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ABSTRACT

Surface Enhanced Raman Scanering (SERS) is a process by which molecules near cenain

special metal surfaces exhibit Raman scanering that is measurably more intense than is the

normal Raman scanering exhibited by molecules in the absence of the surface. The

majority of SERS-active metal substrares, 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 smdy of the adsorbates; pyrazinamide, 2- and 4­

mercaptopyridine. A range of SERS-active Ag substrates was used, viz., Ag colloids,

metalliquid-like films (MELI-Fs), and roughened Ag electrodes. In addition, an original

technique that encompasses both SERS and waveguide Raman spectroscopy (WRS),

known as inregrated 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 colloïdal 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 smdy of 2­

and 4-mercaptopyridine (MPy) was undenaken using all of the above methods. The

pmpose of this comparison was to determine the similarities between IOEW-SERS and

other Ag SERS-active systems. These smdies were extended by using a 4-MPy modified

SERS-active optical waveguide as a thin film chemical sensor. Intermolecular interactions

between probe ions, Cu2+ and H+, with 4-MPy were observed by vibrational

perturbations to the IOEW-SERS spectrum. X-ray photoelectron spectroscopy (XPS)

.allowed a layer-by-Iayer examination of the 4-MPy derivatized waveguide from the

substrate to the Cu2+ ion. A potential dependent SERS smdy 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

MELI-Fs ofpyrazinamide, and 2- and 4-MPy were undenaken. The deposited films·were

characterlzed by Transmission Electron Microscopy (TEM) and Surface Plasmon

Absorption (SPA).
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RÉsUMÉ

La diffusion Raman de type Surface Enhanced (SERS) est un processus selon lequel
les molécules situées à 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 colloïdales, sont fabriqués
à partir de métaux de frappe tels l'or, l'argent et le cuivre. Le sujet principal de cette
thèse est l'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 colloïdes d'Ag, des films de métaux à caractère liqùide
(MELLFs), ainsi que des électrodes d'Ag dépolies. De plus, une technique originale
qui comprend à la fois les spectroscopies SERS et Raman de guide d'ondes (WRS) a
été développée et est connue sous le nom de SERS d'onde évanescente à optique
intégrée (IOEW-SERS). Pour cette technique, une hétérostructure de guide d'ondes a
été fabriquée à une échelle nanoscopique par l'auto-assemblage de particules d'argent
colloïdales sur de fines lamelles de verre. Les comportements optiques uniques des
systèmes SERS et WRS sont combinés de sorte que la lumière 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- merèatopyridine (Mpy) a été entreprise en utilisant toutes
les méthodes ci-haut. La raison-d'être de cette comparaison était de déterminer les
similitudes entre les systèmes IOEW-SERS et d'autres systèmes 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, Cu2+ et W et le 4-Mpy:\?nt 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'à l'ion Cu2+. Une étude SERS,
dépendante du potentiel, d'électrodes d'Ag modifiée par 4-MPy, incluant l'interaction
avec les ions Cu2+ a été entreprise comme complément à l'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).

ü
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FOREWORD

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

Conceming 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 he submitted for publication, or the clearly-duplicated text ofa published
paper(s). These texts must he 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 he 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 he
integrated.
-The thesis must still conform to all other requirements of the "Guidelines for Thesis
Preparation". The thesis must include: A Table of Contents, an abstract in English and
French, an introduction which c1early 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 he provided where appropriate (e.g. in appendices) and ~
sufficient detail to allow a clear and precise judgement to he 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 expliclt statement in the thesis as to who contributed to socb
work and to what extent. Supervisors must attest to t1Îe accuracy of such statements at
the doctoral oral defense. Sînce the task of the examiners is made more difficuit in these
cases, it is in the candidate's interest to rilake perfectly clear the responsabilities of all
the authors of the co-authored papers••

This thesis consists of six chapters. Chapter 1 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 publication format. Chapter 6 contains general conc::lusions,

contributions to knowledge and suggestions for future wode.

The following are nianuscripts 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,

respectively. Following normal procedure, the papers have been either submitted or will be

submitted for publication in scientific journals. A list of the papers is given helow:
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1. Jean A. Baldwin, Blanka Vlckova, lan S. Butler and Mark P. Andrews.

"Surface Enhanced Raman Scanering of Mercaptopyridines and Pyrnzinamide from Glass­

Deposited Silver Metal Liquid-like Films." Subrnined for publication in Langmuir.

2. Jean A. Baldwin, Mark P. Andrews, Wenbo Xu and lan S. Butler.

"Integrated Optics, Evanescent Wave, Surface-Enhanced Raman Spectra of 4,4'­

Bipyridine". To he subrnitted for publication in Journal ofPhysicaJ Chemisrry.

3. Jean A. Baldwin, Norbert Schühler, Mark P. Andrews and lan S.

Butler. "Surface Enhanced Raman Scanering of MercaplOpyridines and the Fabrication of

a Metal-Ion Chernical 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, lan S. Butler and Mark P. Andrews.

"Surface Enhanced Raman Scattering of 4-MercaplOpyridine on Silver Electrodes and the

Interaction with Copper (m ions. Submined for publication in Langmuir

AlI of the above papers inc1ude the research co-directors, Dr. lan. S. Butler and Dr. Mark

P. Andrews as co-authors. Chapter 2 includes Dr. Blanka Vlckova as co-author, (Depl of

Physical and Macrornolecular Chemisrry, Charles University, Prague, Czech Republic)

who co-wrote this paper, recognizing her expertise in MELLFs and for colIecting sorne of

the SPA and optical micrographs included inthis Chapter. Chapler 3 includes Wenbo Xu

as co-author, (McGill University, Montreal, Canada) who initially developed the IOEW~

SERS technique and waveguide fabrication. Chapter 4 includes Dr. Norburt Schiihler as

co-author, (McGill University, Montreal, Canada) 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, (Guelph-Waterloo Center for Graduate.
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Work in Chemisoy, 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, al! of the

work presented in this dissertation was performed by the author.
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• 1.1 NORMAL RAMAN SCATTERING

Raman scattering was predicted theoretically as early as 19231 but was only

demonstrated experimenIally 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 orientationcan he extracted.

From classical theory,3 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, lX, is described as the polarizability of the molecule.

P=Ct.E (1.1) .

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

eleetric field of incident radiation (wavelength 1..) is defined as :

E = EO cos 2lt tlO t (1.2)

where BQ is the incident field maximum, tlQ is the frequency, and t is the lime. llIe induced

dipole of a molecule in this oscillating field is obtained frOm combining equations (1.1) and

(1.2) :

P = Ct. EO cos 2lt tlQ t

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

Ct. = a.o + (aCt.) cos 2lt tl t

(1.3)

(l.4)

where a.o is the equilibrium polarizability, aCt. is its maximum variation and tl is the natural

vibrational frequency of the bond. Combining equations (1.3) and (1.4) the induceddipole

• oscillation is given by :

c



• P = a QBa cos 21t uQ t + (l/2)!!>a Ba [cos 21t (UQ + u) t + cos 21t (uQ - u) t] (1.5)

Equation ( 1.5 ) predicts that the oscillating electric dipole radiates electromagnetic waves of

frequency uQ (Rayleigh scanering), UQ + U(anti-Stokes radiation) and uQ - U(Stokes

radiation). The elastic or Rayleigh scanering is merely the incident radiation scanered with

frequency uQ and constitutes the major pan of scanered light. A small fraction of the

scattered radiation (1/1000) is scanered inelastically. One component results from

molecules elevated to an excited vibrational "virtual" state which upon relaxation to an

excited state (e.g., u=l) produces Raman scanered light called Stokes scattering. This

scattering frequency is red-shifted, (uQ - u), from the wavelength of incident radiation.

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

an excited "virtual" state, returning to a ground state (u=O) and the scattered light is bIue­

shifted, (UQ +u), from the wavelength of incident radiation. A schematic representation is

shown in Figure 1.1. The Stokes-shifted scanering is more intense than is the anti-Stokes

scattering (at ambient conditions) and Raman spectra are usually dispIayed as Stokes­

shifted spectra. Characteristic frequencies of scattered light can beassociated with distinct

vibrations of the molecule.4

The weàkness of the Raman effect (lRaman =10-8 to 10-12 10) and interference from

sample fluorescence has hampered the use of normal Raman spectroscopy for routine

sample analysis, whereas infrared spectroscopy has been more extensively used and has

led ,to a substantial IR reference library. However, together with recent instrumental

improvements (e.g., CCD detector, the Raman microscope etc.), applications such as
.'

resonanceRaman (RR) and Surface Enhanced Raman Scattering (SERS) have advanced

this technique tO a point where it is now recognized as an effective and sensitive analytical

tooi.
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FIGURE 1.1 Schematic representation of a room temperature Raman spectrum of CCLt

excited with 5145-nm line of an argon-ion laser.

(Adapted from Butler, I. S. and Harrod, J. F. lnorganic Chemistry: Princip/es and
,';

Applications, Benjamin/Cummings Publ., Menlo Park, Califomia, 1989)
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1.2 RESONANCE·RAMAN SCATTERING

If the exciting freqm:ncy is coincident, or almost coincident with an electronic

transition of the molecule, the intensity of certain Raman bands will be greatly enhanced,

often by factors of 102 to 1()4. This is known as the resonance Raman effect. The most

common enhancement mechanism is the Frank-Condon enhancement.5 Since the

resonance Raman experimentinvolves absorption of the incident light, the intensity band

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

Raman spectroscopy has found extensive use in smdying specific chromophoric regions of

transition metal complexes and biological molecules.6

1.3 SURFACE ENHANCED RAMAN SCATTERING (SERS)

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

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

discovered by Fleishmann et al .7 in 1974 when an anomalously intense Raman signal was

observed from pyridine adsorbed from aqueous solution onto an eleclrochemically

roughened silver electrode surface. The high intensities were originally anributed to an

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

However, Jeanmaire and Van Duyne8 and Albrecht and Creighton9 were the fust to

recognize thatan intrinsic surface enhancement effect was responsible for enhancement

factors of up to 1()6. Since this discovery, there has been a considerable volume of work

published on SERS, both experimental and theoretical, aimed at understanding the

enhanc~menteffect A number ofreviews on SERS have been publishetl.10-13

As described above, the intensityof any Raman scanering is proportional to the

change iD. molecular polarizability and incident electromagnetic field sttength. Therefore,

profound alrerations in one or jJoth of these components can provide a possible mechanism
o·

for the enhancement Although some controversy still exists regarding the theoretical

interpretation of SERS, IWO rationalizations are general1y agreed upon. A purely physical
r::: .'
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mechanism has been proposed in which metal surfaces are able to concentrate the

electromagnetic radiation due to the incident light into a region of the surface. I2,14-16 The

metal surfaces do this principally as a result of a resonant response of conduction electrons

in the roughened or particulate surface to the eleetromagnetic field. There is also a chemical

mechanism in which contributions to the resonance enhancement require an interaction

between the adsorbate and substrate.12,14-16 This interaction can take place in the form of a

charge transfer between the metal and adsorbate or else formation of a molecule-metal atom

complex with consequent molecular resonances. Contributions from these two kinds of

mechanisms, electromagnetic andchemical, are not mumally exclusive - the current view is

that the major contribution is electromagnetic.17 These mechanisms are described in more

detail below.

1.3.1 Surface Electromagnetic Field Enbancement (EM) Effect

Experimentally, it has been found that the most intense SERS spectraare obtained

from molecules adsorbed on silver surfaces, although comparable intensities are also

observed from copper and gold surfaces. Other metals including sodium,18 aluminum19

and indiumlS have been reported to show surface enhanced Raman scattering of similar

intensity in sorne cases. The most successful theory which has been able to account for a

large number of features of SERS is based on the response of small metal particles to

electromagnetic fields. Known as the EM theory, enhancements up to 1()6 have been

estimated due to the presence of these microscopic surface structures combined with the

optical properties of the metal substrateP Metal particles of the substrate have an

electromagnetic resonance, known as dipolar surface plasmons. These oscillating

plasmons may be resonately excited by an electromagnetic wave of the·same frequency. As

a result of this ."tuned" response, the metal surface then becomes higlùy polarizable leading

to large field induced polarizations and thus large fields local to the surface are produced.

The surface field has been calcu1ated for a spherical particle smaller than the

6



• wavelength of the light since the electromagnetic field is unifonn over the sphere and there

is only a dipole response from which the polarizability can be estimated.15.20.21

Considering only the dielectric components of the electromagnetic field, the maximum

value of the local field is ~pproximately equal to,

(1.6)

where e is the complex dielectric constant of the metal inside the sphere at the plasmon

resonance frequency rop. The field inside the sphere is 3Eo!(e +2) where Ba is the incident

field (e is relative to the surrounding medium) and outside the sphere the field is equal to Ba

+ asEQ, where as is the polarizability at the center of the sphere,

as = a3 (e-l) / (e+2)

in which ais t\1e radius of the sphere..The resonance condition is observed when,

(1.7)

(1.8)

•

Thus, a wavelength for which the real part of the dielectric constant of the metal sphere is

equal to -2, such that Re [CE, (OOp)] = -2(e2) (where e2=1, relative to the surrounding

medium), constitutes a dipole resonance response of the sphere.10(a-c) Also, since at the

resonance frequency the enhancement factor is proportional to lm e (rop)-4 of the metal, a

small e value increases the magnitude of the field enhancing response of the metal particle.

Hence, the requirement of a metal for a large field enhancing response by the sphere is not

only that the metal has Re (e) = -2 at the excitation wavelength, but also that lm (e) is small

at that wavelength. The metals which satisfy these. conditions are the alkali metals and

coinage metals, i.e., copper, silver and gold. The 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 e = i ..J2(for spheres of average diameter S; 10 nm).13

7
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The dependence of the enhancement upon excitation frequency 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 muitipole plasmons.22 ln 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.12,15,23 Panicle shape also shifts

the enhancement maximum, e.g., the calculated reponse ofprolate (football-shaped) silver

spheroids of various axial ratios shows the peak enhancement shifts to longer wavelengths

as the axial ratio is increased.24 For sols, the peak for the enhancement maximum is red­

shifted to the Â.max of the sol. This behaviour is apparently associated with large

aggregates of smalIer individual metal particles.25

The electromagnetic enhancement mechanism is largely molecule independent and

has a long-range effect. 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 Overall, 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) Enhancement Effect

There are several features in the SERS spectra that suggest chemical interactions

between the adsorbate and substrate are important SERS spectra of adsorbed pyridine on

different metal substrates showed different intensity patterns for different vibrational

mocles.12,27-29 In electrochemical experiments, the electrode potential had a marked ,effect

on the SERS intensity. The potential at which the SERS intensity reaches a maximum,

Imax, for a given adsorbate, is dependent on the particuI~ adsorbate and also varies with

wavelength excitation. Furthermore, the lmax shift is not always in the same direction but

depends on the particular adsorbate. A resonance Raman-like process associated with

electronic transitions (metai-adsorbate or adsorbate-metaI) has been described which

8
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accounts for the above observations.12,l4-16 This mechanism can explain the differing

enhancements for different molecules, and for any specificity of the enhancement to

molecules in the fust monolayer, since only cenain molecules will have the donor or

acceptor levels of the correct energy to allow a charge transfer to or from the surface,30

SERS spectra that show resonance-shaped intensity profiles as a function of applied

potential display a potential range for which lmax varies linearly with excitation wavelength.

This approach is based on tuning the CT excitation into and out ofresonance by changing

either the fùled metal band Fermi level, Er (by changing the applied potential, mV) or the
~.

energy of excitation, hO).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 electron is transferred from the highest occupied

molecular orbital to an empty metal orbital, is associated with a negative slope in the Imax

vs~ hO) plot. Conversely, when an electron is transfeITed from Er to an empty molecular·

orbital (metal-to-molecule CT), a positive slope is observed. Electrochemical observations

from pyridine adsorbed on silver electrodes have been studied extensively to suppon the

theory related to the CTmechanism.28-30,33,34

Estimates of the contribution of charge transfer to the SERS effect have been in the

10-1Q3 range.35 Another aspect of the chemical interaction is that the interactions between

th~ analyte molecules and the substrate surface caneffect the Raman emission by causing

spectral shifts'in cenain bands or inducing changes in the intensity distribution of the

spectrum. 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 coordination complexes.36 As a result, in sorne SERS spectra,

many features can be explained by the fOImation of a complex with the metal surface.37 AlI

chemical (or CI') enhancement theories are related 10 changes in the polarizability lX of the

metal-molecule system due 10 the formation of chemisorptive bonds.

9
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Despite many effons since the discovery of SERS, the cr 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 ilie OUlCome of an experiment using cr theory.

1.4 ADSORBATE ORIENTATION AT METAL SURFACES

The use of selection mies in the interpretation of vibrational spectra has historically

proven to be a valuable approach for obtaining strucmral information on molecules. In the

case of molecules at surfaces, the selection mies 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. Adsorbate orientation has generally been investigated

with SERS under the premise that the electromagnetic (EM) effect is the predominant

enhancement mechanism. SERS selection rules for orientation determination have been

established and applied to several C2v molecules, notably, pyridine, N-methylpyridine and

substituted benzenes on silver substrates.15,38-40 AlI the adsorbates chosenfor the SERS

studies in this thesis are pyridine derivatives; therefore, a review of the selection rules will

be presented for the SERS prototype, pyridine. Pyridine ring vibrations are distributed

between four symmetry species under C2v symmetry, ah a2, bl and b2, all of which are

Raman-active. The symmetry convention, polarizabilitytensor components and relative

mode enhancements ofpyridine are illustrated in Figure 1.2. The al andb2 modes involve

in-plane motions while those of a2 and bl symmetry are associated with out-of-plane

vibrational motions. Using a generally accepted symmetry convention, where z is takenas

the direction perpendicular to the surface and the molecular plane of the pyridine ring lies in

the yz plane, the b2 modes contribute to the polarizability tensor component, ayz, whereas

the bl and a2modes contribute to the azx and axy components, respectively. For a

perpendicular orientation (yz plane), the bl and b2 modes are expected. to he enhanced

relative to the a2 modes. For a flat orientation of the ring relative to the surface (xy plane),

10
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the relative intensities of the bl and az modes are anticipated tO be greater than those of the

bz modes. The al totally symmetric vibrational modes contain ail three diagonal

polarizability tensor elemenrs axx,ayy,azz. The relative magnitude of each componenr is

unknown and this can preclude the use of al modes for the pu:rposes of orientation

analysis.10 As observed for pyridine, bands due to al modes vary greatly with a change in

surf~ce potential.Z7 It has been established that some of the al modes undergo additional

enhancement from a resonance Raman process, involving a CT mechanism, as discussed

above. Clearly, therefore, if the al band intensities are to be intexpreted from an EM point

of view, it is riecessary to show that there is not a large effect on the relative intensities

from surface potential changes and resonance Raman effects.

11
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FIGURE 1.2 The symmetry classes, Raman tensor components and relative

eulIancements 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 effecL These include

colloidal sols, roughened metal electrodes and Metal Liquid-Like Films (MET..LFs), which

utilize silver colloid aggregation between two immiscible phases. A new technique which

involves grafting a self-assembly of silver colloid particles onto a planar waveguide

combines both Waveguide Raman Spectroscopy (WRS) and SERS activity. The latter is

introduced in this thesis as Integrated Optics, Evanescent Wave, Surface Enhanced Raman

Scattering (IOEW-SERS).

1.5.1 Colloidal 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 Au) in aqueous solutions were first used as a method for enhancing Raman sèatteting

by Creighton et a1.41 Silver sols produced from sodium borohydride give clear yellow sols
, ,

witlI an extinction maximum (or surface plasmon absorption) near 400 nm42 and an

average size particle diameter estimated between 8-13 nm depending on the method of

preparation.20,43 Following addition of an analyte/adsorbate to the colloidal sol,

aggregation occurs. Stable aggregates present in sols are predominantly chains of

individual particles rather tlIan compact clusters.44 The effect of tlIe close proximity of

spheres within particle aggregates isto shift the plasma resonance to longer wavelengths,

resulting in a change in the extinction spectrum.25.45 In earlier reports, it was shown that

there is a similarity between tlIe extinction profile and SERS scanering:41 ,44 The SERS

excitation profile peaks at a wavelength close to tlIe long wavelength extinction maximum

of the sol.

Despite tlIe simplicit)' ofpublished procedures for preparing colloids, tlIe routine is

deceptive since tlIere are a number of experimental parameters associated with the sol
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preparation.13 In particular, the maximum Raman signal obtained as the concentration of

analyte is increased reflects samration of available inreraction sites at the silver surface. The

concentration at which the maximum Raman signal is reached is characteristic of the

particular 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 rime. Thus,

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

a decrease in signal intensity over rime.

1.5.2 Roughened Electrodes

Electroehemistry is an in-sim technique that can provide information conceming

reactions at the metal-liquid interface.46 The use of electroehemistry has the advantage that

the surface potential of the conductor is in contact with.the solution and hence the net

surface charge may be varied in such a way as to control the processes of adsorption,

oxidation and/or reduction. Manyof.the processes that occur at the electrode surface

proceed without exhibiting current flow through the cell circuit and Ilare therefore

undetectable by electrochemical means alone. Consequently, spectroelectroehemical

studies can offer a high degree of chemical specificity in characterizing reactions al. the

electrode surface. Electroehemical methods can measure and control factors such as the

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 a highly sensitive surface probe

which can be used to study bath the static and dynamic molecular processes at activated

metal surfaces. A number ofreviews and texlS concemed with SERS and electroehemistry

is available.12,26,47,48
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• Figure 1.3·Spectroelectroehemical cell used for S:ERS experiments.
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1.5.2.1 Spectroelectrochemical Cell Instrumentation

The electrochemical set-up generally consists of a three-electrode cell comprisee! of

a SERS-active working electrode, an inen counter electrode and a reference electrode. The

cell design used in our work employee! a 90° collection geometry, as shown in Figure 1.3.

The cell was made of glass with an optically fiat 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 monitored at the tip of the

Luggin capillary which was placee! in the potential gradient induced by the current fiow

between the working and counter electrodes. A facility for solution degassing was

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

1.5.2.2 Electrode Surface Preparation

To generate aD. eleetrode that is capable ofenhancing the Raman signal of Molecules

at the electrode surface the Metal is roughened by an oxidation-reduction cycle (ORC).48

Electrochemical etehing of the surface by oxidizing the silver in the presence of halide ions

followed by reduction of the silver halide forros a layer of silver crystals on top of the

electrode. ln tliis work, prior to immersing the working electrode in the analyte solution,

the electrode was roughened in-situ (O.lM KeI) by an anodic sweep;followee! by a

cathodic sweep at the same rate (-700 mV to +100 mV vs. SCE at 5mV/s). The initial

potential was set negative to the onset of Ag oxidation and then swept to a polC'.ntial where

Ag oxidation occurred. Figure 1.4 shows the cyclic voltammogram for roughening

pretreatmenl The cathodic limit is imposed by the reduction of.water, namely,

2H20 + 2e- -- H2 +20H-

SERS spectra are irreversibly lost at more negative potentials not only because of the'

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

this potential range.48
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Figure 1.4 Cyclic voltammogram of an Ag electrode in 0.1 M KCl. One ORC process

consisting ofa doublepotential sequence of -700 mV to +100 mV and back to -700 mV

(vs. SCE) at 5 mVIs.
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The anodic limit is resnicted by the oxidation of the Ag electrode surface in halide solution

Ag + CI- -- AgCl + e-

The AgCl layer at the electrode surface is sparingly soluble and is removed reversibly

(when the layer is limited to 100 mono1ayers) when the potential is reversed. The

pretreatment process roughens the electrode surface, producing sites of 1arge-scale

roughness (nodules 25-500 nm in diameter) and molecuIar-scaIe roughness (adatoms or

adatom clusters). It is widely agreed that the active sites produced by an ORC pretreatment

are crucial in fixing the molecule to the surface, thereby permitting SERS to be observed.

The SERS activity of an electrode has been shown to depend on the presence of laser

illumination during the ORC.49 Larger enhancements are achieved with illumination during

anORC.

1.5.3 Metal Liquid·Like Films (MELLFs)

Silver metalliquid-like films are thin films of a highly concentrated suspension of'

silver colloid confined to the interface between two mutually immiscible liquids, generaIly

water and dichloromethane. Although most studiesare of silver MEU.Fs, copper and gold

. colloids have also. been reported to produce MELLFs.50.51 MELLFs show a unique

combination of charaeteristics: metallic luster characterized by specular reflectivity in the

near UV, visible and IR ranges, practically zero conductivity, and liquid-like mechanical

behaviour (described as "mercury-like" appearance) with the chemical properties of

colloids.52

MELLFs can be produced in a number of different ways.53.56 In our work, the
il

adsorbate was dissolved in dichloromethane and vigorously shaken with an equal volume

of silver sol in a tall stoppered glass vial (5 mL). The colloid was extraeted into the organic

phase containing the adsorbate and formed an adsorbate-silver particle layer at the interface.

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.S Schematic views of an interfacial M:ELLF (a), and interphase transfer of

colloidal particlcs with adsorbate molecules in an organic phase (b).
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FIGURE 1.6 Photographs of a freshly prepared interfacial

MELLF of 2-mercaptopyridine.
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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 constilUte the delicate balance which keeps the colloidal particles

confined 10 a small region but yet, keeps them apan, without coagulating and impans

liquid-like properties to the film are undoubtedly quite complex. The adsorbates stabilize

colloid particles against aggregation, probably by steric replusions and sorne electrical

charging. They also reduce the average densily of the particles and thus decreases the

tendency to precipitate. The adsorbed layer apparently shows ils 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

flocculated state, Le., loose1y he1d reversible aggregates of basic colloidal particles. The

overall structure is a rather open one, allowing easy motion of molecules between and

among the silver cores. This composition is in accord with the lack of conductivity. UV­

visible spectra (reflectancè mode) of MELLFs in-situ 57 and of dried glass-deposiled

films53 [transmittance mode (SPA)] showed band shifts (red-shifted relative to the parent

colloid) which indicate the presence of silver colloidal particles with various degrees of

aggregation depending upon the conditions employed.

It is well known that. the conditions for the generation of surface plasmon

resonances which are necessary for the enhancement of optical processes experienced by

adsorbed molecules are strongly dependent on the internal structure of the SERS-active

system.' Scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) have confirmed the findings of UV-visible spectroscopyand showed various leve1s

of clustering in MELLFs.50.54.58,59 In sorne cases, TEM photographs resemble self­

similar fractal structures.54

There are a number of experlmental factors which control the formation and

structure of interfacial MELLFs. Shaking the IWo-phase mixture is one of the conditions

necessary to allow rapid intetphase transfer of adsorbate from the organic to the aqueous

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 forro colloidal aggregates at the

interface, e.g., 2,2'-bipyridine. No metallic films develop, however, with this slow

"passive" interphase transfer.53 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 BH4- ions in the electric bilayer

enveloping the Ag colloidal particles. The latter method adjusts the AgN03 to NaB14 ratio

and thus the amount of silver particles in the sol. The surface coverage of adsorbate on a

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

1.5.4 Integrated Optics, Evanescent Wave, Surface Enhanced Raman

Scattering (IOEW.SERS)

1.5.4.1 Waveguide Raman Spectroscopy

Combining two techniques, integrated optics and Raman spectroscopy, produces a

versatile method capable of probing thin films. This method has been described as

waveguide Raman spectroscopy (WRS). lnitially, this technique was introduced by Levy

et al.6o in 1974 to perform spectroscopic measuretrients on polymer thin films. Optical

waveguides seemed an ideal solution because the detection, identification, and observation
",

of thin films on a substrate or at an interface with sufficient signal-to-noise required both a

reasonable optical field at the surface and a long palhlength 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 ante 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 technology61 and Langmuir-Blodgett

monolayers.62 A general review on waveguide devices is given by Tien.63

In order to guide optical radiation efficiently in a t1Jin film waveguide, 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 beanJ is

coupled into the mm 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, norma11y air), the optical field is concentrated within the thin film and has a

particular distribution according to the waveguide mode excited. In addition, the film must

be sufficiently thick, approximately IIJ.Ill for refractive index differences between the film

and substtate of 0.05 to suppon a guided mode.

L5.4.2 Coupling Mechanism

Since the integrated optics method requires trappingthe incident radiation into a J.ltI1

sized-waveguide, different 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 procedures are discussed. A ray

optics idealization of prism coupling is detai1ed in Figure 1.8. The prism is pressed down

onto the waveguide by a prism coupling assembly and held in place by a pressure bar.

With moderate pressure, a small air gap exists between the prism 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 waveguide. Light impinges on a corner

of the prism at an angle such that tota! internai reflection can· take place at the prism-air­

interface. This ref1ection process causes an evanescent field, i.e., a propagating wave that

decays exponentially, to be set up in the air gap: Coupling is obtained when the

propagation 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 intemaI angle 0', and the externaI angle y, is sin cp =np sin (0' - 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.
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FIGURE 1.9 A glass slab waveguide with prism and waveguide assembly. A Kr+ laser

beam is directed onto the priSIn 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 mm being reflected along the top and bonom surfaces.

A photograph of a thin glass slide 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.64 A brief outline of these features are given in Chaplers 3

and 4.

1.5.4.3 Field Distribution

Analysis of the optical waveguide propagation is achieved by using Maxwell's

equations for matehing electric and magnetic fields at each interface. There are a number of

reviewsand textbooks which discuss the theoretical background of optical waveguide

transmission.65•67 Briefly, there are two fundamental requirements in order for a guided

mode to propagate as illustrated in Figure 1.8. Firstly, the angle ai, which the propagating
o

beam makes between the top and bonom surfaces must be above the critical angle for total

internai reflection. Secondly, rays traveling along the same phase front must have a total

phase shift by an integra1 multiple of 21t. To summarize, propagation of waves in a three-

layer thin filin, labeled: air (1) - film (2) - substrate (3) (for s or lE mode polarization) can

be described by

(1.9)

•

where ~Sij = kzj 1kzi, kzi is the s polarized wave propagating coefficient ( = ko ni cos éi for
("

a non-absorbing mm i, where ko = vacuum wavevector, ai = propagation angle, and ni the

refractive index) in a direction perpendicular to the substrate surface (z), t2 is the film

thickness and ID is the waveguide mode number (m = 0, 1, 2, ..., the number of antinodes

in the field distribution). The Fresnel. phase shift terms tan-1 ~Sij (which arise through
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FIGURE 1.10 Optical field jntensity distribution (lE wave)fora 21J.111 waveguide for
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m =0 and m =1 modes. Evanescent tails are shown in the airsuperstrate and the

substrate dielectric. (Adapted from Rabolt, J. F.and' Swalen, D. in Spectroséopy of
!:..'

Surfaces; Clark, R J. H:; Hester, R E.Wiley: New York, 1988; Vol. 16, Ch.!.)
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plane wave reflections between the film/supèrstrate (air) and film/substrate interfaces) are

complex. The imaginary component arises from absorption losses in the waveguide.

Small adsorption losses are necessary to allow for a calculated minimum. Thus, equation

(1.9) can provide a means of calculating the waveguide modes, their characteristic angles

and their optical fields in terms of reflection and transmission coefficients of each, layer. A

typical optical field intensity distribution is shown in Figure LlO 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

condi.tion may be changed by altering the propagation angle. This is achieved by rotating

the input beam. Alternatively, the film thickness t2 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 Uulk metal
, ' !,

\\
substrates cannot suppon .the requirements of an integmted optical waveguidebecause of

the extremely high absorptivity of bulk metals at visible wavelengths.68 Since the unique

optical propenies of metal colloids are controlled by the degree of aggregation and cluster

size,68 immobilization of SERS~activemetal colloids on surfaces.in nanoscale dimensions

can lend it§elf to waveguide fabrication. Such a thin film structure was recently fabricated

wlÏich is capable of SERS activity while retaining optical and geometric requirements for

wavêguiding. This complete waveguide-SERS substrate has been introduced as an

integrated optics, evanescent wave, surface-enhanced Raman scattering (IOEW-SERS)

technique.6,9 This thin mm assemblyuses the sulfur termini of 3-mercaptopropyl­

trimethoxysilane (3-MPT) grafted onto a glass film (glass microscope coverslip) to bind

colloidal silver particles from an aqueous sol. The 3-MPT is chemically grafted onto a

" . glass substrate, Le., microscopecoverglass slide, aftersubsequent hydrolysis and

condensation reactions of the alkoxide termini to form siloxane bonds. The unreacted thiol
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FIGURE 1.11 A schematic diagram of the heterostructure assembly, glass/3-MPT/Ag

colloid, of the IOEW-SER substrate with an adsorbate layer, ~. The propagating

evanescenfwave, lE mode (---)Ieaks intothe 3-MPT/Ag c()lloid overiayers increasing the

R.aman scattering cross section and enhancingthe surface adsorbate vibrations. The

adsorbate is immobilized on the Ag colloid 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 deposition is thin enough to allow the evanescent wave to penetrate th.:

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 grarted onto a planat glass waveguide

can suppon 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 spectroscopie technique and

substrate assembly process in IOEW-SERS.

(1) The self-assembly of colloidal Ag particles allows for a macroscopic surface that

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

(as with aIl nano-scale technology preparation it is crucial that aIl glassware and reagents

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

materiais research.

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

scaled up. ,Derivatized waveguides are stable for about one week (stored under NV.

(3) This solution-based process is extremely general, encompassing a number of

substrates besides glass coverslips, viz., quartz slides and silicon wafers and for uses other

than waveguiding, i.e., indium tin oxide surfaces,70 the glass face of a

spectroeletrochemical cell, 'unmodified'SiOx - ,coated TEM grids and the inside of a

capillary tube.71
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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 chemistries 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 potentiaI application as basic building blocks for novel microstructures.

SAM's can aIso be extended to aromatic thiols, dialkylsulfides and dialkyldisulfides on

gold, organosilicon on hydroxylated surfaces and fatty acids on oxidized aluminum and

silver.62.n73 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-O, in the case of organosilanes on hydroxylated

surfaces, or a covalent but highly polar Au-S bond, in the case of alkylthiols.

Chemisorption,is a spontaneousprocess which brings molecules close together for short

range van,der Waals forces to become important. The sècond molecular pan is for example

an alkyl chain which can fortO ari ordered and closely packed array through intramolecular

van der Waals and electrostatic interactions. The third molecular part is the terminal

functionality, e.g., CH3, OH, COOH, NH2, and P03H. These surface groups introduce a

range of different chemical properties to the substrate surface on a macromolecular scale

such as hydrophilic/hydrophobic, acid/base, charge transfer, ion-binding and hydrogen

bonding interactions. Self-assembly and related techniques have thus provided a means to

fabricate, at ambient temperature and in an ordinary laboratory environment, interfaces of

well-defined structure. Such a capability brings to ,mind applications in thin fl1m

technology, including optics, coatings for lubrication, adhesion, wetting and protection,

sensors and transducers and biomolecular films.

1.6.1 Mercaptopyridine

In 'contrast ,with the extensive research on SA monolayers of alkylthiols, little

att~ntion has been given to aromatic !hiol monolayers.74-77 There have been sorne reports

35



•

•

on the SERS of an ambidentate ligand, 4-mercaptopyridine (4_MPy).78.80 Spectral

interpretation was limited, however, to pH dependence, electrode potential dependence and

electron n-ansfer of cytochrome c on 4-MPy-modified Au electrodes. Recently, a series of

articles by Crooks et al.81 has demonstrated that 4-MPy modified Au electrodes exhibit a

pH-dependem electrostatic binding interaction with probe molecules, shown by

voltammetric capacitance experiments. This ambidentate ligand has multiple binding sites

available; pyridine nitrogen, thiol and the 1t-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 spectroscopie technique to probe the substrate/adsorbate interface

and provide a vibrational fmgerprint of the metal-adsorbate interaction and adsorbate

orientation. Furthermore, apart from pH smdies,80 interactions between 4-MPy and liquid­

phase probe molecules or ions have not been observed previously by a vibrational

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

surface-confined 4-MPy molecules at a molecular level.
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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 tocl to study surface-commed 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 electrodes. 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/1iquid (colloid), meta1/liquid (Ag electrode) and·

metallmôlecular layer (ex Sit!l IOEW-SERS and MELLFs) interfaces by way of Raman,

TEM and XPS measurements. An additional SERS study of pyrazinamide using MELLFs
. ,

is also discussed. Thirdly, we take advantage of the previously-demonstrated ion-binding

capability of surface-bound 4-mercaptopyridine and investigate intermolecular interactions

of this adsorbate with probe ions, viz., Cu2+ and H+ using SERS techniques: IOEW­

SERS and Ag electrodes and XPS. The potential use of derivatized pla.\1:lI' waveguides as a

chetnical sensor is demonstrated.

The general out1ine of this thesis is as follows;

(1) Chapter 2. Surface Enhanced ·Raman Scattering of Mercaptopyridines

and Pyrazinamide from Glass.Deposited Silver Metal Liquid·Like Films

(MELLFs).

This chapter describes the preparation and SERS of MElLFs and organosol systems using

pyrazinamide and 2- and 4-MPy compounds. The macro and tnicrosttucture 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 lEM and SPA.

(2) Chapter 3. Integrated Optics, Evanescent Wave, 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 waveguides, 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 Integrat~"U>\

Optics, Evanescent Wave, Surface Enhanced Raman Scattering (IOEW-

SERS).

\\\ The orientation and mode of adsorption of 2- and 4-MPy molecules on a waveguide
1:

',~ colloidal surface are characterized by IDEW-SERS technique. A comparison of IOEW-

SERS is made with Ag colloid sols and MELLFs. The ambidentate functionality of,4-MPy

is explored by exposing the surface-confined 4-MPy layer on the waveguide surface to

probe ions such as Cu2+ and H+. Spectral changes associated with 4-MPy pyridine

nitrogen-probe ion interaction are discussed. The layer-by-layer construction of the 4-MPy

derivatized waveguide, including exposure to Cu2+, is followed by using XPS.
~~

c'

(4) Chapter ît Potential Dependence of Surface Enhanced Raman
/',.II

Scattering of 4.Mercaptopyridine on Silver Electrodes 'and the Interaction

with Copper(II) ions.

The potentia! 'dependent behaviour of 4-MPy adsorbed on an Ag electrode is discussed.

The ambidentate nature of4-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 potentia! ranges. The contribution of a CT mechanism to the

intensity enhancement profile is investigated by wavelength and potentia! dependence.

Probe Cu2+ ions 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 eleetrode surface.

(5) Chapter 6. Summary.
-'":;,

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

work.
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CHAPTER 2

SURFACE ENHANCED RAMAN SCATTERING OF

MERCAPTOPYRIDINES AND PYRAZINAMIDE IN GLASS­

DEPOSITED SILVER METAL LIQUID·LIKE FILMS
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2.1 SUMMARY

This Chapter describes the preparation procedure for MELLFs/organosols using

pyrazinamide and 2- and 4- mercaptopyridine as the adsorbates. Pyrazinamide and 2­

mercaptopyridine form Ag colloid-adsorbate films at the interface between an aqueous Ag

colloid and a solution of an adsorbate 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

aggregates, describedl!S an organosol. AlI adsorbate films and organosol samples were,.- ..

investigated by SERS.-":~demonstra'ethatfor a particular adsorbate, the process offl1m

and/or organosol formation, as weil as the microstructure of the film and ultimately the

SERS spectrum are influenced substantially by the Ag content of the parent Ag colloid and

by the adsorbate itself. Transmission electronmicroscopy, optical microscopy and surface

.. plasmon absorption techniques are used to characterize the MELLFs and organosol
,-'
structures.. Furthermore, we show by using SERS,that for 2-MPy interfacial films, the

llâsorbate concentration in the dichloromethane solution influences the orientation of 2-MPy

relative to the Ag surface.
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2.2 INTRODUCTION

Glass-deposited Ag colloid-adsorbate films containing a variety of adsorbates such

as N-bases,I.2 porphyrins2,3 and 17-ethynylestradiol,4 have been analyzed by 1EM and

comparisons with previously reponed MELLFs discussed.4-8 Both fractal and non-fractal

monolayer films were prepared independent of the chemical nature of the adsorbate. A

hypothesis relating the chemical nature of the adsorbate, 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.1•2 F.Jrthermore, a transition from a non-fractal to fractal

structures has been oL~erved upon perturbation of the Ag-lPyP film in its interfacial state.2

Three types of Ag-colloid-adsorbate structures 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

colloidal particle clusters (D = 1.85). According to the hypothesis prescnted? the different

structural types of Ag colloid-adsorbate films originate from differences in the mechanisms

of aggregation which, in tum, result from differences in the chemical nature of the

adsorbate (in particular, i~ hydrophobic/hydrophilic charaeter).

In this Chapter, we further explore the factors influencing thé structure of Ag­

colloid-adsorbate films. Attention has focused on the possibility of influencing the

mechanism of formation of a particular Ag colloid-adsorbate film in such a way tbat more'

than one structural form of the particular Ag colloid-adsorbate film could be cbtained. In

this study, the range of adsorbates incorporated into Ag colloid-adsorbate films isextènded
. .' ':.

to includ,e pyraz4Jamide (pza), 4-mercaptopyridine (4-MPy) and 2-mercaptopyridine (2­

MPy). A p~~viously.unobserved mechanism of Ag colloid-adsorbate film formation is

reponed for 4-MPy. Al! structural forms of the newly preparedfilmsare investigatedby

SERS and the effects of the particular film structure on t1Îe frequencies of the adsorbat~

bands arediscussed.
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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 Chimica) 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 WllS obtained from a Milli-Q Ultrapure

Millipore water system and was used in all preparations.

Preparation Procedures. Ag colloids were prepared by reduction of AgN03 with

NaBI4 following a procedure described previously.9 For Ag colloid 1 , the procedure was

followed exactly, the concentration of silver being 9 mL of 2.2 x 10-3 M AgN03. For Ag

colloid Il, the procedure was modified by using ~5 mL of 2.2 x 10-3 M AgN03. The

surface potential of each Ag colloid differs, as the ratio of AgN03:NaBI4 is different. The

difference, however, is not crucial, as NaBI4 is present in large excess.

Preparation of Silver-4-MPy Salt. To prepare the silver-4-MPy salt, equimolar

quantities of AgN03and 4-MPy (0.05 mol) were dissolved in ethanol/water solution to
,::,:

yield a pale yellow precipitate of silver-4-MPy.The precipitate was filtered, rinsed with

ethanol and water, and then dried under vacUIlm. The FT-Raman spectra of 4-MPy and the
<', '

silver-4-MPycomplex were measured on the solici:Samples .
<;:\

. Preparation of Interfacial Ag Collold.Pyrazinamide (Ag.pza) Films. The Ag-

adsorbate films were prepared in a two-phase system consisting of an aqueous Ag colloid

and a solution of the adsorbate in dichloromethane. The preparation of interfacial films and .

deposition on miëroscope glass slides followed the procedure described previ~~sly.l Both

Ag colloid 1 and Îl wereused in the preparation of Ag-pza 1 and II films, respectively. The.- ;

. optimtuÎi resultsw~ obtirined by mixilig equal volumes (2 mL) of an aqueous Ag colloid

and a dichlo!l)methane solution of pza (2 x 10-3 M) in a tal1, cyliridrical, stoppereci vial (5

mL). The mixture was shaken vigorously. The Ag-pza 1 films were formed within 1-2

min and two interfaces covered by Ag-pza 1 films were observed in this systemCan upper
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• film on the surface of the aqueous phase and a lower interfacial film beIWeen the aqueous­

dichloromethane phases. The lower film at the interface was removed carefully by

immersing a small piece of glass slide (O.ï cm2) through the aqueous phase and then the

film, which cracks. The fùm was then transferred 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 film was

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

is the organic phase, the upper film was deposited on a glass slide "organic phase up" and

the lower "aqueous phase up", The Ag-pza II films were fcrmed rapidly within 20 s and

only one interface (the lower) was produced. This film was thus deposited on a glass slide

"aqueous phase up."

Preparation of Ag Colloid-Mercaptopyridine (Ag-4-MPy and Ag-2-MPy)

Films. Both Ag colloid 1 and II were used in the preparation of Ag-4-MPy 1 and II films,

respectively. The concentration of 4-MPy in the dichloromethane solution was 2 x 10-3M.

Even after vigorous shaking, formation oran interfacial film was not observed. Instead.

the Ag c9110idal particles were transferred from the aqueous to thedichloromethane phase

producing a yellow-orange organosol in which macroscopic aggregates (which appear as a

cloudy particulate suspension) were formedat the interface. In the case of Ag-4-MPy 1. the

aggregates were brown while for the Ag-4-MPy II sample they were of a bright 9range

color.. When deposited on a glass slide, the aggregates formed by Ag colloid 1 remained

brown. while.the orange aggregates of Ag colloid II changed color upondePosition and
1

after the residual dichloromethane was evaporated. formed a lUSlroUS, blue-violet film.

Interfacial Ag-2-MPy 1 films were prepared wit!t Ag colloid 1 by vigorously
-. (!

shaking equal volumes (2 mL) of an aqueous Ag colloid and a dichloromethane solution of

2-MPy. (1 x 10-3 M ànd 2 x 10-5 M). Interfacial fIlms were formed afre(i min of shaking

and after deposition qnto a glass slid~ showed a metallic lUSlroUS appear~ce. 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 ~L of 1 x 10-3 M) to 2mL of the Ag co/loid J. The colloid aggregated

immediately turning a pwple color. Similarly, the Ag colloid / 4-MPy system was prepared

by adding an aqueous solution of 4-MPy (10 J,1L of 2 x 1()4 M) to 2 mL of Ag co/loid I. In

this case, aggregation forming a pwple-brown color was slow and the optimal SERS

spectrum could he collected only after 12 hrs of aging. The Ag colloid/pza system was

prepared by adding an aqueous solution of pza (50 J,1L of 2 x 10-3 M) to 2 mL of Ag colloid

J. Aggregation to a purple color occurred immediatel~. For the SERS measurements, the

Ag colloidal mixtures were transferred to a capillary sample cell .

Instrumentation. AlI SERS spectral data were obtained using 514.5 nm (50 MW)

radiation from a Spectra Physics Modell64 Ar+-laser. The detector system consisted of a

liquid N2·cooled char~ecr coupled device (CCD) interfaced toari Instruments S.A. HR640

. spectrograph equipped witha holographic grating (1800 grooves mm-1). The exciting

radiation was focused into the glass-deposited film al a small angle adjustable by rotation of

the laser beam using a computer controlled precision rotation stage. The Rayleigh

sca~ering ,,:as removed by a Raman holographic edge filter (Physical Optics Corp.). The

acquisition lime employed was typically 30 s, for each 500 cm-1 window. The Fr-Raman

spectra of 4-MPy powder and the silver 4-MPy complex were recorded on a Bruker IFS-88

spectrometer equipped with an FRA-IDS Raman module and a liquid N2-cooled proprietary

d~tector. The spectra were excited with 8 Nd3+:YAG laser operating at 1064.1 nm (150

MW), with 250 scans being typically collected. Surface plasmon absorption (SPA) spectra

were II!easured with a Hewlett Packard HP 8452 UV/vis diode anay spectrometer. Optical

microscopy images of the Ag-pza samples were obtained using a Zeiss microscope.

equipped with a 40 x objective. Jhe images were collected with a Sanyo color ccrv
,~ ';'

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

obtained with a Philips 410LS (80 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 fùm formation is influenced substantially by the Ag

content of the parent Ag colloid. The factor of 1.7 increase of Ag content inAg colloid II,

by comparisan with Ag colloid l, resulted in an increase in the rate of interfacial fùm

formation from 1-2 min to 20 s and produced only one interfacial film (covering the water­

dichloromethane interface) instead of two fIlms (covering bath 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 1) fùms deposited from the water-dichloromethane

interface are compared in Figure 2.1 [micrographs (A) and (B), respectively]. Structural

differences can be observed between the two fùms. While Ag-pza 1 fùm 1s a continuous

layer structure (probably a multilayer), the Ag-pza II fùm consists of aggregate Ag colloidal

particles. Surface plasmon absorption (SPA) curves from both fùms are compared in .

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

pza II film resemble those of the deposited Ag colloidal aggregates1o,1l which have been

shawn ta be composed of a fractal structure.12-14 We did not undertake any electron

.. microscopy studies to canfirm whether or not the deposits viere fractal.

The SERS spectra of Ag-pza 1 (both aqueous and organic) and Ag-pza II fùms 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 inTable 2.1 are based malnly on those reponed previously,IS,16 as well as the

assignments given for the normal Raman and SERS of pyrazinep·18.19 The SERS

spectra of all types of Ag-pza films show spectral bands of pza analogous to those of the

Ag colloid/pza system, which, in turn, are in a good agreement with those previously

reponed.16 The band at 1630 cm-l in,theAg colloid/pza spectrum can be attributed to

either a 8CH20)2° or an amide II [8(NH2)] band.IS TWo weak and broad bands at ca. 620

and 930 cm-l, observed in the SERS spectra of all types of Ag-pza fùms, are attributed to
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FIGURE 2.1 Optical micrographs of Ag colloid Il-pza (Ag-pza ll) (A), and Ag colloid [­

pza (Ag-pza 1) (B) films deposited from the water-dichloromethaÎle Ùlterface (magnification

x40).
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FIGURE 2.2 Surface plasmon absorption (SPA) cmves of Ag colloid [-pza (Ag-pza 1)

(A), and Ag colloid II-pza (Ag-pza m(B), films deposited from the water-dichloromethane

• interface. The small peak near 700 nm in the SPA cmve (A) is artifact from a pixel.
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1 (organic layer) (c), glass deposited films.
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TABLE 2.1 Assign..-nents and wavenumber positions (cm- l ) for SERS

and normal Raman spectra of pyrazinamide.

Ag-pzaI Ag-pzaI Ag-pza Ag

Assignment (a) Solid Solution (Organic- (Aqueous- film II colloidlpza

phase) phase)

16b 415 422

466 466 461 486

6a 506 560

6b 618 602

(NH2)t 662 656

717 717 710 716

ô(CH) 778 778 766 759

Amide IV 807 800 803

868 900 859

la 1025 1014 1025 1023 1019! 1024

1028

12a 1053 1044 1058 1059 1059 1053
~

(NH2)t " 1081 1081

'14a 1182 1172 1165 1166 1163 1165

9a. 1225 1224 1221. 1220

ô(CH)
1·':

1297 1292 1269 1270

Amideill 1382 1364 1386 1393 1388 1392

19b 1453 1434 1435 1437 1429 1439

19a (. 1489 1472 1473 1472 1470 1472

8b 1525 1522 1523 1526 1519 1524

8a 1578 1578 1588 1589 1585 1586

AmideI! 1674 " 1628

ÔCH20)*

.(a) Assignments for normal Raman spectta of pyrazinamide from refs:·S5-19.

(*) See text
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borates.9 The in-plane ring stretching modes (8a, 8b, 19a and 19b) as weIl as the la ring

breathing mode, retain sunilar relative intensities and frequency positions to those in the

normal Raman of bulk pza. In view of the surface selection rues,16.19 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 reponed SERS analysis of pza.~6 Adsorption of pza on the

metal surface has been proposed to occur via the carboxamide moiety with prior

dissociation of one of the amidiG-hydrogen atoms, since the ring modes, in panicular the la

mode, remain relatively unshifted from their spectral counterparts in the normal Raman

spectrum of bulk pza.I6 Pyrazine proved unreactive to forming interfacial films or

aggregates using the preparation protocol for Ag-pza films. Given the low affinity of

pyrazine for metallic surfaces,19 and the rapid formation observed for Ag-pza films, it is

feasible 10 assume that pza adsorbs via the carboxamide substituent group. Qnly one SERS

band attributed to the carboxarnide group is observed, namely, the amide ID [in-plane 'Il(C­

N)] band near 1390 cm-l . This band is enhanced relative to the normal Raman speetrum of

bulk pza which lends further support for the proposed mode of adsorption.

Sorne spectral differences are observed for Ag-pza n when compai~ with the

spectra of Ag-pza 1 and Ag colloid/pza. The SERS spectrum of Ag-pza ndisplays sorne

additiorial bands, notably, a shoulder at 1019 cm-Ion the lower frequency side of the la

ring breathing mode (1028 cm-l ) and a weak: band at 803 cm-l. Furthermore, most of the

bands assigned to the pza ring modes are'shifted to slightly lower freCjuencies c0tt1pared

with the SERS spectra of bath Ag-pza 1films. These spectral variations suggest that there

aretwo different pza environments observed for the Ag-pza n system. The additionalla

band, shifted to lower wavenumbers relative to the original 1a mode, is consistent with a

molecular reorientation where the pza ring is tilted towards the surface, binding through the '

ring 1t-electrons. An aromatie ring breathing mode associated with a:-flat orientation is

expected to decrease slightly from its value in the free or uncoordinated molecule since
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utilizing 1t-elecrrons weakens the ring C=C bonds.19 A weak band at S03 cm-I observed

in Ag-pza II specrrum has a similar spectral counterpart in the normal Raman specrrum of

the buLle pza, assigned to an amide IV band [in-plane ll(CO) bend].15 In addition, the

amide m band for ail Ag-pza 1and II film specrra 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 ail Ag-pza films.

Changes in band intensities are also expected to accompany pza orientation

differences in Ag-pza 1 and II films. In particular, the Sa and Sb '\l(C=C/C=N) modes

which involve vibrational motion oriented largely in the direction along the N-N axis would

be most enhanced when the ring is oriented normal to the surface. The intensity ratio for

the '\lIa: "USa modes increases from O.S for Ag-pza 1 to 1.2 for Ag-pza II films and is

consistent with molecular reorientation from a perpendicular to a flat orientation,
,

respectively. The spectral changes observed for the Ag-pia II spectrum follow sinIilar

changes reported for the SERS of pyrazine at submonolayer and high (multilayer) surface

coverage where pyrazine assumes flat and perpendicular orientations, respectively.21

Although the pza concentrations in Ag-pza 1and II systems were the same, an excess of Ag

particles was used for the latter colloid preparation. The SPA curves are sinIilar for both

Ag-pzaI and II films, mus we can assumethat mere is an increase in the number of Ag

particles ramer man in me particle size. An increase in me number of Ag sites permits a

small fraction of pza molecules to tilt towards a flat orientation in regions of low pza

coverage. Since me SERS spectral changes observed for Ag-pza II film are minor

"
(compared to Ag-pza 1 films), th~ majority of molecules are assumed to retain a

perpendicular orientation sinIilar to mat observed for Ag-pza 1 films. It has been reported ­

previously that colloid surfaces are heterogeneous, consisting of bom positive and neutral

charged Ag sites.13 Variable amounts of:Ag particles in me Ag colloid1 and II preparation

(as weil as aging) may contribute to a disparity in the amount and distribution of these
'r' .. '::-

kinds of Ag sites and thus influence the mod,e of adsorption and orientation of adsorbates
,~.~._/.__',__..._0<
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on the surface and, ultimately, the macro-strllcture of the adsorbate-colloid interaction, i.e.,

continuous or fractal films or aggregated particles.

2.4.2 Ag Colloid-4-MPy Films

No interfacial Ag-4-MPy films were fOImed under the conditions routinely used for

preparation of Ag colloid-adsorbate films, i.e., upon vigorous shaking 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

formed cloudy aggregates of 4-MPy-eovered organosol. The argument that the transferred

Ag colloidal particles are covered by 4-MPy follows from a previous observation where, in

the absence of any adsorbate, the Ag colloidal particles were not 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 1 and II (originating from Ag

colloids 1 and Il, respectively) and is, thus, apparently affected by the Ag content in the
~
.~

parent Ag coiloid. While the glass-deposited "film" 1consistsof irregularly spaced areas of

brown organosol aggregates, the orange organosol from ~'film" II readily assembles upon

deposition into alustrous film, analogous in appearance to deposited interfacial films. A

TEM photograph .of the Ag 4-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.

The SERS spectra obtained for Ag-4-MPy 1 and II films and the Ag coiloid/4-MPy

system are compared in Figure 2.6 (a)-(c), respectively. The normal FT-Raman spectra of

bulk 4-MPy and the silver-4-MPy complex are shown in Figure 2.7. The band positions in

the SERS spectra, as weil as in the normal Raman spectrum of bulk 4-MPy (solid and

aqueous solution), are listed in Table 2.2. The assignments are based on those for para­

substituted pyridine and thiophenol.!7,22,23 The spectral differences observedbetween the

solid and solution normal Raman spectra of 4-MPy, in particular the bands at 1004 and·

1626 cm-! which are shifted ta higher wavenumber positions in the solution spectrum, are
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FIGURE 2.5 TEM micrograph of Ag-4-MPy film II deposited onto a

carbon covered grid (magnification x32(00). The fùm shows 3-D silver

colloid aggregates.

l\
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FIGURE 2.6 SERS spectra of Ag-4-MPy 1 (a); and Ag-4-MPy n (b); glass deposited

films and the Agcolloid,l4-MPy system (c).
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FIGURE 2.7 Normal Fr-Raman spectta ofJ:silver-4-MPy complex powder (a), and 4­

MPy powder (b). Âex = 1064.1 nID at 150 mW.

(*) Band assigned to the Usym(N03-) band of AgNÛ3.
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TABLE 2.2 Assignrnents and wavenumber positions (cm-1) for SERS

and normal Raman spectra of 4-mercaplOpyridine.

Sïlver-
Assignment (a) Solution Solid 4-MPy Ag-4-MPy Ag-4-MPy Ag colloicll

complex film! filmll 4-MPy

711.I, Il(C-S)/'Y(CCC) 430 431 430 415 430

16bI, 'Y(CCC) 471 497

6h2, ~(CCC) 655 647 646 682

6a1. (~(CC) /U(C-5» 722 721 714 708 707 705

lObI, 'Y(CH) 790 780 811
,

813

901

laI, U(Ring breathing) 1004 990 1007 1010 1001 (sh) / 1007

1008

18ar, ~(CH) 1053 1045 1014* 1037 1049

18b2. ~(CH) 1080 1065 1064 1065
12ar, u(Ring 1119 1106 1107 1102 1097 1098
brealhing) / (C-S)

, \
9a1, ~(CI-Ü 1200 1206 1204 (sh) / 1222

" /
/'

1218,,"

1255 1250

3h2, ~(CH) , 1290

14h2. u(CC) 1394 '"1390

19h2, u(C=C/C=N) 1459 1458
_..!/

19a1. u(C;:;-c:/C=N)" 1487 1478 1477 1470

1505 1525

8b2.U(CC) 1604 1586 1582 1583 1573

8ar, u(CC) " 1626 1617 1616 1616 16Î1 1615

(a) Assignments for the normal Raman spectra of 4-mercaptopyridinefrom refs. 17,22

and 23.

(*) Band assigned to the Usym(N03-) of AgN03.
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associated with the loss of intramolecular hydtogen bonding between the molecules in

solution.

The SERS spectra of Ag colloid/4-MPy and Ag-MPy film II systems are

comparable to previously repotted SERS smdies of 4-MPy adsorbed on Au, Pt and Ag

sUIfaces24-26 and to the normal Raman spectrum of the silver-4-MPy complex. It has been

conclüded that 4-MPy adsorbs on the metal sUIface through the sulfur atom, the plane of

the pyridine ring being petpendicular to the surface.24-26 For al! SERS spectra, the relative

enhancement of in-plane al and b2 modes namely, ul and U12, and the u8b modes, which

are perpendicular modes for a normal orientation, by analogy with the sUIface selection

rules,29.30 indicate that the ring plane orientation of adsorbed 4-MPy is petpendicular to the

sUIface. Out-of-plane modes, although inherently very weak in the normal Raman of bulk

4-MPy, remain unenhanced in the SERS speCtra.

Adsorption of 4-MPy,through the thiolate sulfur follows cleavage of the S-H bond.

This adsorption mechanism, obse-.ryed for alkylthiols and thiophenol assemblies on Au

sUIfaces, is characterized by the àbsence of an intense u(SH) band at 2573 cm-1.23

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

predominates,27,28 (Figure 2.8). As a result,abroad u(NHISH) band appears in the
'",

2900-2500 cm-l region. Thus, confirmation for'adsorption via the thiolate. sulfur is
;' ~~

complicated by the absence of the u(SH) marker band. Other marker bands, such as the

u(C-S) mode at 721 cm-1 display characteristic spectral shifts to.lower wavenumbers near

706cm-1 for all SERS speCtra (see Table 2.2). In,addition to this shift, the X-sensitive
'.\. \

ul2[(ring breathing/u(C-S)] mode at 1106 cm-1 experiences a dramatic increase i:J,

intensity. Similar u(C-S) peak shifts and U12 enhancement have been obs~rved for

. thiophenol adsorbed via the sulfur atom on SERS-active metal substrates.23,25

The SERS spectra of both Ag-4-MPy I and II films [Figures 2.6 (a) and (b)] s~6~'",

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 II. Spectral features observed in the spectrum of "'\""
, ~
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film II, namely, shoulders on the lower wavenumber side of 9a and tll bands and an

additional band at 1049 cm-l, have spectral counterpans in the normal Raman spectrum of

bulk 4-MPy and are attributed to uncoordinated 4-MPy molecules, probably from a

multilayer. The multilayer 4-MPy component makes ooly a minor connibution to the

SERS spectrum of film II, while the major spectral feanrres correspond with those in the

SERS spectrum of Ag colloid/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

1 shows bands at 1010 and 1616 cm-l, 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.31•32,33 The origin of

bands at 1278 and 1371 cm-l is unknown but may result from a decomposition product.

Both the Ag particle arrangement and their coverage by 4-MPy molecules are influenced by

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

adsorbate ratio. Film 1contains more ad:.Jrbate per particle and there is a higher probability

of adsorbate multilayer formation. Moreover, the higher concentration of adsorbate in Ag­

4-MPy 1could tend to form aggregates (clusters of Ag particles linked by 4-MPy molecules

forming a polymeric-like aggregates) instead of individual particles covered by a monolayer

of 4-MPy, which(:is probably the case for the Ag colloid/4-MPy system. The additional

spectral shifts obshved for film 1 suggest that the 4-MPy, molecules behave as bidentate

ligands (using both N and S atoms for coordination) influencing the 4-MPy-colloid

aggregate structure, as opposed to the thiolate-bonded 4-MPy species in film II. The 4-
-c'

MPy-covered particles of film II are ooly loosely aggregated in the organic phase, in
(_.::.

contrast to the more compact brown aggregates originating from Ag cô/loid 1. This is

probably the reason why, ùpon deposition on a glass slide, the adsorbate-covered particles

of Ag co/loid II asse~bleintoa lustrous film (analogous ~ appl\arance to the deposited

interfacial films a~ well as to MELLFs), while deposition of film 1gives more compaèt

brown aggregates.
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2.4.3 Ag Colloid.2·MPy Films

Interfacial Ag 2-MPy films were prepared from Ag colloid l under the conditions

employed for Ag colloid-adsorbate mm preparation. Films were formed using two

different 2-MPy concentrations, 1 x 10-3 M (a) and i x 10-5 M (b). By contrast, no film

formation was observed for Ag colloid II. The SERS spectra of both Ag-2-MPy IllmS are

compared with Ag colloid/2-MPy system in Figure 2.9 (a)-(c). The vibrational

assignments for normal:-(llman spectrum of bulk 2-MPy and SERS of adsorbed 2-MPy

presented in Table 2.3 are based on a previous report.34,35 It is assumed that the 2-MPy

molecule retains Cs symmetry in the normal Raman spectrum. The spectral bands observed

for the Ag colloid/2-MPy spectrum are in good agreement with those published for 2-MPy

adsorbed on an Au electrode.36,37 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.36•37

A TEM photograph of the interfacial Ag 2-MPy film 1 (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 aggregates confirms that thé native interfacial filin was

formed by a 2-D aggregation of colloidal partides.

The 2-MPy ligand in metal-2-MPy complexes assumes either monodentate

coordination through the sulfur atom or bidentate coordination, generally forming dimeric

or trimeric complexes.38-41 A1though, relatively few studies have been reponed for metal­

4-MPy complexes38, it is assumed that the sterically unhinderedpara-position of pyridine

nitrogen favors polymerie coordination complexes. Factors related to the steric limitations

of mercaptopyridine binding sites are thus manifested in the macrostrllcture of Ag colloid­

adsorbates~ resulting in 3-D polymeric~likeAg 4-MPy IllmS and in 2-D monolayers of Ag

2-MPymms.

In this study, we use a comparison of the 2-MPy relative intensities of the 'Ul (ring

breathing), 'Ul2 (rit.hreathir'g/'U(C-S» and Sb 'U(CC) modes, near 1000, 1117 and
li
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FIGURE 2.9 SERS spectra of Ag-2-MPy l frOID different 2-MPy concen~ations. Ag-2­

MPy l (2 x 10-5 M 2-MPy) (a); Ag-2-MPy l (lx 10-3 M 2-MPy) (b); glass deposited films

and Ag colloid/2-MPy system (c).
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• TABLE 2.3 Assignments and wavenumber posiùons (cm-]) for SERS

and normal Raman spectra of 2-mercaptopyridine.

Assignment (a) Solid Ag colloidl Ag-2-MPy Ag-2-MPy
filmI filmI

2-MPy
(2 x. 10-5 M) (l x. 10-3 M)

AU li(C-S) /I3<CCC) 445 435 435

485 491
AU 6a, -y(CCC) 618 634 640
AU ~(CC) 711

A' (C-S) 731 720
AU-y(CH) 743
AUy(NH) 893-
AU-y(CR) 949
AU-y(CH) 980

A' 1a, (Ring breathing) 988 998 1005 1004
A' 18iJ., 13(CR) 1024 lQ48 1055 1054
A' 18b, 13(CR) 1092 1084 1087 1082
A' 12a._CRing breathing) 1133 1117 1117 1117
\U(C-S)'

.- 1150
-y(NH) / Ô(NH) 1230 1228 1229

l'A' 14b, u(C=C/C=N) 1261 1274
AU-y(CR) 1372

A' 19b, u(C=C/C=N) 1444 1411 1417

A' 19a, u(C=C/C=N) 1502 1448
A' 8b, u(C=C) 1569 1549 1554
A' 8a, u(C=C) 1614 1579 1578

(a) Assignment for the normal Raman specttum of 2-mercaptopyridine from refs. 35 and

36.
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FIGURE 2.10 TEM micrograph of Ag-2-MPy film II deposited ante

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 ail SERS spectra. For the Ag-2-MPy film 1(h) made

with a higher 2-MPy concentration [Figure 2.9 (h)], the relative intensity of the USb band is

comparable to the Ul and UI2 bands. Similarly, for the spectrum of Ag colloid/2-MPy

[Figure 2.9 (c)], the USb band is comparable in intensity to the Ul band however, the

relative intensity of the U12 band is lower. These spectral differences can be undc,rstood in

terms of the surface selection rules.19,30 Since the USb mode involvessymmetrical motion

of the ring C=C bonds and the U12 mode involves stretching motion of the CoS bond, they

would be expected to be enhanced when 2-MPy is bonded via the sulfur atom to the metal

surface with the CoS bond and ring plane normal to the surface. This is the case observed

for the spectrum of Ag-2-MPy film 1 (h), at high surface adsorbate coverages. The lower

1)12 band intensity in the Ag coUoid/2-MPy spectrum implies that the Ag-S bond angle is

less than normal relative to the Ag surface. The uSb band intensity remains strong relative

to the 1)1 mode because the plane of the pyridine ring still remains nonnaI to the surface (as

opposed to a flat "face-on" orientation), this reorientation is such that the ring 'tilts' on its

side to ailow the N atom to be in closer proximity to the surface. Furthermore, as a result

of this tilt, the in-planeC=C/C=N modes in the region between 1230-1450 cm-1 are

enhanced. The spectrum ofAg 2-MPy film 1 (a) made with a lower 2-MPy concentration,

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

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

absent and the 1)12 mode intensity is decreased while the relative intensities of the out-of­

plane Ô(C-S)/I3(CCC) and 6ay(CCC) mOdes at 435 and 640 cm-l, respectively, are
c

increased. This implies that the plane of the pyridine ring is pa!allel to the surface. The 1)1
;

and Ul2 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 1 (a). Similar spectral changes were observed in the SERS spectra of

pyrazine and pyridine at high (multilayer) and low (submonolayer) coverage on Ag
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surfaces.19 In this smdy, 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 fùm. This is in contrast to the 4-MPy adsorbate smdy,

where varying the amount of Ag particles (using Ag col/oid Il and 1) gave in each case a

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

monodentate and possibly bidentate ligands.
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2.5 CONCLUSIONS

The results of this slUdy conf!TIl.1 previous observations2 that the process of

fonnarion of interfacial Ag colloid-adsorbate. filins at the interface between an aqueous Ag

colloid and a solution of an adsorbate in dichloromethane, as well as the internai structure

of the resulting films. are substantially influenced 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 its adsorption on Ag colloidal surfaces are considered to be the most

important adsorbate characteristics governing the filin 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 emphasizes the chemical specificity

of the adsorbate even füIther. Unlike the wide range of adsorbates forming Ag colloid­

adsorbate films (severa! porphyrin species, N-bases such as 2,2'-bipyridine, 2,2',6,6'­

bipyrimidine as well as pyrazinamide and 2-mercaptopyridine discussed in this thesis), 4­

mercaptopyridine (4-MPy) is the only adsorbate for which an interphase ttansfer of

adsorbate-covered particles from aqueous to organic phase (impossible for adsorbate free

Ag colloidal particles) has been observed, instead ofinterfactil film formation. We

attribute the particular chemical specificity of4-MPy to the sterically unhindered position of

the para-pyridine nittogen which may influence the formation 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 onho-pyridine

nittogen and forms primarily sulfm bonded, dimeric or trimeric 2-MPy-metal complexes

may influence the formation of the 2-D monolayer interfacial structure.

Furthermore, we have shown that for a particular adsorbate, the process of colloid

aggregation, i.e., 3-D organosol vs. 2-:ç> film monolayer, depends on the concentration of
'''-

Ag in the paren~ Ag colloid. In the case ofAg-pza film, the difference between Ag colloid1

and II leads to distinctly different structures of the resulting films. The Ag-pza 1films form

continuous layer(s) of pza covered particles, whereas the Ag-pza II film consists of a
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aggr·~gates, which appear fractal-like as observed from the SPA spectra. Funher

microscopy srudies are required tO confmn a fractal strucrure. Similarly upon deposition,

the Ag-4-MPy II organosol aggregates can readily assemble into a film of contiguous

particles, while the compact Ag-4-MPy 1aggregates 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 1 and Il ), while for the 2-MPy

samples the adsorbate concentration in the organic phase was varied. High and lov: surface

adsorbate coverages were shown tO influence the orientation of 2-MPy in the interfacial

film. The SERS specrra showed that for high adsorbate concentrations, the 2-MPy

molecuIes are packed perpendicuIar to the surface and at low concentrations the molecules

lie fiat
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CHAPTER 3

INTEGRATED OPTICS, EVANESCENT WAVE,

SURFACE-ENHANCED RAMAN SCATTERING

(IOEW-SERS) OF 4,4'-BIPYRIDINE

n
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3.1 SUMMARY

This Chapter introduces a novel SERS technique that combines both waveguiGe

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 omo a 3-

mercaptopropyltrimethoxysilane (3-MPT) derivatized planar glass waveguide. This nana­

scale heterostructure satisfies the optical requirements for integrated optics 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-MPT, is

chemically bonded to both glass and colloid adlayers. To illustrate the benefit of optically

guiding the light into the waveguide, a specrrum collected at a 900 scattering angle shows

only carbonization of the waveguide. The waveguide Ag colloid surface is derivatized with

4,4'-bipyridine and a comparative study of IOEW-SERS lIJld Ag hydrosol systems using

4,4'-bipyridin~l:evealssimiIar vibrational spe~-

The optical properties of the parent aqueous phase colloid and surface attached Ag

colloid at the waveguide are investigated by UV transmission. The extinction ~Fma,

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

theAmax.
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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 lateraI and depth dimensions and interfacial details for the complete

characterization of these systems is required. A Raman technique recently developed for

the srudy of substrate-supponed thin films, waveguide Raman spectroscopy (WRS),

satisfies these requirements.1•2 This technique is a non-classical spectroscopic approach

involving the use of integrated optical structures to interrogate the vibrational structure of

thin films. An optical waveguide consists of a thin film which is either coated or adsorbed

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 tlùn film via a prism.3 . The active portion of me thin film

structure must be composed of a medium which has a higher refractive index than does the

surrounding medium to allow the radiation to guide in me min film" The effective

scattering beam volume is defined by me 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 conditions, high irradiances are obtained in the thin film.

Using this approach, Raman scattering can be detected from very thin films to even
'"

monolayer coverages.3.4 These developments have established WRS as a versatile non-

destructive and sensitive spectroscopic 1001 for applications in tltin film analysis.,
The observation of radiation-enhanced vibrational spectra of mole9ules adsorbed on

some metal surfaces at monolayer coverages has become commonplace tltrough the

exploitation of surface enhanced Raman scanering (SERS).5.6 Enhancement factors of up

to 106 have been attained for adsorbates present on roughened metal surfaces, generally

Cu, Ag and Au. A variety of different metal surfaces facilitate SERS, e.g.,

electroChemically roughened electrodes, metal sols and metal sputtered onto substrates.
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Considerable interest has been generated in the properties of the surface-rnoleculc

interactions present in SERS. These include adsorbate orientation 7.8 and packing order.9

Although the exact mechanism of SERS is still a matter of sorne controversy. il is clear thal

much of the enhancement results from a plasrnon resonance which greatly amplifies the

local electric field at the metal surface.10-12

The unification of both WRS and SERS systems in a single structure can result in

many advantages for the analysis of thin films, including the capability 10 probe the

substrate-adsorbate interface in both lateral and depth dimensions. The cornbination of

WRS with SERS employing typical SERS-active metal substrates cannot support the

requirements 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 colloidlcoupling-molecular adhesive/glass

arrangement capable of supporting an evanescent optical field.13 The optical refractivc

index conditions are met whereby the optical field can penetrate 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

IWO terminal functional groups which permit its use as a molecular adhesive beIWeen IWO

materialsl 4-is - in our particular case, belWeen a metal superstrate and glass substrate. The

3-MPT is grafted onto aglass 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 10 the

surface. Using this approach, the deposition is thin enough to allow the evanescent wave

to penetrate the colloidal silver layer without significant attenuation and, in doing 80, aets to

intensify the effective cross-section for SERS. Propagation of transverse electric (TE)

waves can occur over the length of the waveguide (severa! cm). A schernatic 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 .scanering (IOEW-SERS). This technique is capable of discriminating between the

waveguide interfacial feamres as weIl as the adsorbed monolayer on the colloid surface,

providing infonnation on vibrational and srruclUral properties.

To demonstrate the utility of IOEW-SERS, the colloidal surface was exposed to a

solution of 4,4'- bipyridine. A comparative SERS smdy is made of 4,4'- bipyridine using

IOEW-SERS, a silver colloidal sol system, and previously published SERS slUdies.19•23

We show that the waveguide subsrrate can suppon SERS of an adsC'rbate layer and the

IOEW-SERS spectrumobtained is comparable to the SERS spectrum frolU a colloid sol

system and previously reponed specrra collected by more classic SERS substrates.
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3.3 EXPERIMENTAL

Materials. 3-MPT (petrarch) was used without funher 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 AgN03 with NaB14,

following an established procedure.24 Glass cover microscope slides (24 x 30 mm x 150

J.LIIl) were purchased from Fisher Scientific, while quartz slides were obtained from Chem

Glass Inc.

Methodology. Glass coyer slides were OOt 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 H202 (30%)1H2S04] for 30 min.

CAUTION: Piranha solution is extremely corrosive, heat gently. The slides were removed
,\

with Teflon tweezers and rinsed continuonsly with MilIipore water and sonicated again for

30 min. The slides were then mounted into a Teflon block equipped with latera! ridges to

allow each slide to he secured separately.The Teflon block was placed in a Teflon-sealed

glass apparatus, shown in Figure 3.1, and heated at 260·C for ID min under vacuum until

all residual water had been removed. The apparatus was then f1ushed 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 surfaceswas

complete. The solution was removed bysyringe and the slides were washed severa! times

with dry toluene under N2: The bulk of the solvent was removed and the residual solvent

was evaporated under vacuum. The 3-MPT-derivatized glass coyer slides;:,were then

removed from the glass apparatus and placed in an aqueous Ag colloid solution for 2 h at

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

glass coyer slides ll!'..d the Ag monolayer surface appears as a ye1low-golden color. A
\. .

schematic of the waveguide preparation is shown in Figure 3.2. The adsorbate was

introduced to fresh\y 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 lateraI ridges holds glass cover slides separately.

A Teflon coated stirbar is insened into the bottom of the block. The block is insened in a

glass barrel, each half of the banel is separated by a Teflon O-ring and Teflon sleeves are

employed to eliminate the use of vacuum grease.. Facilities for N2 flushing and entry/exit

pons for liquid are anached at the top of the battel.
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FIGURE 3.2 A schematic of the waveguide assembly heterosn-ucture. A glass coyer

slide reacts with molecular adhesive, 3-MPf (a); the hydrolysis and condensation reaction

of3-MPf is completed (b); and the derivatized glass is immersed in an Ag colloid hydrosol

.' (c).
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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 solution

of 4,4'-bipyridine (20 !Jl, 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. AlI SERS spectral data were obtained using 514.5-nm (50 mW)

radiation from a Speetra Physics Modell64 Ar+ laser on an integrated opticsspectrometer

bench constructed in-house. The detector system consisted of a liquid N2-cooled charged

coupled device (CCD) interfaced to an Instruments S.A. HR640 spectrograph equipped

with a holographic grating (1800 grooves mm-1). The acquisition time employed was

typically 30 s for each 500 cm·1 window. The Fr-Raman spectra ofbulk 3-MPT and 4,4'­

bipyridine were recorded on aBruker IFS-88 spectrometer equipped with an FRA-105

Raman module and a liquid N2-eooled proprietary detector. The specttum was excited with

a Nd3+:YAG laser operating at 1064.1 nm (150 mW), with 250 scans typically being
.,
'.

collected. The e1ectronic extinction spectra of the quartz waveguides were meàsured on a

Hewlett Packard diode-array UV-visible absorption spectrometer - Model S452A.

OpticaI Set-\Ip, The focused laser beam is coupled into the waveguide at an angle by
"

means of a high refractive index prism. The waveguide and prism are mountedinto a

rectangular holder. A horizontal bar provides uniform pI"..ssure to the prism to maintain

weak coupling to the waveguide. This a~semb1y is he1d vertically in place on the optical

bench by a platform which is then strategically positioned with a combined x-y-z

adjustment. The incident angle by which the beam penetrates the waveguide is controlled

by an optical rotation stage. The optical system is aligned such that the incident laser beam

is focused cnte the back of a Newport 38 rectangular mounting platform. A precision

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 through a series of mirrors assembled in Newpon 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 roution. This arrangement

al10ws the light to be rotated through an arbitrary angle ante the back edge of the coupling

prism. The incident angle by which the beam penetrates the waveguide controis 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 scanering intensity

of the adsorbate vibrational modes and selects against the interface and glass modes. The
':

light scattered from the waveguide streak is imaged on the slit of the monochromator

through an achromatic ff2 collimating lens. The Rayleigh line is removed by a supernotch

holograpic Bragg filter (Kaiser) positioned in front of the slit A detailed description of the

optical set-up has been reponed previously.25
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3.4 RESULTS AND DISCUSSION

3.4.1 IOEW-SERS of Ag Colloidal-Derivatized Waveguide.

rOEW-SERS of the 3-MPT-colloid-derivatized waveguide interphase and the

normal Fr-Raman spectrum of bulk liquid 3-MPT are compared in Figures 3.3 and 3.4.

The vibrational assignments follow those for a similar surface reaction reported by

Pemberton et a/.15 in which 3-MPT was fust 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 'Us(Œ3) band at 2844

cm-l in the rOEW-SERS spectrum (Figure 3.4) confirms that the methoxy groups of 3­

MPT have reacted. The remaining bands are assigned to the 'U(Œ) methylene stretching

modes of the 3-MPT propyl chain. Absence of the 'U(SH) band at 2574 cm-l in the rOEW­

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

linkage. Further confirmation regarding the thiolate bonding between the sulfur and Ag

surface can be gained from the 'U(C-S)G (0 =gauche) and 'U(C-Sh (T =trans) vibrations

which are shifted to lower energies in the rOEW-SERS spectrum. In Figure 3.3, the 'U(C­

S)G and 'U(C-Sh bands of the bulk sample at 742 and 649 cm-l are lowered in the

"
waveguide spectrum to 698 and 625 cm-l, respectively. This energy decrease has

previously been reported as an indication of the thiolate bonding bctween Ag and the

thiolale sulfur atom.26 Although the 'U(Si-C) and 'U(Si-O) vibrations are also present in this

region, il appears that the 'U(C-S) vibrations are enhanced relative to the latter modes,

probably as a result of the c10ser proximity of sulfur to the Ag surface.

The 'U(Si-O) 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

,~itri.butableto siloxane 'U(Si-Q-Si) vibrations. The 'U(Si-O-Si) and the 'Ua(Si-O) bands of 3-
~ ,

MPT are observed as broad shoulder bands centered at 1077 and 800 cm-l, respectively.

The inu:nse band at913 cm-l, situated between both 3-MPT modes, is attributed to a

91



•
(a)

IGOO 1400 1200 1000 800 GOa 400

•
Wavenumber (cm-l)

FIGURE 3.3 IOEW-SERS spectrum of an Ag derivatized waveguide (a), and normal

Fr-Raman spectrum ofbulkliquid 3-MPT, (b). Âex = 1064.1 nm ai 150 mW.
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FIGURE 3.4 IOEW-SERS spectrum of C-H stretehing region of an Ag derivatized

waveguide (a), and unenhanced FT-Raman spectrum of bulk liquid 3-MPT (b). Â-ex =
1064.1 nm at 150 mW.

93



•

•

u(Si-O) band from the glass substrate. The u(C-C) band of the propyl chain is observed as

a weak shoulder on the higher energy side of the u(Si-O) band from the glass. The very

intense band near 470 cm-! is aIso attributed to the glass substrate.

To il!ustrate the benefit of opticaIly 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 9()O on

the Ag-derivatized waveguide. A strong broad feature in the 1600-1300 cm-! region and a

virtuaIloss of all vibrational informàtion on the interface are observed. This broad band

has been 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.27•28 Given that the

carbon film thickness was estimated 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 adsorbate layer.

3.4.2 IOEW·SERS of 4, 4'-Bipyridine Derivatized Waveguide

The opticaI properties of the waveguide were measured for a quartz-derivatized slide

to eliminate spectral UV-absorption interference resulting from the glass. Figure 3.6 CA ­

C) shows the extinction maxima for the parent Ag colloid uSed to derivatize the waveguide

surface, the Ag colloid derivatized waveguide and 4,4'-bipyridine derivatized waveguide,

respectively. The reponed spectra are not corrected for reflection losses and therefore the

term extinction is uSed instead of absorbance. The extinction 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 govemed by the size and shape

of the particles and the interparticle spacing.29-32 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 900 backscattering geometry.
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FIGURE 3.6 UV-Extinction maxima of parent Ag colloid (A); Â.max = 392 nm,

waveguide derivatized with Ag colloid (B); Â.max =402 nm, and Ag colloid derivatized

waveguide immersed in 2 mM 4,4'-bipyridine (C); Â.max =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 panicles 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 optical properties of the

colloid. The extinction maximum is shifted to 422 nm and the band is broadened [Figure.

3.6 (C)]. The dielectric propenies of 4,4'-bipyridine, in addition to the structure,

homogeneity, and distribution of Ag panicles contribute to the change in the optical

response of the colloid.33 No spectral contribution from the acetonitrile solvem was

detected. Spectra obtained after immersion in acetonitrile are comparable to those shown in

Figure 3.6 (B) and (C).

IOEW-SERS, Ag colloidal sol SÈRS spectra and the nonnal Fr-Raman specrrum

of bulk 4,4'-bipyridine are compared in Figure 3.7. The IDEW-SERS specrrum is

analogous to the SERS spectrum of the Ag colloid system, which, in mm, are in a good

agreement with those previously reponed.l9-23 The presence of broad background peaks

between 1700 and 1000 cm-1 in the IOEW-SERS spectrum has been observed in previous

SERS studies and was attributed to carbon contamination22.28 The relative intensities of

the bipyridine vibrational modes are, however, enhanced compared with bands from the

glass and interface background. Raman scanering from the interface 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 retlllU:kable enhancement is achieved

even though more than 98% of the electric field resides in the glass waveguide.34 The

most prominent Raman fearures are located in the 1700-700 cm- l region, which is

essentially free from the substrate background vibrational modes. This region is associated
~

with in-plane vibrational modes of the bipyridine molecule such as C-C and C-N stretching

and C-B wagging.35.36 The totally symmetric modes are subjected to a greater degree of

enhancement, while the out-of-plane modes located below 1000 cm·l are not observed.
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rules for adsorbate vibrations32,37.38 and is consistenê with 4,4'-bipyridine being adsorbed

on the Ag smface via the nitrogen with the aromatic rings oriented perpendicular relative to

the surface. Interaction with the Ag surface occurs through cr donation of the nitrogen lone

pair assuming a cis conformation with bath nitrogen atoms interacting with the Ag atoms in

a chelating fashion.23

The spectral similarities of both SERS spectra illustrate the fact that the IOEW­

SERS substratestructure, with an immobilized Ag colloidal surface has the ability to

promote similar SERS-active Ag sites like that of aggregated colloidal sols.
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FIGURE 3.7 SERS of Ag colloid s01l4,4 '-biP~dJesystem (20 Jll, 2 mM) to 2 ml of
./

Ag colloid (a); IOEW-SERS of derivatized "Yavegilide after immersion in 2 mM acetonitrile

solution of 4,4'~bip~dine(b); and unenhanced FrcRaman spectrum ofbulk solid 4, 4'­

bip~dine.Aex = 1064.1 nm at 150 mW (c).
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3.5 CONCLUSIONS

In tbis 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 heterostrucmre simultaneously satisfies boundary conditions for integrated

optics, evanescent wave propagation and the optical conditions for surface enhanced

Raman scattering (IOEW-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 waveguide interface and

adsorbates confined to the colloid surface are revealed. The interfacial structure of3-MPT

in the waveguide assembly can he probed by optically guided light, whereas a classical 900

scanering geometry results in carbonization of the waveguide surface. Optical properties of

the Ag colloid before and after deposition on the waveguide are characterized by

transmission UV. TheA.max (392 nm) of the parent colloid undergoes a small shift after Ag

colloid deposition (402 nm) wbich indicates that there is little colloidal aggregation upon

deposition on the 3-MPT underlayer. The Ag colloidal surface was derivatized with 4,4'­

bipyridine and the IOEW-SERS spectrum collected was analogous to an Ag colloidal sol

system of 4,4' -bipyridine. The Â.max (422 nm) of the 4,4'-bipyridine derivatized

, waveguide is shifted relative to that of the underivatized waveguide wbich indicates some

changes occur in the optical 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 aggregates of Rayleigh llinit silver partic1es by covalent

anachment 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 partic1es. In this Chapter, adsorption of 2- and 4-mercaptopyridine on Ag

colloid attached to the surface of a waveguide is smdied through a comparative analysis of

their SERS spectra obtained from metalliquid-like films (MELLFs) and Ag hydrosols.

Spectral analysis of adsorbate intensities and frequency band shifts reveals information

about surface orientation as weIl as the mode of adsorption. Both molecules adopt roughly

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

possibility of adapting the waveguide as a thin film chemical sensor. Accordingly, a

reversible acid-base titration of surface-bound 4-mercaptopyridine (4-MPy) was observed.

In contrast, Cu2+ is coordinateditreversibly. Spectral changes to thevibrational fingerprint
>

of surface-confined 4-MPy suggest a Cu-pyridine nitrogen interaction binds the Cu2+ ions

to .the surface. X-ray photoelectron spectroscopy (XPS) provides insight into the

waveguide fabrication and sensing process as the multi-layer structure is evaluated step-by­

step from a silica substrate to the copper ion at the outermost layer. The N 1s region of the

XPS speetrum attributed to the pyridine nitrogen of surface-confined 4-MPy molecules and

displays a characteristic shift to lower binding energies upon exposure to Cu2+ 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, predorninately Ag, Au and Cu.1.2 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 been achieved. Roughened surfaces have been fabricated in a number of different

ways, e.g., by electroehernical roughening of e1ectrodes, through colloidal sols and metal

liquid-like films (MEUFs).l.3 Recently, a SERS substrate has been constructed in wllich

Ag and Au colloidal particles are anchored onto a supported organic thin film.4 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 ll!ld the glass substrate. The 3-MPT is grafted onto

the glass substrate by hydrolysis and condensation reactions of the alkoxide termini to forrn

siloxane bonds. Unreacted thiol terrnini can then bind covalently to a metal colloid.

Immersion of the 3-MPT-derivatized glass in a dilute solution of silver hydrosol produces a

2-D colloidalsilver anay bonded to the surface.4 Optically guided light can propagate inlO

the thin colloidal film as an evanescent wave and couple with surface plasmon modes so

that the efficiency of waveguidingS·6 can he combined with the inherent advantages of .

SERS7. With this approach, the colloidal deposit is thin enough to allow the evanescent

wave to propagate against a boundary 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 complete 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 10

the waveguide colloid surface from solution. This construction is capable of discrirninating

105



•

•

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 mm 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,

chernically active surfaces for electrodes, lubrication, sensors, and biologically active

surfaces.8 In this present ""ork, we further explore the use of this SERS-active optical

waveguide as a thin film chemical sensor. Chemical sensors usually consist of a

chemically sensitive coating which responds selectively te a particular analyte.9 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 selective coatings can be limited by using thin fùms consisting of molecules,

known to self-assemble and with simple ion-responsive terminal functional groups.lO

With tbis in mind, the waveguide surface is modified by 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 SERS substrates viz., MELLFs, IOEW-SERS and an Ag colloidal sol. The puxpose
,~'

of this comparison is to establish the extent'to wbich the SERS effect is coextensive from

one Ag system to another. Since 2- and 4-MPy are at least ambidentate,ll they offer

severa! 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 substratesl2,14 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, lE 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+, (0) which are replaced by Cu2+ ions (.) .
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atom with the pyridine ring orientee! approxitnately nOllDaI to the metal surface. This mcxle

of adsorption is not surprising considering the sU"ong affinity of thiols for Au surfaces.15

The surface chemiscry of 2- and 4-MPy on Ag(lll) electrcxles smdied by EELS, LEED

and Auger spectroscopy also suppons this mcxle ofbonding.16

In the second pan of this paper, we examine the intermolecular interaction between

the adsorbed 2- and 4-MPy layers with H+ and CuH ions 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 uncoordinatee! pyridine nitrogen. For example, cytochrome c is capable of binding to a

4-MPy-modified Au electrcxle allowing an electron-ttansfer reaction between the electrcxle

and cytochrome c.17•18 At low pH, modified 4-MPy Au electrcxles can electrostatically

bind sulfonated anthroquinones.19

We demonstrate that the IOEW-SERS technique is sensitive to metal ion induced

perturbations of 4-MPy at submonolayer coverage. SERS spectra of selected modes can be

recorded in roughly 45 s ofdetector integration lime, despite the fact that almostall of the

power resides in the waveguide. With TE polarization, this is accomplished without optical

damage. Finally, we use X-ray photoelectron spectroscopy (XPS) to construct a layer-by­

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

the Cu2+ ion.
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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 borohydride (99+%, Janssen Chimïca) and

silver nitrate (p.a. Aldrich) were used for Ag colloid preparation. 3-MPT (patrareh) was

used to functionalize waveguides. For the pH smdies, HCl (99.99%, Aldrich) and NaOH

(99.99 %, Aldrich) were used. Dichloromethane and acetonitrile (Aldrich) were of

spectroscopic grade. High-purity water was obtained from a Milli-Q Ultrapure Millipore

water system. Glass coyer slides (24 x 30 mm x 150 ~m, Fisher Scienrific) were used as

waveguide substrates. Silicon (110) wafers (Vackers Chemitronics) were used for XPS.
•

Preparation Procedures. The Ag colloids used for the waveguide preparation,

MELLFs and colloidal sols, were prepared by rec:uction of AgNOs with NaBI4, following

an established method.3

Waveguide Derivatization. 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 solution containing the adsorbate. For the ro­

EWSERS experiments with metal-ion probe modification, 2- and 4-MPy derivatized

waveguides were immersed in a 2 mM aqueous solution of CuCNÜ3h for 10 min and

repeatedly washed with Millipore water. Spectral changes were monitored as a function of

the waveguide immersion rime in the copper solution. The same 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 taU, 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 10-3 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 arid formed a yellow-orange

organosol in which macroscopic aggregates (which appear as a cloudy particulate

suspension) were formed at the interface. The "films" were removed frern 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 omo 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

aqueous solution of 2-MPy (60 j.Ù, 10 mM) to 2 mL of the colloid. The colloid aggregated

immediately, producing a purple color. The mixture was transferred to a capillary sample

cell for the SERS measurement. Similarly, the 4-MPy Ag colloidal sol was obtained by

adding an aqueous solution of 4-MPy (l0 j.Ù, 0.2 mM) to 2mL of Ag colloid. In this case,

aggregation occured slowly, and gave a purple-brown color. The optimal SERS spectrum

was collected after 12 h.

Silver·2· and 4.MPy salts. To prepare the silver-2-MPy and silver-4~MPy salts,

equimolar quantities of AgN03 and 4-MPy or 2-MPy (0.05 mol) were dissolved 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 Studîes. For the pH studies, aliquots of HCl or NaOH were added to an aqueous

solution of 4-MPy until the desired pH was reached. Acidic pH studies were also repeated

with HCl04. The FT~Raman spectra of 4-MPy solutions were rècorded.immediately after

preparing the solutions.

Instrumentation. Ali SERS spectral data were obtained using 5l4.5-nm (50 mW)

radiation from a Spectra Physics Model 164 Ar+-laser with an integrated optics

spectrometer bench constructed in-house.20•21 The detector system consisted of a liquid

N2-cooled charged coupled device (CCD) detector interfaced to an Instruments S.A.
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HR640 spectrograph equipped with a holographic grating (1800 grooves mm-!). An

acquisition rime of 30 s was typically employed for each 500 cm-! window.

FT-Raman spectra of the 2-and 4-MPy powders, pH solutions and silver-2- and 4­

MPy complexes were recorded on a Bruker lFS-88 spectrometer equipped with an FRA­

105 Raman module and a liquid N2-cooled proprietary detector. The spectra were excited

with a Nd3+:YAG laseroperating at 1064.1 nm (150 mW), with 250 scans beingtypically

collected.

X-ray Photoelectron Spectroscopy. For layer-by-layer analysis of the multilayer

waveguide by XPS, samples were prepared on the silica overlayer of a conducting silicon

wafer. Sample preparation followed the same recipe as that used to prepare the glass

substriite waveguides in Chapter 3. We identify each sample with the following label:

sample (A): Si wafer; sample (B): Si wafer modified with 3-MPT (SV3-MPT); sample (C):

Si/3-MPT with adsorbed Ag colloid; (Si/3-MPT/Ag); sample (D): Sil3-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(N03h solution, (Si/3-MPT/Ag/4-MPy/Cu). XPS measurementswere

performed with a Fisons VG ESCALAB 220i-XÎ.. spectrometer. A monochromatized Al

Ka. radiation source equipped with a magnetic lens (XL) was used. Photoe1ectrons were

collected in constantanalyzer energymode. The hig~~resolutionspectra were collected at a

constantpass energy of 20 eV. The base pressure of the turbo-molecularly pumped URY

chamber during XPS analysis was typically 4 x 10-10 torr. The instrument work function

of 4.25 eV was referenced to a Au 4f binding energy at 84.0 eV. XPS data were analysed

with Fisons Eclipse vl.7p, software provided with the XPS instrument
. . 0

C'
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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

The 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.22-25 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 comparison, the normal FT- Raman spectra of the bulk silver-4-MPy

complex and pure solid 4-MPy are shown mFigure 4.3 (a) and (b), respectively.

SERS spectra of 4-MPy and the normal unenhanced Raman spectrum of silver-4­

MPy complex show remarkable similarity in their vil~:ltional profile. Bands at 1616, 1586

1107, 1007,714, and 430 cm-lof the silver-4-MPy complex have similar counterparts,

though with different intensities, in the SERS spectra of adsorbed 4-MPy on different

substrates, e.g., bands at 1617, 1583, 1098, 1015,709, and 435 cm-l in the IOEW-SERS

spectrum, Figure 4.2 (c). The '1>1 al ring-breathing mode near 1000 cm-l remains intense

for both the normal Raman spectrum of the silver-4-MPy complex and SERS ·spectra. In

the silver complex the intense band at 1041 cm-l is assigned to a 'l>sym(N03-) mode from

AgN03. The shoulder at 1051 cm-l on the higher wavenumber side of the nitrate band is

assigned to the 18al ~(CH) niode. This mode is absent in the IOEW-SERS and colloidal

SERS spectra being rep1aced by a band at 1065 cm-lwhich we tentatively assign tothe .

18\>2 ~(CH) mode. By way of comparison, both the 18al and18\>2 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 comp1ex is the dramatic inCIelise
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FIGURE 4.2 SERS spectra of 4-mercaptopyridine (4-MPy) adsorbed on: MELLFs

. (2mLofÙ 10-3 M4-MPyin2mLofcolloid) (a); IOEW-SERS (2x 10-3 Mof4-MPyin

acetonitrile) (b); and silver hydrosol (10 J.Ü. of 2 x 1()-4 M 4-MPy in 2 mL of colloid) (c).
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FIGURE 4.3 Unenhanced normalEI'-Raman spectra of si1ver-4-MPy comp1ex (a), and

4-MPy in the salid state (h). Âex = 1064.1 nID at 150 mW.

(*) Band assigned to 'Ilsym(NÛ3-) from AgNÛ3.
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TABLE 4.1 Assignments and wavenumber positions (cm-1) of normal Raman

and SERS spectra for 4-mercaptopyridine.

Assignment (a) Solid Sïlver-4- MELLFs Colloidal IOEW-
MPy sol SERS

comDlex

7al, ll(C-S)/y(CCC) 431 430 415 430 435
16bI,y(CCC) 471 497 490
61>2, /3(CCC) 647 646
6al. /3(CC)/u(C-S) 721 714 707 705 709
10bl, y(CH) 790 811 813 810

901
laI. (Ring breathing) 990 1007 1008 1007 1015

1041*
18aI, /3(CH) 1045 1049
18b2. /3(CH) 1080 1064 1065 1062
12aI,(Ring 1106 1107 1097 1098 1098
breathing) / u(C-S)

1135-
/3(CH) /1l(NH) 1200 1204 1207
9aI, /3(CH) 1250 1218 1222 1221
3b2, /3(CH) 1290 1305

1338
141>2. u(CC) 1394 1390 1407
191>2, u(C=C/C=N) 1459 1458 1433
19a1. u(C=C/C=N) 1478 1470 1478 .

1525
8b2.U(CC) 1604 1586 1583 1573 1583

"
8al, u(CC) 1617 1616 1611 1615 1617 .

(a) Assignments for the normal Raman spectrum of 4-mercaptopyridine from refs. 22-25.

(*) Band assigned to Usym(N03-) from AgNÛ3.
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in intensity of the '1>12 al mode near 1098 cm-l. This band is atttibuted to a so-called X­

sensitive mode.22.23 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 electroehemical SERS of 4-MPy on Au electrodes14 and to a lesser extent

for the normal Raman of pyridine-metal complexes.27 This 1098 cm-l band is assigned to

a 'l>12al ring breathing mode coupled to a 'I>(C-S) stretching mode.14,22-24

AIl SERS spectra display an enhanced band near 1220 cm- l . There is no

corresponding band observed in the normal Raman spectrum of the silver-4-MPy complex.

A band, sinnilar in intensity and frequency position, has been observed for the Ag colloid

SERS of pyridine and pyrazin~ and is assigned to a 9al ~(CH)mode.28 Where the normal

spectrum of silver-4-MPy complex is featureless between 1580-1250 cm-l, this region in

the SERS spectra is populated by vibrational features from 4-MPy that depend on the

method offabricating the SER substrate. Colloidal sol SERS shows peaks at 1470, 1433,

1407, 1338, and 1305 cm-l, Weak vibrational features are observed in the MELLFs

spectrum at 1515, 1458, and 1390 cm-l . Interestingly, only one band at 1478 cm- l

dominates the IOEW-SERS spectrum in this region. It is not clear what causes these

differences on changing from one. SERS subslrate to another. Arguments relating to

differences in surface potential, adsorbate polarizability, and scale ofroughness have been

advanced ta rationalize similar observations in the past1,29,30

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 Ca), (b) and Cc), respectively. The normal Fr-Raman spectra of pure 2-MPy

and the silver-2-MPy complex are compared in Figure 4.5 Ca) and (b), respectively. The

vibrational assignments given in Table 4.2 follow those of a previous report and assume

that the 2-MPy moiecule retains Cs symmetry.31 In the solid state, 2-MPy exists as a weak
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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~, 1 x 10-2 M 2-MPy in 2 mL 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). Àex =1064.1 nm at 150 mW.

(*) Band assigned to 'UsymCNÛ3-) from AgN03.
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TABLE 4.2 Assignments and wavenumber positions (cnr1) of normal Raman

and SERS spectra for 2-mercaptopyridine.

Assignment (a) Solid Silver-2- MELLFs Colloidal IOEW-
MPy sol. SERS

complex

An 16a, j'(CCC) 389

B(C-S) 1~(CCC) 445 446 435 432

485

A' 6a, j'(CCC) 618 634 630
An ~(CC) 711

A' (C-S) 731 727 720 714
An j'(CH) 743
An j'(NH) 893
An j'(CH) 949
An j'(CH) 980

A' la, (Ring breathing) 988 1001 1004 998 1001

1041*

A' 18a, ~(CH) 1024 1054 1048 1050

A' 18b, ~(CH) 1092 1082 1084 1081

A' 12a, (Ring 1133 1135 1117 1117 1114

breatlùng) \ 'Il(C-S)

1164 1150 1150

~(CH) / B(NH) 1230 1244 1228 1230

A' 14b, 'Il(C=C/C=N) 1261 1269 1274 1272

A' B(CH) 1372 1417 1411 1413

A' 19b, 'Il(C=C/C=N) 1444 1448 1451

A' 19a, 'Il(C=C!C=N) 1502
A' 8b, 'Il(C=C) 1569 1589 1554 1549 1551
A' 8a, 'Il(C=C) 1614 1578 1579 1576

(a) Assignments for the normal Raman speetrum of 2-mercaptopyridine given in ref. 31.

(*) Band assigned to 'Ilsym(NÛ3-)from AgNÛ3.
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intramolecularly H-bonded dimer of C2h symmetry. The normal unenhanced Raman

specoum of the silver-2-MPy complex is similar to that of the silver-4-MPy complex, i.e.,

the specoum is dominated by the more intense bands assigned to the '\J(C-S) modes (lBS

and 727 cm-l) and the in-plane ring modes (1589 and 1001 cm-l). The IOEW-SERS and

colloidal SERS spectra of 2-MPy display similar band positions with sorne differences in

relative intensities. The Ag colloid SERS specoum exhibits an additional broad band at

1627 cm-l, tentatively assigned to a ô(H20) mode from the hydrosol system.32 The X­

sensitive mode near 1114 cm-1 remains unenhanced in both substrates relative to the normal

Raman specoum of 2-MPy. By contrast, this mode is enhanced considerably in the

MEILFs specoum. 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

Clearly, 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. Surface selection rules are

often applied to molecules on SERS-active substrates to deduce orientations.33-3S For C2v

molecules, al! four symmetry species are required to define orientation because each

contributes information through the polarizability tensor components. Pyridine ring

vibrations (under C2v symmetry) are distributed between, ah a2, bl and bz symmetry

species, al! of which are Raman-active. The al and b2 modes involve in-plane motions

while those of a2 and bl symmetry are associated with out-of-plane vibrational motions.

The normal Raman specoum of 4-MPy in the 1800-400 cm-l region is dominated by the

more intense al modes, with the exception of a strong band at 1394 cm-l, assigned to a

14b2 ring mode. The a2 modes are inherently very weak in aromatic ring systems and

bands assigned to these modes as well as the bl modes are weak.in the normal Raman
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spectrum of bulk 4-MPy. The a2 modes are not observed and the bl 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 b2 and al modes.

For perpendicular orientaùon, the relaùve enhancement of bands is in the order of species

bl = b2 > a2. Molecules lying flat on the surface will experience enhancements such that a2

= bl > b2. In the SERS spectra of 4-MPy, the al modes remain mostly unenhanced while

the relative intensiùes of the strong al modes at 1617, 1045,721, and 431 cm-l have

decreased relaùve to the normal unenhanced Raman spectrum. The most dramaùc

vibraùonal enhancements belong to the in-plane modes, "012al/"O(C-S), "Osb2 (CC) and 9al

~(CH). The other b2 modes that remain unenhanced in the SERS spectra are absent in the

normal Raman spectrum of the silver-4-MPy complex. These b2 modes are weak bands in

the normal Raman spectrum of pure 4-MPy with the excepùon of the "014b2 mode at 1394

cm-l, which appears as a weak band in the MELLFs spectrum. For ail SERS spectra, the

inherent weakness of the bl modes andabsence of the a2 modes makes a comparison of

their relative intensites with the al and b2 modes difficult.26 Moreover, this observation

complicates the use of the SERS selection rules in terms of the polarizability tensor

components to clearly define the orientation.

Sorne insight may be gained, however, by considering the directional plane of

vibraùonal modes. Normal modes that involve the in-plane moùon of the ring C=C and

C=N bond stretches would be expected to be most enhanced for a perpendicular orientaùon

(especially those assigned to al totally symmetric modes that derive significant intensity

from the CXzz tensor component). The out-ofplane a2 and bl modes should experience little

enhancement. Altemaùvely, if the molecule were adsorbed via donaùon of the ring 1t

system, the plane of the aromaùc ring would lie paral1el to the surface and the totally and

noDtotally symmetric al and b2 in-plane modes would be expected to have little or no

enhancement, while certain out-of-plane modes would show sorne enh,ancement. In the

SERS spectra of 4-MPy, the "Olal in-plane totaliy symmetric ring mode appears as an
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intense band. Preferential enhancement of the in-plane ul2aJ, 9al ~(CH) and usb:! modes

suggests that the pyridine plane adopts a perpendicular orientation to the surface.

In the IüEW-SERS and colloidal SERS spectta of2-MPy, the most intense band is

assigned to the 'UlaI> ring breathing mode. The in-plane usb:! and ul2al modes are also

intense but remain unenhanced relative to their coumerparts in the normal Raman spectrum,

ofneat 2-MPy. The relative intensity differences observed belWeen the usb:! stretch mode

near 1549 cm-l and the ring breathing modes, 'Ulal and U12al 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 usb:! mode is comparable

to the ulal and 'U12al modes. Similarly, for the colloidal SERS spectrum, the usb:! mode

is comparable in intensity to the ulal mode; however, the relative intensity of the U12al

mode is reduced. Since the uSb2 mode involves symmetrical motion of the ring C=C

bonds and the U12al mode involves motion of the C-S bond, they are expected to be

enhanced when 2-MPy is adsorbed via the sulfur, placing the C-S bond and ring plane

normal to the surface. This is the case observedfor the MELLFs spectrum. By contrast,'

the smaller intensity of the U12al mode in the colloidal SERS spectrum implies that the C-S

bond angle is less than normal relative to the colloid surface. The ugb2 mode remains

intense relative ta the ula1mode because the plane of the pytidine ring still remains normal

to the surface.·, The ring 'tilts' such that the N atom is in closer proximity to the surface

compared to the MELLFs spectrum. In the IüEW-SERS spectrum, the intensity of the

uSb2 mode is decreased relative to the ulal and U12al 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 Il(C-S) band intensity increase

at 435 cm-l. A spectral analysis of the u(C-H) Stretching region reveals that, overall, this

tilt relative to the metal surface is very small.

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

u(C-H) stretching bands of the IüEW-SERS spectra for adsorbed 2- and 4-MPy. The
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FIGURE 4.6 rOEW-SERS spectra of 'Il(C-H) stretching region of adsorbed 2-MPy Ca),

and 4-MPy (b).
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IOEW-SERS spectrum of2-MPy shows twO bands at 3061 and 3109 cm-! assigned 10 the

totally syrnmetric C-R stretches.31 In contrast, there is only marginal band intensity

observed in the IOEW-SERS spectrum of 4-MPy. These observations further suppon the

assigned perpendicular orientation for 2- and 4-MPy. These modes have been used in

previous repons to clarify the orientation of aromatic adsorbates on roughened metal

surfaces.29•36 The SERS intensity associated with the u(C-R) mode depends upon the

angle at which the C-R bond lies in relation to the silver surface. For a perpendicular

orientation, the maximum intensity will be expected for the C-R stretching mode that

vibrates normal to the surface. As the angle of the C-R 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 via cr donation through either the nitrogen and/or the thiolate, the

C-Rstretching modes, should contribute predominantly to the most enhanced band.36

This is panicularly true for a C-R bond para 10 the pyridine nitrogen and/or the sulfur atom.

The other C-R bonds lie near 300 (in the molecularplane of the ring) relative to the surface

and should exhibit relatively smaller enhancements. Altematively, 4-MPy adsorbed via the

thiolate or nitrogen moiety in a perpendicular orientation would have no C-R bonds norrilaJ.

to the surface. Funhermore, the onho and meta C-R modes should experience little or no

enhancement. The absence of u(C-H) modes in the IOEW-SERS spectrum of 4-MPy is

consistent with this interpretation.

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

As discussed previously, studies have indicated that the pyridine ring rcsides

perpendicular to the metal surface for both 2- and 4-MPy. For this orientation, adsorption

is expected to occur via cr donation through either the nitrogen and/or the sulfur atorns.

Aromatic and aliphatic thiols, e.g., thiophenol, adsorb via the thiolate sulfur and fonn

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,

polarized 'I>(S-H) bond located between 2590-2560 cm-1following cIeavage of the S-H

bond.24 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 4.7.37,38 In the normal Raman spectrum of solid 4-MPy, where the thione tautomer

predominates, a broad band is observed between 2500 and 2900 cm-1 attributed to the

'I>(SH) and 'I>(NH) band contributions associated with the tautomeric structure. The

observed band profile is simiIar to that found in intranlolecular hydrogen bonded systèms

anà no changes in the 'I>(S-H) band region on either meraI complexation or adsorption on a

SERS substrate were detected.39-41

The mode of adsorption on the surface may aItematively be identified by

determining the behaviour of CoS bond related vibrations. Among such modes that involve

the sulfur atom is the 'l>6al> 'I>(C-S) stretching mode, assigned to an X-sensitive

mode.23,41,42 This band shifts to lower wavenumber upon S-methylation oi: meraI ion

complexation. In the normal Raman spectra of silver-2- and 4-MPy complexes, the u(C-S)

band position~havedecreased by 4 and 7 cm-1from 731 and 721 cm-l, respectively. In c

the rOEW-SERS spectra of4- and 2-MPy, the u(C-S) band positions decreased by 12 cm-1

(from 721 cm-1 t0709 cm-1) and 17 cm-1 (from731 to 714 cm-1), respectively. A similar
- - " ,- 'C

peak shift hasbeen observed for other ÎIromatic thiols adsorbed via the thiolate such as

thiophenol adsorbed on SERS-active metal substrates,26,43,44 Studies using A~ger .'

spectroscopy and EELS conclude that 2- and 4-MPy and thiophenol atrach to an Ag(lll)

, ~lectrode substrate primarily through the S atom and that the aroÎnatic ring adopts a

perpendicular orientation. relative to the surface.16,45 PreferentiîlJ. enhatlcement of the

uI2al/u(C-S) band at 1098 cm-1 observed in the rOEW-SERS spec~ of 4-MPy is aIso

observed in the SERS of thiophenol24,26,44 The mast infense SERS enhanced bands of 4- .

MPy, associated with ring modes (1015, 1098 and 1583 cm-1), have similarly intense
,;

counterparts in the SERS sp~ctrum of thiophenol (1000, 1073 atld 1573 cm-1); The
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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 IOEW-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(N03h where M = Mn2+, c02+, Ni2+ and Cu2+. Spectral changes were

observed onlyin the case ofCu2+ 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- l derived from the 3-MPT interface are more apparent in

these spectra as the angle of the incident beam relative to the prism is decreased to obtain

the optimal spectrum of 4-MPy. We observed that with increased immersion time the

relative intensities of sorne of the 4-MPy modes show a concomitant enhancement relative

to the '01 and '012 bands. A graduai decrease and eventual disappearence of the 'OSaI band

at 1617 cm-l is observed. This is followed by a simultaneous increase in intensity of the .

'OSb2 band at 1585 cm-l, as weil as the appearance of a shoulder at 1015 cm-l, on the

higher wavenumber side the '01 band. This shoulder becomes clearly resolved into a weak

band at 1034 cm-l (Figure 4.9).

Similar spectral changes have been reponed for an electrochemical SERS

experiment of 4-MPy adsorbed on a gold electrode.t4 At positive potentials, the bands at

1010 and 1585 cm-l 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
"

of the pyridine ring. Some insight into the interaction ofcopper with surface-confmed 4-

MPy may be gained by comparison withpyridine coordination complexes. Changes

observed in the internai vibrational frequencies of pyridine on metal~ioncomplexation are,
: ' ,

• however, minor.46 Gënerally, the metal-pyridine modes which appear below 400 cm-l are

129



•
(a)

(c)

1600 1400 1200 1000 800 600 400

•

Wavenumber (cm-l)

,
FIGURE 4.8 IOEv,r-SERS spectra of 4-MPy after immersion in 2 x 10-3 M aqueous

solution ofCu(N03)z:·after 30 min immersion (a); after 10 min immersion (b); and before

exposure totheCuZ+ solution (c);
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• FIGURE·4.9 IOEW-SERS spectra OfUl ring breathing mode of 4-MPy before exposure

to Cu2+ Ca), and after exposure to Cu2+ ion solution Cb).
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reported since these are charaeteristic vibrational changes indicating complexation.46 Minor

penurbations are detected for the ring stretches and C-H deformations of pyridine and

substituted pyridines.27.47 Among the changes observed is the shift of the '\)1 band to

higher energies due to coordination to the pyridine nitrogen.48 For example, the '\)1 mode

in free 4-methylpyridine shifts from 996 to 1036 cm-I in CuCI2(4-methylpyridine) and

from 991 in free pyridine to 1020 cm-I in Cu(N03h(Pyridine)x, where x =2, 4, and 6.49

The IOEW-SERS spectrum of 4-MPy after exposure to Cu2+ shows a decrease in

the relative intensity ratio for the '\)1 : '\)12 bands. The SERS of neutral pyridine adsorbed

on Ag electrodes has also revealed similar changes. The '\)12 band at 1035 cm-I increases

in intensity relative to the '\)1 mode at 1010 cm-I near zero potential charge (pzc). Intensity

ratio differences were attributed to the presence of bath chemisorbed (Lewis acid type

coordination) and physisorbed, weakly bound species on different Ag sites.50

Accordingly, we assign the band at 1034 cm-I in the IOEW-SERS spectrum of 4-MPy to

the '\)1> ring breathing mode of a coordinated pyridine nitrogen. The '\)1 band at 1015 cm-!

does not completely disappear, presumably smce not aIl of the pyridine nitrogen of the

surface confined 4-MPy molecules are accessible or are located in regions on the colloid

where insufficient numbers of 4-MPy molecules are anchored to form stable 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 Cu2+ with a

para-substituted pyridine nitrogen is reasonable assuming the 4-MPy molecules are

adsorbed in a perpendicular orientation exposing the pyridine nitrogen binding site. On the

other hand, the unchanged spectrum observed for 2-MPy upon Cu2+ addition is consistent

.with a stericaIly hindered nitrogen position which is unable ta interaet with copper.

To shed further light on spectral changesassociated with nitrogen c~rdinàtion of

surface-confined 4-MPy; pH studies were conducted. A simple test of the sensing ability

ofa surface-confined 4-MPy overlaye-r is to quarternize the pyridine nitrogen.
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4.5.2 IDEW-SERS of Proton Binding

Figures 4.10 and 4.11 show the unenhanced Fr-Raman and IOEW-SERS spectra

of the uSa1 and usb2 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-l, assigned earlier to the free pyridinium species,

pyH+, of pyridine hydrochloride and aqueous para-substituted pyridine hydrochloride25•

In basic conditions, only one band at 1585 cm-1 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-l, which can he attributed to the presence of both the protonated and

non-protonated tautomeric forms. This pH value is comparable to the pKa' value of 8.65

for 4_MPy.51.53

The sensitivity of adsorbed 4-MPy to pH was monitored by IOEW-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 immersed in solutions

at pH 14 and pH 6.4 are shown in Figs. 4.11 (a) and (b), respectively. Relative intensity

changes observed in the solution-phase nonnal Raman spectta 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 the 1585 cm-1

band relative to the 1617 cm-1 band. The fonner 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·1 band indicates sorne 4-MPy molecules remain

protonated, as 4-MPyH+, on the colloid surface. The relative intensity of the 1617 cm-1

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 spectrum of solid

4-MPy where the thione fonn predominates but occurs at a lower frequency than expected

for free pyridinium ion (1630 cm-1). The absence of the 1585 cm-1 band in the IOEW­

SERS spectrum at pH 1 reflects the predominance of a pyridinium cation species. As the
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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 (c),
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pH is increased to pH 6.4, the presence ofboth 1617 and 1585 cm-! bands suggests that

the adsorbed 4-MPy overlayer is an equilibrium between both protonated and non­

protonated pyridine nitrogen forms. The spectral changes observed in the IOEW-SERS

spectrum were reversible when the waveguide was reimmersed in either strongly 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

The IOEW-SERS spectra of 4-MPy, the pH of which had been adjusted with

HCl04 ,were similar to the spectra obtained with HeI. The HCl04 anion, in contrast to

HCl, is relatively non-adsorbed on Ag substtates. Spectral changes reported for

pyridinium chloride adsorbed on an Ag electrode (Raman bands at 1024 and 1026 cm-!)

associated with an electrostatic bonded PyH+Cl- species where not observed in the IOEW­

SERS spectra.54.

In comparison, a non-reversible spectral change was observed after the

protonatedlnon-protonated waveguide was reitnmersed in the Cu2+ solution. Spectral

changes were observed associated with Cu2+-4-MPy coordination (sec above)and after

reimmersion in pH l/pH 14 solutions, no spectral changes were observed.

4.5.4 X-Ray Photoelectron Spectroscopy (XPS) Analysis: Results and

Discussion

XPS was'used to examine each layerthat makes up the heterogenous multilayer
. ~ . G

structure of the waveguide, from the glass substrate to the Cu2+ ions. Each sarnple was

examined in the followingregions: S 2i>, Ag 3d, Cu 2p and N Is. The binding energy

shifts and the full width at half maximum (FWHM) of the peaks,obtained from curve fitting

for S 2p, N Is and Cu 2p, are presented in Table 4.3,.for samples (A)-(E). The curve

fitting for each atom of each layer of the waveguide, 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 experimem (including Chapter 3). The resulting XPS peak

deconvolution can thus be used as a qualitative supplement to IOEW-SERS interpretation.

The fust step in preparing the waveguide is to functionalize the glass with 3-MPT.

We mm our attention fust 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 eV) 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 S 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 4.3, .

respectively. The S 2p spin-orbit splitting used (1.2 eV) and relative height ratio of 1:2

was taken from the literature.55 Spectralline widths (FWHM) for some S 2p peaks were

larger than repOrted literature values of 1.0 eV.55 These variabl~ line widths may reflect the

compositional heterogeneity of the sulfur environment. The spectrurn obtained from

sample B exhibits a peak assigned to the S 2P3/2 transition at 163.7 eV. This binding

energy is within the range expected for. an unreacted thiol.55 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 alkylthiols

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

have been attributed to the formation of a thiolate species (RS_M).55.5? Both the
," ,

attenuation of the total S 2p intensity and the lower binding energy contribution indicate that

a chemical interaction between the su1fur of the 3-MPT interface and the adsorbed Ag

colloid has OCCl1ITed. This interpretati6n complements the spectral analysis of the IOEW­

SERS spectrurn given in Chapter 3. Preferential etthancementand deCrease irtenergyof

the 'I>(C-S) bands of the 3-MPT interface (relative to the normal unetthailced Raman

spectrum ofbulk 3-MP1) were attributed to the formation of an Ag-S bond in the Ag
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TABLE 4.3 XPS binding energy shiflS (eV) and FWHM (in parentheses) for

sarnples (A) - (E).

Sarnples (A) (B) (C) (D) (E)

Si (plasmon) Si/3-MPT Si/3-MPT/Ag Si/3-MPT/Ag/ Si/3-MPT/Ag/

Element 4-MPv 4-MPv/Cu

170.5 (7.0)*

Si (plasmon) 167.9 (5.3)

S 2P3!2 163.7 (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) • 162.3 (1.8)

S 2Pl!2 164.9 (1.2) 164.9 (1.6) 164.8 (1.7) 164.8 (1.5)

163.6 (1.6) 164.6 (1.2) 164.6(1.2)

163.6 (1.6) 163.5 (1.8)

N Is 401.2 (1.8) 401.0 (2.5)

399.5 (1.8) 399.0 (1.6)

·.Cu 2P3!2 934.9 (2.0)

933.0 (1.6)

Cu 2Pl!2 954.7 (2.2)

952.7 (1.9)

*See text.
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FIGURE 4.12 XPS of Sulfur 2pregion with surface bulk Si plasmon for sample. (A): Si

wafer; sample (B): Si wafer modified with 3-MPr, (Si/3-MPr); sample (C): Si/3-MPT

with adsorbed Ag colloid, (Si/3-MPr/Ag); sample (D): Si/3~MPr/Ag with adsorbed 4­

~, (Si/3-MPr/Ag/4-MPy); and sample (E): Si/3-MPT/Ag/4-MPy immersed in aqueous

CU(N03)2 solution, (Si/3-MPr/Ag/4-MPy/Cu).
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FIGURE 4.13 XPS of Sulfur 2p region without surface bulk Si plasmon.
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FIGURE 4.14 Curve fined 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-MPTIAg); sample CD):

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(N03h solution, (Si/3-MPT/Ag/4-MPy/Cu).

! •
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éolloid 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

2P3/2 peak from the Ag/3-MPT interface remains unshifted at 162.4 eV and retains the

san1" FWHM (1.6 eV). Although curve fitting does not provide an unambiguous result

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

contribution from the sulfur atom of 4-MPy after the adsorption of 4-MPy to the colloidàI

silver surface. After immersion of sample D in an aqueous solution of Cu(N03h, there is

a further increase in the peak complexüy of the S 2p envelope. Severa! sets of components

represented the S 2p envelope equally weil. However, there is clearly an increase in the

intensity of a shoulder to the 10wer binding energy side of the S 2p envelope.

The interaction of Cu(NÛ3h with 4-MPy molecular adsorbate is more evident in the

N Is peak region since il is at nitrogen where coordinati9n of Cu2+ is most likely 10 occur.

The pyridine nitrogen N Is peaks for samples C, D and E and the fits ob..~ned are shown

in Figures 4.15 and 4.16, respectively. Sample C (without 4-MPy) shows 110 N ls

.intensity and after derivatization with 4-MPy (sample D), the N ls region consists of two

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

respectively. The observation of two N ls binding energy peaksin sample D suggests that

there are two different nitrogen environments. Whereas previ~us reports have indicated at
·f)

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

surfaces60-65 , 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-SERS

study of the 4-MPy deriv~tized wa~eguide that a band at 1617cm-1 is associated with a

pyridinium 4-MPyH+ species. This band is present even after immersion in pH· 14

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

thiolate bound 4-MPy (399.5 eV) and 4-MPyH+ (401.2 eV) species on the colloid surface.

After addition of Cu2+ in sample E, two new N ls peaks appear al 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.63 In this case, the N 15

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 withoUl nitrate counterion since no nitrate N 15 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 2P3/2 and

2Pl/2 regions at 933.0 eV and 952.7 eV, respectively. Shoulders on the higher binding

energy side of each peak are resolved at 934.9 eV and 954.7 eV, respectively. The

oxidation state(s) of copper is, however, not distinguishable solely on the basis of their

2P3/2 binding energies.67.68 In additionto a Cu-N interaction, the Cu 2P3/2 peak at 933 eV

could also arise from either a copper oxide species68.69 or from photoreduction process

initiated by XPS irradiation.70.71 In addition, thiols are knoV/n to he oxidized to a disulfide

while Cu(Il) is reducedto a stable Cu(I) species.72 The IOEW-SERSspectrum is ,':

complicated bya broad background from the waveguide interface and an indication of a

possible Cu-sulfur interaction, either by the appearar.ce of a 'I>(S-S) band14 or by 'I>(C-S)

frequency shifts cannot heconfum,ed.'"

The Ag 3d spectià, shown in Figure 4.19, corroborates the formation of an Ag-S

bond at the 3-MPT/Ag interface already observed in the S 2p spectra. After immersing the

Si/3-MPT substrate (sample B) in silver colloid, an Ag 3d doublet was observ!ld, shown in

sample C. The doublet feature reflects a spin-orbit couplingof 6 eV. Tht: peak maximum .~.

of the Ag 3dS/2 peak is located at368.3 eV, a similar value has been reported for

thiophenol adsorbed on silver,.66 However, thll attenuation of the Ag 3d peak in sample D
.~,

after the addition of 4-:MPy, shown in Figure 4.19 (D), is consistent with a coverage of 4-
. .

MPy moleculeson top of the colloïdal surface.
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FIGURE 4.15XPS of Nitrogen Is region for sample (C): Si/3-MPT with aJlsorbed Ag
1: ~

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

MPT/Agl4-MPy); and sample (E): Si{3-MPT/Agl4-MPy immersed in aqueous Cu(N03)1

solution, (Si/3-MPT/Agl4-MPy/Cu).
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FIGURE 4.16 Curve fitted N ls peaks for samples (0): Si/3-MPT/Ag with adsorbed 4­

MPy, (Si/3-MPT/Agl4-MPy); and sample (E): Si/3-MPT/Agl4-MPy immersed in aqueous

Cu(NÛ3h solution, (Si/3-MPT/Agl4-MPy/Cu).
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FIGURE 4.17 XPS of Copper 2pregion for sample (A): Si wafer; sample (il): Si wafer

modified with 3-MPT, (Si/3-MPI'); sample (C): Si/3-MPT with adsorbed Ag coiloid, (Si/3­

MPTIAg); sample CD): Si/3-MPTIAg with adsorbed 4-MPy, (Si/3-MPT/Ag/4-MPy); and

sample (E): Sil3-MPT/Ag/4-MPy immersed in aqueous Cu(N03h solution, (Sil3­

MPTIAg/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-MPr, (Si/3-MPI); 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(N03h solution,(Si/3-

• MPr/Ag/4-MPy/Cu).
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4.7 CONCLUSIONS

The IOEW-SERS study shows that thepara-position of the pyridine nitrogen on the

surface-confined 4-MPy molecular layer proves to be. essential in providing a binding site

which is capable of interacting with probe Cu2+ ions. In contrast, the IOEW-SERS

spectrum of sterically hindered 2-MPy shows no observable change in the presence of

Cu2+ ions.

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 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 the surface­

confined 4-MPy is thus available to interact with probe ions. The principal focus of this

study has been to demonstrate the ability of a 4-MPy adsorbed layer to behave as a metal­

ion sensor using IOEW-SERS. Spectral changes were observed in the IOEW-SERS

specttum of 4-MPy after immersion in an aqueous solution of Cu(N03h. A combination

ofintensitychanges including, the appearance ofa band at 1034 cm-l, assigned to a Ul ring

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

changes were observed in the IOEW-SERS spectrum of2~MPy upon exposure to Cu2+

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 H+. A uSa

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

solution of pH 1. Subsequent exposure to Cu2+ ions 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 Is 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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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 RkMAN SCATTERING OF 4·

MERCAPTOPYRIDINE ON SILVER ELECTRODES AND THE

SURFACE INTERACTION WITH COPPER(II) IONS
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5.1 SUMMARY

The potential dependent SERS is reponed for 4-mercaptopyridine (4-MPy)

adsorbed on a polycrystalline Ag electrode. The SERS spectra at low negative potentials (E

> -0.6V) are comparable to previously reponed SERS studies of 4-MPy adsorbed on a

meta! surface via the thiolate moiety. With increasing negative potentials (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 particular, an

additional '\)1 ring breathing mode, suggests that a new 4-MPy species is adsorbed on the

electrode surface. This species 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 changes associated with metal-nitrogen coordination of surface bound

4-MPy, the electrochemical cell was exposed to a solution of Cu2+ ions at open potential.

At this potential, 4-MPy is adsorbed on the electrode surface via the sulfur atom leaving the

"free" uncoordinated nitrogen available to interact with Cu2+ ions on the solution side of

the electrode interface. Spectral changes are observed similar to those which OCCUT at more

negative potentials (E < -0.6V) in the absence of Cu2+ ion and, by analogy, these changes

are associated with a Cu-pyridine nitrogen interaction on the electrode surface. Essentially,

we have demonstrated that a 4-MPy-modified Ag electrode can behave as a metal ion

sensor sitnilar to the IOEW-SERS study.

A possible contribution from a charge transfer (CT) process to the potential

dependent band enhancement prome 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).
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5.2 INTRODUCTION

Considerable research has been directed towards the SERS investigations of

pyridine adsorbed on electrode surfaces. There now appears to be general agreement that

both eleetromagnetic (EM) and charge transfer (Cf) mechanisms are involved in the overall

enhancement of Raman sign.als.1-3 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 cr mechanism, a resonance

Rarnan-like process, requires direct proximity between the molecules and the surface. The

degree that each mechanism contributes, in particular the cr process has been studied

extensively for pyridirte adsoIbed on Ag electrodes.J·4-8 Relatively few electrochemical

SERS studies have been conducted on substituted pyridines7•9-11 and only a few

electrochemical SERS studies of 4-mercaptopyridine (4-MPy) on Au electrodes have been

reponed.12.13 Funhermore, while alkylthiol self-assembling monolayers (SAMs) are the

most intensively studied SA monolayers on gold surfaces,14little attention has been given

to aromatic thiols.14-18 Monomolecular films formed from ,?rganosulfur surfactant

molecules possess a head group that binds to a panicular metal and a taiI group that has a

specific chemical functionality. A1kylthiols have demonstrated their uti1ity as a means of .

controI1ing the interfacial reactivity of a metal in adhesion, lubrication, chemical sensors

and electroanalysis.19 Aromatic thiols have also shown simiIar properties, in particular,

surface-confined 4-MPy can electrostaticallybind probe ions from solution.20

Recent repons have shown that the aromatic !hiol SAM of benzenethiol is stable to

applied potentials,21 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.14 Simi1ar to benzenethioI, 4-MPy is reponed te adsorb on Ag, Au and Pt

metal surfaces through the sulfur atom with the pyridine ring oriented approximately

.. normal to the metal surface.12,14.22-24 Ele~nic energy loss spectra (EELS) of 4~MPy

adsorbed on an Ag(Ill) single crystal electrode àt negative potentials (E < -004 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 < -O.5V) for the SERS of 4-MPy

modified Au eiecIrodes.l2 It was also suggested that apart from a potential dependent

adsorption/desorption, adsorbed 4-MPy remains inen towards electroehemical oxidation

and reduction.23

We focus on the potential dependent SERS study of adsorbed 4-MPy for three

reasons: ftrStly, 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 1t-ring system. An imponant consideration is the effect of surface potential on the

stability of the metal-adsorbate interaction. Secondly, a wavelength-potential dependence

smdy on the SERS band intcnsity profile canbe used to clarify if the potential-dependent
,

intensity changes are attributable to a CI' mecbanism, as is observedfor pyridine. Thirdly,

the ion-binding capability of surface-confinèd. 4-MPy has been previously demonstrated by

cyclic voltammetry methods.14 We have previously observed metal-ion binding of4-MPy,

using a novel SERS technique, integrated optics, evanescent wave, surface enhanced

Raman scanering (lOEW-SERS) and demonstrated the potential use of this method as a

chemical sensor.25 The IOEW-SERS study showed that the para-position of the pyridine

nitrogen on the surface confined molecular layer is essential in providing a binding site

which is capable of interacting with probe ions such as Cu2+. In this present work, a 4­

MPy derivatized Ag electrode is exposed to a solution of eu2+ ions at open pOlentia! and
,

the cll-4-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. AlI other reagents were used as received. Analytical grade KCl (Analar BOR) was

used to prepare the eleetrolyte in Milli-Q water. Silver nitrate (p.a. Aldrich) was used to

prepare the silver-4-MPy complex. CU(N03)2 (p.a. Aldrich ) was introduced into the

electrochernical ceIl as a probe ion.

Ag Colloid Sols. Silver coIloid was prepared by reduction of AgN03 with NaBF4

foIlowing a procedure described previously.27 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 tt"ansferred to

a capillary sample cell for SERS measurements.

Silver.4·MPy Cornplex. To prepare the silver-4-MPy salt, equimolar quantîties of

AgN03 and 4-MPy (0.05 mol) were dissolved in an ethanol/water solution to yield a pale
-'-."

yellow precipitate of silver-4-MPy. The precipitate was filtered, rinsed 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.

Electrochernical SERS Measurernents. Raman experirnents were perforrned on a

Oilor OMAR8-89 spectrometer, equipped with an optical multichannel analyzer. The

spectrometer was filted with a 1800 grooves mm-1 grating operating in the subtractive

mode. A third dispersing grating was employed to image the output radiation onto a 512

channel therrnoelectrically cooled diode-array detector. For data acquisition, the

spectrometer \Vas interfaced,to an mM AT computer. The 514.5-nm laser line from a

Coherent Innova 70 argon-ion laser was used to excite the samples together with other lines

from a Coherent CR-599 dye laser. The dye OCM (Lambda Physik) could provide

excitation in the wavelength 610-710 nm region. Unwanted laser lines were removed by

an Anaspec 300-8 tunable laserfilter<, The mechanical slit width employed in the

measurements was 300 Ilm and the laser power at the sarnple was typically80 mW. AlI
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spectra were acquired over a 2 s integration period. The electrode was positioned 50 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. 6()O with re.peet to the surface normal.

The three-electrode electrochemical cell design used in these experiments was

reported previously .26 A polycrystalline Ag disk working eleetrode (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 distilled water for ca 15 min to remove any trapped

alumina before use. A Pt wire (99.9% Aldrich) was used as a counter electrode. AIl

potentials are reported versus a saturated calomel electrode (SCE). The electrolyte

consisted of O.IM KCI 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 acquisition. Pcitentials

were controlled by a Princeton Applied Research Model 273 potentiostat. Cyclic

voltammograms were recorded on a Kipp & Zonen X-Y recorder. Roughenin& of the

electrode was accomplished by transferring the electrode to the spectroelectroehemical celi

and applying three oxidation-reduction cycles (ORC) with laser illumination. The electrode

was roughened by an anodic sweep, foliowed by a cathodic sweep at the same rate (-700 to

+100 mV àt 5mV/s). The electrode was then removed from the electrochemical celi and
ê'

immersed in a 2 x 10-3 M aqueous solution of 4-MPy for 5. min. The electrode was

removed from this solution, washed with Milli-Q water, transferred to the

spectroelectroehemical celi and a single ORC was applied with potential being stepped back

';to -100 mV. A single ORC was applied before the SERS spectra were coliected for each

wavelength.

An electroehemical investigation of adsorbed 4-MPy with Cu2+ ion deposition was

carried out after the potential-wavelength dependence studies. Prior to Cu2+ exposure a

single ORC was applied after which the celi was left at open potential. A solution of
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Cu(N03h (2 mM, 10 mL) was introduced into the eleclrolyte solution in the

electroehemical cell.

Normal P..:!man Measurements. Fr-Raman spectra of 4-MPy powder and the silver

4-MPy complex were recorded on a Bruker lFS-88 spectrometer equipped with an FRA­

105 Raman module and a liquid Nz-cooled proprietary detector. The spectra were excited

with a Nd3+:YAG laseroperating at1064.1 nm (150 mW), with 250 scans being typically

collected at2 cm-1 resolution.
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5.4 RESULTS AND DISCUSSION

5.4.1 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 Fr-Raman spectra

of the silver-4-MPy complex and bulk 4-MPy powders. The SERS spectra collected at 0 V

and at open patential for all excitation wavelengths display spectral profiles similar to

previously reported SERS spectra of 4_MPy.12,22,25 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-1 observed in the spectrum of the silver-4-MPy complex is

assigned to the 'llsym(N03-) mode of the nitrate anion in AgN03' 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 thiopheno1.15,28-31 The

similarities between the SERS speCtrunl of adsorbed 4-MPy from the Ag electrode and that

of the normal Raman spectrum of bulk silver-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 adcluster-molecule complex formed from the redox process difficult.
"II

Such complexes have been' observed for other compounds on electrode surfaces, e.g.,
i

4,4'-bipyridine.32,33 /

By comparison with the bulk Raman speCtrunl, the SERS spectrunl is dominated by

bands attributed to al modes and two b2 in-plane ring modes (see Table 5.1). Application

of the surface selection rulesp,.3,4,35 reveals that the al and b2 modes (for C2v 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

bl modes when the plane of the ring lies normal to the surface. PreYions studies of 4-MPy

adsorbed on a variety of metal surfaces including Ag, Au and Pt using SERS,12,22,24

EELS and Auger23 techniques have also 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 Fr-Raman spectra of bulk powder 4-MPy (a); bulk powder

silver-4-MPy complex CÀex =1064.1 nm at 150 m) (b); Ag colloidal SERS spectrum of 4­

MPy (10~, 2 x 10-4 Min 2 mL of colloid) (c); and SERSspectrum of 4-MPy adsorbed

on Agelectrode atO V acquired with 514.5 nmexcitation (d).
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TABLE 5.1 Assignments and wavenurnber positions (cm-l ) of normal Raman and SERS

sot erra or mercaotoDVI ne.

Assignment (a) Solid Silver-4- Colloidal

MPy sol. OrnY -1000rnY open

cornplex (rnV vs SCE) (rnV vsSCE) potential

Type 1 Typell with Cu2+

7al, ô(C-S) / 431 430 430 425 447 442

y (CCC)

16bl, y(CCC) 471 489 490 498

6h2, ~(CCC) 647 646

6al,(~(CC) / 721 714 705 706 702m8 711n23

ll(C-S»

10bl, y(CH) 790 813

901

lai (Ring brealhing) 990 1lX>7 1007 1005 998/1019 1013,
1041*

18al, ~(CH) 1045 1057 1057 1057

18b2, ~(CH) 1080 1065 ,,- 1072

12al, (Ring 1106 1107 1098 1091 1091 1098

breatlùng)/ll(C-S)

1135
.

~(CH) /ô(NH) 1200 1222 1218 1206 1213

9al, ~(CH) 1250

3b2, ~(CH) 1290 1305

1338

14h2,ll(CC) 1394 1407

19h2, 'll(C=C/C=N) 1459 1433

19a1, 'll(C--e/C=N) 1478 1470 ..

8b2,1l(CC) 1604 1586 1573 1574 1572/1569 1578

8al, ll(CC) 1616 1615 1608 1585
.

1617

"/0

•

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

• (*) Band assigned to llsym(N03-) frorn AgNÜ3.

1
\,.
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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 '\)(SH) band at 2573 cm-l .15 As discussed previously,25 4-MPy exists as a

thiol-thione tautomer for which the thione form predominates36,37 (Figure 5.2) and instead,

a broad 'U(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 (via a Ag-thiolate bOnd)

is complicated by the absence of the 'U(SH) marker band. Other marker bands, such as the

'U(C-S) mode at 720 cm-l, display characteristic spectral shifts to lowerwavenumbers near

706 cm-Ion 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.!5-17 Further evidence for Ag-thiolate interaction is given by

spectral changes associated with the X-sensitive '\)12 [ring breathingl'U(C-S)) mode at 1106

cm- l . This band experiences a dramatic increase in intensity for all SERS spectra of 4­

MPy. This enhancement is similar to that observed for both the SERS spectrum of

thiophenolon Au electrodes15.17 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 atom 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.38

5.4.2 Electrochemical SERS of 4·MPy

Cyclic voltammograms (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 O.lM KCl electrolyte (Figure 5.3). Both voltammograms are similar and may,

therefore, be an indication that the 4-MPy layer remains electrochemically inen within the

applied potential range on the electrode surface. A similar conclusion was made for

• electrochemical studies of thiophenol and 4-MPy modified electrode surfaces.12,14,23
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• FIGURE 5.3 Cyclic voltammogram of 4-MPy (1 mM) adsorbed on an Ag electrode in

0.1 M KCI. The potential range is from 0 to.-l.O V (vs. SCE) with scan rate of 10 mY/s.
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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 spectr:l of 4-MPy adsorbed on an Ag electrode using 633.47 Dm

excitation at the potentials listed (vs. SCE).
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•
FIGURE 5.6 SERS spectra of 4-MPy, \lI 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 jJotential or at 0 V are significantly modified in terms of intensity, position and band

profile compared to the specrra observed for applied poter,tials near -600 mV. Figures 5.4

and 5.5 show 3-D âisplays of the SERS specrra collected for the UI ring breathing mode

region using 514.5 and 633.47 nm excitation wavelengths. At polentiaJs more negative

than -600 mV, a new band appears at 1019 cm- I to the higher wavenumber side of the \)1

mode and is fully resolved at -1000 mV. Similar specrral changes were observed within

the potential range -600 to -1000 mV for all excitations. as shovm in Figure 5.6. The

appearance of additional bands at negative potentials for all excitation waveler.gths suggests

that an electroehemically induced change in the 4-MPy environment at the elecrrode surface

has occurred. Spectral changes observed at potentials more negative than -600 mV are as

follows:

(1) The ul ring breathing mode near 1005 cm-} develops a shoulder OIithe higher

wavenumber side with increasing negative potential and, at "900 mV, this band becomes

clearly resolved into an additional band at 1019 cm-l, while the original \lI band is shifred

from 1005 to 998 cm-I. The band at 1019 cm-1 gains intensity to become more intense
~, -

than the original \lI mode when the potential is -1000 mV. The ring breathing mode, \l12.

decreases progressively in intensity relative to the \lI mode'and remains unshifted with

increasing negative potential .

(2) 'The 9al ~(CH)mode at 1219 cm-1shifts t~ 1206 cm-1 atpotentials near -1000 mV.

(3) The '\)Sal (C-C) ring stretching mode at 1608 cm-1 decreases in inteilsity at more

negativepoientials and is barely observed beyond -600 mV. The \lsb2 mode shifts from

1575 to 1569 cm-1 and a weak band develops at 1585 cm-1 at around -800 mV, as the

original '\)Sal band is simultaneously shifted ta 10wer wavenuînbers.

(4) The lower frequencyregion between 800-200 cm-1 covers bands assigned tO the \~~

ô(C-S) and '\)(C-S) modes at 425 and 706 cm-l, respectively. With increasing negative ,

pote~tials, the latterband develops ,a shoulder on the lùgher 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).
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• resolved at 718 cm-! and gains intensity compared 10 the original band al 706 cm'! near

-1000 mV. The 428 cm-! band simultaneously broadens and is centered al 447 cm-! near

-1000 mV. Figure 5.7 shows the spectral changes observed for both (C-S) bands al-looo

mV for 514.5 nm excitation.

No cathodic reaction was observed by CV ( Figure 5.3.) in the polential range -600

to -1000 mV that could be attributed ta an electroehemically reduced species produced on

the Ag electrode in the SERS experiment. The spectral changes were reversible and

responded quickly when the polential range was reversed from -1000 mV back 10 0 V

indicating that adsorbate desorption from the surface did not occur. Since the potential

range was not scanned past -1000 mV, the differences attributable to changes resulting

from loss of SERS active adatom sites is unlikely.39 The appearance of additional4-MPy

bands, namely the u], usb2 and u(C-S) modes and IWO other bands which have shifted to

1206 and 1569 cm-l, can be associated with a new surface 4-MPy species, referred to as

Type II, whereas the thiolate bonded species (the only 4-MPy species observed with the

potential range 0 to -600 mV)is referred to as Type I. The (;:-S bond modesgive sorne
. '-~

insight as to the identity of this new species. The u(C-S) and ll(C-S) modes ofT~~f are

at 718 and 447 cm-l, respectively and are similar to the band positions, 721 and 431 cm-l,

observed for bulk 4-MPy. A possible reason for the appearance of such modes associated

with Type II species lies in the stability of the Ag-thiolate bond (Type l) at higher negative

potentials. As thepotential is made more negative, a negatively charged thiol~te sulfur

maybe less stabilized on the Ag electrode surface while a thione (C=S) species (the species

predominant in bu1k: 4- MPy), which has a weaker interaction with the electrode surface, is

stabilized relative to the thiolate bonded species at these potèmtials. This change in

adsorbate structure is manifested by the shift of CoS band:> to higher energies. The spectral

changes observed in this work are in contrast to those reported for 4-MPyon Au

electrodes,12 where the thiol tautomer is reported to be the preferential adsorbate at

potentials more negative than -500 mV.
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Other Type Il bands with specrral counterparts associated with bulk 4-:MPy are also

observed. The 1206 cm-] band, is ~imilar in position to the 1200 cm-1 band assigned to the

o(NH)/o(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-1 assigned to P(CH).

Since the potential profile is reversible within the established range it appears that the Type

Il species assembles on the electrode surface, in addition to the 4-:MPy thiolate bonded

species. Unlike self-assembly of alkylthiol monolayers on Au surfaces, aromatic thiols on

polycrystalline Au form poorly defined, less compact surface coverages.14 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 bonding conformation on me electrode surface, i.e., 4-MPy adsorbed

.via the pyridine N atom.

It appears unlikely, however, that me Type II species is associated wim multilayer

formation. Spectral features that suppon this assenion maybe associated wim. me Type Il

. band at 1019 cm-1 assigned to a Ul mode. This Type Il Ul ring breathing band is shifred

considerably to higher wavenumbers from me corresponding ul band position in the

normal unenhanced Raman speetra of bulk 4-MPy (6.u =29 cm-1), silver-4-MPy complex

(6.u = 12 cm-1) and the SERS spectra of 4-MPy adsorbèd on the Ag electrode (6.u = 21

cm-1) wimin me potential range 0 to -600 mV. Pyridine vibrational modes, upon metal

complexation, typically experience relatively small perturbations.40 However, among the

changes observed on complexation is an increase of me ul ring breaming mode

frequency.41,42 Normal Raman smdies of pyridine adsorbed on y-alumina have identified

Lewis acid-coordinatedpyridine associated wim a ul mode at 1019 cm-1.43 Similarly,

pyridine chemisorbed on an Ag electrode is associated wim a band at 1024 cm-1.44 The

presence of4-MPy molecules (Type Il) adsorbed on the electrode surface via me pyridine­

nitrogen iifthus confirmed by the appearance of a ul mode at 1019 cm-1 at higher negative

potentials, whereas surface-bound 4-MPy (Type l) wim an uncoordinated pyridine-
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nirrogen atom has a characteristic band al 998 cm-I. Previous SERS smdies of pyridine

reveal a preferential mode of adsorption which varies with potential, e.g., neutral pyridine

adsorbs on a silver elecrrode surface via the nirrogtm lone pair at potentials closer 10 the

point of zero charge (pzc;~stimated 10 be -700 mV vs. SCE in a.IM KCl),45 whereas the

pyridinium chloride forms the more stable adsorbate at more positive potentials.46 The

preferential adsorption wough the pyridine nirrogen atom occurs at potentials similar 10

those for which the appearance of 4-MPy Type Il bands is observed. The preliminary

indication from this Ul band rcd-shift is that the surface N-adsorbed Type Il species binds

more srrongly (Lewis acid) to the electrode surface at very negative potentials than do the

thiolate-adsorbe~ 4-MPy molecules which are stabilized at more positive potentials. 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 potential dependent

band enhancement profile of adsorbed 4-MPy, the relative.band intensities are ploned 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, IU111u12, increases with

increasing negative potential for aIl wavelengths; however, the U1 bàhd is more wavelength

dependent. The intensity-potential profile for the Ulband 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 peakintensity maximum to more negative potentials as the excitation

energy is decreased, in agreement with the trends reponed for metal-to-adsorbate CT

excitation for pyridine .adsorbed on Ag electrodes.I .4,5 A similar CT mechanism (for b2

modes) has also been reponed for p-aminothiophenol47 adsorbed via the thiolate sulfur on

Ag electrodes. This approach is based on tuning a CT excitation into and out of resonance

by changing the applied potential or the excitation energy.1.4,5 In electroehèmical

176



·-633nm
-514nm
-488nm

200

- 150en....
C
::J

.0 •
L..

Cl::->.

/'-~-~-"Ci)
100C

CD ~-C·

C
~~

as
E
as

CI:

50
•

/
• •......-e

0

•

-1000 -800 -soo -400 -200 o

Potential (rnV VS SCE)

•
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experiments, the Fermi level (Er) of the electrode can be changed relative to elecnunic level

of the adsorbed molecule by changing the applied potential. The SERS intensity becomes

large at cenain potentials where the energy gap belWeen Er and a molecular elecnunic level

becomes equal tO the excitation energy of the incident I1l.diation. According to the

theoretical CT model of SERS, the intensity-potential profile should be symmetric if the

affinity level involved in CT is symmetric.4 However, the observed profile for ail

excitation wavelengths appears asymmetric since the Imax 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 become scanered. The appearence of the Type Il '\lI band near

-600 mV, anributed to 4-MPy species adsorbed via the nitrogen atom, may be correlated

with the asymmetry of the intensity-potential profile. The remaining al or b2 ring modes

do not display CT-like intensity-potential profiles with excitation. The effect ofvibronic

coupling48 in substituted pyridines, e.g., in 4-MPy where the C-S bond modes are mixed

with al ring modes,49 must be taken into account when considering the contribution of a
- ~

CT mevhanism to the enhancement profile. This observation is in contrast to the SERS of

pyridine, where a number of al modes benefit from a CT mechanism and show symmetric

intensity-potential profiles.8 We conclude that although a CT mechanism appears t'o
\\

contribute to the enhancement profile of 4-MPy, perturbations to this intensity-potential

profile are manifested by spectral changes such as the appearence of an additional '\lI band,

anributed to the Type II species.

As discussed above, the contributions of CT and EM mechanisms are known to

influence the SERS intensities of adsorbates. These effects are not easily resolved from the

changes in intensity brought about by reorientation. Sorne observations, suggest that

reorientation from a perpendicular to a flat lt-bonded conformation on the surface does not
.:.

occur. A potential-dependent reorientation of the 4-MPy ring on the surface from a normal

to a flat ring x-adsorbate interaction is not expected to yield a '\lI mode shifted 10 higher
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wavenumbers. A shift in 1.)1 ta lower energy is anticipated since bonding through lt­

orbitais is expected to weaken the C=C ring bonds.so In addition, the out-of-plane modes

in the lower wavenumberregion, which wou;d be expeeted 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 confonnation at the elecrrode surface, namely, 4-MPy

adsorbed via the pyridine nirrogen. The proposed "free" uncoordinated nitrogen of

surface-confined 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

potential. Spectral changes associated with a Cu-pyridine nirrogen interaction would be

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

negative potentials where a Ag-pyridine nitrogen interaction OCCIIJ'S.

5.4:4. Immersion of a 4-MPy-Modified Ag. Electrode in Aqueous

Cu(N03h Solution

Followingthe potential- and wavelength-dependent experiments, another ORC was

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

profile of 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(N03h was then introduced into

the elecrrocheDÙcal cell containing O.IM KCl after which the open potential was changed to ..

+81 mV. The SERS specrrum collected 5 nùn after addition of Cu(N03his sho~ in

Figure 5.9. The most dramatic intensity changes are observed for the ring breathing

modes, \>1 and \>12, and the ~(CH)/è5(NH) band at 1213 cm-1 as compared to the SERS

specrrum of 4-MPy in the absence of Cu2+ (at a similar potential). The relative intensity

ratios for 1\>I/1\>12 and I\>I/1~(CH)/è5(NH) decrease from 2.8 to 0.67 and from 1.95 to

1.3, respectively, after Cu2+ ion addition. The specttiI changes observed upon Cu2+

addition (see Table 4.1) are similar to those observed for Type Il species in the potential
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FIGURE 5.9 SERS spectrum of adsorbed 4-MPy on Ag electrode at open potential after

the addition of 10 mL (2 mM) Cu(N03h solution to the electrolyte solution.
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• range -700 to -1000 mV in the absence of Cu2+ Le., where the Ag-pyridine nitrogen

interaction occurs at the electrode surface. Other spectral changes noted were: a UI shift to

higher energy (1013 cm-I), the absence of the usai band, an additional ~(CC)Iu(C-S) band

at 723 cm-l, and a Il(C-S)I'«CCC) band shift to higher frequency (442 cm-I). Byanalogy

•

to the spectral interpretation presented for 4-MPy Type II species, the spectral changes

observed upon Cu2+ addition, which have similar spectral counterparts to the Type II

bands, can be associated with a metal-pyridine nitrogen interaction. The UI band shift

(1003 to 1013 cm-I) is similar to the UI band shift reponed for pyridine adsorbed on an Ag

electrode (1007 to 1012 cm-I) after submonolayer underpotential deposition of Cu2+ ions

(-700 mV vs. SCE and O.lM NaCI electrolyte).51 Only low copper concentrations

(submonolayer coverage) deposited on the electrode surface exhibit a Cu-pyridine nitrogen

ihteraction, which retains SERS activity using 514.5 nm excitation. In our smdy; SERS

activity was retained in the' presence'of Cu2+ ions at open patential.

For bothu(C-S) bands at 711 and 723 Clll-1, the fonner is associatedwith,~-MPy
"",,,, ..,

adsorbed to the electrode surface via the thiolate sulfur (compared to 706 cm-I iI(ilie-=".
absence of Cu2+) while the latter band is attributable to a Cu-4-MPy complex, which has a

weaker Ag-su1fur electrode interaction. Penurbation of the Ag-sulfur interaction is also

accompanied by the U12 band intensity decrease. The U12 band, similar to that for

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

displayed by ~(CH)/Il(NH) band, together with the shift in Ul, suggest that the

penurbation experienced by the delocalized 1t-electrons of the ring is accompanied by a

change in the pyridine nitrogen environment The intensity changes are unlikely to result

from a change in orientation on the surface as the out':of-plane modeS'remaîn unenhanced

and the usb2 band intensityis enhanced after Cu2+ addition (as is also observed for Type II

species).
{,

.1\
Spectral changes observed with Cu2+ addition, namely changes to bands in the

1650-1000 cm-1 region, are comparable to theIOEW-SERS studyof 4-MPy after
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immersion in Cu2+ ion solution, discussed in Chapter4. Bands associated with (C-S)

modes in the lower frequency region were obscured by scanering from the waveguide

interface in the IOEW-SERS spectrum. Thus, SERS from 4-MPy modified Ag electrode

can provide complementaxy information with respect to the sulfur-Ag interaction.

On the basis ofSERS data alone, the structure of the surface Cu2+-complex cannot

be discemed. Few systematic changes have been observed for the vibrational fundamentals

ofpyridine (upon metal complexation) associated with changes in complex stoichiometry,

stereochemistry, or valency of the complexing metal.42,52 The unenhanced Fr-Raman

spectra of Cu(Py)n(N03h complexes (n = 2, 4, 6) are very similar53 and the SERS spectra

ofpyridine adsorbed at various copper interfaces show only slight differences.54

A progressive 105S in SERS activity was observed upon exposure to Cu2+ ions at

open potential and, after 25 min, the SERS spectrum was not observed. Although the

underpotential deposition (UPD) of Cu on Ag electrodes does not occur at open potential

(+81 mV),51 il is possible that quenching of SERS activity may arise from Cu2+ ions

which penetrate through the 4-MPy layer ta the electrode surface. A non-compact coverage

of4-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·· have beèn correlated for UPD of foreign metals o~ SERS-active

electrodes.55,56 Alternatively, changes in the surface adsorbate coverage on Cu2+­

modified Ag electrodes may contribute to the SERS quenching. An ORC was applied in

the range +200 to -200 mV in an attempt ta regenerate the SERS spectrum. In addition to

the UPD of copper on the el~trode surface, the same SERS spectrUm was recovered, but

at ca. 10% of the initial SERS intensity.
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5.5 CONCLUSIONS

The SERS of 4-MPy adsorbed on an Ag electrode has been examined as a function

ofpotential (-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

to -500 mV are similar to those of other SERS spectra reponed for 4-MPy on a variety of

metal substrates. Analysis of the spectral feamres reveals that 4-MPy adsorbs on the Ag

electrode through the thiolate sulfur with the ring plane perpendicular to the surface (Type

l). With increasing negative potentiaIs (E > -600 mV), additional bands associated with 'Ill

ring breathing and 'Il(C-S) modes appear. The former 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 Il) is adsorbed on the electrode

surface, in addition to the 4-MPy species adsorbed via the sulfur atom. This Type II

species is assigned to 4-MPy which is adsorbed via the pyridine nitrogen. Spectral

changes similar to those observed for Type II species were noted when the 4-MPy­

detivatized electrode was exposed to a Cu2+ ion 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 observed for pyridine adsorbed on Ag elcctrodes with

submonolayer Cu coverages.

Potential-dependent band intensity changes were observed and, to evaluate the

possible contribution of a CT process to the band enhancement profile of 4-MPy, the

relative ·band intensities were plotted as a function of appliedpotential and excitation

wavelength. The wavelength-dependent, intensity-potential Culves 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 smdy these adsorbates, namely, 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 combines both

waveguide Raman spectroscopy (WRS) and SERS, known as Integrated Optics,

Evanescent Wave, SlLrface Enhanced Raman Scanering (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 dichloromethane. The

internal structures of the resulting films were substantially influenced by the chemical

nature of the adsorbate. Pyrazinamide (pza) and 2-mercaptopyridine (2-MPy) formed

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 adsorbate 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 compllrison, 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 coIloid-2-MPy

interfacial film sample. Furthermore, we showed that for a particular adsorbate, the

process of film formation (e.g., rate ofintexphase transfer) as weIl as the microstructure of

• the film is substantially influenced by the Ag content of the parent Ag coIloid. In the case
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of Ag-pza film, the difference Oerween the Ag content of Ag colloid 1 and II leads to

distinctly different structures of the resulting films. The Ag-pza 1 films fonu 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 1 and II

films suggest that the pza molecules assume flat and perpendicular orientations,

respectively. Similarly, upon deposition the Ag-4-MPy 1 organosol aggregates readily

assemble into a continuous film, while the compact 3-D Ag-4-MPy II aggregates remain

unpenurbed. The SERS spectrum 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 1organosol are attributed to a bidentate coordination

complex (using both Sand N atoms) of 4-MPy. In the case of 2-MPy, no aggregation

occurred with Ag colloid II. The Ag particle:adsorbate concentration ratio was thus varied

by altering the adsorbate concentration. The SERS spectra show that for high adsorbate

concentration, the 2-MPy molecules are packed perpendicular to the surface while at low

concentration the molecules lie fiat

Chapter 3 describes the fabrication of a waveguide heterostructure on nano-scale

dimensions by grafting silver colloid particles onto thin glass slides using a molecular.

adhesive, 3-MPT. This assembly combines the unique optical properties of both SERS

and WRS systems by allowing optically guided light to propagate into the thin colloid film
"

as an evanescent wave. An IOEW- SERS spectrum of 4,4'-bipyridin~,adsorbedon the

colloidal superstrate surface demonstrates the SERS-activity of this(I~aveguide, even

though nearly 98% of the incident field is within the waveguide itself. In addition, spectral

bands 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 comparable 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 geometry resulted in carbonization of the waveguide surface.

The IOEW-SERS of 2- and 4-MPy have been compared with other SERS

substrates suçh 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 Cu2+ probe

ions. Perturbations to the vibrational structure of 4-MPy indicated that quartemization with

protons was reversible, whereas Cu2+ was bound irreversibly. X-ray photoelectron

spectroscopy provided insight into the layer-by layer assembly of the waveguide

heterostTUcture, from the substrate to the Cu2+ ion. The XPS data showed surface­

cOlÛmed 4-MPy had two nitrogen environments, attributed to both physisorbed and

chemisorbed species. Both N 1s peaks shifted to lower binding energies upon exposure to

Cu2+ which adds further suppon 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 using 488, 514.5,

633.47 and 651.5 nm wavelengths. With increasing negative potentials (E < -600 mV),

additional bands appear, namely 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 lI)

adsorbed via the pyridine nitrogen on the electrode surface. This species is stabilized

relative to the thiolate bonded species(Type I) at higher negative potentials. Spectral

changes, similar to those observed for Type II species were noted when the 4-MPy

derivatized electrode was exposed to a Cu2+ ion solution at open potential. In this case, 4­

MPy remained adsOt:bed on the electrode via the sulfur atom and the "free" uncoordinated
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pyridine nitrogen was available ta interact with the eu2+ probe ions. Spectral changes

observed for the ur and 1)r2 ring breathing modes on eu2+ exposure had similar spectral

counterparts observed for the IOEW-SERS study of 4-MPy with eu2+ exposure providing

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

(1) The rate offormatio;:. adsorbate orientation and the macrostrucmre of interfacial Ag

colloid-adsorbate films (MELLFs) formed herlVeen an aqueous Ag colloid and a solution of

an adsorbate in dichloromethane were shown to he subs!llIltially 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 influence the above processes.

(2) The work described in this thesis demonstrates a novel technique for combining

waveguide Raman spectroscopy (WRS) and surface enhanced Raman scanering (SERS), ­

i.e., Integrated Optics, Evanescent Wave, Surface Enhanced Raman Spectroscopy,

(lOEW-SERS). The fabrication of a heterogenous waveguide assembly by grafting silver

colloidal particles OntO a glass waveguide was described. The propagation of optically

guided light which can propagate into the colloidallayer as an evanescent wave and couple

with the surface plasmon modes wasshown to support conditions necessary for SERS.

The IOEW-SERS spectra from the waveguide interfacial structure and from an adsorbed

layer of 4,4'~bipyridinewere measured.

(3) The IOEW-SERS of 4-mercaptopyridine (4-MPy) was shown to be coextensive

with other SERS techniques studied in this work i.e., silver colloidal sols, MELLFs and

roughened silver electrodes. A comparative study of ail the SERS substrates using 4-MPy

was undertaken where relative intensities and band shifts associated with surface-confined

4-MPy were shown to he similar. Analysis of the spectral profile confumed that 4-MPy is

adsorbed via the thiolate sulfur With the plane of pyridine ring heing perpendicular to the

silver surface.
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(4) The swface-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 heterosnucmre using XPS provided complementary evidence regarding the

interfacial snucture 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 roughened

silver electrodes was demonstrated for the fust rime. The ambidentate properties of 4-MPy

were exploited and the spectral changes observed with changes in surface potential were

atttibuted to both thiolate- and nitrogen-bonded swface-confined 4-MPy species. In a

manner similar to the IOEW-SERS study, exposure to Cu2+ probe ionsproduced spectral

changes consistent with a Cu-nitrogen interaction.

c'

194



• 6.3 SUGGESTIONS FOR FUTURE WORK.

(1) The persistence of the SERS effect using near infrared (NIR) excitation has heen

clearly demonstrated for gold substrates.1,2 The wavelength and potential dependence of

SERS extends to the NIR region even though classic cross sections for Raman scanering

would predict a decrease in going from visible to near infrared the acmal intensities

increase. The extension of WRS into the Fr-Raman regime using NIR (1.064 lJ.m)

excitation requires the same waveguiding requirements such as prisms, substrates and

coupling optics and refractive inde~es conditions.3 There are, however, two experimental

problems using NIR which can he overcome. The first involves using invisible radiation at

1.064 lJ.m which c:m he coupled in the waveguide using the red line of a He:Ne laser

colinear with the Nd:YAG beam. When coupling is complete the He:Ne can he mmed off,

leaving the Nd:YAG as the propagating beam in the waveguide. Secondly, the geometrical

mismatch of the waveguide stteak and the circular enttance aperture of the Fr-IR can

compensatedfor by using a fiber optic for collection that bas a line geometrical arrangement
. .

on one eitdthatcaÎl he used for collecting the scattered light from the streak and a circular,..
arrangement at the other endfor alignment withthe Fr-IR aperture.

Since the above aspects demonstrate that both WRS and SERS are accessible to

.. NIR excitation, the IOEW-SERS substrate can also he adapted for NIR excitation by using

aAucolloidderivatized waveguide. The beneflts ofoperating at this wavelength include

. minimizationofphotoehemical effects such as fluorescence and the lack of thermal heating.
. .

, The IOEW-SERSexperimentusing visible excitationsuffers periodically from an apparent

.background fluorescence in thehigher energy regions 20004000 cm- l . Although the

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

glass\siloXanelayers of the waveguide. Fluorescencefrom bonded phase rnaterials e.g" ;"

"!~"'_""" _ ...,.non>1Y.' _ of """"""" ..labam~
. . ~

195



•

•

atmosphere is known te result in fluorescence which is thought 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 as an e1ectrode.4 The self assembly of

redox-active monolayers onto the colloid surface e.g., alkylthiols, can be used to estimate

the effectiveness of monolayers in itthibiting electrode kinetics and the extent to which

surface redox reactions are suppressed can be used to evaluate the quality of the

monolayer.5 Defects in the chemical association of the monolayer to the colloid and/or

structural defects in the attachment of the colloid to the rrQ surface and/or colloid particle

size distribution could lead to the incomplete coverage'of a monolayer detected by residual

electroactivity in cyclic voltammogram experiments.

Quartz and silica based fiber optics can also avail of the self assembly process of Ag

colloid particles by 3-MPT adhesive. The waveguide geometry can thus be extended from

asymmetric planar slabs to cylindrical fiber optics.

(3) The topography of the Ag colloid surface of the waveguide 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 Ag colloid derivatized waveguide

substrate does not require any modification in order to be probed· i.e., substrate is

electricallyconducting. Surfaces for TEM analysis are usually placed on carbon covered

copper or copper grids. In order to retainthe original integrityofthe glass/3-MPT/Ag.
, " '

1" ~ .

colloid assembly for TEM analysis, thismUltilayer arrangement can be assembled on'SiO. j/ .
covered copper grids (Ernest F. Fullam, Id.).

,f/
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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 he acquired

by spin coating a layer of 4-MPy from s01vent onto a silicon wafer. These results can he

used to identify the contributions from free 4-MPy and from 4-MPy adsorbed onto the

colloid surface. The same procedure can he applied to Cu(N03h to c1arify the shift

associated to copper binding on the 4-MPy layer.

(6) A study can he done to investigate the optical effect and IOEW-SERS of the

incident heam p01arization (TE vs. TM) in the waveguide. Perturbations to the optical

hehaviour of the waveguide may arise from changes to the radiative die1ectric constant

(7) The waveguide can he heterogeIÙzed by grafting 3-MPT to the colloid surface of the

waveguide. The terminal thi01 group of 3-MPT will react with colloidal partic1es 1eaving

the methoxy groups available for subsequent hydro1ysis and condensation reaction, This

glass layer can then he reactedwith R-Si(Cl)3. exposing the terminal R group a119wing for

a chetIÙcally modified surface,
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