular to the
surfﬁce. Out-of-plape modes, although inherently very weak in the normal Raman of bulk
4-MPy, remain unenhénccd in the SERS spectra.

Adsorption of 4—M.Py@!1rough the thiolate sulfur follows cleavage of the S-H bond.

This adsorption mechanism, oﬁs‘egved for alkylthiols and thiophenol assemﬁlics on Au

- surfaces, is characterized by the absence of an intense »(SH) band at 2573 cm-1.23

However, 4-MPy exists as a thiol-tﬁiqne tautomer in which the thione form

~ predominates, 228 (Figure 2.8). Asa result, a broad V(NH/SH) band appears in the

2900-2500 cm-l reglon Thus, confirmation for adsorptwn via the thiolate. sulfur is
comphcated by the absence of the V(SH) marker band. Othcr marker bands, such as the
v(C-S) mode at 721 cm-] display characteristic spectral shlfts to lower wavenumbers near

706 crr! for all SERS spectra (see Table 2.2). In,addition to this shift, the X-sensitive

~ vy2[(ring breathing/v(C-S)] mode at 1106 cm'll‘experiences a dramanc increziée in

intensity. Similar v(C-S) peak shifts and v12 enhancement ‘have been Sbsgrved for

" ‘-thiophenol adsorbed via the sulfur atom on SERS-active metal substrates.Z32
The SERS spectra of both Ag-4-MPy I and II films [Figures 2.6 (=) and (b)] show,
AN

some differences with respect to the Ag colioid/4—MPy system [Figure 2.6 (c)], which are

more pronounced for film I than for film I. Spectral features observed in the spectrum of
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film U, namely, shoulders on the lower wavenumber side of 9a and 0 bands and an
additional band at 1049 cm-}, have spectral counterparts in the normal Raman spectrum of
bulk 4-MPy and are attributed to uncoordinated 4-MPy molecules, probably from a
muitilayer. The multilayer 4-MPy component makes only a minor contribution to the
SERS spectrum of film I, while the major specoal features correspond with those in the
SERS spectrum of Ag colioid/4-MPy. The SERS spectrum of film II thus indicates that
most of the 4-MPy molecules are chemisorbed on the Ag particles. On the other hand, film

I shows bands at 1010 and 1616 cra-!, which are shifted to higher wavenumbers relative to

the film II.  Similar band shifts observed in other SERS studies of 4-MPy have been
associated with a nitrogen coordinated pyridine and 4-MPy species.313233 The origin of
bands at 1278 and 1371 cm-1 is unknown but may result from a decomposition.product.

Both the Ag panicle arrangement and their covérage by 4-MPy molecules are influenced by

the Ag content in the parent Ag colloid, which in turn influences the Ag particle-to-

adsorbate ratio. Film I contains more adorbate per particle and there is a higher probabi]ity :

of adsorbate mulnlayer formation. Moreover, the higher concenuauon of adsorbate in Ag-

4-MPy 1 could tend to form aggregates (clusters of Ag particles linked by 4—MPy molecules
forming a pol_ymenc-hke aggregates) instead of individual particles covered by a monolayer
of 4-MPy, which (;15 probably the case for the Ag colloid/4-MPy system. The additional
spectral shifts observed for film I suggest that the 4-MPy, molecules behave as bidentate
ligands (using both N and S atoms for coordination) influencing the 4-MPy-coHoid
aggregate structure, as opposed to the t}uolate bonded 4-MPy spemes in film II. The 4-

MPy-covered partlcles of film II are only loosely aggregated in the orgamc phase, in

contrast to the more compact brown aggregates ongmatlng from Ag COHOld I. Thisis

probably the reason why, upon deposmon on a glass shde, thc adsorbatc-covered particles
of Ag colloza' II assemble into a lustrous ﬁlm (analogous in appwrance to the deposxted
 interfacial films as well as to MELLFs), while deposmon of film I gives more compact

' brown aggregates.
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2.43 Ag Colloid-2-MPy Films
Interfacial Ag 2-m films were prepared from Ag colloid I under the conditions
employed for Ag colloid—adsbrbate film preparation. Films were formed using two
different 2-MPy concentrations, 1 x 10-3 M (a) and 2 x 10-5 M (b). By contrast, no film
formation was observed for Ag colloid II. The SERS spectra of both Ag-2-MPy films are
compared with Agr collqid/Z—MPy system in Figure 2.9 (a)-(c). The vibrational
assignments for normal "aman spectrum of bulk 2-MPy and SERS of adsorbed 2-MPy
presented in Table 2.3 are based on a previous report.3433 It is assumed that the 2-MPy
molecule retains Cg symmetry in the normal Raman spectrum. The spcclial bands observed
for the A g colloid/2-MPy spectrum are in good agreement with thosé published for 2-MPy
- adsorbed on an Au electrode.3%37 Similarly to 4-MPy, 2-MPy adsorbs on the metal surface
through the sulfur atom, the plane of the pyridine .ring being perpendicular to the
surface.38:37 o
A TEM photograph of the interfacial Ag 2-MPy film I (a), deposited on a carbon
covered grid is shown in Figure 2.10. The film consists of a monolayer of Ag colloidal
particles. The absence of any 3-D'aggrcgates confirms that thé native interfacial fmn was
- formed by a 2-D aggregation of colloidal particies.
| The 2-MPy ligand in metal-2-MPy complexes assumes either monodentate
coordination through the sulfur atom or Bidentate coordinatién, generally forming dimeric
 or trimeric complexes.3#4! Although, relatively few studies have been réported for metal-
4-MPy complexes?, it is assumed that the sterically unhindered pard-positiou of pyridine
nitrogen fdvors polymeric coordination complexes. Factors related to the steric limitations
of mercaptopyridine binding sites are thus manifested in the macrostructure of Ag coiloid~
adsorbates, resulting in 3-D polymeric-like Ag 4-MPy films and in 2-D monolayers of Ag
2-MPy films. | |
In this study, we use a comparison of the 2-MPy relative intensities of the v; (ring

breathing), V12 (rirg breathirig/u(C-S)) and 8b vV(CC) modes, near 1000, 1117 and
i
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FIGURE 2.9 SERS spectra of Ag-2-MPy I from different 2-MPy concentrations. Ag-2-
MPy I (2 x 10-5 M 2-MPy) (a); Ag-2-MPy I (1 x 10-3 M 2-MPy) (b); glass deposited films
and Ag colloid/2-MPy system (é). “
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TABLE 23 Assignments and wavenumber positions (cm-!) for SERS

and normal Raman spectra of 2-mercaptopyridine.

Assignment @ Solia | Ascollond/ | AsaMPy | Ag2M
2-MPy
(2x105M) | (1 x 103 M)
A" §C-S)/ B(CCC) 445 435 435
485 491
A" 6a, ¥(CCC) 618 634 640
A" B(CC) 711
A' (C-S) 731 720
A" ¥(CH) 743
A" YNH) 893
A" ¥(CH) 949
A" Y(CH) . 980 _ |
A' 1a, (Ring breathing) 988 998 - 1005 1004
A' 183, B(CH) 1024 1048 1055 1054
A' 18b, B(CH) 1092 1084 1087 1082
A'12a, (Ringbreathing) | 1133 . 1117 1117 1117
oSy | |
1 1150 -
Y(NH) / S(NH) 1230 1228 1229
{1 A’ 14b, v(C=C/C=N) 1261 1274

A" Y(CH) 1372
A' 19b, B(C=C/C=N) 1444 1411 1417
A' 192, v(C=C/C=N) | 1502 1448 |
A' 8b, p(C=C) 1560 . 1549 1554
A' 8a, y(C=C) 1614 1579 : 1578

(a) Assignment for the normal Raman spectrum of 2-mercaptopyridine from refs. 35 and
36. ' '
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FIGURE 2.10 TEM micrdgraph of Ag-2-MPy film II deposited onto
~carbon covered grid (magnification x32000). The film shows a 2-D
monolayer of Ag colloidal particles. |
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1550 cm°l, respectively as a probe to indicate differences in the orientation of adsorbed 2-
MPy with respect to the Ag surface in all SERS spectra. For the Ag-2-MPy film I (b) made
with a higher 2-MPy concentration [Figure 2.9 (b)], the relative intensity of the vgp band is
comparable 1o the v and v bands. Similarly, for the spectrum of Ag colloid/2-MPy
[Figure 2.9 (c)], the vgy band is comparable ir intensity to the v1 band however, the
relative intensity of the v band is lower. These spectral differences can be understood in
terms of the surface selection rules.1930 Since thé vgp mode involves symmeirical motion
of the rmg C=C bonds and the 112 mode involves stretching motion of the C-S bond, they
would be expected to be enhanced when 2-MPy is bonded via thc sulfur atom to the metal
surface with the C-S bond and ring plane normal to the surface. This is the case observed
for the spectrum of Ag-2-MPy film I (b), at high surface adsorbate covera'gses.‘ The lower
V12 band intensity in the Ag colloid/2-MPy spectrum implies that the Ag-S bond angle is
less than normal relative to the Ag surface. The Vg band intensity remains strong relative
to the v mode because the plane of the pyridine ring still remains normal to the surface (as
opposed tb a flat “face-on” oﬁematiqn), this reorientation is such that the ring “tlts’ on its
side to allow the N'étom to be in closer proximity to the surface. Furthermore, as a result
of this tilt, the in-plane C=C/C=N modes in the region between 1230-1450 cm-1 are
enhanced. The spectrum of Ag 2-MPy film ‘I (a) made with a lower 2-MPy concentration,

Figure 2.9 (a), shows remarkable differences with respect to spectra in Figure 2.9 (b) and -

(c), indicating a reorientation of 2-MPy on the Ag surface. The Vg, and vgp modes are -

absent and the V)2 mode intérisity is decreased while the relative intensities of the out-of-

plane 8(C-S)/B(CCC) and 6a Y(CCC) modes at 435 and 640 ém‘l respecﬁvely, are .
increased. This 1mphes that the plane of the pyridine nng is para]lel to the surface The V1
and V)2 bands remain unshifted compared to the band positions in the other Ag-2-MPy
systems which confirms that 2-MPy remains bonded to the Ag surface via the sulfur atom
in Ag-2-MPy film I (a) . Similar spectral changes were observed in the SERS spectra of °

' pyi‘aziné and pyridine at high (multilayer) and low (submonolayer) coverage on Ag
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surfaces.!® In this study, changes in surface orientation of 2-MPy were achieved by using

different concentrations of adsorbate. In each case, both high and low concentrations .

produce a 2-D metallic interfacial film. This is in contrast to the 4-MPy adsorbate study,
where varying the amount of Ag particles (using Ag colloid Il and I') gave in each case a

3-D organosol aggregate in which the 4-MPy molecules coordinate with the colloidal Ay as

monodentate and possibly bidentate ligands.
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2.5 CONCLUSIONS

The results of this study confirmi previous observatons? that the process of
formadon of interfacial Ag colloid-adsorbate films at the interface between an aqueous Ag
éolloid énd a solution of an adsorbate in dichloromethane, as well as the internal structure
of the resulting films, are substantially inﬂuehced by the chemical nature of the adsorbate.
The rate of the interphase transfer of the adsorbate from the organic to the aqueous phase
and the rate of ifs adsorpton on Ag colloidal surfaces are considered to be the most
important adéorbatc characteristics govefning the film formation process. Our present
observation of the formation of Ag—4~MPy'aggregates under conditions routinely used for
the preparation of Ag colloid-adsorbate interfacial films e:ﬁphasiies the chemical specificity
of the adsorbate even fuarther. Unlike the widé range of adsorbates forming Ag colloid-
adsorbate films (several porphyrin species, N-bases such as 2,2’-bipyridine, 2,2’,6,6’-
bipyrimidine as well as pyrazinamide and 2-meréaptopyﬁdine discﬁssed in this thesis), 4- \
m¢rcaptopyridine (4-MPy) is the only adsorbate .fo.r which an interphase tranéfer of
adsorbate-covered particles from aqueous to organic phase (impossible for adsorbate free
- Ag colloidal particlés) has been observed, instead of interfactal film formation. We
attribute the particular chemical specificity of 4-MPy to the sterically unhindered position of
the para-pyridine nitrogen which may influence the forniation of a polymeric-like
macrostructure and be responsible for the 3-D aggregation of 4-MPy-covered Ag particles
in the organic phase. Whereas 2-MPy, which has a sterically restricted ortho-pyridine
nitrogen and forms primarily sulfur bonded, dimeric or trimeric 2-MPy-metal complexes
may influence the formation of the 2-D mbnolayer interfacial structure.

Furthermore, we have shown that for a particular adsorbate, the process of cq}loid
aggregation, i.€., 3-D organosol vs. 2;I\) film monolayer, depends on the concentration of
Ag in the parent Ag colloid. In the case gf Ag-pza film, the difference between Ag colloid I
and I7 leads to distinétly different structures of the resulting films. The Ag-pza I films form

continuous layer(s) of Pza covered particles, whereas the Ag-pza II film consists of a
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aggregates, which appear fractal-like as observed from the SPA spectra. Further
Imicroscopy studies are required to confirm a fractal structure. Similarly upon deposition,
the Ag-4-MPy II organosol aggrega\iés can readily assemble into a film of contiguous
particles, while the compact Ag-4-MPy 1 aggregates remain unchanged. In the case of pza
and 4-MPy adsorbates, the ratio of adsorbate-to-metal was controlled by varying the
concentration of Ag in the parent Ag colloid (Ag colloid I and IT ), while for the 2—MPy
samples the adsorbate éoncentration in the organic phase was varied. High and low surface
adsorbate coverages wére shown to influence the orientaton of 2-MPy in the interfacial
film. The SERS specira shbwed that for higﬁ adsorbate concentrations, the 2-MPy

molecules are packed perpendicular to the surface and at low concentrations the molecules

lie flat.

i

i
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v ~ CHAPTER 3
INTEGRATED OPTICS, EVANESCENT WAVE,

SURFACE-ENHANCED RAMAN SCATTERING
(IOEW-SERS) OF 4,4-BIPYRIDINE
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3.1 SUMMARY
This Chapter introduces a novel SERS technique that combines both waveguice

Raman spectroscopy (WRS) and SERS. The method goes by the name of integrated
optics, evanescent wave, surface enhanced Raman spectroscopy or IOEW-SERS.
Waveguide fabrication involves a 2-D grafting of a silver colloid onto a 3-
mercaptopropylirimethoxysilane (3-MPT) derivatized planar glass waveguide. This nano-
scale heterostructure satisfies the optical requirements for integrated opﬁc§ waveguide
Raman spectroscopy in allowing optically guided incident radiation to propagate into the
thin film. The thin film of Ag adparticles can support surface plasmon excitation and yield
SERS excitation by evanescent wave coupling. The vibrational structure of the waveguide
interface is interrogated by IOEW-SERS and shows that the molecular adhesive, 3-MFI‘, is
chemically bonded to both glass and colloid adlayers. To illustrate the benefit of optically
guiding the light into the waveguide, a spectrum collected at a 909 scatterihg angle shows
only carbonization of the waveguide. The waveguide Ag colloid surface is derivatized with
'4,4’-bipyﬁdine and a comparative study of IOEY—SERS and Ag hydrosol systems using
4 4’ -bipyridiné reveals similar vibrational spectra.

- The optical properties of the parent aqueous phase colloid and surface attached Ag
colloid at the waveguide are investigated by UV transmission. The extinction m\f\mima,
Amax, show that adhesion of the colloid to 3-MPT prevents aggregation and immersion of

the grafted colloid in a solution of 4,4’-bipyridine is accompanied by only a small shift in
the lmax.
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3.2 INTRODUCTION
Investigation of the macroscopic, microscopic and surface interaction properties of
thin films and monolayers requires efficient, highly sensitive, non-destructive
spectroscopic probes. Moreover, information on the molecular specificity, spatial
resolution in both lateral and depth dimensions and interfacial details for the complete
characterization of these systems is required. A Raman technique recently developed for
the smd'y of substrate-supported thin films, waveguide Raman spectroscopy (WRS),
satisfies these requirements.!-2 This technique is a non-classical spectroscopic approach
involving the use of hltégrated optical structures to interrogate the vibrational structure of
thin films. An optical waveguide consists of a thin film which is either coated or adsbrbed
onto a non-absorbing substrate (e.g., glass) with a real refractive index in the optical region
~of interest. The experiment is conducted. in which a significant portion of the incident
radiation is coupled into the thin film via a prism.3 - The active fortion of the thin film
structure must be composed of a medium which has a higher refractive index than does the
surrounding medium.to' allow the radiaton to guide in the thin film. The effective
~ scattering beam volume is defined by the focused laser beam cross-section and the film
thickness; this introduces an increase in the scattering volume and also a large optical field
at the surface. Under these cdnditions, high irradiances are obtained in the thin film.
Using this Epproach, Raman scattering can be detected from very thin films to even
monolayer coverages.>* These developments have established WRS as a versatile non-
destructive and sensitive spectroscopic tool for applications in thin ﬁlm analysis.
| The obsefvation of radiation-enhanced vibrational spectra of moleg:uleé adsorbed on
‘some metal surfaces at monolayer coverages has become commonplace through the
exploitation of surface enhanced Raman scattering (SERS).>¢ Enhancement factors of up
10 106 have been attained for adsorbates present on roughene& metal.surfaces, generally
Cu, Ag and Au. A variety of different metal surfaces facilitate SERS, e.g.,

clectrochemically roughened electrodes, metal sols and metal sputtered onto substrates.
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Considerable interest has been generated in the properties of the surface-molecule
interactions present in SERS. These include adsorbate orientation ¥ and packing order.’
Although the exact mechanism of SERS is still a matter of some controversy, it is clear that
much of the enhancement results from a plasmon resonance which greatly amplifies the
local electric field at the metal surface.1%12

The unificadon of both WRS and SERS systems in a single structure can result in
many advantages for the analysis of thin films, including the capability to probe the
substrate-adsorbate interface in both lateral and depth dimensions. The combinaton of
'~ WRS with SERS employing typical SERS-active metal substrates cannot support the
requiréments of an integrated optical waveguide because of the extremely high absorptivity
of metals at visible wavelengths. Recently, a multilayer structure has been designed which
consists of three components - a silver coiloid/coupling-molecular adhwes'ive/ glass -
arrangement capable of supporting an evanescent optical field.1> The opticﬂ refractive
index conditions are met whereby the optical field can penetratel the adhesive/metal
superstrate film and this complete macroscopic array behaves as an optically responsive
structure. The interfacial adhesive, 3-mercaptopropyltrimethoxy-silane (3-MPT), contains
- two terminal functional groups which permit its use as a molecular adhesive between two
materials*18 - in our particular case, between a metal superstrate and giass substrate. The
3-MPT is grafted onto a glass substrate following hydrolysis and condensation reactions of
the alkoxide termini to form siloxane bonds. The unreacted thiol termini are available to
bond covalently to a metal through the sulfur atom. Immersion of the 3-MPT-derivatized
glass in a dilute hydrosol of silver produces a 2-D colloidal silver array bonded to the
surface. Using ﬁﬁs approach, the deposition is thin enough to allow the evanescent wave
to penetrate the colloidal silver layér without significant artenuation and, in doin g SO, acts to
intensify the effective cross-section for SERS. Propagation of mansverse electric (TE)
waves can occur over the length of the waveguide (several cm). A schematic of the IOEW-

SERS substrate and incident field intensity distribution is shown in Chapter 1 (Figure
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1.11). Typical SERS analytes (e.g., pyridine and its derivatives) are able to adsorb
passively on to the waveguide colloid surface from solution. This complete waveguide-
SERS substrate is introduced as integrated optics, evanescent wave, surface-enhanced
Raman scattering (IOEW-SERS). This technique is capable of discriminating between the
waveguide interfacial features as well as the adsorbed monolayer on the colloid surface,
providing information on vibrational and structural properties.

To demonstrate the utility of ICEW-SERS, the colloidal surface was exposed to a
solution of 4,4’- bipyridine. A comparative SERS study is made of 4,4°- bipyridine using
IOEW-SERS, a silver colloidal sol system, and previously published SERS studies. 1923
We show that the Wavcguide substrate can support SERS of an adscrbate layer and the
IQOEW-SERS spectrum obtained is comparable to the SERS spectrum from a colloid sol

system and previously reported spectra collected by more classic SERS substrates.
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3.3 EXPERIMENTAL

Materjals. 3-MPT (Petrarch) was used without further purification. 4,4 -bipyridine
(Aldrich) was sublimed in vacuo immediately prior to use. High purity water was
obtained from a Milli-Q Ultrapure Millipore water system. Acetonitrile was spectroscopic
grade (Aldrich).. The Ag colloids were prepared by reduction of AgNQO3z with NaBHj,
following an established procedure.?* Glass cover microscope slides (24 x 30 mm x 150
pm) were purchased from Fisher Scientfic, while quartz slides were obtained from Chem
Glass Inc.

Methodology. Glass cover slides were first sonicated in a detergent solution for 30 min,
rinsed continuously with Millipore water and sonicated for a further 30 min. The slides
were next immersed in hot piranha solution [1:4 H205 (30%)/H2S04] for 30 min.
CAUTION Piranha solution is extremcly. co1\-\rosivc, heat gently. The slides were removed '-
with Teflon tweezers and rinsed éontinuously with Millipore water and sonicated again for
30 min. The slides were then mounted into a.Téﬂon block equipped with lateral ridgés to
allow each slide to.be secured separately. The Tcﬂoh block was placed in a Teflon-sealed
glass apparatus,\ shown in Figure 3.1, and heated at 260°C for 10 min under vacuum until
all residual water had been removed. The apparatus was then flushed with N2 and the
slides were left for 1 h under a refluxing mixture of 3-MPT (1%) in dry distilled toluene,

after which time the hydrolysis and condensation of the 3-MPT-modified surfaces was

complete. The solution was removed by syringe and the slides were washed several times
with dry toluene under N5. The bulk of the solvent was removed and the residual solvent
was evaporated under vacuum. The 3-MPT-derivatized glass cover slides were then

removed from the glass apparatus and placed in an aqueous Ag colloid solution for2 h at - |

~ room temperature. The Ag colloid attaches to the pendant thiol group of the derivatized

glass cover slides .:gyd the Ag monolayer surface appears as a yellow-golden color. A
schematic of the waveguide preparation is shown in Figure 3.2. The adsorbate was

introduced to freshly prepared colloidal-derivatized waveguides by immersion for 10 min in
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FIGURE 3.1 Photograph of the assembly apparatus used for 3-MPT derivitization of
glass cover slides. A Teflon block with lateral ridges holds glass cover slides separately.
A Teflon coated stirbar is inserted into the bottom of the block. The block is inserted in a
glass barrel, each half of the barrel is separated by a Teflon O-ring and Teflon sleeves are
employed to eliminate the use of vacuum grease. . Facilities fof N2 ﬂushing and entry/exit

" ports for liquid are attached at the top of the barrel.

<3
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‘ qf 3-MPT is (;ompléted (b); and the derivatized glass is immersed in an Ag colloid hydrosol
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a 2-mM acetonitrile solution containing 4,4’-bipyridine and subsequent washing with
acetonitrile. The preparation of 3-MPT-derivatized quartz slides was identical to that
described for the glass slides. |

The Ag colloid (sol) of 4,4’-bipyridine was prepared by adding an aqueous soluﬁon
of 4,4’-bipyridine (20 pl, 2 mM) to 2 mL of Ag colloid. Aggregation of the colloid to a
blue/grey color was slow and optimal SERS signals were obtained 24 h after initial sample
preparation.
Instrumentation. All SERS spectral data were obtained using 514.5-nm (50 mW)
radiation from a Spectra Physics Model 164 ArT laser on an integrated optics spectrometer
bench constructed in-house. The detector system consisted of a liquid Ng-cooled charged
coupled device (CCD) interfaced to an Instruments S.A. HR 640 spectrograph equipped |
with a holographic grating (1800 grooves mm-!). The acquisition time employed was
typically 30 s for each 500 cm'! window. The FT-Raman spectra of bulk 3-MPT and 4,4’
bipyridine were recorded on a Bruker IFS-88 spectrometer equipped with an FRA-105
Raman module and a liquid Na-cooled proprietary detector. The Spectrum was excited with
. a Nd3*:YAG laser operating at 1064.1 nm (150 mW), with 250 scans typically bemg
collected. The electronic extinction spectra of the quartz waveguides were measured ona
Hewlett Packard diode-array UV-v_;_mble absorption spectrometer - Model 8452A.
Optical Set-up. The focused laser beam is coupIed into the waveguide at an angle by
means of a high refracﬁvel index prism. The waveguide and prism are mounted into a
rectangular holder. A horizontal bar providcs uniform przssure to the pri.sm to maintain,
weak couphng to the waveguide. This assembly is held verncally in place on the opucal ‘
'bench by a platform which is then strategically positioned with 2 combmed x-y-

adjustment. The 1n01dent angle by which the beam penetrates the wavegmde is controlled : |

by an optical rotatzon stage. 'I'he optical system is ahgned such that the incident laser beam o

'15 focused onto the back of a Newport 38 rectangular mounting platform A premsmn _

rotation stage is centered on the opposite face of this plate. The stage is driven by a
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microstepping motor with an interface to a Compumotor PC-21 indexer for rotation
control. The beam is deflected thfouéh a series of mirrors assembled in Newport MFM-
075 holders attached to an adjustable mounting bracket. The light is focused through a
convex lens onto the prism which is centered on the axis of rotation. This arrangement
allows ﬁe light to be rotated through an arbitrary angle onto the back edge of the coupling
prism. The incident angle by which the beam penetrates the waveguide controls the optical
field density distribution within the waveguide. The evanescent field can then be
maximized by fine tuning the incident angle while optimizing the signal from the adsorbed
bipyridine monolayer. The variation in the spectra on changing the incident angle occurs as
an increasing proportion of the field interacts with the enhanced Raman scattering intensity
of the adsbrbate vibrational modes and selects against the interface and glass modes. The
liéht scattered from the waveguide streak is imaged on the slit of the monochromator
through an achromatic £/2 collimating lens. The Rayleigh line is removed by a supernotch
holograpic Bragg ﬁltc; (Kaiser) positioned in front of the slit. A detailed description of the

" pptical set-up has been reported previously.2
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3.4 RESULTS AND DISCUSSION
3.4.1 IOEW-SERS of Ag Colloidal-Derivatized Waveguide.

IOEW-SERS of the 3-MPT-colloid-derivatized waveguide interphase and the
normal FT-Raman spectrum of bulk liqu.id 3-MPT are compared in Figures 3.3 and 3.4.
The vibrational assignments follow those for a similar surface reaction reported by
Pemberton ez al.!® in which 3-MPT was first reacted with a polycrystalline Ag surface and
then the alkoxide termini were subjected to hydrolysis and condensation. When 3-MPT
undergoes hydrolysis and condensation on the glass, absence of the Vg(CH3) band at 2844
cm-l in the IOEW-SERS spectrum (Figure 3.4) confirms that the methoxj groups of 3-
MPT have reacted. The remaining bands are assigned to the v(CH) methylene stnetching
- modes of the 3-MPT propyl lchain_. Absence of the vV(SH) band at 2574 cm-! in the IOEW-

SERS spectrum [Figure 3.4 (a)] is strong evidence for coupling of Ag with the thiol S-H |

linkage. Further confirmation regardjng the thiolate bonding between tﬁe sulfur and Ag

-surface can be gained from the u(C~S)G (G gauche ) and v(C-S)r (T = rrans) vibrations
which are shlfted to lower energies in the IOEW-SERS spectrum. In Figure 3.3, the 'D(C- '
S)g and v(C-S)T bands of the bulk sample at 742 and 649 cm-! are lowered in the
waveguide spectrum to 698 and 625 cml, respectiireiy. This energy decrease h:;s o
previously been reported as an indication of the thiolate bonding between Ag and the
thiolaie sulfur atom.25 Although the v(Si-C) and v(Si-O) vibrations are also present in this
region, it appears that the v(C-S) vibrations are enhanced relativé to the latter modes, |
probably as a result of the closer proximity of sulfur to the Ag surface.

The v(Si-0) vibrations, shown in Figure 3.3, also contain useful information about
the assembly of 3-MPT on the glass surface. The formation of a Si-O-Si network after
hydrolysis and condensation is indicated by the appearance of two intense bands
.%’tu'ibutable to siloxane v(Si-O-Si) vibratipns. The 1(Si-O-Si) and the v4(Si-O) bands of 3-
MPT are observed as broad shoulder bands centered af 1077 and 800 qm'l, respectively.
The intense band at913 enrl, situated between both 3-MPI‘ modes, is attributed to a
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FIGURE 3.3 IOEW-SERS spectrum of an Ag derivatized waveguide (a), and normal
. | FT-Raman spectrum of bulk liquid 3-MPT, (b). Aex = 1064.1 nm at _150 mW.
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FIGURE 3.4 IOEW-SERS spectrum of C-H stretching region of an Ag derivatized

waveguide (a), and unenhanced Fl‘-Ramah spectrum of bulk liquid _3—MPT (). Aex=
. - 1064.1 nm at 150 mW.
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V(Si-0) band from the glass substrate. The V(C-C) band of the propyl chain is observed as
a weak shoulder on the higher energy side of the v(8i-O) band from the glass. The very
intense band near 470 cm-! is also amributed to the glass substrate.

To illustrate the benefit of optically guiding the light into the waveguide, the
spectrum in Figure 3.5 was obtained without introducing an evanescent wave into the
waveguide. The spectrum was produced for the classical backscattering angle of 90° on
the Ag-derivatized waveguide. A strong broad featre in the 1600-1300 cm! region and 2
virtual loss of all vibrational information on the interface are observed. This broad band
has beeﬁ attributed to graphite formation resulting from decomposition of the organic
material. Apparently, “photografitization”, otherwise known as “laser carbonization”, of
the organic compounds located near the metal surface rather than the metal itself is
responsible for this particular laser-induced SERS phenonenom.?”28 Given that the
carbon film thickness was esnmated to be 100-200 nm on a roughened Ag electrode
surface, the SERS of a carbonized surface is considerably weaker than the scattering from
the ﬁdsorbate layer.

34.2 IOEW-SERS of 4, 4'-Bipyridine Derivatized Waveguide

The optical properties of the waveguide were measured for a quartz-derivatized slide
to eliminate spectral UV-absorption interference resulting from the glass. Figure 3.6 (A -
C) shows the extinction maxima for the parent Ag colloid used to derii_{atize the waveguide
surface, the Ag colloid derivatized waveguide and 4,4'-bipyridine derivatized waveguide,
respectively. The reported spectra are not corrected for reflection losses and therefore the
term extinction is used instead of absorbance. The extmcnon band observed is attributed to
excitation of surface plasmons in the metal. The surface plasmon frequency is largely
determined by the dielectric function of the metal but is also governed by the size and shape
of the particles and the interparticle spacing.?3-32 The extinction maximum of the Ag

- colloid-derivatized waveguide at ~402 nm is shifted slightly from the maximum of 392 nm
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FIGURE 3.5 SERS of the waveguide surface. The spectrum was collected using the
classical 909 backscattering geometry.
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FIGURE 3.6 UV-Extinction maxima of parent Ag colloid (A); Amax = 392 nm,
waveguide derivatized with Ag colloid (B); Amax = 402 nm, and Ag colloid derivatized

waveguide immersed in 2 mM 4,4"-bipyridine (C); Amax = 422 nm.
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observed for the parent Ag colloid used to coat the waveguide. This slight shift and
broadening of the band indicate that the isolated Ag particles of the colloid are in closer
contact on the waveguide surface but remain unaggregated. Although 4,4'-bipyridine does
not have an electronic transition close to the extinction maximum of the colloid film on the
waveguide (302 nm), adsorption of 4,4'-bipyridine does affect the Opt_ic_:al properties of the
colloid. The extinction maximum is shifted to 422 nm and the band is i)roadcned [Figure.
3.6 (C)]. The dielectric properties of 4,4'-bipyridine, in addition to the swmucture,
homogeneity, and distribution of Ag particles contribute to the change in the optical
response of the colloid.33 No spectral conﬁibuﬁon from the acetonitrile solvent was
detected. Spectra obtained after imnmersion in acetonitrile are comparable to those shown in
Figure 3.6 (B) and (C). |
IOEW-SERS, Ag colloidal sol SERS spectra and the ﬁonnal FT-Raman spectrum
of bulk 4,4’-bipyridine are compared in Figﬁre 3.7. The IOEW-SERS spectrum is
analogous to the SERS spectrum of the Ag colloid system, which, in turn, are in al good
agreement with those previously reported.!®-2 The presence of broad backgrou.nd.pcaks
between 1700 and 1000 cm-! in the IOEW-SERS spectrum has been observed in previous
SERS studies and was attributed to carbon contamination?228 The relative ihtensities of
the bipyridine vibrational modes are, however, enhanced compared with bands from the
glass and interface background. Raman scattering from the imerface. and glass substrate
was not subtracted in order to emphasize the enhancement of spectral information from the
bipyridine adsorbate on the Ag colloidal surface. This remarkable enhancement is achieved.
even though more than 98% of the”elcctric field resides in the glass waveguide.3* The
most prominent Raman features are located in the 1700-700 cm! region, wh.ich_.‘ is
essentially free from the substrate background vibrational modes. This region is associated
with in-pllme vibrational modes of the bipyridine molecule such as C-C and C-N stretching
and C-H wagging.35-3¢ The totally sfmmetrié modes are subjected to a greater degree of

. enhancement, while the out-of-plane modes located below 1000 cm-! are not observed.
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The generally accepted interpretation of these observations exploits the surface propensity

rules for adsorbate vibrations3>*73 and is consisten: with 4,4°-bipyridine being adsorbed

on the Ag surface via the nitrogen with the aromatic rings orichtcd perpendicular relative to
the surface. Interaction with the Ag surface occurs through & donation of the nitrogen lone
pair assuming a cis conformation with both nitrogen atoms interacting with the Ag atoms in
a chelating fashion.Z |
The épecu'al similarities of both SERS spectra illustrate the fact that the IOEW-
SERS substrate structure, with an immobilized Ag colloidal surface has the ability to
promote similar SERS-active Ag sites like 'that of aggregated colloidal sols.



Raman Intensity (Arb.units)

n

1 I . L
1500 1000 500

Wavenumber (cm- 1)

FIGURE'3.7 SERS of Ag colloid sol/ 4,4 ’-bipyf}iiﬁe system (20 ul,'2 mM) to 2 ml of

Ag colloid (a); IOEW-SERS of derivatized waveguide after immersion in 2 M acetonitrile SR

" solution of 4, 4’-bipyridine (b); and unenhanced FT-Raman spectrum of bulk solid 4, 4= -

bipyridine. Aex = 1064.1 nm at 150 mW (c).
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3.5 CONCLUSIONS

In this study, we have described a technique for attaching Ag colloid via a
bifunctional organic molecule, 3-MPT, to a glass substrate. This nanoscale Ag colloid/3-
MPT/glass hctefosu'ucnlre simuitaneously satisfies boundary conditions for integrated
optics, evanescent wave propagation and the optical conditions for surface enhanced
- Raman scattering {OEW-SERS). The colloid adlayer can couple with an evanescent wave
propagating in an underlying waveguide through resonant interactions with the conduction
electrons of the metal particles (surface plasmon excitations). The colloid overlayer
therefore acts as a field intensifier, increasing cross sections for optical processes such as
Raman scattering. Vibrational information from both the wavéguidé interface and
adsorbates confined to the colloid surface are revealed. The interfacial structure of 3-MPT
in the waveguide assembly can be probed by optically guided light, whereas a classical 90°
scattering geometry results in carbonization of the waveguide surface. Optical properties of
the Ag colloid bcfore'” and after depoéition on the waveguide are characterized by‘
transmission UV. The?tmu (392 nm) of the parent colloid undergoes a small shift after Ag
colloid deposition (402 nm) which indicates that there is little colloidal aggregaﬁon upon
: dcposiﬁon p'n""thé 3-MPT underlayer. The Ag colloidal surface was derivatized with 4,4’-
bipyridine and the IOEW-SERS speétrum collected was analogous to an Ag colloidal sol
system of 4,4’-bip_yrid.ine. The ?L,ﬁax (422 nrﬁ) of the 4,4 -bipyridine derivatizea
- waveguide is shifted relative to that of the underivatized waveguide whiéh indicates some
changes occur in the ‘opl:ical properties of the colloidal particles, however, the colloid

surface remains predominantly unaggregated.
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~ CHAPTER 4 |

SURFACE ENHANCED RAMAN SCATTERING OF
MERCAPTOPYRIDINES AND THE FABRICATION OF A
METAL-ION CHEMICAL SENSOR BASED ON INTEGRATED
~ OPTICS, EVANESCENT WAVE, SURFACE ENHANCED
RAMAN SCATTERING (IOEW-SERS)
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4.1 SUMMARY

We have shown in Chapter 3 the construction and utilization of a planar glass
waveguide decorated with 2-D‘aggrégates of Rayleigh limit silver particles by covalent
attachmeht through a propylthiolate moiety anchored atone end to the glass surface. The
evanescent field of propagating TE waves was enhanced by coupling with surface plasmon
modes of metal particles. In this Chapt\er, adsorptiion of 2- and 4-mercaptopyridine on Ag
colloid attached to the surface of a waveguide is studied through a comparative analysis of
their SERS spectra obtained from metal liquid-like films (MELLFs) and Ag hydrosols.
Sp'cc‘:l:ral analysis of adsorbate intensities and frequency band shifts reveals information
about surface orientation as well as the mode of adsorption. Both molecules adopt rou ghly
perpendicular orientations when bonded through the sulfur atom to the silver surface. The
‘ .4-MPy-modified waveguide was exposed to both proton and metal-ions to explore.the
pc_)ssibility of adapting the waveguide as a thin film chemical sensor. Accordingly, a
reversible acid-base titration of surface-bound 4-mercapt0py1idine (4-MPy) was observed.
' In contrast, Cu+ is coordinated irreversibly. Spectral changes to the vibrational fingerprint
of surface-confined 4-MPy suggest a Cu-pyridine nitrogen interaction binds the Cu?+ ions
to the surface. X-ray phbtoelectron. sﬁeclroscopy (XPS) provides insight into the
- waveguide fabrication and sensing process as the multi-layer strﬁctxne is evaluated step-by-
step from a silica substrate to the copper ion at the outermost layer. The N 1s region of the
XPS spectrum attributed to the pyridine nitrogen of surface-confined 4-MPy molecules and

displays a characteristic shift to lower binding energies upon exposure to Cu?t ions.
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4.2 INTRODUCTION

The development of the surface enhanced Raman scattering (SERS) technique has
provided an important tool for characterizing organic adsorbates on a variety of metal
surfaces, predominately Ag, Au and Cu.l? In many cases, the SERS effect appears to
require the presence of a roughened surface where enhancements of up to a factor of 106
have bsen achieved. Roughencd surfaces have been fabricated in a number of different
ways, e.£., by electrochemical roughening of electrodes, through colloidal sols and metal
liquid-like films (MELLFs).13 Recently, a SERS substrate has been constructed in which
Ag and Au colloidal particles are anchored onto a supported organic thin film.* This
substrate consists of a multilayer structure of three components, viz., an .immobilized' silver
colloidal sol, a coupling-molecular adhesive, and a glass substrate. A bifunctional
interfacial adhesive, 3-mercaptopropyltrimethoxysilane (3-MPT), can be used as a -
molecular adhesive between the colloid and the glass substrate. The 3-MPT is grafted onto
- the glass substrate By hydrolysis and condensation reactions of the alkoxide termini to form
silokane bonds. Unreacted thiol termini can then bind covalently to a metal colloid.
Tmmersion of the 3-MPT-derivatized glass in a dilute solution of silver hydrosol produces a
2-D colloidal silver array bonded to the surface.* Optically guided light can prbpagéte into
the thin colloidal film as an evanescent wave and couple with surface plasmon modes so
that the efficiency of waveguiding®® can be combined with the inherent advantages of
SERS’. With this approach, the colloidal deposit is thin enough to allow the evanescent
wave to propagate againsta bouﬂda:y having a complex refractive index and the refractive
index conditions are met whereby the optical field can penetrate the adhesive/metal
superstrate film. We describe this cohplete waveguide-SERS substrate configuration as
integrated optics, evanescent wave, surface-enhanced Raman scattering (IOEW-SERS).
Typical SERS analytes (e.g., pyridine and its derivatives) are able to adsorb passively on to

the waveguide colloid surface from solutidn. This construction is capable of discriminating
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between the waveguide interfaces, thereby providing information on vibrational and
structural properties of the adsorbate. This has previously been demonstrated in Chapter 3.
This SERS active optical waveguide structure demonstrates the self-assembly of
molecular films to produce precisely controlled surfaces. Thin film surfaces, which
provide nanoscale ordered arrays, have far-reaching implications in advancing interface
science and materials technologies. Potential uses for organized molecular assemblies,
apart from optical waveguides, include surface modification for protective coatings,
chemically active surfaces for electrodes, lubrication, sénsors; and biologically active
surfaces.® In this present work, we further explore the use of this SERS-active optical
waveguide as a thin film chemical sensor. “Chemical sensors usvally consist of a
chemically sensitive coating which responds lselccti‘vcly to a particular analyte.” Sensor
fabrication relies upon rational design based on known bulk-phase interactions between the
analyte and the functional group of the selective coating. Practical difficulties in the design
and use of sele';:tife coaﬁngs can be ﬁﬁited by using thin ﬁhﬁs consisting- of molecules,
known to self-assemble and with simple ion-respbnsive terminal functiona.l groups.1°
With thié in mind, the waveguide surface is modlﬁed ﬁy a self-assembly process using
functionalized organic thiols, 2- and 4-mercaptopyridines (2- and 4-MPy). We investigate
the SERS and the application of 4-MPy as a metal-ion based chemical sensor coating using
IOEW-SERS. The heterogenous assembly of the waveguide and sensor layer is illustrated
in Figure 4.1. | -
| In the first part of this chapter, we compare SERS of 2- and 4-MPy on different
silver SERé substrates viz., MELLFs, IOEW-SERS and an Ag colloidal sol. The purpose
of this comparison is to establish the extent to which the SERS effect is coextensive from
one Ag system to another. Since 2- and 4-MPy are at least ambidentate,!! they offer
several possible modes of adsorption and orientation on a metal surface. The SERS of 2-
and 4-MPy have been previously investigated on modified Au, Ag and Pt substrates'214 It
has been concluded that both 2- and 4-MPy adsorb on the metal surface through the sulfur
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FIGURE 4.1 A schematic diagram of the heterostructure assembly, glass/3-MPT/Ag -
colloid, of IOEW-SER substrate with an adsorbed layer of sensor coating, 4-MPy. The
propagating evanescent wave, TE mode (---) leaks into the 3-MPT/Ag colloid overlay;:rs -
increasing the Raman scattering cross section and enhancing the surface 4-MPy adsorbafc
‘vibrations. The selective sensor function of 4-MPy is depicted by the HY ions of 4-

MPyH™, (O) which are replaced by Cu2+ ions (@).
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atom with the pyridine ring oriented approximately normal to the metal surface. This mode
of adsorption is not surprising considering the srrong affinity of thiols for Au surfaces.!’
The surface chemistry of 2- and 4-MPy on Ag(111} electrodes studied by EELS, LEED
and Auger spectroscopy also suppbrts this mode of bonding.16 |

In the second part of this paper, we examine the intermolecular interaction between
the adsorbed 2- and 4-MPy layers with Ht and Cu?*t jons using IOEW-SERS.
Interactions between modified 4-MPy metal substrates and probe ions have been studied by
electrochemical methods and were shown to undergo specific analyte interactions involving
the uncoordinated pyridine nitrogen. For example, cytochrome ¢ lis capable of binding to a
'4-MPy-modiﬁed Au electrode allowing an electron-transfer reaction between the electrode
- and cytochrome ¢.}»1% At low pH, modiﬁe.d 4-MPy Au electrodes can electrostatically
bind sulfonated anthroquinones.1?

We déﬁonstrate that tﬁe IOEW-SERS technique is sensitive to metal ion induced
perturbations of 4-MPy at submonolayer coverage. SERS spectra of selected médes canbe
recorded in roughly 45 s of detector integration time, despite the fact that almost all of the
power resides in the waveguide. With TE polarization, this is accomplished withoﬁt optical
damage. Finally, we use X-ray photoelectron spectroscopy (XPS) to cons&uct a layer-by-

layer interpretation of the 4-MPy derivatized waveguide from the waveguide substrate to |

the Cu2+ jon.
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4.3 EXPERIMENTAL
Materials. 2- and 4-MPy (Aldrich) were sublimed in vacuo immediately prior to use.
Other reagents were used as received. Sodium_borohydridc (99+%, Janssen Chimica) and
silver nitrate (p.a. Aldrich) were used for Ag colloid preparation. 3-MPT (Patrarch) was
used to functionalize waveguidcs. For the pH studies, HCI (99.99%, Aldrich) and NaOH
(99.99 %, Aldrich) were used. Dichloromethane and acetonitrile (Aldrich) were of
spectroscopic grade. High-purity watef was obtained from a Milli-Q Ulrapure Millipore
water system. Glass cover slides (24 x 30 mm x 150 pum, Fisher Scieniific) were used as
waveguide substrates. Silicon (110) wafers (V ackérs Chemitronics) were used for XPS.
Prep_aration Procedures. The Ag colloids us.cd for the wa\;eguide preparation,
- MELLFs and colloidal sols, were prepared by recuction of AgNQs with NaBH4, following
an established method.3 )
Waveguide Deri_vatization. Glass waveguide preparation, including derivatization
. with 3-MPT and the Ag colloid has been detailed in Chapter 3.7 The 4-MPy and 2-MPy
| compounds were adsorbed ‘onto freshly prepared Ag colloidal-derivatized waveguides by
immersion for 10 min in a 2 mM acetonitrile solutiqn containing the adsorbate. For the IO-
EWSERS experiments with metal-ion probe mc;diﬁcation, 2- and 4-MPy derivatized
- waveguides were immersed in a 2 mM aqueous solution of Cu(NQOs)2 for 10 min and
repeatedly washed with Millipore water. Spectral changes were monitored as a function of
the waveguide immersion time in the copper solution. The'samé waveguide was re-
- immersed in the copper ion solution after each IOEW-SERS spectrum was collected.
Metal-Liquid-Like Films. Preparation of MELLFs films followed the procedure
described in Chapter 2. Optimal results were obtained by mixing equal volumes (2 mL) in
a tall, cylindrical glass vial (5 mL), of an aqueous Ag colloid and a dichloromethane
solution containing 2 x 10-3 M 4-MPy or 1 x 103 M 2-MPy. The 2-MPy formed a
lusterous metallic film at the interface between the aqueous and dichloromethane layers.

The 4-MPy adsorbate did not form an metallic film, Instead, the Ag colloidal particles were
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transferred from the aqueous to the dichloromethane phase and formed a yellow-orange
organosol in which macroscopic aggregates (which appear as 4 cloudy particulate
suspensibn) were formed at the interface. The “films™ were removed from the interface by
* carefully immersing a small piece of glass slide (0.7 x 0.7 cm) through the solvent phase,
transferring the film from the aqueous layer onto the glass and then withdrawing the glass
slowly through the solvent phase. |
Ag Colloid Sol Systems. The Ag colloid sol of 2-MPy was obtained by adding an
agueous solution of 2-MPy (60 pl, 10 mM) to 2 mL of the colloid. The colloid aggregated
immediately, producing a purple éolor. The mixture was transferred to a capillary samialc
cell for the SERS measurement. | Similarly, the 4-MPy Ag colloidal sol was obtained by
adding an aqueous solution of 4-MPy (10 pl, 0.2 mM) to 2.mL of Ag colloid. In this case,
aggregation occured slo{WIy, and gave a purple-brown color. The optimal SERS spectrum
was collected after 12 h. | _
Silvef-z- and 4-MPy salts. To prepare the silver-2-MPy and silver-4-MPy sait’s,
equimolar quantities of AgNO3 and 4-MPy or 2-MPy (0.05 mol) were. dissoived in
* ethanol/water solution to yield pale yellow and white precipitates of silver-4-MPy and
silver-2-MPy, respectively. The precipitate was filtered, rinsed with ethanol and water,
and then dried under vacuum. The FT-Raman spectra of the silver-2- .and 4-MPy
complexes were measured on the solid samples.

pH Studies. For the pH studies, aliquots of HCI or NaOH were added to an aqueous
solution of 4-MPy until the desired pH was reached. Acidic pH studies were also'repeé.tcd
with HCIO4. The FT-Raman spectra of 4-MPy solutions were recorded immediately after
preparing the solutions. : _
Instrumentation. All SERS spectral data were obtained using 514.5-nm (50 mW)
radiation from a Spectra Physics Model 164 Ar*-laser with an integrated optics
spectrometer bench constructed in-house.?2! The detector system conéisted of a liquid

N»s-cooled charged coupled device (CCD) detector interfaced to an Instruments S.A.

111



HR640 spectrograph equipped with a holographic grating (1800 grooves mml). An
acquisition time of 30 s was typically employed for each 500 crm-! window.
FT-Raman spectra of the 2-aed 4-MPy powders, pH solutions and silver-2- and 4-

MPy complexes were recorded on a Bruker IFS-88 spectrometer equipped with an FRA-
105 Raman module and a liquid N3-cooled proprietary detector. The spectra were excited
with a Nd3*:Y AG laser operating at 1064.1 nm (150 mW), with 250 scans being typically
collécted. | |
X-ray Photoelectron Spectroscopy; For layer-by-layer analysis of the multilayer
waveguide by XPS, samples were prepered on the silica overlayer of a conducting silicon
wafer. Sample preparéﬁbn followed the same recipe as that used to prepare the glass
substrate wavegﬁidee in Chapter 3. We identify each sample with the following label:
eample (A): Si wafer; sample (B): Si wafer modified with 3-MPT (Si/3-MPT); sample (C):

$i/3-MPT with adsorbed Ag colloid; (Si/3-MPT/Ag); sample (D): Si/3-MPT/Ag with
adsorbed 4-MPy, (Si/3-MPT/Ag/4-MPy); and sample (E): Si/3-MPT/Ag/4-MPy immersed
in aqueous Cu(NOg)g soluuon (81/3 MPT/Ag/4-MPy/Cu) XPS measurements were
performed with a Flsons VG ESCALAB 2201-X.L spectrometer. A monochromatized Al
Ko radiation source eqmpped with a magnetic lens (XL) was used. Photoelectrons were
collected in constant analyzer energy‘mode. The high-resolution spectra were collected ata
constant pess energy of 20eV. 'The base pressure of the turbo-molecuiarly pummped UHV
ehamber during XPS analysis was typically 4x 10'10 torr. The insﬁ'ument work function
of 4. 25 eV was referenced to a Au 4f binding energy at 84.0 eV. XPS data were analysed
with Fisons Echpse vl, 7p, software provided with the XPS mstrument.
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PART 1. SERS STUDY of 2- and 4-MERCAPTOPYRIDINE

4.4 RESULTS AND DISCUSSION
4.4.1 SERS of 4-Mercaptopyridine

'Ihe SERS spectra obtained for 4-MPy adsorbed on MELLFs, IOEW-SERS and Ag-
colloid sol substrates are shown in Figure 4.2 (a), (b) and (c), respectively. Peak positions
and proposed band assignments for 4-MPy are given in Table 4.1. The assignments are
based on those for para-substituted pyridine and thiophenol.>% Bands assigned to the 3-
MPT interface in the waveguide assembly are observed below 1000 cm-l., The 3-MPT
adhesive interposed between the silver adlayer and the waveguide glass is a poor Raman
~ scatterer so its contributions to the 4-MPy derivatized IOEW-SERS spectrum are
negligible. For compaﬁson, the normal FT- Raman spectfa of the bulk silver-4-MPy
compléx and pure solid 4-MPy are shown in Figure 4.3 (a) and (b), respectively.

SERS spectra of 4-MPy and the normal unenhanced Raman spectrum of s'ilQer—4-
MPy complex show remarkable similarity in their vit-ational profile. Bands at 1616., 1586
1107, 1007, 714, ﬁnd 430 el of the silver-4-MPy complex have similar coluntefpané, |
though with different inteqsiﬁes, in the SERS spectra of adsorbed 4-MPy on different
substrates, e.g., bandslat 1617, 1583,1098, 1015, 709, and 435 cmrl in ihe" IOEW—SERS
spectrum, Figure 42 (©). 'ﬁm 1 a) ring-breathing mode near 1000 cm-! remains intense
for both the normal Raman spectrum of the silver-4-MPy complex and SERS 'sbectra. In
the silver complex the intense band at 1041 cm-1 is assigned to a Vgym(NO3") moﬁe from
AgNO3, The shoulder at 1051 cm-! on the higher wavenumber side of the‘ _rlinate band is
assigned to the 18a; B(CH) miode. This mode is absent in the IOEW-SERS and c6lloidal
SERS spectra bemg replaced by a band at 1065 cm-lwhich we téntatively assign t_o‘th‘e o
18by B(CH) mode. By way of comparison, both the 18a) anci,isz modes are observed as
 weak bands in the MELLFS spectrum. The greatest similarity between the SERS spectra.
and the normal unenhanced Raman spectrum of the silver complex is the dramatic increase
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FIGURE 4.2 SERS spectra of 4-mercaptopyridine (4-MPy) adsorbed on: MELLFs ”

. (2mL of 2x 103 M 4-MPy in 2 mL of colloid) (2); IOEW—SERS (2 x 103 M of 4-MPy in

. acetomtnle) (b); and silver hydmsol (10pulof 2x 104 M 4-MPy in 2 mL of colloid) (c).
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FIGURE 4.3 Unenhanced norma! FT-Raman spectra of sﬂver—4-MPy complcx (a), and
4-MPy in the solid state (b). Aex = 1064.1 nm at 150 mW.

| (*) Band assigned to Vsym(NO3’) from AgNOs.
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TABLE 4.1 Assignments and wavenumber positions (cm*1) of normal Raman

and SERS spectra for 4-mercaptopyridine.

Assignment @ Solid Sillcrg;:- MELLFs Co]:g{dal IS&Q"S"
complex ‘
7a1, S(C-SMCCC) | 431 430 415 430 435
16by, Y(CCC) 471 497 490
6b2, B(CCC) 647 646 .
6ay, B(CC)(C-S) 721 714 707 705 709
10by, (CH) 790 | 811 813 810
901 \
la; (Ring breathing)| 990 1007 1008 1007 1015
1041 | | |
| 18a3, B(CH) 1045 1049 |
18by, B(CH) - 1080 1064 1065 1062
12a;,Ring 1106 1107 1097 1098 1098
breathing) / v(C-S) |
o , 1135
B(CH) /8(NH) - 1200 1204 . 1207
9a1, B(CH) 1250 - 1218 1222 1221
3b2, B(CH) 1290 1305
| | | 1338
14bz, B(CC) 1394 o 1390 1407
19bp, V(C=C/C=N) | 1459 | 1458 1433
192;, 0(C=C/C=N) | 1478 = | 1470 1478
| | 1525 |
8b2,0(CC) 1604 158 1583 1573 1583
8a1, V(CC) 1617 1616 1611 1615 1617 °

(a) Assignments for the normal Raman spectrum of 4-mercaptopyridine from refs. 22-25.
- (*) Band assigned to Dgym(NO3") from AgNOs.
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in intensity of the vy, a; mode near 1098 cm-l. This band is attributed to a so-called X-
sensitive mode. 2> X-sensitive modes are described as modes that are strongly coupled
substituent and aromatic ring modes. Coupling is modulated by the local environment of
the X substituent. A similar band intensity increase is observed for the SERS of
thiophenol,26 the electrochemical SERS of 4-MPy on Au electrodes'4 and to a lcssei' extent
for the normal Raman of pyridine-metal complexes.?’ This 1098 cm! band is assigned to
a V172 ring breathing mode coupled to a (C-S) stretching mode. 142224 -

All SERS spectra display an enhanced band near 1220 cm-l. There is no
corresponding band oBserved in the normal Rmm spectrum of the silver—4~MPy complex.
A band, similar in intensity and frequency position, has been observed for the Ag colloid
SERS of pyridine and pyrazine and is assigned to a 9a; B(CH) mode.2® Where the normal
- spectrum of silver-4-MPy complex is featureless betweén 158_0—1250 cml, this region in
the SERS spectra is populated by vibrational features from 4-MPy that depend on the
method of fabricating the SER substrate.” Colloidal sol SERS shows peaks at 1470, 1433,
1407, 1338, and 1305 cm-l. Weak vibraﬁonal features are observed in the MELLFs
spectrum at 1515, 1458, and 1390 cm-l. Interestingly, only one band at 1478 cm-!
dominates the IOEW-SERS spectrum in this region. It is not clear what causes these -
differénces on changing from one SERS substrate to another, Argumehts'relating to
differences in surface potential, adsorbate polarizability, and scale of roughness have been

advanced to rationalize similar observations in the past.12%.3¢

4.4.2 SERS of 2-Mercaptopyridine
The MELLFs, IOEW-SERS and Ag colloidal SERS spectra of 2-MPy are shown in’
Figure 4.4 (a), (b) and (c), respectively. The normal FT-Raman spectra of pure 2-MPy
‘, and the silver-2-MPy complex are compared in Figure 4.5 (a) and .(b), respectively. The
;ribfaﬁonal assignments given in Table 4.i follow those of a previous report and assume

that the 2-MPy molecule retains Cs symmetry31 In the solid state, 2-MPy exists as a weak

117



Raman Intensity (Arb. units)

o
:g b= AN
< ,-.(o — I
wy (]
75} -« N
— 0 P
(a) Poe) A S
G
o
4 \
—

| 1 |
1800 1600 1400 1200 1000 800 600

Wavenumber (cm-1)

- FIGURE 4.4 SERS spectra of 2-mercaptopyridine (2-MPy): MELLFs (2 mL, 2 x 10-3
M 2-MPy in 2 ml colloid) (a); IOEW-SERS (2 x 10-3 M of 2-MPy in acetonitrile) (b); and
silver colloid hydrosol (60 pl, 1 x 10-2 M 2-MPy in 2 mlL of colloid) (c).
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FIGURE 4.5 Unenhanced FT-Raman spectra of silver-2-MPy complex (a), and 2-MPy
. in the solid state (b). Aex = 1064.1 nm at 150 mW.

(*) Band assigned to Vsym(NO3") from AgNO3.
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TABLE 4.2 Assignments and wavenumber positions (cm 1) of normal Raman

and SERS spectra for 2-mercaptopyridine.

Assignment @ Solid Silver-2- | MELLFs | Colloidal | IOEW-
_ MPy sol. SERS
complex
A" 16a, {CCO) 389
3(C-8) / B(CCO) 445 446 435 432
| 485
A’ 6a, Y(CCC) 618 634 630
A"BCO 711 A
A' (C-S) 1 773 727 720 714
A" y(CH) 743
A"yNH) 893
| A" v(CH) 949
A" y(CH) 980 ‘
A’ 1a, (Ring breathing) 938 1001 1004 998 - 1001
| 1041*
A' 183, B(CH) 1024 | 1054 - 1048 1050
A' 18b, B(CH) 1092 1082 1084 1081
A’ 12a, (Ring 1133 1135 1117 1117 1114
breathing) \ v(C-S) :
1164 ' 1150 1150
B(CH) / 8(NH) 1230 1244 1228 1230
A' 14b, v(C=C/C=N) | . 1261 1269 1274 1272
A’ 5(CH) 1372 1417 1411 1413
A'19b, 0(C=C/C=N) | 1444 . 1448 1451
A' 193, 2(C=C/C=N) | 1502
‘A" 8b, H(C=C) 1569 1589 1554 1549 1551
A' 8a, y(C=C) 1614 1578 1579 1576

(a) Assignments for the normal Raman spectrum of 2-mercaptopyridine given in ref. 31.
(*) Band assigned to Vgym(NO37) from AgNO3,
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intramolecularly H-bonded dimer of Can symmetry. The normal unenhanced Raman
spectrum of the silver-2-MPy complex is similar to that of the silver-4-MPy complex, i.e.,
the spectrum is dominated by the more intense bands assigned to the v(C-S) modes (1135
and 727 cm-!) and the in-plane ring modes (1589 and 1001 cm-!). The IOEW-SERS and
colloidal SERS spectra of 2-MPy display similar band positions with some differences in
relative intensities. The Ag colloid SERS spectrum exhibits an additional broad band at
1627 cml, tentatively assigned to a 8(H20) mode from the hydrosol system.32 The X-
sensitive mode near 1114 cm-! remains unenhanced in both substrates relative to the normal
Raman spectrum of 2-MPy. By contrast, this mode is enhanced considerably in the
MELLFs spectrum. The relative band intensity variations among all SERS spectra may be

attributed to orientation effects which are discussed in more detail below.

4.4.3 Orientation

Clgarly, it is important to know for the purpose of fabricating a chemical sensor that
for a surface confined sensing molecule, the terminal functional group binding site is free to
coordinate probe ions from solution. Therefore, an understanding of the orientation of
both 2- and 4-MPy ligands on the colloid surface is crucial. Surfacé selection rules are
often applied to molecules on SERS-active substrates to deduce orientations.33-33 For Coy |
molecules, all four symmetry species are required to define orientation because each .
contributes information thrbugh the polarizability tensor components. 'Pyridine Iing
vibrations (under Cpy symmetry) are distributed between, aj, az, by and by symmetry
species, all of which are Raman-active. The aj and by modes involve in-plane motions
while those of a2 and b; symmetry are associated with out-of-plane vibrational motions.
The normal Raman spectrum of 4-MPy in the 1800-400 cm] region is dominated by the
more intense a; modes, with the exception of a strong Band at 1394 éﬁl‘l, assigned toa
14bs ring mode. The a; modes are inherently very weak in aromatic ring systems and

bands assigned to these modes as well as the bj modes are weak in the normal Raman
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spectrum of bulk 4-MPy. The a; modes are not observed and the b; modes remain very
weak in the SERS spectra of 4-MPy obtained on any substrate. In general, the SERS
spectra of 4-MPy are dominated by the more intense bands assigned to b and a; modes.
For perpendicular orientation, the relative enhancement of bands is in the order of species
b1 = by > ag. Molecules lying flat on the surface will experience enhancements such that ap
= b > ba. In the SERS spectra of 4-MPy, the a) modes remain mostly unenhanced while
the relative intensities of the strong a; modes at 1617, 1045, 721, and 431 cm-! have
decreased relative to the normal unenhanced Raman spectrum. The most dramatic
vibrational enhancements be.lorig to the in-plane modes, V12a; /0(C-S), vgbs (CC) and 9a;
B(CH). The other by modes that femain unenhanced in the SERS spectra are absent in the
normal Raman spectrum of the silver-4-MPy complex. These bz modes are weak bands in
the normal Raman spectrum of pure 4-MPy with the exception of the v14b mode at 1394
cm‘l, which appears as a weak band in the MELLFs spectrum. For all SERS spectra, the
inherent weakness of the Blrmodes and absence of the a; modes makes a comparison of
their relative intensites with the aj and by modes difficult.2® Moreover, this observation
' cbmplicates the use of the SERS selection rules in terms of the polaﬁzability tensor
components to clearly define the orientation.

Some insight may be gained, however, by considering the directional plane of
vibrational modes. Normal modes that involve the in-plane motion lof the ring C=C and
C=N bond stretches would be expected to be most enhanced for a perpendicular orientation
(especially those assigned to a; totally symmetric modes that derive significant intensity
from the o7z tensor component). The out-of plane a3 and b; modes should experience little
enhancement. Alternatively, if the molecule were adsorbed vig donation of thé ring 7t
system, the plane of the aromatic ring would lie parallel to the surface and the totally and
nontotally symmetric aj and b, in-plane modes wouid be expected to have littie or no
enhancement, while certain out-of-plane modes would show some enhancement. In the

SERS spectra of 4-MPy, the ta; in-plane totally symmetric ring mode appears as an
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intense band. Preferential enhancerném of the in-plane V1221, 9a; B(CH) and vgbs modes
suggests that the pyridine plane adopts a perpendicular orientaton to the surface.

In the IOEW-SERS and colloidal SERS spectra of 2-MPy, the most intense band is
assigned to the v1a;, ring breathing mode. The in-plane vgbs and vy22; modes are also
intense but remain unenhanced relative to their counterparts in the normal Raman spectrum
of neat 2-MPy. The relative intensity differences observed between the vgbs stretch mode
near 1549 cm-] and the ring breathing modes, vi1a; and ulgai at 1000 and 1117 cm-l
respectively, suggest subtle differences in the orientation of 2-MPy on each SERS
substrates. In the MELLFs spectrum, the relative intensity of the vgby mode is comparable
to the vja; and vy2a; modes. Similarly, for thé colloidal SERS spectrum, the vgbs mode

is comparable in intensity to the vja; mode; however, the relative intensity of the vy2a)

mode is reduced. Since the vgby mode involves symmetrical motion of the ring C=C '

bonds and the v32a; mode involves motion of the C-S bond, they are expected to be
enhanced when 2-MPy is adsorbed via the sulfur, pléding the C-S bond and ring plane
normal to the surface. This is the case observed for the MELLFs spectrum. By contrast, ..
the smaller intensity of the v13a; mode in the colloidal SERS spectrum implies that the C-S
bond angle is less than normal relative to the colloid surface. The vgbs mode remains
intense relative to the ;a; mode because the plane of the pyridine ring still remains normal
to the surface.. The ring ‘ﬁlts’ such that the N atom is in closer proximity to the surface
compared to the MELLFs specttum. In the IOEW-SERS spectrum, tlie intensity of the
vgbs mode is decreased relative to the v1a) and v12a) modes. By analogy, this implies
that the plane of the pyridine ring is not normal to the surface, but tilted. This tilted
orientation is further supported by the observed out-of-plane 8(C-S) band intensity increase
at 435 cm-1l. A spectral analysis of the v(C-H) stretching region reveals that, overall, this
tilt relative to the metal surface is very small.

The spectral region between 2900-3150 cm-1, shown in Figure 4.6, covers the

v(C-H) stretching bands of the IOEW-SERS spectra for adsorbed 2- and 4-MPy. The
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FIGURE 4.6 IOEW-SERS spectra of v(C-H) stretching region of adsorbed 2-MPy (a),
and 4-MPy (b).
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IOEW-SERS spectrum of 2-MPy shows two bands at 3061 and 3109 cm-1 assigned to the
totally symmetric C-H stretches.>! In contrast, there is only marginal band intensity
observed in the IOEW-SERS spectrum of 4-MPy. These observations further support the
assigned perpendicular orientation for 2- and 4-MPy. These modes have been used in
previous reports to clarify the orientation of aromatic adsorbates on roughened metal
surfaces.2®3 The SERS intensity associated with the v(C-H) mode depends upon the
angle at which the C-H bond lies in relation to the silver surface. For a perpendicular
orientation, the maximum intensity will be expected for the C-H stretching mode that
vibrates normal to the surface. As the angle of the C-H bond relative to the surface
decreases, the SERS intensity is expected to decline. Thus for 2-MPy adsorbed normal or
near normal to the surface vig & donation through either the nitrogen and/or the thiolate, the
C-H stretching modes, should contribute predominantly to the most enhanced band.36
This is particularly true for a C-H bond para to the pyridine nitrogen and/or the sulfur atom.
The other C-H bonds lie near 30° (in the molecular plane of the ring) relative to the surface
and should exhibit relatively smaller enhancements. Aliernatively, 4-MPy adsorbed via the
thiolate or nitrogen moiety in a perpendicular orientation would have no C-H bonds normal
to the surface. Furthermore, the ortho and meta C-H modes should experience little or no
enhancement. The absence of V(C-H) modes in the IOEW-SERS spectrum of 4-MPy is

-consistent with this interpretation.

4.44 Mode of Adsorption of 2- and 4-MPy on the SERS Substrate Surface

As discussed previously, studies have indicated that the pyridine ring resides
perpendicular to the metal surface for both 2-and 4-MPy. For this orientation, adsorption
is expected to occur via ¢ donation through either the nitrogen and/or the sulfur atoms.
Aromatic and aliphatic thiols, e.g., thiophenol, adsorb via the thiolate sulfur and form

assembled monolayers on Ag, Au and Cu surfaces, adopting a near-perpendicular
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orientation. This mode of adsorption is accompanied by the disappearence of the intense,
poiarized V(S-H) bond Jocated between 2590-2560 crn-1 foliowing cleavage of the S-H
bond.?* The presence of such a diagnostic band is complicated in the case of 2- and 4-
MPy since both molecules exist in a thione/thiol tautomeric equilibrium, illustrated in
Figure 4.7.3738 In the normal Raman spectrum of solid 4-MPy, where the thione tautomer
predominates, a broad band is observed between 2500 and 2900 cm-! atributed to the
V(SH) and v(NH) band contributions associated with the tautomeric structure. The
observed band profile is similar to that found in intramolecular hydrogen bonded systems
and no changes in the v(S-H) band Tegion on either metal complexation or adsorption on a
SERS substrate were detected. 3941 | _
The mode of adsorption on the surface may alternatively be identified by
' determining the behaviour of C-S bond related vibrations. Among such modes that involve
the sulfur atom is the vgai, v(C-S) stretching mode, assigned to an X~senlsitive
" mode. 234142 'ihis band shifts to lower wavenumber upon S-methylation of metal ion
complexation. In the normal Raman spéotra of silver-2- and 4-MPy complexes, the ‘o(C-S) |
" ldand, posiﬁon_s‘"'have dccr_édsed by4 and 7 cm-! from 731 and 721 om'l, respectively. In |
the IOEW-SERS spcotra of 4- and 2-MPy, the v(C-S) oand positions decreased by 12 cm-l
(from 721 el to 709 ofn'l) and 17 cm1 (from ‘731”to 714 cm-1), respectively. A similar
| peak shift hds been observed for other éromaﬁc' thiols adsorbed via the tlliolate such as
 thiophenol adsorbed on SERS-active metal substrates 264344 Studies usmg Auger
SPectroscopy and EELS conclude that 2- and 4—MPy and r.lnophenol attach to an Ag(11 1)
' electrodc substratc primarily through the 8 atom and that the aromatlc ring adopts a
perpendicular orientation. relative to the surface. 1645 Preferenual enhancement of the
v1221/0(C-S) band at 1098 cm‘l observed in the TIOEW-SERS spectrum of 4-MPy is also |
-observed in the SERS of thlopho.enol.z“'zﬁ’44 The most mtense SERS enhanced bands of 4--
MPy assocxatcd with ring modes (1015, 1098 and 1583 cm‘l), have similarly intense -
" counterparts in .the SERS spectrum of thiophenol (1000, 107-37 and 1573 cr-l). The
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FIGURE 4.7 Thiol-thione tautomers of 4-MPy... * . .
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spectral similarities provide further confirmation that 4-MPy is adsorbed via the thiolate

moiety.
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PART 2. IOEW-SERS STUDY OF THE SENSOR APPLICATION
OF ADSORBED 4-MERCAPTOPYRIDINE

4.5 RESULTS AND DISCUSSION
4.5.1 TIOEW-SERS of Cu2* Ion Binding

To demonstrate the principle of the IOEW-SERS substrate as a metal-ion sensor,
the adsorbed 4-MPy layer was exposed to different aqueous metal nitrate solutions
prepared from M(NO3)z where M = Mn?+, Co?+, Ni2+ and Cu2*+. Spectral changes were
observed only in the case of Cu?t ion. The IOEW-SERS spectra of 4-MPy collected as a
function of time after immersion in the Cu2* ion solution, are shown in Figure 4.8.
Vibrational modes below 1000 cm! derived from the 3-MPT interface are more apparent in
these spectra as the angle of the incidgnt beam relative to the prism is decreased to obtain
the optimal spectrum of 4-MPy.' We obéewed tl;at with increased immersion time the
felarive intensities oi; some of the 4-MPy modes show a concomitant enhancgment relative
o the v and 1512 bands. A gradual decrease and evéntual disappearence of the vga; band
at 1617 cm! is observed. This is followed by a simultaneous increase in infensity of the -
vgby band at 1585 cm-1, as well as the appearance of a'shouldgr af 1015 cm‘l,'on' the
higher wavenumber side the 1 band. This shoulder becomes clea;rly resolved into a weak
band at 1034 cm1 (Figure 4.9).

Similar spectral changes héve been reported for an electrochemical SERS
eiperiment of 4-MPy adsorbed on a gold electrode.!* At positive potentials, the bands at
1010 and 1585 cm! decrease in intensity and eventually disappear at potentials more
positive than 0.5 V. This observation has been interpreted in terms of a loss of aromaticity
c;fv-the pyndine ring. Some inéight into .tht; intéractioh of ,co:pper with surfqt;efcdnfinéd 4'. '
- MPy may be gained by cor;paﬁson' -'with ~pyridine codrdinatidn complexe§ ‘Changes
observed in the internal v1brauonal frequencies of pyndme on metal-ion complexauon are,

however, minor.# Generally, the metal-pyridine modes which appear below 400 crn‘1 are

v
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FIGURE 4.8 IOEW-SERS spectra of 4-MPy after immersion in 2 x 103 M aqueous

. o solution of Cu(NO3)s: after 30 min i_mmers'ion' (a); after 10 min immersion (b); and before

exposure to the Cu2+ solution (c).
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FIGURE 4,9 IOEW-SERS spectra of 11 ring breathing mode of 4-MPy before exposure

to Cu+ (a), and after exposure to Cu* jon solution (b).
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reported since these are characteristic vibrational changes indicating complexation.*® Minor
perturbations are detected for the ring stretches and C-H deformations of pyridine and
substituted pyridines.?’#7 Among the changes observed is the shift of the V] band to
higher energies due to coordination to the pyridine nitrogen.*® For example, the v] mode
in free 4-methylpyridine shifts from 996 to 1036 cm! in CuCly(4-methylpyridine) and
from 991 in free pyridine to 1020 cm-! in Cu(NO3),(pyridine)y, where x =2, 4, and 6.°
The IOEW-SERS spectrum of 4-MPy after exposure to Cu2* shows a decrease in
the relatdve intensity ratio for the v : V12 bands. The SERS of neutral pyridine adsorbed
on Ag elecnbdes has also revealed similar changes. The V)2 band at 1035 cm1 increases
in intensity relative to the vy mode at 1010 el near zero potential charge (pzc). Intensity
ratio differences were attributed to the présence of both chemisorbed (Lewis acid type
* coordination) and physiéorbed,. weakly bound species on different Ag sites.50
Accordingl’y, wc.assign the band: at 1034 cmr! in the IOEW-SERS spectrum of 4-MPy to
| the V3, ring brelathing mode of a coordinated pyridine nitrogen. The 13 bémd at 1015 cm'!
does not completely disappear, presumably since not all of the pyridine nitrogen of the
| surface confined 4-MPy molqcules are accessible or are located 1n regions bn the colloid
where insufficient numbers of 4-MPy molecules are anchored to form Stablc coordination
complexes. |
- By comparison, the IOEW-SERS spectrum of 2;MPy exhibited no significant
differences after immersion in the copper nitrate solution. The interaction of Cu?* with a
pafa-substituted pyridine nitrogen is reasonable assuming the 4-MPy molecules are
adsorbed in a perpendicular orientation éxposing the pyridine nitrogen binding site. On the
other hand, the _unc;hanged spectrum observed for 2-MPy upon Cu* addition is consistent
with a sterically hindered nitrogen pésition which is unable to interact with copﬁér.
To shed further light: on spectral changeshassoci‘at.ed with nitrogen coordination of
surface-confined 4~Mi5y§ pH smdies were conducted. A simple test of the sensing ability
* of a surface-confined 4-MPy overléi}ér is to quarternize the pyridine nitrogen.
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4.5.2 JOEW-SERS of Proton Binding

Figures 4.10 and 4.11 show the unenhanced FT-Raman and IOEW-SERS spectra
of the vga; and vgby band region of 4-MPy under three different pH conditions. In acidic
solution, the normal Raman spectrum of 4-MPy displays a band at 1626 cm-1. This band
position is similar to a band near 1630 cm-1, assigned earlier to the free pyridinium species,
pyH™, of pyridine hydrochloride and aqueous para-substituted pyridine hydrochloride®.
In basic conditions, only one band at 1585 cm-! is observed, which is attributed to the
deprotonated tautomeric thiolate ion species of 4-MPy. At pH 8.4, two bands are present
at 1626 and 1585 cm-1, which can be attributed to the presence of both the protonated and
non—protoﬁated tautomeric forms. This pH value is comparable to the pKa’ value of 8.65

for 4-MPy.31-3

| The sensitivity of adsorbed 4-MPy to pH was monitored by [OEW-SERS. The 4-
MPy derivatized waveguide was immersed in the appropriate pH solution and removed
after 10 min. The IOEW-SERS spectra collected from a waveguide imxhersed in solutions
* at pH 14 and pH 6.4 are shown in Figs. 4.11 () and (b), respectively. Relative intensity
changes obéerved in the solution-phase normal Raman spectra under different pH
conditions were similar to those observed in the IOEW-SERS spectra. The IOEW-SERS
spectrum of 4-MPy from pH 14 solution shows an intensity increase of thé 1585 cm-l |
band relative to the 1617 cm-! band. The former band is assigned to the deprotonated
thiolate component by analogy with the normal Raman spectrum of 4—MPy in basic solution
(see above}. The weak band at 1617 cm*! band indicates some 4-MPy molecules remaip
protonated, as 4-MPyH™, on the colloid surface. The relative inténsity of the 1617 cmr!
band increases dramatically after immersion in a pH 1 solution, Figure 4.11 (c). This band
remains unshifted from that observed in the normal unenhanced Raman spectrur of solid
4-MPy where the thione form predominates but occurs at a lower frequency than expected
for free pyridinium ion (1630 cm1). The absence of the 1585 cm-! band in the IOEW- |
- SERS spectrum at pH 1 reflects the predominance ofa pyridinium cation species. As the
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FIGURE 4.10 Unerhanced FT-Raman spectra of 4-MPy in different aqueous pH
solutions at different pH: pH 14 (a); pH 8.3 (b); and pH 1 (c).
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FIGURE 4.11 IOEW-SERS spectra of 4-MPy immersed in different aqueous solutions
at different pH: pH 14 (a); pH 6.4 (b); and pH 1 (c).
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pH is increased to pH 6.4, the presence of both 1617 and 1585 cm-! bands suggests that
the adsorbed 4-MPy overlayer is an equilibrium between both protonated and non-
prbtonated pyridine nitrogen forms. The spectral changes observed in the IOEW-SERS
spectrum were reversible when the waveguide was reimmersed in either sorongly acidic or
basic solution. These findings are similar to those reported for the SERS study of 2-MPy
adsorbed on a Au electrode at various pH conditions where a similar reversibility was
noted.!3 |

Tﬁe IOEW-SERS spectra of 4-MPy, the pH of which had been adjusted with
HClO4 ,were similar to the spectra obtained with HCl. The HClO4 anion, in contrast to
HCI, is relatively non-adsorbed oh’ Ag substrates. Spectral changes reported for
pyridinium chloride édsorbed on an Ag electrode (Raman bands at 1024 and 1026 cm-1)
associated with an electrostatic bonded PyH+ClI- speéies where not observed in the IOEW-
SERS spegu‘a;54.

In ‘cbmparison, a non-reversible spectral change was observed after the
protonated/non-protonated waveguidé was reimmersed in the Cu2+ solution. Spectral
changes were observed associated with Cu2+-4-MPy coordination (sec above) and after

reimmersi.on in pH llpH 14 solutions, no spectral changes were observed.

'4.5.4 X-Ray Photoelectron Spectroscopy (XPS) AnalySIs. Results and
Discussion : ‘ 5

XPS was'used to examine each layer that makes up the heterogenous mulu.layer
‘ Wstrucrure of the wavegnde from the glass substrate to the Cu2* ions. Each sample was
examined in the following regions: 8 2p, Ag 3d, Cu2p and N 1s. The bmd.mg energy
shifts and the full width at half maximum (FWHM) of the peaks obtained from curve fitting
for S 2p, N 1s énd_ Cu 2p, are presented in Table 4.3, for samples (A)-(E). The curve
fitting for each atom of each layer of the wa%)cgﬁide, in particular for the S 2p region, was

performed based on a model (Fig. 4.1) derived from spectroscopic data obtained from the
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previous IOEW-SERS experiment (including Chapter 3). The resulting XPS peak
deconvolution can thus be used as a qualitative supplernent to IOEW-SERS interpretation.
| The first step in preparing the waveguide is to functionalize the glass with 3-MPT.
We turn our attention first to the S 2p region, shown in Figure 4.12. The S 2p peak of 3-
MPT is located near a bulk Si plasmon (167.9 eV) which is observed for the clean Si
substrate, (sample A) and is included as a constant contribution in the curve fitting of S 2p
peak maxima positions. An additional broad band is curve fitted (170.5 V) in the Si
plasmon region as a result of the background from the asymmetric Si plasmon peak. The

S 2p envelope is clearly observed simply by subtracting the normalized bulk Si plasmon
and the remaining $ 2p contribution is given in Figure 4.13. The curve fit and parameters
obtained for the S 2p region of each sample are shown in Figure 4.14 and Table 43, '
_ resp'ectively.: The_S 2p spin-orbit splitting used (1.2 eV) and relative heignt ratio ef 1.:2 ‘
was taken from the literature.55 Spectral line widths (FWHM) for some $ 2p peaks were
larger than reported literature values of 1.0 éV.55 These variable line widths may reflect the
'compositionai heterogeneity of the sulfur environment. The spectrum obtained from |
sample B exhibits a peak assi‘gned to the § 293!2_n'ansition at 163.7 eV. This binding
energy is within the range expected for an unreacted thiol 35 This signal is attenuated
substantially after the addition of Ag colloid in sample C, Figure 4.12 (C). In addition, a
new S 2p3/2 peak at lower binding energy (162.4 eV) is observed. Studies of n}kylthiols

and thiophenol on various metal surfaces report similar lower binding energy shifts which L

have been attnbuted to the formation of a thiolate spec1es (RS-M).55-59 Both the -

attenuation of the total S 2p mtensuy and the lower bmdmg energy contnbunon indicate that o

a chemical mteracnon between the sulfur of the 3- MPT mterface and the adsorbed Ag
collmd has occurred This mterpretanon complements the speciral analy51s of the IOEW- B

SERS spectrum gwen in Chapter 3. Preferenual enhancement and decrease m energy of
the v(C-S) bands of the 3 MPT interface (relauve to the normal unenhanced Raman

specirum of bulk 3- MPT) were atmbuted to the formation of an Ag-S bond in the Ag
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TABLE 4.3 XPS binding energy shifts (V) and FWHM (in parentheses) for -
samples (A) - (E).

Samples (A) (B) (O D) E)
Si (plasmon) | Si/3-MPT | Si3-MPT/Ag | Si3-MPT/Ag/ | S¥3-MPT/Ag/
Element 4-MPy 4-MPy/Cu
170.5 (7.0)*
Si (plasmon) | 167.9 (5.3)
S 2p3p 163.7 (1.2) 163.7 (1.6)  163.6 (1.7) 163.6 (1.5)
162.4 (1.6)  163.4 (1.2) 163.4 (1.2)
162.4 (1.6): 1623 (1.8)
S 2p12 164.9 (1.2) 1649 (1.6) 16438 (i*.7_)' . 164.8 (1.5)
- © 163.6 (1.6)  164.6 (1.2) 164.6.(1.2)
163.6 (1.6) - 163.5 (1.8)
N1s 4012 (1.8) 4010 (2.5)
399.5 (1.8) 399.0 (1.6) .
| cuzpse 9349 (2.0)
. 933.0 (1.6)
Cu 2p1p2 954.7 (2.2)
| 952.7 (1.9)

o * See text,
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FIGURE 4.12 XPS of Sulfur 2p region with surface bulk Si plasmon for sample (A): Si
wafer; sample (B): Si wafer modified with 3-MPT, (Si/3-MPT); sample (C): Si/3-MPT

. with adsorbed Ag colloid, (Si/3-MPT/Ag); sample (D): Si/3-MPT/Ag with adsorbed 4- '

MPy (Si/3-MPT/Ag/4-MPy); and sample (E): Si/3- MPTlAg(4-MPy immersed in aqueous -
Q:(NO3)2 solution, (81/3 -MPT/Ag/4-MPy/Cu).
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FIGURE 413 XPS of Sulfur 2p region without surface bulk Si plasmon.
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FIGURE 4.14 Curve fitted S 2p peaks for samples (B): Si wafer modified with 3-MPT,
(Si/3-MPT); sammple (C): S¥/3-MPT with adsorbed Ag colloid, (Si/3-MPT/Ag); sample ©):
8i/3-MPT/Ag with adsorbed 4-MPy, (SiIB-MPT/AgM-MPy); ‘zand sample (E): Si/3;
MPT/Ag/4-MPy immersed in aqueous Cu(NO3); solution, (S/3-MPT/A g/4-MPy/-Cu).'
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colloid derivatized waveguide. The S 2p signal becomes more complex after the
adsorption of 4-MPy in sample D, Figure 4.14 (D). The S 2p region now consists of an
additional peak centered at 163.4 eV and a number of overlapping peaks. The thiolate S
2p3p2 peek from the Ag/3-MPT interface remains unshifted at 162.4 eV and retains the

samv FWHM (1.6 eV). Althoﬁgh curve fitting does not provide an unambiguous result

_ because of the relatively featureless band envelope, it clearly shows an additional S 2p peak

contribution from the sulfur atom of 4-MPy after the adsorption of 4-MPy to the colloidal
silver surface. After immereion of sample D in an aqueous solution of Cu(NOé)z, there is
a further increase in the peak complexity of the § 2p envelope. Several sets of components
represented the S 2p envelope equally well. However, there is clearly an increaeein the
intensity of a shoulder to the lower binding enérgy side of the S 2p envelope. |

The interaction of Cu(NQ3)2 with 4-MPy molecular adsorbate is more evident in the
N 1s peak region since it is at nitrogen where coordmanon of Cu?+ is most hkely to occur. |
The pyridine mu'ogen N 1s peaks for samples C, D and E and the fits obtamed are shown
in Figures 4.15 and 4.16, respectlvely. Sample C (thhout 4-MPy) shows o N 1s

‘intensity and after derivatization with 4-MPy (sample D), the N 1s regien'ec'msists of two

peaks. These bands are located at 401.2 and 399.5 ¢V with intensity ratios of 2:1,

respectively. The observatidn of two N 1s binding energy peaks in eﬁmple D suggests that

there are two different nitrogen environments. Whereas previous reports have indicated at = -

" least two binding energies for N-bonded and physisorbed *“pyridine” on crystalline metal

surfaces®0-65, coordination to a silver surface ion our case, seems unlikely, in view of our ‘
spectroscopic-analyses thus far. ' Accordingly, we have observed from the IOEW-S_ERS ‘
study of the 4-MPy derivaj:ized we;reguide that a band at 1617 cm] ie associated with a
pyridinium 4-M.PyH"‘ species. This band.is ‘pfesent even after immersion in_: pH- 14

solution. Therefore we tentatively assign the two N s binding energies in sample (D) 1o

thiolate bound 4-MPy (399.5 €V) and 4-MPyH'* (401.2 &V) species on the colloid surface.”

After addition of Cu2+ in sample E, two new N 1s peaks appear at 400.0 and 399.0 eV "
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respectively. These shifts to lower binding energy are consistent with trends reported for
pyridine nitrogen chemisorption interactions on metal surfaces.5® In this case, the N 1s
binding energy changes may result from uncoordinated and copper nitrogen or from
nitrogen in different coordination environments with copper ion.. Copper coordinates to 4-
MPy without nitrate counterion since no nitrate N 1s peak (406.0 eV) was observed for this
anion. |
The Cu 2p peaks obtained from sample E are shown in Figure 4.17. The curve fit

for Cu 2p, 'shown in Figure 4.18, displays two intense bands for both the Cu 2p32 and
2p12 Tegions at 933.0 eV and 952.7 eV, respectively. Shoulders on the higher binding
energy Side of eaoh peak are resolved at 934.-9 eV and 954.7 eV, respectively. The
oxidation state(s) of copper is, however, not d.istinguish_able solely on the basis of their
2p3,2_biﬁdi'1i"g energies.&"%8 In addition to a Cu-N interaction, the Cu 2p37 peak at 933 eV
could also arise from either a copper oxide species$8:% or from photoreduction process
initiated by XPS irradiation.”®”! In addition, thiols are known to be oxidized to a disulfide
'whlle Cu(II) is reduced to a stable Cu(l) species. 72 The IOEW-SERS spectrum is =
complicated by a broad background from the wavegmde mterface and an mdzcanon of a
) ‘possﬂ:)le Cu-sulfur i mteracuon, either by the appearar.ce of a v(S-S) band!4 or by v(C-S)
frequency Shlfts cannot be conﬁrmed ~
_ _ The Ag 3d spcctra, shown in Figure 4.19, corroborates the formation of an Ag-§
- bond atthe 3 MPT/Ag mterface aiready observed in the S 2p spectra. After immersing the
Si/3-MPT substrate (sample B) in silver colloid, an Ag 3d doublet was observed, shown in
sample C. The douolet feature reflects a spin-orbit couplingf of 6 eV, The peak maximum
| of the Ag 3d5/2 peak is located at 368 3eV,a 51m11ar value has been reported for
thlophenol adsorbed on sﬂver 6 However, the attenuauon of the Ag 3d peak in sample D |
' after the addmon of 4-MPy, shown in Flgure 4. 19 (D), is consistent vmh a coverage of 4-
' MPy moleculcs on top of the colloldal surface.
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FIGURE 4.15 XPS of Nitrogen 1s region for sample (C): Si/3-MPT with adsorbed Ag

collo1d (SUS—MPTIAg) sample (D) Si/3 MP’I‘IAg with adsorbed 4-MPy, (Sl./3g
MPTIAgM—MPy), and sample (E): 31/3 MPT/AgM MPy immersed in agueous Cu(NO3)2 -

solution, (Si/3-MPT/Ag/4-MPy/Cu).
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FIGURE 4.16 Curve fitted N 1s peaks for samples (D): Si/3- MPTIAg with adsorbed 4—
. MPy, (SLIS-MPTIAgM-MPy), and sample (E): S:!3-MPT/AgI4—MPy immersed in aqueous |
B “ CuNO3)2 solution, (Si/3- -MPT/Ag/4-MPy/Cu).
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FIGURE 4.17 XPS of Copper 2p region for sample (A): Si wafer; sample (B) Si wafer
mod1ﬁed with 3-MPT, (Si/3-MPT); sample (C): SzlS-MPT with adsorbed Ag coﬂmd (Sll3-
MPT/Ag) sample (D): Sif3-MPT/Ag with adsorbed 4»-MPy (Sll3-MPT/AgI4-MPy), and
samople (E): Sif3-MPT/Ag/4-MPy immersed in aqueous Cu(NO3)z solution, (S1/3-

- MPT/Ag/4-MPy/Cu).
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FIGURE 4.18 Curve fitted Copper 2p peaks.for sample (E): Si/3-MPT/Ag/4-MPy/Cu.
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FIGURE 4.19 XPS of Silver 3d region for sample (A): Si wafer; sample (B): Si wafer

modified with 3-MPT, (Sif3-MPT); sample (C): Si/3-MPT with adsorbed Ag colloid, (Si/3-
MPT/Ag); sample (D): Sif3-MPT/Ag with adsorbed 4-MPy, (Si/3-MPT/Ag/4-MPy); and
sample (E): Si/3-MPT/Ag/4-MPy immersed in aqueous Cu(NO3), solution, (Sif3-
MPT/Ag/4AMPy/C).
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4.7 CONCLUSIONS

~ The IOEW-SERS study shows that the para-position of the pyridine nitrogen on the
surfa.ce-confined 4-MPy molecular layer proves to be essential in providing a binding site
which is capable of interacting with probe Cu?* ions. In contrast, the IOEW-SERS
spectrum of sterically hindered 2-MPy shows no observable change in the presence of
Cu2*+ jons. ‘

The IOEW-SERS of 2- and 4-MPy have been compared with other SERS
substrates such as MELLFs and Ag colloidal sols. It was concluded from the analysis of
relative intensity changes and frequency shifts that 2— and 4-MPy adsorb to the colioidal
surface through the thiolate sulfur in which the pyridine ring plane ﬁas an orientation
perpendicular to the surface. The free uncoordinated pyridine nitrogen of the surface-
confined 4-MPy is thus available to interact with probe ioris. The principal focus of this
study haé been to demonstrate the ability of a 4-MPy adsorbed layer to behave as a metal;

. ion sensbr using IOEW-SERS. Spectral changes were observed in the [OEW-SERS

specttum of 4-MPy after immersion in an aquebus solution of Cu(NO3)2. A combination

of intensity changes including, the appearance of a band at 1034 cm-1, assigned to a v ring

: breathing mode were attributed to a Cu-4-MPy interaction. In comparison, no spectral

- changes were observed in the IOEW-SERS spectrum of 2-MPy upon exposure to Cu?*

ions. The para-nitrogen position of 4-MPy proved to be crucial in providing a binding site
for Cu2+ ions since the sterically hindered ortho-nitrogen of 2-MPy was unavailable for

coordination. The sensing 4-MPy layer was also quarternized reversibly with Ht. A vga

band intensity increase similar to that of a pyridinium ion was observed after exposure to a

solution of pH 1. Subsequent exposure to Cu2* jons resulted in irreversible spectral -

changes associated with Cu-4-MPy interaction. A layer-by-layer analysis of the derivatized

~ waveguide was conducted by XPS, beginning with silica and finishing with Cu2*

exposure. The N 1s region of 4-MPy consisted of two peaks attributed to two pyridine

nitrogen environments of 4-MPy; a chemisorbed and a physisorbed species on the Ag
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O colloid surface. Interaction with Cu2* gave a characteristic shift to lower binding energies,

thereby providing further evidence of a Cu-4-MPy interaction.
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CHAPTER 5§
SURFACE ENHANCED R4MAN SCATTERING OF 4-

MERCAPTOPYRID_INE ON SILVER ELECTRODES AND THE
SURFACE INTERACTION WITH COPPER(II) IONS
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5.1 SUMMARY
" The potential dependent SERS is reported for 4-mer¢aptopyridine (4-MPy)
adsorbed on a polycrystalline Ag electrode. The SERS spectra at low negative potentials (E
> -0.6V) are comparable to previously reported SERS studies of 4-MPy adsorbed on a
metal surface vig the thiolate moiety. With increasing negative potentals (E < -0.6V),
spectral band changes occur in a direction which resembles more the normal Raman
spectrum of bulk 4-MPy. In addition, bands associated with 4-MPy adsorbed through the
thiolate sulfur are observed. The appearance of additional bands, in pzinicular, an
additional v ring breathing mode, suggests that a new 4-MPy species is adsorbed on the
clecu'ode surface. This Spccies is adsorbed through the pyridine nitrogen, which is
stabilized on the electrode surface in the potential range -0.6 to -1.0V. To investigate
further the spectral chan gesrassociatcd with metal-nitrogen coordination of surface bound
4-MPy, the electrochemical cell was exposed to a solution of Cu2* ions at open poténtial.
~ At this poténﬁﬂ, 4-MPy is adsorbed on the electrode surface via the sulfur atom leaving the
: “free” uncdordinate& ‘hiu'ogen available to interact with Cu2* ions on the solution side of
the electrode interface. Spectral changes are observed similar to those Which occeur at more
negative potentials (E < -0.6V) in the absence of Cu2+ ion and, by analogy, these changes
are associated with a Cu-pyridine riitrogen interaction on the electrode surface. Essentially,
we have demonstrated that é 4-MPy-modified Ag electrode caﬁ behave as a metal ion
sensor similar to the IDEW-SERS study.
A possible contribution from a charge transfer (CT) process to the potential
dépendent band enhancement profile of adsorbed 4-MPy was identified by plotting the -
relative band intensities as a function of applied potential and excitation wavelength (488.0,

514.5, 633.47 and 651.5 nm).

P
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5.2 INTRODUCTION

Considerable research has been directed towards the SERS investgations of
pyridine adsorbed on electrode surfaces. There now appears to be general agreement that
both electromagnetic (EM) and charge transfer (CT) mechanisms are involved in the overall
enhancement of Raman signals.l3 The EM mechanism predicts enhancement based on the
interaction of incident photons with roughened features of the metal which produce large
EM fields through coupling with surface plasmons. The CT mechanism, a resonance
Raman-like process, requires direct proximity between the molecules and the surface. The
degree that each mechanism contributes, in particular the CT process has been studied
extensively for pyridine adsorbed on Ag electrodes.*® Relatively few electrochemical
SERS studies have been conducted on substituted pyridines’”-!! and only a few
electrochemical SERS studies of 4-mercaptopyridine (4-MPy) on Au electrodes have been
reported.1213 Furthermore, while alkylthiol self-assembling monolayers (SAMs) are the
most intensively studied SA monolayers on gold surfaces, little atiention has Bccn given
to aromatic thiols.1#-1¥ Monomolecular films formed from :grganosulfﬁr surfactant
molecules possess a head group that binds to a particular metal and a tail group that has a
specific chemical functionality. Alkylthiols havé demonstrated their utility as a means of "
controlling the interfacial reaétivity of a metal in adhesion, lubrication, chemical sensors
and electroanalysis.!® Aromatic thiols have also silown similar properties, in particular, |
surface-confined 4-MPy can electrostatically bmd probe ions from solution.2

Recent reports have shown that the aromatic thiol SAM of benzenethiol is stable o
apphed potentials,2! at least over a cathodic potential range while enhanced oxidation |
currents observed by cyclic voltammetry (CV) on Au electrodes suggest oxidation of the
monolayer itself.!* Similar to benzenethiol, 4-MPy is reported to adsorb on Ag, Auand Pt
metal surfaces through the sulfur atom with the pyridine rmg oriented approxlmately
+ normal to the metal surface. 12,14.22-24 Electronic energy loss spectra (EELS) of 4-MPy |
adsorbed on an Ag(111) smgle crystal elcctrode at negative potentials (E < -0 4 V) were
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shown to resemble the IR spectrum of bulk 4-MPy. A similar interpretation was given for
the spectral changes observed at negative potentials (E < -0.5V) for the SERS of 4-MPy
modified Au electrodes.*? It was also suggested that apart from a potential dependent
adsorption/desorption, adsorbed 4-MPy remains inert towards electrochemical oxidation
and reduction.? ‘

We focus on the potential dépendent SERS study of adsorbed 4-MPy for three
reasons: firstly, since 4-MPy is an ambidentate ligand, a number of different modes of
surface adsorption are possible. These include adsorption via the thiol, pyridine nitrogen
or the m-ring system. An important consideration is the effect of surface potential on the
stability of the metal-adsorbate interaction. Secondly, a wavelength-potential dependence
study on the SERS band intensity profile can be used to clarify if the potential-dependent
intensity changes are attributable to a CT mechanism, as is obsewed_?}'or pyridine. Thirdly, |
the ion-binding capability of surface-confined 4-MPy has been previch).usly demonstrated by
- cyclic voltaxﬁmctry methods. 14'. We have previously observed metal-ion binding of 4-MPy, -
ﬁsing 5; novel SERS technique, integrated opﬁés, evanescent wave, surface enhanced
~ Raman scattering IOEW-SERS) and demonstrated the potential use of this method as a

' chcmical sensor.2> The IOEW-SERS study showed that the bara-position of the pyridine
B nitrog'en on the surface confined molecular layer is essential in providing a binding site
which is capable of interacting with probe jons such as Cu2*. In this present work, a 4-
MPy derivatized Ag eleétrode is expdsed to a solution of Cu2* ions at open potential and

the Cu4—MPy interaction at the electrode surface can be monitored on a molecular level.
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5.3 EXPERIMENTAL

Materials. 4-Mercaptopyridine (Aldrich) was sublimed in vacuo immediately prior to
use. All other reagents were used as received. Analytical grade KCl (Analar BDH) was
used to prepare the electrolyte in Milli-Q water. Silver nitrate (p.a. Aldrich ) was used to
prepare the silver-4-MPy complex. Cu{NOs3)2 (p.a. Aldrich ) was introduced into the
electrochemical cell as a probe ion.

Ag Colloid Sols. Silver colloid was prepared by reduction of AgNO3 with NaBHj
following a procedure described previously.Z’ The Ag colloid sol of 4-MPy was obtained
by adding an aqueous solution of 4-MPy (0.2 mM, 10 mL) to Ag colloid (2 mL).
Aggregation occurred slowly to give a purple-brown color. The colloid was transferred to
a capillary sample cell for SERS measurements. |

Silver-4-MPy Complex. To prepare the silver-4-MPy salt, equimolar quanEitieS of

) A97‘103 and 4-MPy (0.05 mol) were dissolved in an ethanol/water solution to yield a pale

ycllow precxpnate of silver-4-MPy. The precipitate was filtered, nnsed with ethanol and
water, and then dried under vacuum. The normal FT-Raman spectra. of 4-MPy and the ,
_silver-4-MPy complex were measured on solid samples

Electrochemical SERS Megsurements. Raman experiments were performe;d ona

Dilor OMARS-89 spectrometer, equipped with an optical multichannel analyzer. The

“spectrometer was fitted with a 1800 grooves mm-! graﬁng operating in the subtractive

mode. A ﬂ’lll‘d dispersing grating was employed to image the output radiation onto a 512
channel ﬂ)ermoelectncally cooled d10de~an'ay detector. For data acqulsmon, the
spectrometer was interfaced.to an IBM AT computer. The 514.5-nm laser hne from a
Coherent Innova 70 argon-lon laser was used to excite the samp_les together with other lines
from a Coherent CR-59% oye l_a;er. The dye DCM (Lambda Pﬁysik) could provide
excitation in the wavelength 61b-7 10 nm rcgion: '('Inwénted"laser lines were removed by
an Anaspec 300-S tunable laser,:ﬁl;or. ' The mechaﬁical slit width employed in"__.thc

measurements was 300 ;im and the laser power at the sample was typically 80 mW; All
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spectra were acquired over a 2 s integration period. The electrode was positioned so that
the incident beam was at an angle of ca. 55¢ with respect to the surface normal and the
scattered light was collected at an angle of ca. 60° with respect to the surface normal.

The three-electrode electrochemical cell design used in these experiments was
reported previously 26 A polycrystalline Ag disk working electrode (99.9% Aldrich) was
polished to a mirror finish with progressively finer grades of alumina slurries, down to
0.06 mm on (Metron) polishing cloths, rinsed with copious amounts of triply distilled
Milli-Q water, and sonicated in triply distilied water for ca. 15 min to remove any trapped
alumina before use. A Pt wire (99.9% Aldrich) was used as a counter electrode. All
potentials are reported versus a saturated calomel electrode (SCE). The electrolyte
. consisted of 0.1M KCl which was degassed with Ar for 1 hr and the electrode was held at
-1.2V to reduce any organic or Inorganic matter prior to spectral acquisiﬁbn. Potentials
were controlled by a Princeton Applied Research Model 273 potentiostat. Cyclic
voltammbgrams were recorded on a Kipp & Zonen X-Y ;ecorder; Roughenin'g of the
electrode was accomplished by ﬁ'ansferﬁng the electrode to the spectroelectrochemical cell
and applyihg three oxidation-reduction cycles (ORC) with laser illumination, The electrode -
~ was roughened by an anodic sweep, followed by a cathodic sweep at the same rate (-700 to
3100 mV at 5mV/s). The electrode was then removed from thé electrochemical cell and
immersed in a 2 x 103 M aqueous solution of 4-MPy for 5.min. The electrode was
removed from this solution, washed f;;;s'flith Milli-Q water, transferred to the
spectroélecn'ochemical cell and a single ORC was applied with potential being Stcpped back
“to -100 mV. A single ORC was applied before the-SERS spectra were collected for each
wavelength. | |

An electrochemical invesﬁgation of adsorbed 4-MPy with Cu?* ion deposition waé _
carried out after the pbtenﬁal—wavelcngm dependence studies. "I"rior to Cuz"':.cxposure., a

single ORC was applied after which the cell was left at open potential. A solution of

160



Cu(NO3)2 (2 mM, 10 mL) was introduced into the electrolyte solution in the
electrochemical cell.

Normal Raman Measurements. FI‘-_Raman spectra of 4-MPy powder and the silver
4-MPy complex were recorded on é. Bruker IFS-88 spectrometer equipped with an FRA-
105 Raman module and a liquid N3-cooled proprietary detector. The spectra were excited
with a Nd3+:YAG laser operating at 1064.1 nm (150 mW), with 250 scans being typically

collected at 2 cm-! resolution.

o
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5.4 RESULTS AND DISCUSSION
54.1 SERS Spectra of 4-MPy

Figure 5.1 shows the SERS spectra of 4-MPy adsorbed on a roughened Ag
electrode at 0 V, 4-MPy adsorbed on colloidal sol, and the unenhanced FT-Raman spectra
of the silver-4-MPy complex and bulk 4- MPy powders. The SERS spectra collected at 0 V
and at open potential for all excitation wavelengths display spectral profiles similar to
previously reported SERS spectra of 4-MPy.!22225 These in turn correspond to the
unenhanced spectral profile of the bulk silver-4-MPy complex [(Figure 5.1(a)]. Note that
the intense band at 1041 cm-! observed in the spectrum of the silver-4-MPy complex is
assigned to the Vgym(NO3-) mode of the.nit:rate anion in AgNQ3. Proposed band

assignments for neat 4-MPy and the SERS spectra are given in Table 5.1. The

assignments are based on those for para-substituted pyridine and thiophenol.!52831 The

similarities between the SERS spectrum of adsorbed 4-MPy from the Ag electrode and that
of the normal Raman spectrum of bulk silizer—4—MPy complex suggest the formation of an |
silver-4-MPy complex on the electrode surface. The overlap of these bands makes the
identification of an adclustfar-molecule compléx formed from the redox process difficult.
Such complexes have ‘beer‘i'f.'observed for other compounds on electrode surfaces, ¢.g.,
44 bipyridine 328/

By comparison with the bulk Raman spectrum, the SERS spectrum is dominated by
bands attributed to a; modes and two by in-plane nng modes (see Table 5.1). Application
of the surface selection rules,ifﬁs reveals that the aj and by modes (for Cpy molecules

with the molecular z axis normal to the surface) with polarizability components

perpendicular to the surface are enhanced preferentially relative to the out-of-plane, a2 and

| by modes when the plane of the ring lies normal to the surface. Previous studies of 4-MPy :
' adsorbed on a variety of metal surfaces including Ag, Au and Pt using SERS,2:222¢

EELS and Auger® techniqﬁes have alsd led to the conclusion that the ring lies normal to

~ the surface. Adsorption to the metal surface has been proposed to occur through the
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FIGURE 5.1 Unenhanced FT-Raman spectra of bulk powder 4-MPy (a); bulk powder
silver-4-MPy complex (Aex = 1064.1 nm at 150 m) (b); Ag colloidal SERS spectrum of 4-
MPy (10 pL, 2 x 104 M in 2 mL of colloid) (c); and SERS spectrum of 4-MPy adsorbed
on Ag elecudde at 0 V acquired with 514.5 nm excitation (d). |

S
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TABLE 5.1 Assignments and wavenumber positions (cm-!) of normal Raman and SERS

spectra for 4-mercaptopyridine.
Assignment @) Solid | Silver-4- | Colloidal ‘
MPy sol. OmV  -1000mV open
complex (mVvsSCE) (mVvsSCE)  potental
Type!  Typell  with Cu+
Tay, 8(C-S) / 431 430 430 425 447 442
Y (CCC)
16by, YICCC) 471 489 490 498
6bz, B(CCC) 647 646 , .
6ay, (BICC) / 721 714 705 706 70277118 711723
v(C-8)) '
10b1, Y(CH) 790 813
901 |
1aj (Ring breathing)| 990 1097 1007 1005  998/1019 1013
' 1041%
18a;, B(CH) 1045 1057 1057 1057
18b2, B(CH) 1080 1065 1072
12a;, (Ring 1106 1107 1098 1091 1091 1098
breathing)/v(C-S) ' '
| 1135 ) _
B(CH) /S(NH) | 1200 1222 1218 1206 1213
9ay, B(CH) 1250 ,
3b, B(CH) 1290 L 1308
S 1338
14by v(CC) 1394 1407
19bg, v(C=C/C=N) | 1459 1433
19a;, w(C=C/C=N) | 1478 1470
8b2,0(CC) 1604 1586 1573 1574 1572/1569 1578
8a1, V(CC) 1617 1616 1615 1608 1585

(a) Assignment for normal Raman of 4-mercaptopyridine from refs. 15, 28-31.

(*) Band assigned to Vsym(NO3") fl'OIn AgNO;3.
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FIGURE 5.2 Thione-thiol tautomerism of 4-MPy.
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thiolate sulfur, following cleavage of the S-H bond. This adsorption mechanism, observed
for alkylthiols and thiophenol adsorbed on Au surfaces, is characterized by the absence of
an intense V(SH) band at 2573 cmr1.13  As discussed previously,? 4-MPy exists as a
thiol-thione tantomer for which the thione form predominates3637 (Figure 5.2) and instead,
a broad V(NH/SH) band appears in this region in the normal unenhanced Raman spectrum
of bulk 4-MPy.25 Thus, confirmation for this mode of adsorption (viz a Ag-thiolate bond)
is complicated by the absence of the V(SH) marker band. Other marker bands, such as the
v(C-S) mode at 720 cm-!, display characteristic spectral shifis to lower wavenumbers near
706 cm-1 on adsorption to the surface (see Table 5.1). A similar peak shift has been
observed for other aromatic thiols, e.g., thiophenol adsorbed via the sulfur atom on SERS-
active metal substrates.!>17 Further evidence for Ag-thiolate interaction is given by
spectral changes associated with the X-sensitive 12 [ring breathing/v(C-S)] mode at 1106 .'
cm-!. This band experiences a dramatic increase in intensity for all SERS spectra of 4-I
MPy. This enhancement is similar to that observed for both the SERS spectrum of
| thidphenol on Au electrodes!>7 and the normal unenhanced Raman spectrum of the silver- |
4-MPy complex. Although relatively few studies have been reported for metal-4-MPy
complexes, it is reasonable to assume that the Ag atom is bonded primarily through the
sulfur atoﬁl in the silver-4-MPy complex similar to metal-2-MPy complexes. The

possibility of a secondary interaction through the pyridine nitrogen cannot be excluded.®®

5.4.2 Electrochemical SERS of 4-MPy |
Cyclic VDltammogréms (CV) of an Ag electrode prepared for SERS measurements
with and without 4-MPy were measured in the potential region from 0 to -1000 mV vs.
| SCE‘in 0.1M KCl electrolyte (Figure 5.3). BotH voltammograms are similar and may, |
therefore, be an indicaticn that the 4-MPy liyer Temains elecu-ochemicaﬂy inert within the
applied potential fange on the electrode surface. A similar cohclusion was fnade for

electrochemical studies of thiophenol and 4-MPy modified electrode surfaces.!21423
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FIGURE 5.3 Cyclic voltammogram of 4-MPy (1 mM) adsorbed on an Ag elecrode in
0.1 MKCL The potential range is from 0 to -1.0 V (vs. SCE) with scan rate of 10 mVJs.
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FIGURE 5.4 SERS Spectra of 4-MPy adsorbed on an Ag electrode using 514.5 nm
excitation at the potentials listed (vs. SCE). '
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FIGURE 5.5 SERS spectra of 4-MPy adsorbed on an Ag electrode using 633.47 nm
excitation at the potentials listed (vs. SCE).
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FIGURE 5.6 SERS spectra of 4-MPy, v; ring breathing modes at 998 and 1019 cm-l, at
-1000 mV (vs. SCE) at excitation wavelengths: 488 (a); 514.5 (b); 633.47 (c); 651.5 nm -
(d). | ;
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The SERS spectra of adsorbed 4-MPy on the Ag electrode in the absence of an
applied potential or at 0 V are significantly modified in terms of intensity, position and band
profile compared to the specma observed for applied potentials near -600 mV. Figures 5.4
‘and 5.5 show 3-D displays of the SERS spectra collected for the v; ring breathing mode
region using 514.5 and 633.47 nm excitation wavelengths. At potentials more negative
than -600 mV, a new band appears at 1019 cml 1o the higher wavenumber side of the v,
mode and is fully resolved at -1000 mV. Similar spectral changes were observed within
the potential range -600 to -1000 mV for all excitations. as shown in Figure 5.6. The
appearance of additional bands at negative potentials for all excitation wavelengths suggests
that an electrochemically induced change in the 4-MPy environment at the electrode surface

has occurred. Spectral changes observed at potenuals more negauve than -600 mV are as

follows :

(1) The v ring breathing mo&e near 1005 cm-1 develops a shoulder on the higher
wavenumber si'de with increasing negative potential and,' at -900 mV, this band becomes
clearly resolved into an additional band at 1019 cm-l, while the original v band is shified

from 1005 to 998 cmrl. The band at 1019 cm_“\,}l gains intensity to become more intense

than the original 01 mode when the potential is -1000 mV. The ring breathing mode, V12, *

decreases progressively in intensity relative to the v] mode and remains unshifted with

increasing negative i)otentia.l .
(2)  *The 9a) B(CH) mode at 1219 crr! shifts to 1206 cur'! at potentials near -1000 mV.

(3) Thevgy (C-C) ring stretching mode at 1608 crel decreases in inteiisity at more

negative potentials and is barely observed beyond -600 mV. The vgbs mode shifts from

1575 to 1569 cm-! and a weak band develops at 1585 cm-! at around -800 mV, as the

original vga; band is smultaneously sh1fted 0 lowcr wavenumbers

(4) The lower frequency reglon between 800-200 cm'1 covers bands ass1gned to the i
8(C-S) and v(C-S) modes at 425 and 706 cml respecuvely With increasing neganve'"‘

potenna.ls the latter band develops a shoulder on the higher wavenumber side which is
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FIGURE 5.7 SERS spectra of C-S band region of adsorbed 4-MPy on Ag electrode at 0
mV (a), and -1000 mV (vs. SCE) using 514.5 nm excitation (b).

e
W

173



resolved at 718 cm! and gains intensity compared to the original band at 706 cm! near
-1000 mV. The 428 cm-1 bémd simultaneously broadens and is centered at 447 cm-! near
-1000 mV. Figure 3.7 shows the spectral changes observed for both (C-S) bands at - 1000
mYV for 514.5 nm excitadon.
No cathodic reaction was observed by CV ( Figure 3.3.) in ﬁ1e potential range -6G0
| t0 -1000 mV ‘that could be artributed to an electrochemically reduced species produced on
the Ag electrode in the SERS experiment. The spectral changes were reversible and
responded quickly when the potental range was reversed from -1000 mV back to 0 V
indicating that adsorbate desorption from the surface did not occur. Since the potental
range was not scanned past -1000 mV, the differenccé atributable to changes resulting
from loss of SERS active adatom sites is unlikely.3 The appearance of additional 4-MPy
. bands, namely the v1, vgbz and V(C-S) modes and two other bands which have shifted to
1206 and 1569 cml, can be associated with a new surface 4—MPy\spe_cies, referred to as
Type II; whereas £he thiolate bonded species (the only 4—MPy species observed with ‘the |
potential range 0 to -600 m'V)\is referred to as Type I. The €-S bond modes, Qe some
insight as to the identity of this new species. The V(C-S) and &(C-S) modes of T yp}\‘?! are
at 718 and 447 cm!, respectively and are similar to the band positions, 721 and 431 cm-1,
observed for bulk 4-MPy. A possible rcasoh for the appearance of such modes associated
with Type /I species lies in the stability of the Ag-thiolate bond (Type /) at higher negative
potentials. As the potential is made more negative, a negéﬁvely charged thiolate sulfur
‘maybe less stabmzed on the Ag electrode surface while a thione (C=S) spccie; (the species
predominant in bulk 4 MPy), which has a weaker interaction with the glectrodé surface, is
stabilized relative to the thiolate bonded species at these potentials. This change in
adsorbate structure is manifested by the shift of C-S bands to higher energies. The spectral
changes observed in this work are in contrast to those reported for 4-MPy on Au
electrodes, 12 where the thiol tautomer is reported to be the preferential adsorbate at

potentials more negative than -500 mV. |

A
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Other Type /7 bands with spectral counterparts associated with bulk 4-MPy are also

observed. The 1206 cra-i band, is similar in position to the 1200 cm! band assigned to the
S(NH)/3(CH) mode of bulk 4-MPy. In addition, a weak band at 1072 cm-1 appears at

-1000 mV which has a spectral counterpart in bulk 4-MPy at 1080 cm! assigned to f(CH).
Since the potentiat profile is reversible within the established range it appears that the Type
II species assembles on the electrode surface, in addition to the 4-MPy thiolate bonded
species. Unlike se1f4as§emb1y of alkylthiol monolayers on Au surfaces, aromatic thiols on
polycrystalline Au form pooriy defined, less compact surface coverages.!* Band changes
such as these may arise, either from a multilayer formation (manifested by bands which
. have similar counterparts to bulk 4-MPy) or alternatively from a 4-MPy species which
exhibits a different bﬁnding conformation on the electrode sui-face, i.e., 4-MPy adsorbed
via the pyridine N atom. ‘ |
It éppears unlikely, however, that the Type I7 species is associated with multilayer
- formation. Spectral features that support this assertion maybe associated with the Type Il
~band at 1019 cm-! assigned to a v; mode. -This Type II v] ring breathing band is shifted
considerably to higher 'wavenﬁmb'ers from the corresponding v band position in the
normal unenhanced Raman spectra of bulk 4-MPy (Av =29 cm-1), silver-4-MPy complex
(Av =12 cm'l) and the SERS spectra of 4-MPy adsorbéd on the Ag electrode (Av =21
cm-1) within the potential range 0 to -600 mV. Pyridine vibrational modes, upon metal
complexation, typically experience relatively smali perturbations.*0 However, among the
changes observed on complexation is an increase of the V] ring breathing mode
frequency.*142 Normal Raman studies of pyridine adsorbed on y-alumina have identified
Lewis acid—coordihated"pyridine associated with a vy mode at 1019 cm143. Similarly,
pyridine chemisorbed on an Ag electrode is associated with a band at 1024 cm1.%* The
presence of 4-MPy molecules (Type I7) adsbrbcd on the electrode surface via the pyridine-

nitrogen is thus confirmed by the appearance of a v; mode at 1019 cm-1 at higher negative

potentials, whereas surface-bound 4-MPy (Type I) with an uncoordinated pyridine-
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nitrogen atom has a characteristic band at 998 cm-!. Previous SERS smdies of pyridine
reveal a preferensal mode of adsorpaon which varies with potental, e.g., neutral pyridine
-adsorbs on a silver electrode surface via the nirrogen lone pair at potentals closer to the
point of zero charge (pzc; cstimated to be -700 mV vs. SCE in 0.1M KCI),.“'5 whereas the
pyridinium chloride forms the more stable adsorbate at more positive potentials.*® The
preferential adsorption through. the pyridine nitrogen atom occurs at potentals similar to
those for which the appearance of 4-MPy Type I/ bands is observed. The preliminary
indication from this v band red-shift is that the surface N-adsorbed Type II species binds
more strongly (Lewis acid) to the electrode surface at very negative potentials than do the
thiolate-adsorbeu. 4-MPy molecules which are stabilized at more positive potentals. The

effect is remimiscent of coordination of N by a Lewis acid.

5.4.3 Wavelength and Potential Dependence of 4-MPy

To evaluate the possible contribution of a CT process to the potental dependent -

band enhancement profile of adsorbed 4-MPy, the relative band intensities are plotted as a

function of applied potential and excitation wavelength (488, 514.5, 633.47 and 651.5

nm). The relative intensity ratio of the ring breathing modes, I01/Tvy2, increases with

increasing negative potential for all wavelengths; however, the v; band is more wavelength

dependent. The intensity-potential profile for the v; band at 488, 514.5 and 633 nm

wavelengths is shown in Figure 5.8. The band intensities are normalized to the maximum

value observed in the investigated potential range for each excitation wavelength. The plot
displays a shift in the peak intensity maximum to more negative potentials as the excitation
energy is decreased, in agreement with the trends reported for metd~t&ad§orbate CcT
excitation for pyridine adsorbed on Ag electrodes.4S A similar CT mechanism (for by
modes) has also been reported for p-aminotlﬁophendl” adsorbed via the thiolate sulfur on
Ag electrodes. This approach is based on tuning a CT excitation into and out of resbpance

by changing the applied potential or the excitation energy.1*~ In electrochemical
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FIGURE 5.8 Normalized SERS intensities of the v] ring breathing mode of 4-MPy for:
633.47 nm (a); 514.5 nm (b); and 488 nm excitations (c), plotted as a function of applied

electrode potential (vs. SCE).
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experiments, the Fermi level (Ef) of the electrode can be changed relative to electronic level
of the adsorbed molecule by changing the applied potential. The SERS intensity becomes
large at certain potentials where the energy gap between Ef and a molecular electronic level
becomes equal to the excitation energy of the incident radiation. According to the
theoretical CT model of SERS, the intensity-potental profile should be symmerric if the
affinity level involved in CT is symmetric.* However, the observed profile for all
excitation wavelengths appears asymirnetric since the Iipax for 488 and 633.47 nm excitation
seems to lie on the edge of the potential range covered. The intensity-potential profiles
(Figure 5.5) for each wavelength intersect near -600 mV and, with increasing negative
potential, the curve points becoﬁle scattered. The appearence of the Type II vy band near
-600 mV, attributed to 4-MPy species adsorbed via the nitrogen atom, may be correlated
- with the asymmetry of the intensity-potental profile. The remaining 23 or by ring modes
do not display CT-like intensity-potential proﬁle_é with excitation. The effect of viﬁr‘onic
coupling® in substituted pyridines, e.g., in 4-MPy where the C-S bond modes are mixed
with a; ting modes,*® must be taken into account when considering the contribution of a
CT mechanism to the enhancement proﬁ/k. This observation is in contrast to the SERS of
pyridine, where a number of aj modes benefit from a CT mechanism and show symmetric
intensity-potential profiles.> We conclude that although a CT mechanism appears to
contribute to the enhancement profile of 4-MPy, pérturbations to this inte\z\nsity-potential
profile are manifested by spectral changes such as the appearence of an additional v band,
atwibuted to the Type II species. |

As discussed above, the contributions of CT and EM fnechanisms are known to
influence the SERS intensites 6f adsorb;fes. These effects are not easily resolved from the
- changes in intensity brought about by reorientation. Some observations, suggest that
reorientaﬁon;rbm a perpendichar to a flat n-bonded conformation on the surface does not
occur. A pot;.nﬁal-dependent reorientation of the 4-MPy ring on the surface from a noxmél

to a flat ring m-adsorbate interaction is not éxpccted to yield a v; mode shifted to higher
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wavenumbers. A shift in v 0 lower energy is anticipated since bonding through =-
orbitals is expected to weaken the C=C ring bonds.*® In addition, the out-of-plane modes
in the lower wavenumber region, which wowd be expected to increase in intensity for a flat
orientation, remained unchanged.

To summarize, the spectral changes observed at higher negative potentials are
manifested by a change in bonding conformation at the electrode surface, namely, 4-MPy
adsorbed via the pyridine nitrogen. The‘proposéd “free” uncoordinated nitrogen of
surfacc-coﬁﬁned 4-MPy is stabilized at more positive potentials on the electrode surface

and should be available to bind probe ions such as Cu2* at the solution interface at open

potemial. Spectral changes associated with a Cu-pyridine nitrogen interaction would be

expected to have some similarities with the SERS spectra of 4MPy observed at higher

negative potentials where a Ag-pyridine nitrogen interaction occurs.

5.4:4. Immersion of a 4-MPy-Modified Ag Electrode in Aqueous
Cu(NO3); Solution

Following the potential- and wavelength-dependent experiments, another ORC was

applied to the 4-MPy derivatized Ag electrode using 514.5 nm excitation. The spectral

profile df the adsorbed 4-MPy collected at open circuit (-358 mV) was comparable to that

shown in Figure 5.1 (d). A 10 mL (2 mM) solution of Cu(INO3)7 was then introduced into |
the electrochemical cell containing 0.1M KCl after which the open potential was changed to

+81 mV. The SERS spectrum collected 5 min after addition of Cu(NO3)2 is shown in
Figure 5.9. The most dramatic intensity changes are observed for the ring breathing
- modes, V1 and V32, and the B(CH)/S(NH) band at 1213 cm! as compared to the SERS
spectrum of 4-MPy m the absence of Cu?+ (at a similar potential). The relative intensity
ratios for Ivj/Ivy2 and v /IB(CH)/S(NH) decrease from 2.8 to 0.67 and from 1.95 to
1.3, respectively, after Cu2* jon addition. The spectral changes observed nupon Cu2+
addition (see Table 4.1) are similar to those observed for Type IJ species in the potential

179



FIGURE 5.9 SERS spectrum of adsorbed 4-MPy on Ag electrode at open potential after
the addidon of 10 mL (2 mM) Cu(NO3)2 solution to the electrolyte solution.
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range -700 to -1000 mV in the absence of Cu2* i.e., where the Ag-pyridine nitrogen
interaction occurs at the electrode surface. Other spectral changes noted were: a v shift to
higher energy (1013 cm-1), the absence of the vga) band, an additional B(CC)/(C-S) band
at 723 ecml, and a 8(C-8)/{CCC) band shift to higher frequency (442 cm!). By analogy
to the spectral interpretation presented for 4-MPy Type I species, the spectral changes
observed upon CuZ* addition, which have similar spectral counterparts to the Type‘II
bands, can be associated with a metal-pyridine nitrogen interaction. The V1 band shift
(1003 to 1013 em1) is similar to the »; band shift reported for pyridine adsorbed on an Ag
electrode (1007 to 1012 cm!) after submonolayer underpotential deposition of Cu2* ions
(-700 mV vs. SCE and 0.1IM NaCl electrolyte).3!  Only low copperlconccmrations
(submoholayer coverage) deposited on the electrode surface exhibit a Cu-pyridine nirogen
interaction, which retaiﬁé SERS activity using 514.5 nm excitation. In our study, SERS
activity was retained in the presence'of CuZ* ions at open potential. o

For both v(C-S) bands at 711 and 723 cm‘l, the former is associated‘wiﬂ}_f\l-lvﬁ’y'

o N
adsorbed to the electrode surface via the thiolate sulfur (compared to 706 cm! in‘the=""

absence of Cu2*) while the latter band is attributable to a Cu-4-MPy complex, which has a
weaker Ag-sulfur electrode interaction. Perturbation of the Ag-sulfur interaction is also
accompanied by the V12 band intensity decrease. The 12 band, similar to that for :

benzenethiol, is mixed with a V(C-S) mode (see Table 4.1). The intensity increase

diéplayed by B(CH)/3(NH) band, together with the shift in V1, suggest that the

perturbation experienced by the delocalized n-electrons of the ring is accompanied by a
: change in the pyridine nitrogen environment. The intensity changes are unlikely to résult
from a change in orientation on the surface as the outi;f-plane modes remain unenhanced
and the vgby band intensity.is enhanced after Cu2* addition (as is also observed for Type I
- species). ) |
SpEcual changes observed with Cu2* addition, namely changes to bands in the |

1650-1000 cm-! region, are comparable to the IOEW-SERS study of 4-MPy after
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immersion in Cu2* ion solution, discussed in Chapter 4. Bands associated with (C-S)
modes in the lower frequency region were obscured by scattering from the waveguide
interface in the IOEW-SERS spectrum. Thus, SERS from 4-MPy modified Ag electrode
can provide complementary information with respect to the sulfur-Ag interaction.

On the basis of SERS dﬁta alone, the structure of the surface Cu?+-complex cannot
be discerned. Few systematic changes have been observed for the vibrational fundamentals
of pyridine (upon metal complexation) associated with changes in complex stoichiometry,
stereochemistry, or valency of the complexing metal *>>2 The unenhanced FT-Raman
spectfa of Cu(Py)n(NO3)2 complexes (n = 2, 4, 6) are very similar> and the SERS spectra
of pyridine adsorbed at various 'copper inierfaces show only Slight differences.™ .

A progmésive loss in SERS activity was observed upon exposure to Cu2+ ions at
open potential and, after 25 min, the SERS spectrum was not_‘obser‘ved. Although the
undefpotential depositiqn (UPD) of Cu on Ag electrodes does not occur at open potential
(+81 mV),?! it is possible that quenching of SERS activity may arise from Cu2* ions
WIﬁch peneuatc-thmugh the 4-MPy lz-iycr' to the electrode surface. A non-compact coverage
of 4-MPy on the electrode surface would allow for ion penetration destroying SERS-active
sites and/or changing the optical/electronic properties responsible for the SERS activity.
. These effects havel been correlated for UPD of foreign metals on SERS-active
electrodes. 5556 Alter;laﬁvely, changes in the surface adsorbate coverage on Cu2+-
modified Ag clectrodes may contribute to the SERS quenching. An ORC was applied in
the range +200 to -200 mV in an attempt to regenerate the SERS spectrum. In addition to
the UPD of f:opper on the electrode surface, the same SERS spectrum was recovered, but
at ca. 10% of the initial SERS intensity. |

o
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5.5 CONCLUSIONS

The SERS of 4-MPy adsorbed on an Ag electrode has been examined as a function
of potential (-1000 to 0 mV vs.SCE) and laser excitation using 488, 514.5, 633.47 and
651.5 nm wavelengths. The spectral profiles of the SERS spectra in the potential range 0
1o -500 mV are similar to those of other SERS spectra reporied for 4-MPy on a variety of
metal substrates. Analysis of the spectral features reveals that 4-MPy adsorbs on the Ag
electrode through the thiolate sulfur with the:ring plane perpendicular to the surface (Type
I). With increasing negative potentials (E > -600 mV), additional bands associated with v
ring breathing and v(C-S) modes appear. The formei- band is shifted to higher and the
latter to lower energies relative to the band positions observed at more positive potentials.”
These changes suggest that a new 4-MPy species (Type II) is adsorbed on the electrode
surface, in addition to the 4-MPy species ‘adsorbcd via the sulfur atom. This Type II
species is assigned to 4-MPy which is adsorbed via the pyridine nitrogen. Specu'a.l.'
changes similar to those obscﬁed for Type II species were noted when the 4-MPy- |
- derivatized electrode was exposed to a Cu?* jon solution at open potential. In this case, 4-
‘MPy remains adsorbed on the electrode via the sulfur atom and the “free” uncoordinated
pyridine nitrogen is available to interact with the Cu2* probe ions. The spectral changes.
associated with_Cu2+ exposure are manifested by a metal-pyridine interaction and are
similar to the spectral shifts obsérvcd for pyridine adsorbed on Ag electrodes with'
submonolayer Cu coverages. ‘

Potential—dependent band intensity changes were observed and, to evaluate the
possible contribution of a CT procéss 1o the band enhancement profile of 4-MPy, the
relative band intensities were plotted as a function of applied potenn’all and excitation
wavelength. The wavelength-dependent, intensity-potentiai curves are similar to the CT

profile previously observed for pyridine on metal electrodes.
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CHAPTER 6

SUMMARY
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6.1 CONCLUSIONS

The research undertaken in this thesis describes the surface enhanced Raman
spectroscopic analysis of pyrazinamide, 2- and 4- mercaptopyridine. A variety of SERS
substrates were used to study these adsorbates, namély, silver colloidal sols, silver metal
liquid-like films (MELLFs), and roughened silver electrodes. In addition to these more
classical methods, a novel SERS technique was developed which Eombines both .
waveguide Raman spectroscopy (WRS) and SERS, known as Integrated Optics,
Evanescent Wéve, Surface Enhanced Raman Scattering (IOEW-SERS). The potential
application of surface-confined 4-mercaptopyridine as a chemical sensor was demonstrated

using IOEW-SERS.

Chapter‘ 2 described the preparation of interfacial Ag colloid-adsorbate ﬁlms
between an aqueous Ag colloid and a solution of an adsorbate in dichloromethéne. The
internal structures of the resulting films were substantally influenced by the éhemical
nature of the adsorbate. Pyrazinamide (pza) and 2-mercaptopyridine (2-MPy) forméd
lustrous metallic interfacial films under the conditions routinely used for the preparation of
Ag colloid-adsorbate interfacial films. On the other hand, 4-mercaptopyridine (4-MPy) is
the only adsofbate for which an interphase transfer of adsorbate-covered particles from the
aqueous to the organic phase, forming an organosol, was observed. This particular
chemical specificity of 4-MPy was attributed to the sterically unhindered position of the
para -substituted pyridine nitrogen resulting in 3-D polymer-like, colloid-adsorbate
aggregates. By conﬁparison, 2-MPy provides 2-D monolayers of colloid-adsorbate
interfacial films. TEM photographs of deposited films show 3‘;D clusters from the Ag
colloid-4-MPy organosol sample and a 2-D monolayer from the Ag colloid-2-MPy
interfacial film sample. Furthermore, we showed that for a particular adsorbate, the
process of film formadon (e.g., rate of interphase uansfcrj as well as the microstructure of

- the film is substantially influenced by the Ag content of the parent Ag colloid. In the case
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of Ag-pza film, the difference berween the Ag content of Ag colloid I and I7 leads to
distinctly different structures of the resulung films. The Ag-pza I films form continuous
layer(s) of pza covered particles, while the Ag-pza II film shows an SPA similar to a
fractal-like system. Spectral changes observed for the SERS spectra of Ag-pza I and IT
films suggest that the pza molecules assume flat and perpendicular orientations,
respectively. Similarly, upon deposition the Ag-4-MPy I organosol aggregates readily
assemble into a continuous film, while the compact 3-D Ag-4-MPy II aggregates remain '
unperturbed. The SERS spectum of the Ag-4-MPy II sample is comparable to a
monolayer of 4-MPy chemisorbed via thiolate moiety, whereas additional bands observed
in the SERS spectrum of Ag—4.—MPy I organosol are attributed to a bidentate coordination
complex (using both S and N atoms) of 4-MPy. In the case of 2-MPy, no aggregation
occurred with Ag colloid II. The Ag parﬁcle:adsorbate concentration ratio was thus varied
by altering the adsorbate éoﬁcentration. The SERS spectra show that for high adsorbate
concentration, the 2-MPy molecules are packed perpendicular to the surface while at Tow

concentmtion the molecules lie flat.

Chapter 3 describes the fabrication of a wavegm'de heterostructure on nano-scale |
dimensions by grafting silver colloid particlés onto thin glass slides using a molecular
adhesive, 3-MPT. This assembly combines the unique optical pfopém'es of both SERS
and WRS systems by allowing optically guided light to propagate into the thin colloid film
as an evax;escent wave. An IOEW- SERS spectrum of 4,4’—bipyridian\_ adsorbed on the
colloidal superstrate surface demonstrates the SERS-activity of this ‘waveguidc, even
though nearly 98% of the incident field is within the waveguide itself. In addition, spectral
band.s associated with the adsorbate layer are enhanced conSiderably compared to spectral
 features from the waveguide interface. The IOEW-SERS spectrum of 4,4’-bipyridine was
shown to be comparﬁble to the SERS spectrum of 4,4’-bipyridine colloidal sol. To
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demonstrate the efficiency of optically guiding the light into the waveguide, a classical 900

scattering geomerry resulted in carbonization of the waveguide surface.

The JOEW-SERS of 2- and 4-MPy have been compared with other SERS
substrates such as MELLFs and Ag colloidal sols in Chapter 4. It was concluded from the
analysis of relative intensity changes and frequency shifts that 2- and 4-MPy adsorb onto
the colloidal surface through the thiolate sulfur in which the pyridine ring plane has an
orientation perpendicular to the surface. The “free” uncoordinated pyridine nitrogen of
 ‘surface-confined 4-MPy was used as a sensing layer and exposed to H* and CuZ+ probe
ions. Perturbations to the vibrational structure of 4-MPy indicated that quarternization with
protons was feversible, whereas Cu2* was bound irreversibly. X-ray photoelectron
Spectroscopy provided insight into the layer-by layer assembly of the waveguide
heterostructure, from the substrate to the Cu?+ ion. ‘Thc XPS data showed surface-
~ confined 4-MPy had two nitrogen environments, attributed to both physisorbed and
chemisorbed species. ‘Both N 1s peaks shifted to lower binding ene:gies upon exposure to
Cu2+ which adds further support to the interpretation of the IOEW-SERS data.

In Chapter 5, the SERS of 4-MPy adsorbed onto an Ag electrode was collected as a
function of potential (-1000 to 0 mV vs.SCE) and laser excitation uéing 488, 514.5,
633.47 and 651.5 nm waﬁelengths. With incfeasing negative potentials (E < -600 mV),
additional bands appear, nainely bands associated with the ring breathing and C-S bond
modes of 4-MPy. These changes were attributed to a new 4-MPy species (Type II)
adsorbed via the pyridine nitrogen on the electrode surface. This species is stabilized
relative to the thiolate bonded species (Type 7) at higher negative potentials. Spectral
changes similar to those observed for Type I species were noted when the 4-MPy
derivatized elcctrod_c was exposed to a Cu+ ion solinion at open potential. In this case, 4

MPy remained adsorbed on the electrode via the sulfur atom and the “free” uncoordinated
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pyridine nitrogen was available to interact with the Cu2* probe ions. Spectral changes
observed for the vy and V2 ring breathing modes on Cu?t exposure had similar spectral
counterparts observed for the IOEW-SERS study of 4-MPy with Cu2* exposure providing

further evidence of a Cu-pyridine nitrogen interaction on the waveguide substrate.
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6.2 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

(1)  The rate of formation, adsorbate orientation and the macrostructure of interfacial Ag
colloid-adsorbate films (MELLFs) formed between an aqueous Ag colloid and a solution of
an adsorbate in dichloromethane were shown to be substantially influenced by the chemical
nature of the adsorbate and the Ag content of the parent colloidal sol. Ambidentate ligands
such as pyrazinamide, and 2- and 4-mercaptopyridine were used in this thesis study and

. were shown to iniiluence the above processes.

(2) The. work described in this thesis demonstrates a novel teqhnique for combining
waveguide Raman Sﬁéc;:roscopy (WRS) and surface enhanced Raman scattering (SERS), -
i.e.; 'Integré.ted Optics, Evanescent Wave, Surface Enhanced Raman Spectroscopy,
(IOEW-SERS). The fabrication of a heterogenous waveguide assembly by grafung silver-
colloidal particles 'onto a glass waveguide was described. The propagation of opticaliy
guided light which can propagate into the colloidal Iayer as an evanescént wave and couple
with the surface plasmon modes was shown to support conditions necessary for SERS.
The JIOEW-SERS spectra from the v&ﬁvcguide interfacial structure and from an adsorbed
layer of 4,4™-bipyridine were measured.

(3) The IOEW-SERS of 4-mercaptopyridine (4-MPy) was shown to be coextensive
with otherISERS techniques studied in this work i.e., silver colloidal sols, MELLFs and
-roughened silver electrodes. A comparative study of all the SERS substrates using 4-MPy
was undertaken where relative intensities a:id band shifts associated with surface-confined
4-MPy were shown to be similar. Analysis of the spectral profile confirmed that 4-MPy is
adsorbed via the thiolate sulfur with the plane of pyridine ring being' perpendicular to the

silver surface.
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(4) The surface-confined 4-MPy layer was shown to have the ability to behave as a
proton and copper-ion sensor by IOEW-SERS.. A layer-by-layer interrogation of the
waveguide heterostructure using XPS provided complementary evidence regarding the

interfacial structure of the waveguide and the Cu-4-MPy interaction via the pyridine

nitrogen moiety.

(5) The potential and wavelength dependence of the SERS of 4-MPy using i‘oughen_(:d
silver electrodes was demonstrated for the first ime. The ambidentate pi'opertics of 4MPy
were exploited and the spectral changes observed with changes in surface potential wérc
- attributed to both thiolate- and nitrogen-bonded surface-confined 4-MPy species. In a
manner similar to the IOEW-SERS study, exposure to Cu2+ probe ions produced spectral

changes consistent with a Cu-nitrogen interaction.

o
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6.3 SUGGESTIONS FOR FUTURE WORK.

(1) The persistence of the SERS effect using near infrared (NIR) excitation has oeen
clearly demonstrated for gold substrates.? The wavelength and potential dependence of
SERS extends.to the NIR region even though classic cross sections for Raman scattering
would predict a decrease in going from vis_ible to near infrared the actual intensities
increase. The extension of WRS into the FT-Raman regime using NIR (1.064 pm) -
excitation requircls the scme waveguiding requirements such as prisms, substrates and

coupling optics and refractive indexes conditions There are, however, two experimental

‘ pfoblems using NIR which can be overcome. The first involves using invisible radiation at

1.064 pm which can be coupled in the waveguide using the red line of a He:Ne laser

| col_ineer with the Nd:YAG beam. When coupling is complete the He:Ne can be tumed off,

leaving theNd:YAG as the propaéating beam in the waveguide. Secondly, the geometrical

| inismatch of the waveguide streak and the circular entrance aperture of the FT-IR can
. | coinpensauﬁ- for by using a fiber optic for collection that has a line geometrical'm-rungement
on one end that can be used for collecting the scattered light from the streak and a clrcular,,
- axrangement at the other end for ahgnment with the FI‘-IR aperture. |

- Smce the above aspects demonstrate that both WRS and‘SERS are accessible to

_NIR excitation, the IOEW-SERS substrate can also be adapted for NIR excitation by using

[+ T

e‘Au'co]loid'-derivatiz_ed waveguide. The benefits of operating at this wauelengm include.

minim_izal:iOnof .photot':he:cuical effects such as fluorescence and the lack of thermal heating.

< The 'IOEWASERS'exPeriment-usmg visible ed:ci'talion‘suﬁ‘ers periodically from an apparent
-background ﬂuorescence m the higher energy regions 2000-4000 cm-1.: Although the'

: SERS effect is known to quench ﬂuorescence, this. background could evolve from the |

o 'glass\sﬂoxane laye:rs of the wavegu:de Fluorescence from bonded phase materials e.g.,
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atmosphere is known to result in fluorescence which is thonght to arise from adsorption of

organic vapors and subsequent photolysis under laser irradiation.

{2)  The solution based self assembly of colloidal Ag particles on a waveguide can
encompass a number of substrates besides glass. Colloid films grafted to indium tin oxide
(ITO) surfaces using 3-MPT can also function asan electrode.* The self assembly of
redox-active monolayers onto the colloid surface e.g., alkylthiols, can be used to estimate
the effectivénéss of monolayers in inhibiting electrode kine;ics and the extent to which'
surface redox reactions are suppressed can be used io évaluate the quality of the
monolayer.’ Defects in the chemical association of the monolayer to thé colloid and/or
 structural defects in the attachment of the colloid to the ITO surface andldr colloid parﬁcle .
- size distribuﬁori could lead to the incompleté coverage'of a ﬁlonolayer detected by residual
electroacuwty in cyclic voltammogram experiments.. |
Quartz and silica based fiber opucs can also avail of the self assembly process of Ag
‘colloid particles by 3-MPT adhesive. The wavegnide gpomcu-y can thus‘ be cxtended from
asymmetric planar slabs to cylindrical fiber optics. | | |
(3) The topographj of the Ag colloid surface of the Wéveguic}e such as the lateral
distribution and sizes of metal particles can be probed by TEM, SEM, AFM and STM.
techniques. For all of these techniques except TEM, the A g colloid dcrivétized waveguide
substrate does not require any modification in order to be probed. i.e., subsu"éte: is
electncally conducting. Surfaces for TEM analysis are usually placed on carbon covered '
copper or copper grids. In order to retam the original integrity of the glass/3- MPT/Ag.
colioid assembly for TEM analysis, this mululayer arrangemcnt can be asscmbled on’ SlO |

_ covered copper grids (Emest F. Fullam, Iné. )
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(5) The XPS analysis of the derivatized waveguide in Chapter 5 requires references for
the S 2p and N 1s regions of free (uncoordinated) 4-MPy. The references can be acquired
by spin coating a layer of 4-MPy from solvent onto a silicon wafer. These results can be
used to identify the contributions from free 4-MPy and from 4-MPy adsorbed onto the
colloid surface. The same procedure can be applied to Cu(NO3)2 to clarify the shift
associated to copper binding on the 4-MPy layer. |

(6) A study can be done to investigate the optical effect and IOEW-SERS of the
incident beam polarization (TE vs. TM) in the waveguide. Perturbations to the optical

behaviour of the waveguide may arise from changes to the radiative dielectric constant.

{7) The wavegﬁide can be hetcrégenized by grafting 3-MPT to the colloid surface of the
wavegmdc ’I'he terminal thiol group of 3-MPT will react with colloidal parncles leaving
the methOxy grOups available for subsequent hydroly51s and condensation reaction. Thls
glass layer can then be reacted with R-8i(Cl)3, exposing the terminal R group allowing for
a chemically modified surface. |

197



REFERENCES

(1)
@
3

@
&)

Chase, B.; Parkinson, P. J. Phys. Chem. 1991, 93, 7810.

Ingram, J. C.; Pemberion, J. E. Langmuir 1992, 8, 2034. _

Chase, D. B.; Rabolt, J. F. Fourier Transform Raman Spectroscopy.: From
Concept to Experiment; Academic Press: New York, 1994,

Doron, A.; Katz, E.; Willner, 1. Langmuir 1995, 11, 1313.

Sabatani, E.; Cohen-Boulakia, J.; Bruening, M.; Rubeinstein, I. Langmuir 1993,
9, 2974 and refs. therein.

198





