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ABSTRACT

In this work, the results of several fundamental and applied studies employing
surface-enhanced Raman scattering (SERS) and surface-enhanced resonance Raman
scattering (SERRS) are presented.

First, the fabrication, characterization, and application of several new substrates
for SERS/SERRS are demonstrated. These SERS/SERRS substrates include mixed
Ag/Au evaporated nanoparticle films; self-sustained, Au nanoparticle embedded chitosan
films; dendrimer/Ag nanosphere LbL films; dendrimer/Ag nanowire LbL films; and
avidin/Ag nanoparticle LbL films. They are characterized using a variety of techniques
including: UV-visible surface plasmon absorption spectroscopy, X-ray photoelectron
spectroscopy, atomic force microscopy, transmission electron microscopy, and infrared
absorption. They are shown to be excellent substrates for SERS/SERRS measurements,
demonstrating significant enhancement capability and several other valuable
characteristics.

Next, the SERS spectra of the surface complexes of salicylic acid and 1-
naphthylamine on Ag are studied. Density functional theory (DFT) calculations and
several vibrational spectroscopic techniques are employed to aid in the interpretation of
the SERS results. It is concluded that salicylate chemically adsorbs on Ag nanoparticles
through its carboxylate group in a tilted, head-on orientation, while 1-NA on Ag forms a

coordination complex that is highly sensitive to water solvation.

Finally, single-molecule SERS/SERRS from Langmuir-Blodgett monolayers on
nanostructured metal films is discussed. Six molecular systems are studied at the single-

molecule level, using three nanostructured metal films, a variety of laser excitation

1ii
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wavelengths, and single-point and 2D spatial mapping techniques. For the first time,
overtones and combinations are observed in the single-molecule spectra of several
perylene derivatives; 2D SERRS mapping techniques are used to explore the breakdown
of ensemble averaging; single-molecules are distinguished in one-to-one binary mixtures
in LB monolayers; and non-resonant single-molecule SERS spectra are detected from LB

monolayers on nanostructured metallic films.

v
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Chapter 1

INTRODUCTION
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1.1 Introduction

The powerful microanalytical techniques of surface-enhance Raman scattering
(SERS) and surface-enhanced resonance Raman scattering (SERRS) involve large
increases in Raman and resonance Raman scattering cross sections of analyte molecules
adsorbed at the surface of nanometric-scale metallic particles that are capable of
sustaining radiating localized surface plasmon resonances.'™ The study and application
of these techniques has seen tremendous growth recently, and there are now almost a
thousand scientific publications that discuss them per year. They are being employed
widely in the medical, biological, chemical, and physical sciences toward a broad range
of problems.”” In particular, their high spatial resolution, high information content, and
ultrasensitivity make them especially attractive as analytical techniques. As well, high
quality, inexpensive, portable, and user-friendly Raman instruments are now becoming
available, making these techniques accessible to many more scientists than ever before.

At this point of remarkable growth, however, there remain several important
challenges facing SERS/SERRS. Three of the most critical of these challenges are
represented by the primary objectives of this thesis: (1) to develop high-quality,
specialized substrates that provide high enhancement of signals; (2) to provide strategies
for the comprehensive vibrational study of molecules adsorbed on metal nanoparticles, by
doing fundamental work on the interpretation of the SERS/SERRS spectra of different

molecular systems; and finally, (3) to develop and improve techniques for ultrasensitive

and single-molecule analysis of various molecules. These objectives are reflected in the

structure of this thesis, with each being the focus of a major chapter.
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In Chapter 2, though, a review is given of the most fundamental concepts
employed in the work of this thesis. In particular, Raman scattering, resonance Raman
scattering, SERS, SERRS,® surface-enhanced fluorescence’ and the Langmuir-Blodgett
film fabrication technique are introduced and discussed. In Chapter 3, the details of the
experimental and computational work of this thesis are presented in sections on samples,
characterization, and computation.

In Chapter 4, the development of high-quality, specialized substrates that provide
high enhancement of signals, the first objective of this thesis, is addressed. The results of
several studies on the fabrication, characterization, and application of new SERS/SERRS
substrates are presented.'®" In particular, new SERS/SERRS substrates presented in this
chapter include: mixed Ag/Au evaporated nanoparticle films: self-sustained, Au
nanoparticle embedded chitosan films, dendrimer/Ag nanosphere LbL films;
dendrimer/Ag nanowire LbL films; and avidin/Ag nanoparticle LbL films. These
substrates were characterized using a variety of techniques including: UV-visible surface
plasmon absorption spectroscopy, X-ray photoelectron spectroscopy, atomic force
microscopy, transmission electron microscopy, and infrared absorption. They were
demonstrated to be excellent substrates for SERS/SERRS measurements, demonstrating
significant enhancement capability and other valuable characteristics including: chemical
selectivity, functionality, biocompatibility, broadened and tunable enhancement regions,
improved physical properties, incorporation of different metallic nanoparticles, low cost,
easy fabrication, and water insolubility.

In Chapter 5, the provision of strategies for the comprehensive vibrational study

of molecules adsorbed on metal nanoparticles, the second objective of this thesis, is

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



addressed. In this chapter, the results of studies on the interpretation of the SERS spectra
of the surface complexes of salicylic acid and 1-naphthylamine are presented.'*'® Due to
the major structural changes that arise through the formation of the surface complexes of
these analytes, the interpretation of their spectra on Ag was of unusual complexity and
required the utilization of a variety of spectroscopic techniques, as well as DFT
computation, for different related chemical species. Through the use of these techniques,
the nature of the surface complexes of these analytes was determined. As well, the
origins of many of the effects that confound SERS spectral analysis, and strategies that
can be employed to resolve them, are discussed in this chapter.

In Chapter 6, the development and improvement of techniques for ultrasensitive
and single-molecule analysis of various molecules, the final objective of this work, is
addressed. In this chapter, the results of several studies where the Langmuir-Blodgett
approach to single molecule SERS/SERRS detection was employed are presented.'”> In
this work, 6 molecular systems were studied at the single-molecule level, using three
nanostructured metal films, a variety of laser excitation wavelengths, and single-point
and 2D spatial mapping techniques. The sections of this chapter discuss the study of
overtones and combinations in the single-molecule spectra of perylene derivatives; the
use of 2D SERRS mapping techniques to explore the breakdown of ensemble averaging;
single-molecule SERRS from one-to-one binary mixtures; and non-resonant single-
molecule SERS on nanostructured metallic films.

Finally, in Chapter 7, the conclusions of this thesis are summarized.
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Chapter 2

BACKGROUND
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2.1 Introduction

In this chapter, a brief overview is given to the most fundamental concepts
employed in the work of this thesis. In particular, Raman and resonance Raman
scattering are introduced, with particular focus on how they arise and how their
intensities are determined. Next, the surface-enhanced versions of these spectroscopies,
SERS and SERRS, are discussed. A particular focus is given in this section to the nature
of the electromagnetic enhancement mechanism that defines these phenomena. Surface-
enhanced fluorescence is then briefly described and distinguished from SERS/SERRS.

Finally, the Langmuir-Blodgett thin film fabrication technique is introduced.

2.2 Raman and Resonance Raman Scattering

When light is scattered by molecules it is usually done so elastically, and is
referred to as Rayleigh scattering. However, it is also possible for molecules to
inelastically scatter ca. 1 in every 10’ photons. This weak inelastic scattering, now
referred to as Raman scattering, was first predicted theoretically by Smekel in 1923,' and
demonstrated experimentally, using filtered sunlight as a source of monochromatic light,
in 1928 by C. V. Raman and K. S. Krishnan.* Because of the weakness of this effect, it
was very difficult to employ in chemical analysis early on. However, since the advent of
lasers and high sensitivity detectors, its use has skyrocketed. Much of this can be
attributed to the fact that it provides complementary vibrational information to one of the
most widely used analytical techniques, infrared absorption, with the benefit that it can

more effectively probe molecules in aqueous environments.
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In the process of Raman scattering,”® an oscillating electric field of incident light
(generally a laser) polarizes the electron cloud of a molecule producing a short-lived
virtual state lying between the electronic ground state and the first electronic excited
state. This induced dipole can then radiate scattered light. If it does not induce nuclear
motion through energy transfer, then the emitted radiation will be Rayleigh scattering and
have the same frequency as the incident light. However, if it induces vibrational motion,
energy will be transferred either to or from the molecule, and the emitted radiation will be
Raman scattering that is shifted in frequency from the incident light. These shifts, known
as Raman shifts, are independent of the wavelength of excitation, correspond to the
quantized energy differences between the vibrational states of the electronic ground state
of the molecular system, and provide information about its normal vibrational modes.

In Figure 2.1, Rayleigh and Raman scattering processes are depicted using a
simple energy level diagram. Raman scattering is divided into Stokes and anti-Stokes
emission, with the former being shifted to lower energy and the latter being shifted to
higher energy. Under normal conditions Stokes-shifted Raman scattering is favored over
anti-Stokes, because the population of excited vibrational states is low. This is
particularly true for high frequency vibrations. Because of this, Stokes-shifted Raman
scattering is more intense and is most often reported. However, with elevated
temperatures, where excited vibrational states are more heavily populated, the anti-
Stokes/Stokes ratio increases, and this can be useful for determining sample
temperatures. Rayleigh scattering, on the other hand, is far more probable than either of
these Raman scattering processes, and it is usually necessary to filter it out

experimentally. In Figure 2.2, the scattering spectrum of a hypothetical molecule is given
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showing the general trend in relative intensities for these processes. Stokes and anti-
stokes bands mirror each other in terms of Raman shift values, but not in terms of
intensity because the population of higher excited vibrational states is of low probability

at normal ambient temperatures.

IR S R S I Virtual
el bl il b i i e T States
3
2 Vibrational
* L 1 States
AEI
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Anti-Stokes Rayleigh Stokes
E=hv+ AE E=hv E=hv-AE

Figure 2.1 Rayleigh and Raman scattering processes.
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Figure 2.2 Scattering spectrum of a hypothetical molecule.

The strength of the induced dipole in a molecule, P, described above, is given by
the expression
P=qE
where a is polarizability and E is the incident electric field. The polarizability is a tensor
that describes the volume and shape of the molecular electronic cloud, and gives

information about its ability to be distorted (polarized) in an electric field:

XX axy axz
a=|la e (24 W a vz
zx azy azz
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Each of the components of this tensor can be expressed as a series expansion:®

+(an N 1(5205] .y
a= —_— ==
aO d] Oq 2 0}12 Oq

where ayis the value of the polarizability at the equilibrium geometry, and g is the change
from equilibrium. The second term in this expression determines whether or not
vibrational modes will be observed, and provides us with the fundamental selection rule
for linear Raman:

O

24

This indicates that a change in the polarizability must be associated with a vibrational
mode for it to be Raman active. This, of course, will be determined by the symmetry of
the vibration.
The amplitude of the electric field of incident radiation can be described by:
E = Ey cos(wot)
where wy is the frequency of the incident laser. By substituting this, and our expression
for polarizability, into our expression for induced dipole moment, ignoring higher order

terms, we yield:

O
P=ay,E,cos(w,t)+ (%) q, cos(at)E, cos(w,t)...

0

where wy is the frequency of the incident light and w is the vibrational frequency of the

molecule. This can then be re-expressed in the more convenient form:

13
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1 1
P=a,E cos(w,t)+ -2—a'qOEO cos(w, — o)t + Ea,qOEO cos(@, + w)t...

The first term corresponds with Rayleigh scattering, while the latter two correspond to
Stokes and anti-Stokes Raman scattering, respectively. It can be seen from this
expression that both Rayleigh and first order Raman scattering processes are linear with
laser intensity. However, in addition to laser intensity, Raman intensity will also be
determined by the wavelength of the source. In ranges where the molecule does not have
electronic absorptions, the intensity of Raman scattering increases with the fourth power
of the source frequency. In cases where the molecule is absorbing at the excitation
wavelength, however, resonance Raman scattering occurs.

Resonance Raman scattering (RRS)”? spectra are recorded when laser excitation
falls within the envelope of an electronic transition of a molecular system. Under these
conditions, Raman intensities associated with the most symmetric vibrational modes of a
molecular chromophore can be enhanced by a factor of up to 10° leading to great
increases in the sensitivity of this technique over non-resonant Raman scattering as well
as simplified spectra with fewer observable modes. RRS is most commonly applied to
dye molecules using visible lasers,'”!" but with UV lasers becoming more widely
available, it is now more widely employed in the study of many large biological systems
that have high energy electronic transitions.'* !

The process of resonance Raman scattering is shown in a simple energy level
diagram in Figure 2.3. As can be seen in this figure, excitation is no longer into a virtual
state but is directly into one of the excited states of the molecule. As a result of this, the

intensities of RRS lines are determined by the properties of the excited state. In

14
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particular, the coupling of the vibrational modes of a molecule to its electronic transition
strongly depends on a dimensionless displacement between the ground and excited
electronic potential energy surfaces along a normal coordinate. The most common case
of RRS occurs when a component of the normal coordinate of a vibration is in the same
direction that the molecule expands (polarizes) during an electronic excitation, leading to
increases in polarizability and therefore to increases in induced dipole moment as well.
This is the case for the large dye molecules that are employed in RRS measurements in
this thesis. In fact, the ring stretching modes of extended pi systems benefit particularly
from this form of RRS enhancement, referred to as Franck-Condon enhancement. The
ring breathing modes of these molecules are along the same normal coordinates as the
expansion of the molecule that occurs when n-n* electronic transitions are excited.
Consequently, these modes are greatly enhanced, preferentially over the other vibrational
modes of the molecule. Finally, overtones and combinations are forbidden in non-
resonant Raman scattering, but are allowed transitions in resonance Raman scattering,

and can often be easily observed, as will be discussed in Chapter 6.

15
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Figure 2.3 Resonance Rayleigh and Raman scattering.

2.3 Surface-Enhanced Raman and Resonance Raman Scattering
The closely related phenomena of surface-enhanced Raman scattering (SERS),

5,15-21

and surface-enhanced resonance Raman scattering (SERRS) have now been

established as enormously important micro-analytical techniques due primarily to their
high spatial resolution,? ultrasensitivity,” and high structural information content.’***
They are largely defined by the increased sensitivity they demonstrate over their
relatively weak non-enhanced counterparts, Raman scattering (RS),®> and resonance
Raman scattering (RRS),” that have cross section values of only ca. 10 and 10% cm?

per molecule, respectively. This increased sensitivity results from surface-enhancement

that occurs when molecules are excited with electromagnetic radiation while at or near

16
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the surface of appropriate enhancing metal nanoparticles and their aggregates, due to
dramatically strengthened electromagnetic fields resulting from radiating localized
surface plasmon resonances of the metal.'>**°  Average enhancement factors (EF) for
ensemble SERS/SERRS measurements often range between ca. 10° and 10°>'* while
those at so called hot spots, areas of very intense and highly localized EM fields,** have
been reported to far exceed this, with some reports of values as high as 10'* and 10".**4?
The exact magnitude of hot spot enhancement, however, remains a topic of much
discussion. **

The first observation of strongly enhanced Raman signals was reported in 1974 by
Fleischmann et al., and was attributed to an increase in the number of scattering
molecules due to the increase in the roughness of the Ag electrode where they were
measuring pyridine.*” In 1977, however, it was discovered that this large increase in
Raman intensity could not be explained on the basis of surface area increases alone.
Jeanmaire and Van Duyne,*® and Albrecht and Creighton,'” demonstrated that the
observed enhancement was in fact a result of a surface-enhancement process, and the
term surface-enhanced Raman scattering, SERS, was coined. This significant scientific
discovery led to a flurry of activity in the field of surface spectroscopy, and soon other
surface-enhanced photoprocesses were recognized.”®*

In the late 1970s and early 1980s, a great deal of important work was done to
determine the fundamental mechanisms at work in SERS/SERRS. Nearly all of the
important aspects of the basic nature of the phenomenon were explained during this

time,”’ although it is quite common for some authors to still write that “the nature of the

enhancement in SERS is not well understood”. Two basic mechanisms were set forth to

17

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



explain the enhancement of Raman and resonance Raman signals and these are referred

26,49,50 19,51-54

to as the electromagnetic (EM) and chemical enhancement models. The
former represents the main, defining feature of SERS/SERRS, while the latter is
responsible for much of the complex surface behaviour that is observed and makes these
effects very difficult to control.

Chemical enhancement is generally viewed as being able to provide
enhancements of no more than ca. 10°, and arises from several different first layer
electronic effects that can alter the normal Raman scattering cross-section. For this
mechanism to function there must be a direct interaction that allows electronic coupling
of the molecule to the metal surface. These interactions could involve the formation of a
new molecule-metal charge transfer electronic transition’' or a dynamic charge transfer
between the metal and the molecule.' The nature of the interactions that an adsorbate
has with a metal surface can critically change what is observed in SERS/SERRS spectra.
However, it is the dominant EM mechanism that ultimately provides the enhancement
that makes it possible to observe these changes by providing enhancement factors many
orders of magnitude larger.

Electromagnetic enhancement of Raman and resonance Raman scattering is
fundamentally driven by the excitation of surface plasmon resonances (also commonly
called dipole particle plasmon resonances to stress the importance of the dipolar modes
over higher order modes) in metal nanoparticles and nanoaggregates. These resonances
involve the collective oscillation of conduction electrons in the metal with the electric

field of incident light, and provide the most effective enhancement for particles with

diameters much smaller than the wavelength of the visible light used to excite them,
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generally between 10 and 150 nm.'®

The resonant frequency of nanoparticle surface
plasmons is determined by the dielectric constant of the metal, the dielectric constant of
the medium, as well as the size, and shape of the particle, and can be tuned through
variation of these properties.”> Generally a simplified model is employed that assumes a
spherical particle, and it is found that the resonance condition, and maximum field
enhancement, is achieved when the real part of the dielectric function of the metal is
equal to -2."®® In the visible region, this condition is best satisfied by three coinage
metals: Ag, Au, and Cu, and these metals are, not surprisingly, also by far the most
widely used substrates for surface-enhanced spectroscopies.

When incident light is resonant with dipolar surface plasmon modes, they radiate
coherently with the exciting field. This has the effect of concentrating enhanced electric
fields around the surface of the nanoparticles. These enhanced fields extend beyond the
surface of the nanoparticle, and therefore are able to enhance the RS and RRS of
molecules not directly adsorbed on the surface. As a result, when molecules are sitting at
or near the surface of these particles, their polarization is not induced by the incident field
of the laser, but rather by the enhanced field in which they sit. This strengthens their
induced dipole moment and therefore enhances their Raman scattering. Secondary
enhancements of Raman-scattered fields, which may be slightly different, at the

vibrational frequencies of the molecule, then take place according to the same mechanism
that enhanced the incident light. In other words, the Raman-scattered fields induce
collective oscillations in the nanoparticle at the Raman shifted frequencies and these
radiate with huge intensity due to the large cross section of the nanoparticles. The result

of this is that, at low Raman shift values, SERS intensities will be enhanced by a factor
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proportional to the fourth power of the enhancement of the local incident field.
Experimentally this is taken advantage of through dipolar coupling of closely spaced
nanoparticles, producing even greater fields and therefore larger enhancement of Raman
and resonance Raman scattering.

Many different SERS/SERRS substrates have been developed to date, employing
a variety of physical and chemical methods, and producing a wide assortment of

31,57-63

interesting architectures. Some of these architectures include those produced by

vacuum evaporation of metal,**® electrochemical roughening of metal electrodes,*’*

and lithographical techniques.®”*®

Essentially all substrates that produce strong
enhancement of RS and RRS, involve electromagnetically coupled particles, either as
dimers and larger aggregates, or as larger networks of interacting nanoparticles, generally
in films. Both of these rely on short interparticle spacing for maximum enhancement.
This is achieved at highly localized electromagnetic hot spots that provide the greatest
enhancements of RS and RRS. In dimers and small aggregates, hot spots are thought to
occur exclusively at the junctions of particles where there is the greatest constructive
interference of electric fields.*"° In large networks of interacting particles, on the other
hand, multi-particle dipole-dipole interactions lead to highly localized, excitation
wavelength-dependent surface plasmon normal modes that are not strongly correlated

38,3943

with local particle geometries. Hot spots of both of these types have now been

employed by several groups to demonstrate detection and spectroscopic identification of

analytes down to the single molecule level, 204333699
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2.4 Surface-Enhanced Fluorescence (SEF)
Surface-enhanced fluorescence arises from the electromagnetic interaction that
occurs between fluorescent molecules and metal nanoparticles that have appropriate

28.97-100 4hd has been described as the “weak cousin of the

enhancing optical properties,
SERS effect”,'® owing to its rather tiny enhancement factors of generally less than ca.
100. The enhancement of SEF is fundamentally held back by its rather long lifetime in a
way that RS and RRS are not. SEF can be viewed as a product of three different
processes: enhanced emission, enhanced absorption, and radiationless transfer of energy
to metallic surfaces, with the former two processes resulting from enhanced EM fields at
the surface of plasmon sustaining metal nanoparticles.'”

It is well known that SERS/SERRS is strengthened when adsorbates are placed
directly on metal nanostructures. In surface-enhanced fluorescence (SEF), on the other
hand, intensity is expected to exhibit a maximum enhancement at some distance of
separation between the molecule and the surface. Energy transfer to the metal can take
place during the finite lifetime of the excitation, and it is thus common to observe a
reduction in luminescence when a fluorophore is placed directly on the surface of a metal
(i.e. enhancement factor <1). The latter is explained by a direct energy transfer from the
dipole to the planar surface, as shown in the classic work of Chance, Prock, and Silbey.””
Dipolar energy transfer is proportional to d” (where d is the dipole-metal surface
separation), and energy is dissipated into the phonon bath. The distance dependence of
EM enhancement indicates that it decreases appreciably when dJ approaches the

dimension of the metal particle, and SEF is thus a balance between the two opposing

processes of surface-enhancement, and non-radiative energy loss to the metal surface.
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Electromagnetic enhancement is a much slower decaying function of molecule-surface
separation than that of surface quenching, and as a result of this, maximum fluorescence
will occur at distances (d) that are intermediate between the maximum quenching (¢=0)

and “no effect” conditions.

2.5 Langmuir-Blodgett Monolayers

Langmuir-Blodgett (LB) films 02103

are thin films composed of one or more
monomolecular layers deposited onto solid substrates, and take their name from Irving
Langmuir and Katherine Blodgett who did much of the pioneering work on them in the
late 1930s.'™ These films are assembled at gas-liquid interfaces (most commonly the air-
water interface) and then transferred by moving solid substrates vertically through them
at the monolayer/air interface, as depicted in Figure 2.4. Most commonly LB monolayers
are composed of amphiphilic organic molecules that orient themselves at a air-water
interface in order to minimize free energy. However, an increasing diversity of materials
are now being employed with this powerful thin film fabrication technique.®*'*'% The
LB technique has been widely, and successfully employed in the study of SERS/SERRS

107-111

due to the high degree of control it offers for sample architectures. At the same

time, SERS/SERRS are well suited for the characterization of monolayers due to their

very high sensitivity.''>'"?
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Figure 2.4 Depiction of Langmuir-Blodgett film transfer to solid substrate.

Classic monolayer-forming materials have two distinct ends; a hydrophilic head,
and a hydrophobic tail. It is this that leads to molecular orientation on water surfaces.
The hydrophilic head will be directed toward the water surface, while the hydrophobic
end will be repelled by it. Common examples of such amphiphiles include stearic acid
and arachidic acid. When solutions of molecules such as these are made in water-
immiscible solvents and spread on a water subphase, they tend to spread out quickly to
cover the available area. The solvent then evaporates off, and an oriented monolayer is
formed on the surface of the water. Immediately after spreading, the distance between
molecules is generally quite large and their interactions are limited. In this state, they can
be regarded as forming a two-dimensional expanded phase, and will have very little

102

effect on the surface tension of the subphase.”~ When a film is compressed on the liquid

surface, however, it will undergo several phase transformations. These phase
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transformations are similar in nature to the phase transitions between gases, liquids, and
solids, and range from expanded to condensed phase as a function the molecule-molecule
interactions on the surface. These transformations are monitored by measuring surface
pressure, I, as a function of the area per molecule in the film. Surface pressure is a
measure of the surface tension reduction that occurs when monolayers are deposited onto
liquid subphases, and is given by II =y,—y, where v, is the surface tension of the pure
liquid, and v is the surface tension of the liquid covered with the monolayer. Water is the
most commonly used subphase, and has a maximum IT value of 72.8 mN m™ at 20 °C.!®
Plots of surface pressure against molecular area are referred to as isotherms, as they are
recorded at constant temperature. They provide a wealth of information about the
behaviour of monolayer films, and are the basis for the determination of transfer
conditions.'®

In expanded phase, molecules in films exert very little force upon one another,
and so surface pressure remains relatively low. As the film is compressed, the area per
molecule drops causing an increase in the interactions between the molecules, and
consequently an increase in surface pressure. At this stage, the molecules begin to
organize themselves on the subphase. Upon further compression, condensed phases are
reached, where molecules are tightly packed and oriented with their hydrophobic ends
directed away from the water surface. If the film is compressed further, film collapse
will occur and a drop in surface pressure will be observed.

When monolayers are transferred to solid substrates, surface pressure and

temperature are monitored and controlled throughout. There are three types of LB film

deposition, and the technique employed will depend on the type of molecule and the type
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of substrate that is being used. The most commonly used vertical deposition is called Y-
type deposition, and involves a monolayer being deposited on each traversal of the
monolayer/air interface. This vertical type of deposition produces a head to head and tail
to tail pattern on the substrate. When monolayers are transferred only on the downstroke,
it is referred to as X-type deposition, while transfer on the upstroke only is referred to as
Z-type deposition. The success of film transfer is generally monitored by the
measurement of transfer ratios, 7. The transfer ratio for a depostion is given by =A4,/A4s,
where A; 1s the decrease in the area occupied by the monolayer on the water surface, and
Ag is the coated area of the solid substrate. Transfer ratios that vary significantly from

unity indicate poor film homogeneity and transfer.
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In this chapter, divided into three main sections on samples, characterization, and
computation, the details of the experimental and computational work of this thesis are
introduced.

3.1 Samples
3.1.1 Reagents

Unless otherwise noted, all reagents were obtained from Sigma-Aldrich and used
without further purification. These include: hydrochlorauric acid, rhodamine 6G (R6G),
trisodium citrate, silver nitrate, DAB-Am-4 polypropylenimine tetraamine dendrimer (G1
Dab-Am), DAB-Am-64 polypropylenimine tetrahexacontaamine dendrimer (G5 Dab-
Am), polystyrene sulfonate (PSS), 2-naphthalenethiol (2-NAT), poly(vinylpyrrolidone)
(PVP) (monomer-based calculation MW= 55 000) , arachidic acid (AA), ultrapure Ag
shot, ultrapure Au shot, avidin (from egg white), 3-amino-propyltriethoxysilane,
fluorescein, biotin 3-sulfo-N-hydroxysuccinimide ester, salicylic acid (SAL), sodium
salicylate, potassium bromide, and 1-naphthylamine (1-NA).

Biotin-4-fluorescein ~ (B4F),  5-(aminomethyl)fluorescein  (5-AF), and
octadecylrhodamine B (R18), on the other hand, were obtained from Molecular Probes,
and used without further purification. Chitosan, obtained from shrimp chitin (an N-
acetylglucosamine polymer), was provided by Cyrbe do Brasil Corporation. It had an
average molecular weight of 500 000 g/mol, as determined by viscometry, and a 75%
degree of deacetylation, as obtained from 'H NMR measurements.! The perylene
derivatives used in this work, bis(benzylimido)-perylene (BBIP PTCD), n-
pentylimidobenzimidazo-perylene (pentyl PTCD), bis(benzimidazo)-perylene (azo

PTCD), n-pentyl-5-salicylimido perylene (salPTCD), and N,N’-bis(neopentyl)-3,4,9,10-
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perylenebis(dicarboximide) (BNPTCD) were synthesized and purified at the Xerox
Research Centre of Canada, and used as provided.
3.1.2 Evaporated Metal Films

In this work, nanostructured Ag and mixed Ag/Au films, as well as Ag mirror
films, were produced on clean, pre-heated glass substrates by vacuum evaporation.
These metal films were prepared at pressures of 10 to 107 Torr (1 Torr = 133.322 Pa)
using a Balzers BSV 080 glow discharge evaporation unit, where mass thickness was
monitored with an XTC Inficon quartz crystal oscillator. All depositions were carried out
at evaporation rates of ca. 0.5 A/s. Nanostructured metal films, with appropriate
nanoparticle size distributions for surface-enhanced spectroscopy, were prepared with
mass thickness values of 10 nm or less, while Ag mirror films for reflection absorption
infrared spectroscopy (RAIRS) were prepared with a mass thickness of 100 nm. All Ag
films of 6, 9, and 10 nm mass thickness were deposited onto substrates at 200 °C, except
the 10 nm Ag films utilized for single-molecule bi-analyte studies of salPTCD and R18
(Chapter 6), which were deposited onto substrates at 150 °C. Mixed 10 nm Ag/Au
nanostuctured films, were prepared by two separate evaporation procedures. First, Ag
films of 5 nm mass thickness were deposited onto glass microscope slides at a
temperature of 200 °C. After the slides cooled slowly (1-2 h) to room temperature, the
vacuum was broken and the evaporation source was changed. The chamber was then
returned to high vacuum and 5 nm films of Au were deposited on top of the Ag at 200
°C. In all cases, substrates were maintained at elevated temperature for 1 h following
film deposition. The vacuum evaporation system utilized in this work is shown in Figure

3.1.
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Figure 3.1 Vacuum evaporation system. System includes: 1. evaporation chamber; 2.
mechanical vacuum pump; 3. diffusion pump; 4. pressure gauge; 5. heater; 6. pressure
monitor and temperature monitor/controller; 7. quartz crystal oscillator monitor; and 8.

evaporation controller.

3.1.3 Colloidal Solutions of Silver

In this work, colloidal solutions of silver nanoparticles were produced for use as
substrates for SERS/SERRS. They were used in the fabrication of layer-by-layer film
substrates, or simply as solutions, and were produced according to the common citrate
reduction method of Lee and Meisel.> Briefly, 90 mg of AgNO; was dissolved into 500

mL of water, and the solution was brought to a slow boil under reflux. Then, 10 mL of a
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1% solution of trisodium citrate was added, and the solution was left to boil for the next
hour under constant stirring before the heat was removed and the solution was allowed to
slowly come to room temperature.

In the fabrication of dendrimer/Ag nanosphere LbL films (Chapter 4), colloidal
Ag solutions were utilized as produced, while in the fabrication of avidin/Ag nanoparticle
films (Chapter 4), they were diluted by a factor of 2. In work on 1-naphtylamine
(Chapter 5), Ag colloidal solutions were diluted by a factor of 2 for SERS measurements
to reduce their particle concentration and the effect of aggregation. As well, aliquots of
50 mL were adjusted to target pH values, ranging between 2 and 9, by additions of 2 M
solutions of NaOH or HNOj. For zeta potential measurements, colloidal solutions were
diluted by a factor of 10.
3.1.4 Langmuir-Blodgett Monolayers

In this work, mixed Langmuir-Blodgett monolayers of arachidic acid (AA) doped
with dye molecules were deposited, at a variety of concentrations, onto several substrates,
including: glass, nanostructured Ag films (6 and 10 nm), nanostructured Ag/Au films (10
nm), and Ag nanowire LbL films. These monolayers were prepared at the air-water
interface of the Lauda Langmuir film balance shown in Figure 3.2. The subphase
employed in their preparation was pure water (18.2 MQ cm) maintained at a constant
temperature of 15 °C, and containing small amounts of CdCl, (2.5 x 10™* M). Solid
substrates were immersed into this subphase using a Lauda Film Lift FL-1 electronically
controlled dipping device. The mixed solutions of AA and the dyes were then spread,
and 5-10 minutes was allowed for solvent evaporation. Film compression was then

begun with a single barrier moving at 3.5 cm/min. Corresponding with the condensed
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phase of the Langmuir film, a constant surface pressure setting of 25 mN/m was
employed. The Langmuir film was transferred to a solid support, maintaining constant
surface pressure and using the Lauda Film Lift FL-1 (3 mm/min), after allowing a
complete stabilization of the monolayer on the subphase. All film depositions gave

transfer ratios near unity, and were performed by Z-deposition.

Figure 3.2 Lauda Langmuir film balance.

The spreading solutions used for Langmuir-Blodgett film preparation were
composed of dye molecules and arachidic acid, a fatty acid that forms well characterized
and stable LB films. All solutions were prepared using spectrophotometric grade
dichloromethane as the solvent. However, due to limited solubility, it was necessary to
add minimal quantities of spectrophotometric grade trifluoroacetic acid (TFA) to initial

stock solutions (10 M) of all PTCD derivatives in order to fully dissolve their powders.
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Also, the tiny concentration of dye molecules within many of these spreading solutions
necessitated extremely clean glassware.

In work where AA monolayers embedded with BBIP PTCD were deposited onto
10 nm mixed Ag/Au nanostuctured films and glass (Chapter 4), as well as work where
monolayers of AA and BBIP PTCD, pentyl PTCD, or azo PTCD were deposited onto 6
nm Ag nanostructured films and glass (Chapter 6), solutions were prepared so as to
achieve, on average, 2 X 10°, 100, 10, and 1 dye molecule(s) per square micron, the
probing area of the Raman microscope. In experiments where AA-BNPTCD monolayers
were deposited onto Ag and mixed Ag/Au nanoparticle films (Chapter 6), concentrated
films (10:1 AA:BNPTCD) and single-molecule films (1 BNPTCD molecule/um?) were
prepared. In experiments where AA-salPTCD monolayers were deposited onto glass or 6
nm Ag nanoparticle films (Chapter 6), spreading solutions were prepared with
AA:salPTCD concentration ratios of 10:1, 10%1, 10%1, 10*1, and 10%1, and were
ultimately diluted down so as to achieve, on average, a single salPTCD molecule per
square micron of surface area. Arachidic acid monolayers containing salPTCD were also
deposited onto Ag nanowire/G5 Dab-Am dendrimer LbL substrates at an AA:salPTCD
concentration ratio of 10:1 (Chapter 4). Finally, in work where arachidic acid Langmuir-
Blodgett monolayers containing R18, salPTCD, and one-to-one binary mixtures of the
two, were deposited onto 10 nm Ag nanostructured films (Chapter 6), spreading solutions
were prepared so as to achieve 4 x 104, 10%, 102, 10, or 1 molecule(s) of either dye (R18
or salPTCD), or of each dye (for binary mixtures), within the 1 um’ scattering area being

probed.
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3.1.5 Gold Nanoparticle Embedded, Self-Sustained Chitosan Films®

In this work, self-sustained, Au nanoparticle embedded chitosan films were
fabricated for use as substrates for SERS/SERRS. The purification of chitosan was
carried out by dissolving it twice in a 1% aqueous acetic acid solution, filtering it,
precipitating it using a 1% aqueous sodium hydroxide solution, and finally, washing it
extensively with deionized water until neutral pH was reached. To prepare Au
nanoparticle solutions, a 1% chitosan solution in 1% aqueous acetic acid was mixed in a
one-to-one ratio with a 0.0625% solution of HAuCl, in a round-bottom flask equipped
with a reflux condenser. The solutions were then heated to a temperature of 85 °C, and
this was maintained for 5 h under constant stirring. To prepare thin films from these
solutions, they were allowed to cool under ambient conditions then measured volumes
were cast onto clean glass substrates where they were left to dry for 24 h. Thin, self-
sustained, stable, and flexible nanocomposite films were produced by neutralizing these
films with a 1% aqueous solution of NaOH, rinsing them with deionized water until
neutral pH was reached, then removing them from the glass substrates. For SERS test
measurements, Au nanoparticle embedded chitosan films were dipped into rhodamine 6G

(R6G) solutions with concentrations ranging between 10™ and 10° M.

* All Au nanoparticle embedded chitosan films were prepared by D. S. dos Santos, Jr. with direction and
feedback, based on characterization and application, from P. J. G. Goulet and N. P. W. Pieczonka.
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3.1.6 Dendrimer/Ag Nanosphere Layer-by-Layer Films®

In this work, layer-by-layer films composed of dendrimers and Ag nanoparticles
were fabricated for use as substrates for SERS/SERRS. All glassware was thoroughly
cleaned using water, aqua regia, then deionized water. Glass microscope slides were
cleaned prior to LbL film deposition employing Kern’s method.> Colloidal silver
soluttons were obtained by citrate reduction of AgNO; according to the method proposed
by Lee and Meisel’ and used as synthesized. Solutions of generation 5 DAB-Am-64
polypropylenimine tetrahexacontaamine dendrimer (G5 DAB-Am), 0.045 g/L, generation
1 DAB-Am-4 polypropylenimine tetraamine dendrimer (G1 DAB-Am), 0.100 and 0.045
g/L, and polystyrene sulfonate (PSS), 1.0 g/L, in Milli-Q water (18.2 MQ cm), were also
prepared and used in the fabrication of the LbL multilayer films. All films were prepared
by immersing clean glass substrates into dendrimer solutions for 10 minutes, rinsing them
with Milli-Q water, drying them with nitrogen gas, and then immersing them into
solutions containing silver nanospheres for 2 hours. Upon completion of these steps, the
films were rinsed and dried, and could be then be used for the possible deposition of
further dendrimer/nanosphere bilayers. The colloidal silver solution was changed after
each deposition. In the cases where PSS spacer layers were substituted for Ag
nanosphere layers, they were deposited using the same procedures, but with immersion
times of only 10 minutes for each layer. All samples for SERS measurements were
prepared by casting 30 pL of a 10° M ethanol solution of 2-naphthalenethiol (2-NAT)

onto the LbL film substrates and allowing the solvent to evaporate.

® All dendrimer/Ag nanosphere films were prepared by D. S. dos Santos, Jr. with direction and feedback,
based on characterization and application, from P. J. G. Goulet and R. A. Alvarez-Puebla.
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3.1.7 Silver Nanowire Layer-by-Layer Films®

Silver nanowire syntheses were carried out employing the polyol process
according to the method of Sun et al.* and Tao et al.* All glassware was thoroughly
cleaned using water, aqua regia, and then deionized water. In a round-bottom flask, with
magnetic stirring and reflux, a 25 mL 0.36 M solution of poly(vinylpyrrolidone) (PVP)
was prepared in anhydrous ethylene glycol and heated to 160 °C. A 12 mL 0.12 M
solution of silver nitrate in ethylene glycol, at room temperature, was then added
dropwise into the hot PVP solution at a rate of 0.625 mL/min. Heating and stirring were
kept constant during this step. After the addition of the reactants, the solution was kept
stirring for 30 min at the same temperature. The solution was then cooled to room
temperature, diluted (10x) with acetone, and then centrifuged three times at 2 krpm for 20
min. The precipitate was dispersed into a volume of ethyl alcohol equivalent to three
times the volume of acetone in the preceding step, and sonicated for 4 min. This
dispersion was centrifuged (1.7 krpm, for 20 min) twice. The final precipitate was then
suspended in 15 mL of ethyl alcohol and sonicated for 10 min before LbL film
preparation. Glass microscope slides were cleaned employing Kern’s method® before
LbL deposition. To prepare the LbL films, substrates were immersed into a 0.1 g/L
aqueous solution of G5 DAB-Am dendrimer, for 10 min, followed by rinsing with
deionized water, drying with nitrogen gas, immersion in a Ag nanowire solution for 3 h,

and finally drying with nitrogen gas.
For most SERS/SERRS measurements, 10 pL drops (with 8 mm diameters when

dry) of dilute rhodamine 6G (R6G), and 2-naphthalenethiol (2-NAT) solutions, of

¢ All dendrimer/Ag nanowire films were prepared by D. S. dos Santos, Jr. with direction and feedback,
based on characterization and application, from P. J. G. Goulet and R. A. Alvarez-Puebla.
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varying concentrations, were cast onto the Ag nanowire/G5 DAB-Am dendrimer LbL
substrates. However, 10:1 mixed monolayers of arachidic acid and n-pentyl-5-
salicylimidoperylene (salPTCD) were also transferred to the LbL substrates using the
Langmuir-Blodgett technique, for detection of the enhanced Raman signals of the dye.
3.1.8 Avidin/Ag Nanoparticle Layer-by-Layer Films

In this work, LbL films composed of the glycoprotein avidin and colloidal Ag
nanoparticles were produced for use as chemically selective substrates for SERS/SERRS.
Colloidal Ag solutions were prepared by citrate reduction of AgNO3,2 and diluted by a
factor of 2 before use. All avidin, R6G, fluorescein, B4F, 5-AF, and biotin solutions
were prepared in 10 mM phosphate buffered saline (PBS) at pH 7.5. The in situ
biotinylation of 5-AF was carried out by mixing it with biotin 3-sulfo-N-
hydroxysuccinimide ester in a 1:1 molar ratio in PBS solution (pH 7.5) at room
temperature, to produce a solution 10* M in each. The reaction was allowed 30 min to
reach completion.

Prior to film fabrication, all glass microscope slides were cleaned and silanized.
They were washed in detergent and deionized water, immersed in 20% H;SOy, rinsed
again in deionized water, and dried. Next, they were immersed into pure acetone for 5
min, immersed into a 2% acetone solution of 3-amino-propyltriethoxysilane for 5 min,
and then rinsed thoroughly with water and dried. All LbL films were prepared by
immersing these clean, silanized slides into colloidal Ag solution for 30 min, rinsing
them with water, drying them with air, then immersing them into a 50 pg/mL avidin

solution in PBS for 30 min. Upon removal, these films were again rinsed and dried, then

44

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



re-immersed into colloidal Ag solution. Through these alternating deposition steps, films
were built up until they were composed of up to 14 bilayers.

All SERS/SERRS measurements of R6G were recorded from dried 5 pL drops of
10”° M solution (with ~ 5 mm diameters when dry) cast onto avidin/Ag nanoparticle LbL
substrates. All other SERRS spectra were recorded from these films after immersion for
30 min into fluorescein, 5-AF, B4F, and biotinylated 5-AF solutions with concentrations
ranging from 10” to 107 M. After removal from these solutions, films were thoroughly
rinsed with deionized water and dried before measurement.

3.1.9 Salicylate-Silver Complex

The silver salt of salicylate was prepared in this work according to the methods
described by Alvarez-Ros et al.” Briefly, equal volumes of a 0.1 M aqueous solution of
sodium salicylate and a 0.1 M aqueous solution of AgNO; were mixed. After mixing the
metal complex was produced as a precipitate. It was then filtered, washed in triplicate
with distilled water, and dried at 80°C before storage in a dessicator.

3.1.10 1-Naphthylamine-Silver Complex

For comparison with SERS spectra, a silver-1-NA coordination complex was
produced in this work by mixing 10 mL of a 0.1 M 1-NA ethanolic solution with 5 mL of
a 0.1 M AgNOQO; aqueous solution, or by adding excess solid AgNO; to a 0.1 M 1-NA
solution in CHCl; and agitating. To gain information about amino proton interactions,
both 1-NA and its silver complex, were studied by 'H NMR (Bruker DPX 300 MHz)

using CDCl; as a solvent.
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3.2 Characterization
3.2.1 UV-visible Absorption
In this work, all UV-visible absorption spectra were collected using a Cary 50
UV-visible spectrometer, including those of evaporated metallic nanostructured films,
colloidal metal nanoparticle solutions, nanocomposite films, LbL films, and molecular

solutions. This instrument is shown in Figure 3.3.

Figure 3.3 Cary 50 UV-visible spectrometer.

3.2.2 Atomic Force Microscopy (AFM)

All atomic force microscopy (AFM) measurements were performed using a
Digital Instruments NanoScope IV operating in tapping mode with a n+-silicon tip (NSC
14 model, Ultrasharp) at a resonant frequency of ca. 300 kHz, and this instrument is

shown in Figure 3.4. Images were collected with high resolution (256 or 512 lines per
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scan) at scan rates of 0.5 to 1.0 Hz. Topographical, error, and phase images were all used
for analysis of the surface morphology of the films, and data were collected under

ambient conditions. Each scan was duplicated to ensure that any features observed were

reproducible.

Figure 3.4 Digital Instruments NanoScope IV.

3.2.3 Transmission Electron Microscopy (TEM)®
All transmission electron microscopy (TEM) images were obtained employing a
Philips CM20 scanning transmission electron microscope operating with a 120kV

accelerating voltage.

¢ All transmission electron microscopy (TEM) samples were sent out for analysis at McMaster University
in Hamilton, Ontario.
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3.2.4 X-ray Photoelectron Spectroscopy (XPS)*

All x-ray photoelectron spectroscopy (XPS) samples were analysed using a
Kratos Axis Ultra X-ray photoelectron spectrometer with a take off angle of 90°, a probe
depth of 10 nm, and a sample area of 160 x 700 microns.

3.2.5 Infrared Absorption (IR)

All infrared absorption measurements were recorded with a Bruker Equinox 55
Fourier transform infrared (FTIR) spectrometer, equipped with a microscope, and
employing a nitrogen-cooled mercury cadmium telluride (MCT) detector.  This
instrument is shown in Figure 3.5. All spectra were recorded with 4 cm™ resolution. In
work on nanocomposites of chitosan and Au nanoparticles, spectra were recorded directly
from self-sustained films in transmission mode. In work on the adsorption of salicylate
on Ag, attenuated total reflection (ATR) IR spectra of pure salicylic acid were obtained
directly from the powder using an ATR accessory from Pike Technologies. IR spectra of
silver salicylate were recorded from the powder dispersed in KBr pellets. SEIRA
measurements were collected in transmission mode from a Ge substrate coated with a
vacuum evaporated 10 nm Ag nanostructured film dipped into 10~ and 10 * M solutions
of salicylic acid in spectrophotometric grade acetone. The slides were allowed to remain
several minutes in the salicylic acid solution before removal and drying. RAIRS spectra
were collected from a thin salicylic acid film on a 100 nm mass thickness Ag mirror with
the Harrick Auto Seagull variable-angle reflectance accessory. Measurements were made

with p-polarized light at an angle of incidence of 80° to the surface normal.

° All x-ray photoelectron spectroscopy (XPS) samples were sent out for analysis at Surface Science
Western in London, Ontario.
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Figure 3.5 Bruker Equinox 55 Fourier transform infrared (FTIR) spectrometer.

3.2.6 Raman Microscopy

In this work, all Raman scattering experiments were conducted employing micro-
Raman Renishaw 2000 and InVia systems, and these are shown in Figures 3.6 and 3.7,
respectively. These instruments are equipped with Peltier cooled CCD detectors (-70°C),
Leica microscopes, 1200 and 1800 g/mm gratings, and a computer controlled 3-axis
encoded (XYZ) motorized stage, with a minimum step of 0.1 um. Laser excitation lines
at 442, 488, 514, 633, and 785 nm, ranging through the visible to the infrared region of

the electromagnetic spectrum, were used to record Raman measurements. Single point,
spatial mapping, and solution measurements were all recorded using a backscattering
geometry with 4 cm™ spectral resolution. All single point and mapping spectra excited

with visible and infrared radiation were recorded using a 50x objective, with a numerical
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aperture of 0.75, providing a scattering area of ca. 1 um®, except the SERS measurements
of 2-NAT on dendrimer/Ag nanoparticle LbL films, which were recorded using a 785 nm
laser directed through a 5x objective, and focused to an area of ca. 10 um®. For
SERS/SERRS measurements, particularly at the low concentrations, laser powers were
kept extremely low (typically < 20 pW) at the sample to prevent damage to the highly
photoreactive metal surfaces employed. For solution and powder measurements,
however, laser powers of up to ca. 5 mW were often employed without photoinduced
sample changes being observed. All solution spectra were recorded using a microscope
mounted macro-sampling kit that redirects the objective by 90°, allowing upright vials to
be illuminated from the side. This attachment is shown in Figure 3.8. All SERRS
mapping experiments were carried out using the rastering of a computer controlled XYZ
motorized stage, with a step of 1 pm, where a single 1 s accumulation was recorded at
each spot. This strategy served to facilitate the fast and easy collection of large amounts
of data, while also minimizing sample laser exposure times, and thus sample

photodegradation, allowing slightly increased laser powers to be used.
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Figure 3.7 Renishaw InVia micro-Raman system.
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Figure 3.8 Renishaw 90° macro-sampling attachment and sample holder.

3.2.7 Fluerescence Spectroscopy

As with all the Raman measurements of this work, all fluorescence and surface-
enhanced fluorescence (SEF) spectra were recorded using the Renishaw 2000 and InVia
systems. Measurements from monolayers deposited onto solid glass (fluorescence) and
metal nanoparticle films (SEF) were recorded using a 50x objective, while all solution
spectra were acquired employing a macro-sampling objective focusing the laser into
solutions within quartz cuvettes. Laser powers were kept low for SEF measurements to
prevent sample damage, and for high concentration solution measurements to prevent
detector saturation.

3.2.8 Photon Correlation Spectroscopy’
Zeta potential values were determined by injecting 10 mL aliquots of 10x diluted

colloidal metal suspensions into a Malvern Zetasizer HS3000 photon correlation

 All photon correlation spectroscopy reported here was carried out by R. A. Alvarez-Puebla at the
Universidad Publica de Navarra in Pamplona, Spain.
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spectrometer with an applied voltage of 100 V, and a 5-cm quartz cell.® To ensure
reproducibility, 2 sub-samples were studied, and three measurements were co-added for
each.

3.2.9 Scanning Electron Microscopy (SEM)®

All scanning election microscopy (SEM) was performed using a Hitachi S-4500

Field Emission Scanning Electron Microscope.
3.3 Computation

3.3.1 Salicylic Acid and Silver-Salicylate Complexes

All reported calculations of salicylic acid and silver-salicylate complexes were
performed using the Gaussian 98 suite of programs’ and employed Becke’s three-
parameter functional® including the correlational functional of Lee, Yang, and Parr’
(B3LYP). To calculate an optimized structure and vibrational spectra for salicylic acid,
the 6-311+G(d,p) basis set was employed using tight convergence criteria. This basis set
was deemed to be a reasonable compromise between accuracy and computational
expense for this molecule. The optimized structures and vibrational spectra of the two

10.11"also employing

Ag-salicylate complexes were computed using the Lanl2DZ basis set
tight convergence criteria. GaussView for Windows was used to view all computed
results, and an in-house program was used to artificially apply a 5 cm™ bandwidth to all
peaks in the presented calculated Raman and IR spectra. Raman frequencies were not
scaled, as scaling factors are not available for the basis sets used in this study. It is

expected, however, that an appropriate scaling factor for the 6-311+G(d,p) basis set

would be close to unity for the B3LYP functional. As a general rule, neglecting scaling

& All scanning election microscopy (SEM) samples were sent out for analysis at Surface Science Western in
London, Ontario.
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results in an overestimation of harmonic frequencies,12 and so, this must be considered
when reviewing the results for the two calculated silver complexes. In calculations of the
Agl complex, the molecule was fixed in the x—y plane to simplify the application of
surface selection rules in the spectral interpretation.
3.3.2 1-Naphthylamine

An optimized structure and Raman spectrum for 1-NA were calculated using
density functional theory (DFT) methods at the B3LYP 6-311G(d,p) level of theory®’

utilizing the Gaussian *03 suite of programs' and tight convergence criteria.
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Chapter 4

FABRICATION, CHARACTERIZATION, AND APPLICATION OF NEW

SUBSTRATES FOR SURFACE-ENHANCED RAMAN AND RESONANCE

RAMAN SCATTERING
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4.1 SERS/SERRS Substrate Development

The development of substrates for the enhancement of Raman and resonance
Raman signals remains one of the most critical challenges facing SERS/SERRS research
today.'” One of the fundamental reasons for this is that these phenomena are intrinsically
determined by the interaction between molecular and metallic nanoparticle systems.
Because molecular systems are numerous and diverse, substrates for SERS/SERRS may
also need to be numerous and diverse for the value of effect to be fully exploited for
analytical purposes. Substrates could be designed to be complementary to different
classes of molecular analytes so as to mimic the kind of strong complementarity that
exists, as an example, in insect/flower systems due to their co-evolution. Furthermore, in
addition to the variety that exists in molecular analytes, there is also a large variety of
different uses that will be proposed for these techniques, and it is likely that many of
these will also require rational design of unique substrates. Indeed, several important
drivers are behind the push for new and innovative substrates for SERS/SERRS, and
these include: improved enhancement and the manufacture of electromagnetic hot spots
for single-molecule detection, chemical selectivity, functionality, biocompatibility and
environmental sustainability, broadened and tunable enhancement regions, improved
physical properties, incorporation of different metallic nanoparticles, lower cost, easier
fabrication, water insolubility, and others. Of course, the pursuit of improved substrates
for enhanced spectroscopy is in fact fundamental research in nanoscience, and therefore it
also has major implications in a large variety of distant and not-so-distant fields.

In this chapter, the fabrication, characterization, and application as SERS/SERRS

substrates, of several new and unique thin films, are discussed. All of this work was
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carried out with the goal of improved detection of analytes; however, many of the other
factors behind the push for new SERS/SERRS substrates were addressed. The new
SERS/SERRS substrates developed in this work include: mixed Ag/Au evaporated
nanoparticle films; self-sustained, Au nanoparticle embedded chitosan films;
dendrimer/Ag nanosphere LbL films; dendrimer/Ag nanowire LbL films; and finally
avidin/Ag nanoparticle LbL films. These substrates were characterized using a variety of
techniques including: UV-visible surface plasmon absorption spectroscopy, X-ray
photoelectron spectroscopy, atomic force microscopy, transmission electron microscopy,
and infrared absorption. They were demonstrated to be excellent substrates for
SERS/SERRS measurements, demonstrating significant enhancement capability and

many other valuable characteristics.

4.2 Mixed Ag/Au Vacuum Evaporated Nanostructured Films®

4.2.1 Introduction

As was noted in Section 4.1, the development of nanostructured substrates
capable of enhancing Raman and resonance Raman signals of single molecules, to the
point of detection, is of great interest, and continues to be pursued widely.>” Central to
this work, is the generation of electromagnetic hot spots, areas of highly localized
electromagnetic fields, at the laser excitation energies being employed.® Clusters of
colloidal Ag and Au have now been shown by several groups to be capable of providing
enhancement that makes single-molecule SERS/SERRS spectroscopy possible.””® As

well, Aroca et al. have demonstrated that single-molecule SERRS can be detected from

* The work of this section was done in close collaboration with N. P. W. Pieczonka. With the exception of
Langmuir-Blodgett film fabrication, all aspects of this work benefited from his valuable contributions.
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perylene derivatives embedded within Langmuir-Blodgett monolayers deposited onto
evaporated, nanostructured Ag films.***

In this section, the introduction of a new substrate for application toward single-
molecule LB SERRS is discussed.” This substrate was prepared by evaporating Ag then
Au onto glass substrates, at elevated temperatures, to produce mixed Ag/Au
nanostructured thin films. It was then characterized by UV-visible surface plasmon
absorption spectroscopy, atomic force microscopy, and X-ray photoelectron
spectroscopy, and employed as a substrate for SERRS of a perylene molecule, BBIP
PTCD, in LB monolayers, down to the single-molecule level. It takes advantage of the
enhancing properties of the two most commonly used metals for enhanced spectroscopy,
and provides surfaces that are less reactive, and therefore, cleancr spectrally, than pure
silver nanostructured films.** It also opens a new range of possibilities for tuning the
surface plasmon absorption of evaporated metal SERS substrates to make them
functional at a wide variety of readily available laser lines. This work was the first where
mixed Ag/Au evaporated films were employed for single molecule SERRS detection, and
saw the introduction of a new molecule to the short list of molecules for which SM
SERRS detection had been demonstrated.

4.2.2 Characterization of Mixed Ag/Au Films

In Figure 4.1, the surface plasmon absorption spectrum of a 10 nm mixed Ag/Au
film (5nm Ag + 5 nm Au) is shown. Due to the presence of the Au in the film, its surface
plasmon is shifted to lower energy than a pure evaporated Ag film, and shows a broad
absorption band with a maximum at ca. 697 nm. The breadth of this band, spanning the

entire visible and tailing into the infrared, indicates that the film is composed of a broad
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distribution of particle sizes, and shapes. It also suggests that in the film there is a high
degree of particle-particle interaction. The large width of this band allows for a wide
range of possible excitation frequencies that will fall within the plasmon envelope of the
substrate. It also makes it possible to couple a large range of molecular absorptions to the
surface plasmon, fulfilling the double resonance condition of SERRS, and increasing the

number of potential SERRS active analytes that can be studied.

Mixed Ag/Au Film

Absorbance

400 500 600 700 800
Nanometers

Figure 4.1 Surface plasmon absorption of 10 nm mixed Ag/Au film.

In this work, AFM results were attained to study further the morphology of these
10 nm mixed metal substrates, and a typical height image (2D) is shown in Figure 4.2. A
large distribution of particle sizes is revealed in this image, with particles ranging
between about 25 and 120 nm in diameter, in agreement with what is expected on the

basis of surface plasmon results. Particles in this size range are known to provide strong
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enhancement of Raman and resonance Raman signals, and also to sustain so called
electromagnetic hot spots when aggregated in evaporated films.>>*® When XPS
measurements were made, results revealed that these mixed Ag/Au films had equal
amounts of Ag and Au at their surfaces, indicating a high degree of mixing upon heating

of the films at 200 °C.

Figure 4.2 AFM image of 10 nm mixed Ag/Au film.

4.2.3 Resonance Raman Scattering of BBIP PTCD

The insets of Figure 4.3 show the molecular structure and solution absorption
spectrum (10* M in dichloromethane) of BBIP PTCD. The absorption of the bright
orange dye solution shows strong peaks characteristic of the n-n* electronic transition of
the PTCD chromophore at 543, 495, and 465 nm. The 514.5 nm laser excitation line of
the argon ion laser used in this work is in strong resonance with this molecular transition,

and so powder results are properly referred to as resonance Raman scattering (RRS) and
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show resonance enhancement on the order of the molecule’s extinction coefficient, ca.
10°. The RRS spectrum of BBIP PTCD powder is also shown in Figure 4.3. This
spectrum is dominated by three fundamental vibrational modes at 1298, 1376, and 1573
cm that can be assigned to the ring stretches of the perylene chromophore.”” It is these
three strong peaks that are followed down to the single molecule level in these SERRS

studies on mixed Ag/Au film substrates.

BBIP PTCD
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Figure 4.3 BBIP PTCD resonance Raman Scattering. Resonance Raman scattering
spectrtum of powder BBIP PTCD, with insets showing the molecular structure and

solution absorption spectrum (10* M in dichloromethane) of this molecule.
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4.2.4 Ensemble LB SERRS and SEF from Mixed Ag/Au Films

As was mentioned, 514.5 nm laser excitation was used throughout this study.
Thus, for SERRS measurements, the laser was in resonance with the surface plasmon
absorption of the Ag/Au mixed film as well as the electronic transition of the dye system,
and the multiplicative effects of both molecular resonance enhancement and surface
electromagnetic enhancement were realized. The SERRS spectrum of a concentrated LB
monolayer (1:1 molar ratio of BBIP to arachidic acid) deposited onto a mixed Ag/Au film
is shown in Figure 4.4. The inset of the figure shows a baselined version of this
spectrum, allowing the vibrational SERRS bands to be more easily observed. It can be
seen that strong fundamentals, as well as overtones and combinations, are clearly
observed, and this will be discussed further in Chapter 6. Simultaneously recorded with
the SERRS, is very intense surface-enhanced excimer fluorescence of BBIP PTCD. By
comparing the Raman intensities of concentrated LB monolayers on glass, and on mixed
Ag/Au films, an average surface enhancement of about 10* was estimated for this system.
The local enhancements at hot spots for single molecule detection, however, are much

larger, and are probably on the order of ca. 10°-107 for this system.
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Figure 4.4 Ensemble LB SERRS of BBIP PTCD on mixed Ag/Au film. Average
SERRS and excimer SEF of a 10:1 BBIP PTCD:AA LB monolayer deposited onto a 10

nm mixed Ag/Au nanostructured film. Inset shows baselined SERRS spectrum of BBIP

PTCD.

4.2.5 Single-Molecule LB SERRS from Mixed Ag/Au Films

In Figure 4.5 the SERRS spectrum of BBIP PTCD, embedded within monolayers
of AA deposited onto mixed Ag/Au substrates, including fundamentals and first
overtones and combinations, is followed down to the single-molecule level. Spectra

recorded from, on average, 2 x 10° molecules, 10 molecules, and finally, a single BBIP
PTCD molecule, are shown in Figures 4.5 (a), (b), and (c), respectively. It is likely that
the latter two spectra were both recorded from single, isolated monomers, and this will be

discussed further in Chapter 6. Single molecule spectra were found to vary from spot-to-
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spot in all band parameters including Raman shift, bandwidth, band shape, and absolute
and relative intensity, signaling the loss of ensemble averaging. Further, excimer
fluorescence was not observed at the single molecule level confirming that aggregation
does not occur at this concentration level. A number of difficulties were encountered in
trying to obtain single molecule BBIP PTCD spectra with good signal to noise ratios in
this work. Foremost of these, was the disappearance of signals with even mininum
exposure to the laser. This prevented all attempts at high power measurements or
accumulation of spectra, and necessitated the use of fresh sampling spots and very low
energy densities in order to obtain good signals. These problems eventually led to the use
of the 2D spatial mapping techniques discussed in Chapter 6, however, the use of less
reactive mixed Ag/Au substrates helped immensely with this problem in this work, as
background signals from surface contamination were much lower than on Ag substrates.
Silver is known to be highly reactive with its environment,”* and as the single molecule
regime is approached, this becomes an even more important factor. Often contaminant
signals compete with those of the analyte, and cause a masking of adsorbate spectra, as
well as a diminishing of surface enhancement effects. By coating silver films with gold,
the unavoidable reactivity of the resultant mixed metal films can be reduced, while the
high Raman enhancements that are attained with silver island films can be maintained.
This low reactivity of mixed Ag/Au films facilitates greatly the collection of single

molecule spectra.
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Figure 4.5 Single-Molecule LB SERRS from Mixed Ag/Au Films. SERRS spectra
from AA Langmuir-Blodgett monolayers deposited onto mixed Ag/Au nanostructured
films having, on average, (a) 2 x 10%, (b) 10, and (c¢) 1 BBIP PTCD molecule(s) per

square micron, the scattering area of the Raman microscope.

4.2.6 Conclusions

In this section, the introduction of new mixed Ag/Au nanostructured film
substrates for application toward single-molecule LB SERRS was discussed. The
substrate was prepared by vacuum evaporation of Ag and Au onto glass substrates, at
elevated temperatures, and these mixed metal films were characterized by UV-visible

surface plasmon absorption spectroscopy, atomic force microscopy, and X-ray
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photoelectron spectroscopy. They were employed as substrates for SERRS of a perylene
molecule, BBIP PTCD, in LB monolayers, down to the single-molecule level, and
demonstrated an advantage of lower reactivity over traditional Ag films. They present
promise for future use as substrates for surface-enhanced spectroscopies, including

single-molecule SERRS studies.

4.3 Gold Nanoparticle Embedded, Self-Sustained Chitosan Films®
4.3.1 Introduction

With massive growth of spectroscopic applications occurring in biological and
medical sciences, it is of great interest to develop SERS/SERRS substrates that can
employed in the study of sensitive living systems without causing harm. Likewise,
reducing the environmental impact of new analytical techniques is increasingly essential.
In this section, work toward meeting both of these challenges, through the incorporation
of the biopolymer chitosan and Au nanoparticles into thin film SERS/SERRS substrates,
is discussed.

Chitosan is the (B-1,4)- linked D-glucosamine derivative of the polysaccharide
chitin, the most abundant natural polysaccharide after cellulose, and has been extensively
studied for more than 30 years.”® Its structure is shown in Figure 4.6. It is biocompatible
and biodegradable, and an inexpensive, renewable material with many applications in
cosmetics, pharmaceuticals, food science, wastewater treatment, biotechnology, and

29,30

others. Analogous to other polysaccharides, chitosan has unique structural and

physicochemical characteristics that differ considerably from typical synthetic polymers.

® This work was done in close collaboration with D. S. dos Santos Jr. and N. P. W. Pieczonka. D. S. d. S.
Jr. prepared all films with direction and feedback, based on characterization and application, from P. J. G.
Goulet and N.P. W. P,
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Chitosan’s structure is similar to that of cellulose, but it has better processability due to
the presence of amino groups (pKa 6.2) in its chains. In fact, its chemistry is largely
determined by its amino and hydroxyl groups that act as potential sites for chemical
enzyme immobilization, or simply for altering the polymer’s functionalty.’’ Also,
chitosan is well known as a strong chelating agent for metals and proteins,** making it

particularly useful in sensor development.™

Figure 4.6 Structure of chitosan.

Gold nanoparticles, on the other hand, have found widespread use in fundamental
research,”’ as well as in catalytic,” biological,*® and sensing applications.>”*° They
possess excellent biocompatibility, low toxicity, and low reactivity, making them
excellent candidates for use within living systems. Moreover, their unique optical
properties, which result from surface plasmon resonances in the visible range of the
electromagnetic spectrum, make them particularly attractive for optical applications,

including the enhancement of Raman and resonance Raman scattering down to the
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single-molecule level.'%* Recently, it was shown that Au nanoparticles can be employed
as analytical tools for the investigation of single living cells.****

Many physical and chemical methods have been employed in the fabrication of
gold nanoparticles, producing a wide variety of sizes and shapes.**’ Thin solid films
containing gold nanostructures have also found wide application.®*° Gold is
electropositive and can be reduced by various agents such as borohydride, amines,
alcohols, and carboxylic acids. The most common methods, however, are based on
sodium citrate, sodium borohydride, and ascorbic acid.> Typically nanoparticles tend to
aggregate during their synthesis, and stabilizers, such as small organic molecules or
polymers, must be used. The latter often protect nanoparticles after their formation
through steric hindrance, thereby preventing aggregation. Polymers can also offer
control over the rate of the reduction process, and thus enable the production of
nanoparticles of different shapes and sizes.”!

In this section, the fabrication, characterization, and application as substrates for
SERS/SERRS, of a new class of self-sustained chitosan thin films containing dispersions
of gold nanoparticles, is discussed. Gold nanoparticles were generated using acetic acid
as a reducing agent in a reaction mediated by the biopolymer chitosan. Self-sustaining
films were then formed from the resultant nanocomposite solutions, and characterized by
surface plasmon absorption, TEM, and infrared spectroscopy. They were shown to

effectively enhance Raman signals of a test analyte, rhodamine 6G, down to trace

quantities.
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4.3.2 Characterization of Chitosan/Au Nanoparticle Films

In this work, gold nanoparticles were produced using acetic acid as a reducing
agent, while employing chitosan as a stabilizer and mediator of the reaction. It was found
that the properties of the nanoparticles produced could be tuned by varying several
experimental parameters, including the relative and absolute concentrations of each of the
reactants, temperature, ionic strength, pH, and reaction time. Thin films were prepared
from each of these reaction solutions by casting measured volumes of each onto glass
substrates and leaving them to dry for 24 hours. To produce self-sustained films, films
on glass were then neutralized with a 1% aqueous solution of NaOH, rinsed with
deionized water until reaching neutral pH, and removed from the glass substrates. Figure
4.7 shows a variety of these nanocomposite films produced from different reaction
conditions, including a stable, flexible, self-sustained film that is held in tweezers. It can
be seen that the optical properties of each of these films is slightly different, with their
colour ranging from light pink to dark violet. Each was tested for SERS/SERRS activity,
which varied widely, and the reaction condition that produced the film with the highest
enhancement levels (method given in Chapter 3) was employed for all further studies. It

is these films that are discussed throughout this section.
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Figure 4.7 Photograph of various Au nanoparticle embedded chitosan films.

Surface plasmon absorption, which has proven very sensitive for measuring differences

5253 was employed in the

in metallic nanoparticle size, shape, and spatial distribution,
study of all nanoparticle solutions and resulting nanocomposite films in this work. The
production of Au nanoparticles in solution is illustrated in Figure 4.8, where the increase
in the extinction of the 539 nm surface plasmon band with reaction time can be attributed
to the formation and increasing population of Au nanoparticles. Visually, this process
can be observed as a change in the colour of the solution from yellow to dark pink as the
reaction proceeds. In the inset of this figure, the surface plasmon absorption of the
corresponding nanocomposite film is shown. This spectrum reveals a shift in the
absorption maximum to 555 nm for the film from 539 nm for the solution. This redshift

results from increased aggregation of the Au nanoparticles, and an increased refractive

index of the media surrounding the metallic nanoparticles, in the films.>*
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Figure 4.8 Surface plasmon absorption of chitosan/Au nanoparticle mixtures.
Shown, is the growth of surface plasmon absorption with reaction time indicating the
production of Au nanoparticles. Inset shows surface plasmon absorption spectrum of a

dry Au nanoparticle embedded chitosan film.

In Figure 4.9, TEM results obtained from self-sustained chitosan/Au nanoparticle
films are shown. Aggregates of Au nanoparticles with diameters ranging from ca. 10-20
nm are found to be dispersed throughout the nanocomposite films, in agreement with
what would be expected on the basis of UV-visible absorption results. It is known that
aggregates of this size produce strong enhancement of Raman signals.”> Higher
magnification images shown in Figure 4.9(b) reveal that these nanoparticles are

multifaceted, and often triangular. Also, electron diffraction results, shown in Figure
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4.9(c), have rather sharp spots with diffuse rings, indicating some crystallinity of the

particles even at these small sizes.

Figure 4.9 TEM images and electron diffraction of chitosan/Au nanoparticle films.

In this work, infrared absorption measurements were also made to characterize
both pure and Au nanoparticle embedded chitosan films, and the results are shown in
Figure 4.10. While there is little difference between the spectra of these samples, it is
clear that there is a shifting of the amide (II) + NH, bending mode,’® from 1569 to 1593
cm”, upon inclusion of Au nanoparticles. This spectral shift indicates an interaction

between the amine groups of chitosan and the Au nanoparticles.
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Figure 4.10 IR absorption of pure and Au nanoparticle embedded chitosan films.

4.3.3 SERS from Chitosan/Au Nanoparticle Films

Finally, it was demonstrated that these nanocomposite films are capable of large
surface-enhancement of Raman signals, and this is shown in Figure 4.11. Both pure and
Au nanoparticle embedded chitosan films were dipped into rhodamine 6G solutions
having concentrations ranging from 10" to 10® M. The pure chitosan films showed
strong fluorescence and extremely weak Raman peaks resulting from R6G, as is shown in

Figure 4.11(a). In the case of the Au-chitosan nanocomposite films, however, this strong
fluorescence was quenched by the nanoparticles, and, at the same time, the Raman bands

were enhanced greatly (Figure 4.11(b)). SERS of R6G was easily detected from films
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dipped into solutions with concentrations as low as 10° M, providing trace detection with

full molecular vibrational information.
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Figure 4.11 SERS from Chitosan/Au Nanoparticle Films. (a) Raman spectrum
obtained from pure chitosan film dipped into a 10 M R6G solution. (b) SERS spectrum
obtained from a Au nanoparticle embedded chitosan film dipped into a 10* M R6G

solution.

4.3.4 Conclusions

In this work, gold nanoparticles were generated through the reaction of
tetrachloroauric(IIl) acid, acetic acid, and chitosan. Gold-chitosan nanocomposite films
were produced from the reaction solutions, and characterized by UV-visible surface

plasmon absorption, transmission electron microscopy, and infrared absorption. It was
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shown that these films could be employed as substrates for trace analysis using surface-

enhanced Raman scattering.

4.4 Dendrimer/Ag Nanosphere Layer-by-Layer Films*
4.4.1 Introduction
Substrates for SERS have been fabricated using a variety of physical and
chemical methods, producing a wide assortment of interesting architectures.”’®' Some of

these architectures include those produced by vacuum evaporation of metal,%%

65,66 67,68

electrochemical roughening of metal electrodes and lithographic techniques.
However, the use of these techniques tends to be somewhat limited because they require
expensive, specialized equipment or specialized techniques. Chemically reduced
colloidal metal solutions, on the other hand, are quite easy to prepare, and have now
become the most widely used SERS substrates.**"

Despite the exceptional utility that colloidal solutions have shown as SERS
substrates, there are some drawbacks to their use. First and foremost, they can become
very unstable and collapse with the introduction of analyte molecules, due to a reduction
in the repulsive forces between particles. In addition, when working in solution, fairly
strong adsorption of molecules onto particles, producing short interaction distances, is
required for large enhancement, but this may not exist for all combinations of interest.
Finally, when casting these solutions onto solid surfaces, there is very little control over

the resulting inter-particle spacing. It is known, however, that this spacing critically

determines the optical properties of the aggregates produced, including the large

¢ This work was done in close collaboration with D. S. dos Santos Jr. and R. A Alvarez-Puebla. D. S. d. S.
Jr. prepared all films with direction and feedback, based on characterization and application, from P. J. G.
Goulet and R. A A.-P.

76

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



electromagnetic fields that define SERS. One simple method for SERS substrate
fabrication that seems to address all of these issues is the layer-by-layer (LbL) technique.

The layer-by-layer technique was pioneered by Decher,”’ and involves the
electrostatic assembly of alternating positively and negatively charged layers. It is an
extremely versatile method for nano-dimension film fabrication, and this can be seen in
the large variety of materials that have been employed in LbL films.”> These
supramolecular architectures may be tailored for specific applications, including those in

7374 Included in the materials that are particularly well

biology, optics, and electronics.
suited for use in LbL films are dendrimers.” These are macromolecules composed of a
core (generation zero) and a hyper branched structure that extends in a highly organized
fashion out to the terminal groups. In contrast to conventional polymers, dendrimers
have precisely controlled structures, molecular weights, and chemical functionalities.
They have recently been employed as stabilizers in the synthesis of metallic nanoparticles
of gold and silver, using reducing agents such as sodium borohydride and citrate.”*™ In
some cases, dendrimers have been applied directly as reducing agents for the production
of metallic nanoparticles.”

Several groups have incorporated metallic nanoparticles into LbL thin films, %2
and examined the use of these films as substrates for SERS measurements.”’ In the work

discussed in this section, the exceptional characteristics of dendrimers, and the powerful
optical properties of colloidal Ag nanospheres, are utilized to produce unique SERS
substrates using the LbL self-assembly technique.®® Films are prepared by successive
alternating immersions in solutions of dendrimer and colloidal Ag particles and

characterized by surface plasmon absorption and atomic force microscopy. They are
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shown to provide excellent enhancement of the Raman scattering of 2-naphthalenethiol.
The optical properties of several different possible architectures are studied as a function
of the size (generation) and concentration of the dendrimer used, as well as the number of
layers produced. Ag nanoparticles are shown to be effectively immobilized and
stabilized by the dendrimers, with increased control over their spacing and aggregation.
Finally, the possibility of collecting SERS from architectures with intervening layers
between metal nanoparticles and the surface is demonstrated.
4.4.2 Characterization of Dendrimer/Ag Nanosphere LbL Films

Layer-by-layer film depositions, as well as the properties of films produced by
this technique, are known to depend critically upon the various experimental parameters
employed. Among the most important of these are the chemistry, size, and concentration
of the species involved, and the number of deposition steps performed. In this work, an
attempt has been made to systematically study these variables for LbL films produced
from colloidal Ag and DAB-Am dendrimer (amine-terminated) solutions. In Figure 4.12,
the growth of films is monitored using UV-visible absorption spectroscopy for generation
5 (G5 DAB-Am) and generation 1 (G1 DAB-Am) dendrimer/Ag multilayers. The
surface plasmon absorption spectra for LbL films produced using a 0.045 g/L G5 DAB-
Am dendrimer solution as the source of the cationic species are shown in Figure 4.12(a),
while the spectra for films produced using 0.100 g/L and 0.045 g/L solutions of G1 DAB-

Am dendrimer are shown in Figures 4.12 (b) and (c), respectively.
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Figure 4.12 UV-visible absorption of dendrimer/Ag nanosphere LbL films. Surface

plasmon absorption spectra of layer-by-layer films showing increasing extinction with
increasing number of bilayers for films produced with a Ag colloid solution and (a) G5
DAB-Am dendrimer solution (1.0 g/L) (up to 9 bilayers), (b) G1 DAB-Am dendrimer

solution (2.4 g/L) (up to 5 bilayers), and (c) G1 DAB-Am dendrimer solution (1.0 g/L)

(up to 5 bilayers).
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There are several traits that appear to be common to all three sets of experiments.
First, the overall shape of the absorption spectra is similar for all films, displaying a
broad maximum at ca. 390 nm, and a second broad feature at ca. 700 nm. The former can
be attributed to the absorption of single isolated Ag particles with a mean diameter of ca.
20 nm. The latter feature, on the other hand, is the result of the absorption due to
coupling particles, whether as dimers or higher order aggregates. Second, in all three
cases, the extinction of the films grows with the addition of each bilayer, indicating that,
within these limits, adsorption of the nanoparticles is a favored process over desorption.
Finally, in all three sets of spectra, a general trend towards growth in the relative intensity
of the longer wavelength band is observed with increasing number of bilayers, before
stabilizing after ca. 3 bilayers have been deposited. This can be interpreted as an increase
in the number of electromagnetically coupling nanoparticles relative to single isolated
ones, and ultimately to the uneven distribution of material in the initial bilayers.

By comparing the corresponding data of Figures 4.12 (a) and (c), it can be seen
that higher Ag adsorption occurs with the generation 5 dendrimer than with the
generation 1 dendrimer (with equal concentrations of 0.045 g/L), as revealed by higher
surface plasmon absorption. This suggests, as expected, that there are a larger number of
available amino groups for binding Ag nanoparticles on the surface of the generation 5
dendrimer films than on the generation 1 films. This also holds when the concentration
of the generation 1 dendrimer is increased to 0.100 g/L, as in Figure 4.12(b). Moreover,
a comparison of the spectra in Figures 4.12 (b) and (c) reveals that the higher
concentration of generation 1 dendrimer leads to increased adsorption of silver

nanoparticles, and thus higher absorption. It was also found that the adsorption of Ag
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nanoparticles on the dendrimer layers continued to increase up to 20 hrs., indicating that
film growth is not governed by strong electrostatic interactions alone, and that other
driving forces such as van der Waals or hydrogen bond interactions may also play an
important role.*

The surface morphologies of the LbL films produced in this work were analyzed
by AFM imaging. The results obtained for films prepared using a G5 DAB-Am solution
with a concentration of 0.045 g/L and a Ag colloidal solution are shown in Figure 4.13.
These images are of films produced with 1 to 6 bilayers, and correspond to the lower 6
absorption spectra of Figure 4.12(a). Based on the analysis of these images, the mean
diameter of the silver nanoparticles was found to be ca. 20 nm. With the deposition of a
single bilayer, the vast majority of nanoparticles are observed as single isolated particles
or as dimers, with the surface being covered quite incompletely, as shown in Figure
4.13(a). This effect is commonly observed for LbL films and is the result of the non-
uniform coverage of the glass substrate by the first dendrimer layer. As the number of
bilayers deposited is increased up to 6, as shown in Figures 4.13(b-f), however, surface
coverage becomes more complete, forming continuous interacting networks of
nanoparticles with occasional larger aggregates. The RMS roughness values of the films
also seem to support the idea that after the first few bilayers have been deposited, the
depositions become more consistent and the surface morphology changes little with each
additional bilayer. The first bilayer has an RMS roughness value of ca. 20 nm, and this is
fairly consistent with the mean particle size. As more layers are added to the film, the
roughness of the surface increases up to approximately 60 nm in the third layer, after

which it remains relatively constant with increasing numbers of bilayers.
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Figure 4.13 AFM images of dendrimer/Ag nanosphere LbL films. AFM images
recorded from G5 DAB-Am/Ag nanoparticle LbL films (1.0 g/L) demonstrating the
effect of increasing numbers of bilayers on film morphology and RMS roughness. (a) 1
bilayer (RMS= 20.2 nm), (b) 2 bilayers (RMS= 40.2 nm), (¢) 3 bilayers (RMS= 55.3
nm), (d) 4 bilayers (RMS= 63.1 nm), (e¢) 5 bilayers (RMS= 67.0 nm), and (f) 6 bilayers

(RMS= 62.9 nm).
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4.4.3 SERS from Dendrimer/Ag Nanosphere LbL Films

In Figure 4.14, the effect of the number of bilayers of G5 dendrimers and Ag
nanoparticles, on the SERS intensity of 2-naphthalenethiol (2-NAT) cast onto LbL film
substrates, is examined. As a reference for the SERS spectra reported here, the normal
Raman scattering spectrum of 2-NAT powder is shown in Figure 4.14(a). This spectrum,
along with the SERS spectra of this molecule, has been reported previously.*® The SERS
spectra of 2-NAT cast onto LbL films of 1 to 6 bilayers are shown in Figures 4.14(b-g),
and were all recorded under the same experimental conditions using a 785 nm diode
laser. The SERS spectra recorded from all the substrates show the same basic features,
with nearly no variation in the relative intensities, frequencies, or bandwidths of the
observed bands. However, there is an important trend revealed in the observed average
absolute intensities of the spectra, and this is illustrated by the values in brackets for each
of the SERS spectra in Figure 4.14, which indicate the intensity of the 1382 cm™ band of
2-NAT in kilocounts. It can be seen that average enhancement increases proceeding from
1 to 3 G5 DAB-Am/Ag bilayers before stabilizing. This trend can be attributed to
increased surface coverage, surface area, and aggregation (more structures resonant at
785 nm) with increasing numbers of bilayers, and agrees well with the trends observed

for surface plasmon absorption and AFM measurements.
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Figure 4.14 SERS from G5 DAB-Am/Ag nanoparticle LbL films. (a) Normal Raman
scattering spectrum of 2-NAT powder. Also shown are SERS spectra recorded from 2-
NAT cast onto LbL films, fabricated from Ag nanospheres and G5 DAB-Am dendrimer,
and composed of (b) 1, (¢) 2, (d) 3, (e) 4, (f) 5, and (g) 6 bilayers. The number in
brackets for each of the SERS spectra indicates the average intensity of the 1382 cm™
band of 2-NAT in kilocounts, where all spectra were recorded using the same

experimental conditions. Inset shows structure of 2-NAT.
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Strong SERS enhancement can also be observed from 2-NAT cast onto LbL film
substrates prepared using G1 DAB-Am and Ag nanoparticle solutions, as shown in
Figure 4.15. In this figure, the effect of the concentration of the cationic dendrimer
species on the average enhancement of the SERS signals collected from the substrates is
explored. In agreement with the surface plasmon absorption results presented for these
film sets, the average enhancement of the Raman scattering signals is significantly higher
for the films prepared with the higher dendrimer concentration (a-e). This is likely due to
higher concentrations of nanostructures resonant at 785 nm, and also possibly to
increases in electromagnetic fields surrounding the nanostructures due to higher particle-
particle coupling in these films. In addition, these substrate sets show similar behavior to
those prepared using the generation 5 dendrimer (Figure 4.14), as enhancement grows

initially when bilayers are added, then stabilizes.
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Figure 4.15 SERS from G1 DAB-Am/Ag nanoparticle LbL films. Comparison of
SERS spectra of 2-NAT as a function of the concentration of G1 DAB-Am dendrimer
used to produce the LbL substrates, and the number of bilayers they are composed of.
All spectra on the left (a-e) were produced from a 0.100 g/l G1 DAB-Am solution, and
are composed of (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 bilayers. All spectra on the right (f-j),
however, were produced from a 0.045 g/l G1 DAB-Am solution, and are composed of
® 1, (g) 2, (h) 3, (i) 4, and (j) S bilayers. The number in brackets for each of the spectra
indicates the average intensity of the 1382 cm™ band of 2-NAT in kilocounts, where all

spectra were recorded using identical experimental conditions.
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In all of the SERS experiments described above, enhancement was observed for
the Raman scattering signals of analytes deposited directly onto Ag nanoparticle layers.
To demonstrate that it is possible to develop sensors with external layers that are
chemically selective for specific analytes, without significantly decreasing the
enhancement afforded by SERS, experiments were performed with architectures having
intervening layers between the metal nanoparticles and the film’s surface. These
architectures were prepared by substituting outer Ag nanoparticle layers with the polymer
polystyrene sulfonate (PSS), as shown in Figure 4.16. Films were prepared from
colloidal Ag, 0.045 g/ G5 DAB-Am dendrimer, and 1.0 g/L PSS solutions, and SERS
spectra were recorded from solutions of 2-NAT cast onto them and evaporated. The
value in brackets for each of the spectra indicates the average intensity of the 1382 cm’
band of 2-NAT in kilocounts, where all spectra were recorded using the same
experimental conditions. Although there are decreases in average SERS intensities with
increasing number of intervening layers, electromagnetic enhancement is still strong,

even with 2 complete layers between the metallic nanoparticles and the surface.

87

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



(35.3)

:
%f

-t
N
N
S

(5.6)

Lzl s
FEEE

500 1000 1500
Raman shift (cm™)

glass dendrimer layer

Ag NP layer wasaoasetncess PSS layer

Figure 4.16 SERS from LbL films with intervening layers. Spectra from LbL
substrates demonstrating the effect on intensity of introducing intervening layers between
the Ag nanospheres and the surface of the films. The value in brackets for each of the
spectra indicates the average intensity of the 1382 cm™ band of 2-NAT in kilocounts,
where all spectra were recorded using the same experimental conditions. The

architectures are as shown in the legend.
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4.4.4 Conclusions

In this work, the layer-by-layer technique was successfully employed in the
production of unique substrates for measurements of surface-enhanced Raman scattering.
The exceptional characteristics of dendrimers, along with the powerful optical properties
of colloidal Ag nanospheres, were utilized to produce a variety of different film
architectures, and these were studied by surface plasmon absorption, AFM, and SERS
measurements. It was shown that the optical properties of these different substrate
architectures are strongly influenced by the generation and concentration of the
dendrimers used, as well as the number of layers produced. These LbL films were shown
to have some particular benefits over many commonly used substrates for SERS, and
were able to provide excellent enhancement of the Raman scattering of 2-
naphthalenethiol. Finally, the collection of SERS from architectures with intervening
layers between the metal nanoparticles and the surface of the films was demonstrated,
showing potential for application in the development of chemically specific SERS

SE€NSOrs.

4.5 Dendrimer/Ag Nanowire Layer-by-Layer Films*®
4.5.1 Introduction
In this section, the development of a new substrate for SERS/SERRS, that once
again employs the layer-by-layer technique, is discussed. This technique’ for nano-
dimension film fabrication involves the electrostatic assembly of alternating positively

and negatively charged layers, and allows for the controlled production of nano-

? This work was done in close collaboration with D. S. dos Santos Jr. and R. A Alvarez-Puebla. D. S. d. S.
Jr. prepared all films with direction and feedback, based on characterization and application, from P. J. G.
Goulet. R. A. A.-P. performed measurements not included in this thesis.
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architectures, and represents a great potential for broadening the possibilities of surface-
enhanced experiments.* In particular, it allows for the incorporation of a large variety of

8789 where, in most cases, their interesting properties are

materials into thin films,
maintained. In this way, the LbL technique allows for the marriage of the properties and
function of different materials into useful thin films.

In this section, the fabrication of SERS/SERRS active dendrimer/Ag nanowire
layer-by-layer thin solid films is discussed.”® Ag nanowires were employed in this work,
because they are known to produce strong enhancement of Raman and resonance Raman
signals, particularly when aligned parallel to one another where electromagnetic coupling

can OCCU.I'.6’61’91

Briefly, Ag nanowires, approximately 100 nm in diameter, were
produced in solution and allowed to self-assemble into a single layer on a single G5
DAB-Am dendrimer layer coating a glass substrate. The Ag nanowires, and the resulting
LbL films were characterized using UV-visible surface plasmon absorption, while the
films were characterized further by atomic force microscopy (AFM), and applied as
substrates for SERS/SERRS. The dendrimer was found to effectively immobilize and
control the spacing of the Ag nanowires within the films. Through a series of
experiments these films were shown to be excellent substrates for SERS/SERRS
measurements, demonstrating significant enhancement, and trace detection capability. A
common analyte (R6G) was tested using a variety of excitation energies, and results
confirmed effective enhancement of Raman signals throughout the visible range of the
electromagnetic spectrum (442 to 785 nm), making possible the observation of both

SERS and SERRS. This molecule was cast onto the films from aqueous solution.

However, the insolubility of the LbL film substrates was capitalized upon in this work
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through the use of the Langmuir-Blodgett technique® to introduce analytes onto the Ag
nanowire surface for SERRS experiments. This technique allows for highly controlled
deposition of single monomolecular layers onto solid supports.
4.5.2 Characterization of Dendrimer/Ag Nanowire LbL Films

Based on the report of Sun et al.,”® the solution-phase synthesis of uniform
nanowires of bicrystalline silver, with diameters of ca. 100 nm and lengths of several
microns, was successfully completed. The synthesized nanowires were characterized by
their surface plasmon absorption in the visible region of the electromagnetic spectrum,
and the results are shown in Figure 4.17(a). The plasmon absorption of the nanowires in
solution is distinctly different from the nanowires in the LbL film with the G5 DAB-Am
dendrimer (Figure 4.17(b)). The spectrum of the LbL film shows two well-resolved
maxima at 358 nm and 396 nm, while a shoulder at 353 nm and a maximum at 383 nm
can be seen in the solution phase. A clear redshifting, broadening absorption is evident
for the Ag nanowires in the LbL film, and this can be readily explained by changes in the
dielectric function of the medium surrounding the particles,” as well as by the
aggregation (bundling) of the nanowires. The plasmon absorption of the nanowires
(elongated cylinders) is distinctly different from that of a distribution of spherical silver
particles in colloidal solutions, or metal island films, showing a characteristic strong, blue
shifted maximum below 400 nm, as can be seen in Figure 4.17. This band can be

assigned of the transverse plasmon absorption mode of the nanowires.”**
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Figure 4.17 Surface plasmon absorption of dendrimer/Ag nanowire film. Extinction

spectra of (a) Ag nanowire solution, and (b) G5 DAB-Am/Ag nanowire LbL film.

The morphology of the Ag nanowires in the LbL films is shown in Figure 4.18.
Particles are several micrometers in length, bundled together, and have average diameters
of approximately 100 nm. Higher magnification images reveal this lengthwise
aggregation, and show the structures to be many-sided, rather than smooth cylinders.
This confirms previous results that demonstrated pentagonal cross-sections for these
wires.®! Notably, the bundling apparent in these images appears to be directly related to
the process of assembling the nanowires onto the dendrimer layer in the LbL film, as it is
not observed in images of the wires cast directly onto glass. Also in these images, large

irregularly shaped particles can be seen interspersed with the nanowires. AFM phase
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imaging suggests that these particles are Ag, but their contribution to the surface plasmon
absorption spectra, or enhancement of the Raman signals, appears to be minimal, as
expected from their large size. In fact, the large size of these particles (200-500 nm)
largely precludes their effectiveness as enhancing nanostructures for SERS/SERRS
experiments, particularly in the visible region of the electromagnetic spectrum. The
AFM images of the LbL water insoluble film, show abundant metal nanostructures on the
surface of the film, making it an ideal candidate for SERS/SERRS measurements from
cast solutions, as well as from single monolayers transferred from the air-water interface
to the probing surface using the LB technique. Moreover, the presence of known
contributors to high surface-enhancement of Raman signals, in these films, such as sharp

edges and tips, as well as aggregates of particles, is noteworthy.

Figure 4.18 AFM images of a G5 DAB-Am/Ag nanowire LbL film.
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4.5.3 SERS/SERRS from Dendrimer/Ag Nanowire LbL Films

In this work, the ability of G5 DAB-Am/Ag nanowire LbL substrates to produce
SERS/SERRS was tested in two ways. First, a known volume (10 pL) of a 10° M
aqueous solution of R6G was cast onto the LbL film, and a section of the surface covered
by the solution (ca. 1 pm2) was excited with several laser wavelengths to gather the
inelastic scattering. Second, mixed Langmuir-Blodgett monolayers of n-pentyl-5-
salicylimido perylene (salPTCD) were deposited onto the LbL films and SERRS
experiments were carried out. The SERS/SERRS spectra of R6G are illustrated in
Figures 4.19 and 4.20. The insets of Figure 4.19 show the molecular structure of R6G, as
well as the absorption and emission spectra of the stock solution of the dye used in the
SERS experiments. It can be seen that the 633 and 785 nm laser excitation lines are not
in resonance with the observed electronic transitions of the molecule, and therefore these
enhanced spectra are referred to as surface-enhanced Raman scattering (SERS). When
laser excitation is in electronic resonance with the molecular system, however, the
observed enhanced spectra are referred to as surface-enhanced resonance Raman
scattering (SERRS). This is the case for this molecular system at 442, 488, and 514 nm
laser excitation. Figure 4.19 shows the SERRS spectrum recorded from R6G employing
514.5 nm excitation, on Ag nanowire LbL films. Shown are the fundamentals, in the
spectral region up to 1700 cm™, and also the combinations and overtones, clearly seen in
the 1900-3500 cm™ region. This spectrum demonstrates strong enhancement, with
signals being detected from attomole quantities. Further, in Figure 4.20, it is shown that
all laser excitation lines from the visible, starting at 442 nm, to the near-infrared, at 785

nm, provide strong SERS/SERRS with these LbL substrates. As laser excitation is
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brought in and out of resonance with the molecular electronic transition, the relative
intensities in the SERS/SERRS spectra vary, and this is a result of the coupling of the

vibrational modes to the electronic transition in the resonant case.

e
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Figure 4.19 SERRS of R6G on G5 DAB-Am/Ag nanowire LbL film. Baselined
SERRS spectrum of R6G recorded using laser excitation at 514 nm, and showing strong
overtone and combination bands. Insets show R6G molecular structure, and absorption

and fluorescence emission of 10° M R6G solution.
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Figure 4.20 Broad enhancement region of G5 DAB-Am/Ag nanowire LbL film.
SERS/SERRS spectra of R6G recorded using laser excitation at (a) 442, (b) 488, (¢) 514,

(d) 633, and (e) 785 nm.

4.5.4 LB SERS/SERRS from Dendrimer/Ag Nanowire LbL Films

Finally, these LbL films are water insoluble, and therefore offer the possibility for
use as substrates for Langmuir-Blodgett SERS/SERRS.” Mixed LB monolayers were
prepared by spreading a mixed solution containing arachidic acid and salPTCD, in a 10:1

molar ratio, at the air water interface of a Langmuir trough. A single LB monolayer was

then transferred by Z-deposition to the LbL substrate. Spectra were recorded using 514.5
and 633 nm laser excitation, and collected from an area of ca. 1 pm” They are shown in

Figure 4.21, and arise from attomole quantities of the perylene dye. A change in the
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relative intensities of the vibrational bands with different excitation energies is once again

the result of molecular resonance of the dye at 514.5 nm.

LB SERRS

(a)

514.5 nm

(b)

500 1000 1500 2000 2500 3000
Raman Shift (cm)
Figure 4.21 LB SERS/SERRS from Dendrimer/Ag Nanowire LbL Films.
SERS/SERRS spectra of a 10:1 mixed AA:salPTCD LB monolayer recorded using laser

excitation at (a) 514, and (b) 633 nm. Also shown is the molecular structure of salPTCD.

4.5.5 Conclusions
In this work, a versatile G5 DAB-Am/Ag nanowire LbL substrate for enhanced

optical applications was developed and characterized by UV-visible surface plasmon
absorption and AFM. It was employed as a substrate for SERS/SERRS measurements

from solution-casted and Langmuir-Blodgett samples at a variety of excitation energies,
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and found to provide excellent enhancement of Raman and resonance Raman signals,

down to trace levels.

4.6 Avidin/Ag Nanoparticle Layer-by-Layer Films®

4.6.1 Introduction

The design of novel nanostructured SERS/SERRS substrates that provide
functionality beyond simple optical amplification is now of great interest.”® In meeting
this challenge, materials exhibiting strong, bio-specific interactions promise to be among
the most widely used. These include, among others, enzyme/substrate, antibody/antigen,
and DNA strand/complementary strand systems.>”"*° Of course, for the functionality of
these systems to be effectively coupled with the unique optical properties of metallic
nanoparticles, to produce the next generation of SERS/SERRS substrates, they will first
have to be incorporated together into well designed nanoarchitectures. One of the best
strategies for accomplishing this goal is through the use of the simple and inexpensive
layer-by-layer (LbL) technique for thin film fabrication, which has been employed using
a wide variety of different materials, including biopolymers,* proteins,'® quantum

%1 and metallic nanoparticles.*

dots,

In the work discussed in this section, the LbL technique is employed to efficiently
couple the strong natural biotin-chelating ability of the glycoprotein avidin with the
powerful optical enhancing properties of colloidal Ag nanoparticles to produce

102,103

functional, chemically specific SERS/SERRS substrates. These substrates are

characterized by surface plasmon absorption spectroscopy, atomic force microscopy, and

® This work was done in close collaboration with N. P. W. Pieczonka. Most aspects of this work benefited
from his valuable contributions.
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SERRS, as a function of the number of bilayers deposited. They are demonstrated to
effectively enhance Raman and resonance Raman scattering signals throughout the entire
visible region of the electromagnetic spectrum, and enhancement is shown to be uniform
on the surface through the use of 2D SERRS mapping. It is shown that biotinylated
species are preferentially adsorbed from solution by these thin films, relative to their non-
tagged counterparts, leading to concentration enhancements and improved SERRS
detection sensitivities of ca. 10% (Figure 4.22). It is also demonstrated that species of
interest can be biotinylated in situ in aqueous solution, using existing strategies, and

detected with corresponding increases in intensity and sensitivity.

Layer-by-layer film on glass

Avidin Biotinylated Ag
Dye Nanoparticle

Figure 4.22 Chemically selective adsorption on avidin/Ag nanoparticle LbL films.
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4.6.2 Characterization of Avidin/Ag Nanoparticle LbL Films

Based on the method of Lee and Meisel,”” colloidal Ag nanoparticles were
prepared in solution through the citrate reduction of AgNQO;. The collapse of such
colloidal solutions is prevented by the repulsion of negative charges at the surface of
different nanoparticles that result from the adsorption of ions and the ionization of
surface adsorbates. The extent of the surface charge of colloidal nanoparticles can be
monitored through the measurement of the potential across the electrical double layer
formed at the particle-liquid interface. This potential is referred to as the zeta potential, {,
and has recently been measured to be about -50 mV for this colloidal Ag solution at
neutral pH.'™ Avidin, on the other hand, is cationic at neutral pH due to its isoelectric

point of 10.5.'%

Together, these facts make the effective fabrication of LbL films of
these materials, through electrostatic interactions, possible.

After each layer of these avidin/Ag nanoparticle LbL films was deposited, surface
plasmon absorption spectra were recorded. In Figure 4.23, these are shown for films
with 2, 4, 6, 8, 10, 12, and 14 bilayers. It can be seen that the extinction of these films
grows with increasing number of bilayers, confirming effective film building and the
advantage of adsorption over desorption under these conditions. These spectra reveal
two well resolved high energy bands at ca. 383 and 430 nm that redshift slightly with
increasing number of bilayers. These bands can be assigned to quadrupolar and dipolar
particle plasmon resonances, respectively, with the quadrupolar mode being due to the
presence of larger spherical particles with diameters up to 70 nm.>®> The slight redshifting

of these bands can be attributed to changes in the dielectric function of the medium

surrounding the particles with film growth. Also observed in these spectra is a very
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broad feature with a maximum at about 700 nm that increases in relative intensity, and
then stabilizes, as the number of bilayers deposited is increased. This band can be
assigned to dimers and higher order particle aggregates that are known to increase in
number as film growth proceeds. Also shown in Figure 4.23, are digital camera and 50x
microscope images of an LbL film made up of 14 bilayers. From these, it can be seen
that this film is relatively homogeneous on the macro scale, but becomes less so on the
micro scale where Raman measurements are generally made. Large clusters of

nanoparticles can be clearly observed in the latter image.

Absorbance

400 500 600 700 800 900 1000
Nanometers

Figure 4.23 Surface plasmon absorption of avidin/Ag nanoparticle LbL films.
Increasing extinction of avidin/Ag nanoparticle LbL films with increasing number of
bilayers (2, 4, 6, 8, 10, 12, 14). Insets show digital camera image (left) and 50x

microscope image (right) of a 14 bilayer film.
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To demonstrate the relationship between the optical and physical properties of the
avidin/Ag nanoparticle LbL films produced in this work, their surface morphologies were
analyzed by AFM imaging. Selected representative topographical images are presented
in Figure 4.24 for substrates consisting of 2, 4, 6, 8, 12, and 14 layers. It can be seen that
as the number of bilayers deposited is increased, there is a general trend toward greater
surface coverage, increased particle-particle interaction, and cluster/aggregate formation,
as is expected. This trend is supported by increasing RMS roughness values with film
growth, from 7.2 nm for 2 bilayers to 32.6 nm for 14 bilayers. Also, on the basis of the
analysis of these images, the diameter of single isolated particles was found to be
between ca. 30 and 70 nm, while clusters were generally found to range between ca. 150
and 500 nm. These results are consistent with what is expected on the basis of the
surface plasmon results presented for these films, and confirm the presence of interacting
nanoparticle clusters that are well known to be the source of the strongest EM

enhancements of Raman and resonance Raman scattering.
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Figure 4.24 AFM images of avidin/Ag nanoparticle LbL films. Tapping mode AFM

images recorded from (a) 2, (b) 4, (c) 6, (d) 8, (e) 12, and (f) 14 bilayer films.

4.6.3 SERS/SERRS from Avidin/Ag Nanoparticle LbL Films

In Figure 4.25, the relationship between the number of avidin/Ag nanoparticle
bilayers incorporated into these LbL films, and the mean integrated intensity of
rhodamine 6G (R6G) SERRS derived from them, is examined. In each case, 5 uL of a
10° M aqueous solution of the common SERRS dye was cast onto the film, allowed to
dry, and then probed with laser excitation at 514.5 nm using identical power, and
accumulation time. This laser is in full resonance with the strong electronic transition of
the molecular system as well as the surface plasmon resonance of the Ag nanoparticles
incorporated into the LbL substrate, fulfilling the double resonance condition of SERRS.
To obtain values for mean integrated SERRS intensity, 10 spectra were acquired from

different spots on each sample and the 1650 cm™ band of the molecule was fit using
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appropriate spectroscopic software. The mean of these 10 values was then determined
and plotted in Figure 4.25. This plot reveals a general increase in mean integrated
SERRS intensity up to ca. 8 bilayers, while from 8 to 14 bilayers, intensity appears to
level off. This trend generally agrees well with extinction and AFM results, and can be
explained on the basis on increasing surface coverage, and particle-particle interaction
with increasing number of bilayers. Based on these results, it was decided that 14 bilayer

films would be used for all further application.

35+
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0 2 4 6 8 10 12 14

Number of Bilayers

Figure 4.25 SERRS intensity increase with avidin/Ag nanoparticle film growth.
Mean integrated SERRS intensity of 1650 cm™ band of R6G as a function of the number

of bilayers incorporated into the LbL substrate.

104

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



The ability of avidin/Ag nanoparticle LbL. films to effectively enhance Raman
and resonance Raman scattering signals throughout the visible was explored, and the
results are shown in Figure 4.26. Measurements were made from a 5 pL drop of 10° M
R6G cast onto a 14 bilayer film, and recorded with laser excitation at 442, 514.5, 633,
and 785 nm. Notably, strong SERS/SERRS was observed from this substrate at all
wavelengths, making it highly flexible for application in a variety of different laboratory
settings, with diverse chemical systems. At 442 and 514 nm excitation, this molecular
system is resonant, at 633 nm it is pre-resonant, and at 785 nm it is effectively non-
resonant. Therefore these results are properly referred to as SERRS, pre-SERRS, and
SERS, respectively. Differences between these phenomena are revealed through the
variation of the relative intensities in the spectra of Figure 4.26 as laser excitation is

brought in and out of resonance with the molecular electronic transition.
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Figure 4.26 Broad enhancement region of avidin/Ag nanoparticle films.

SERS/SERRS spectra of R6G, cast onto a 14 bilayer film, and recorded using laser

excitation at (a) 442, (b) 514, (¢) 633, and (d) 785 nm.

4.6.4 Concentration Enhancement Through Chemical Selectivity

The ability of these avidin/Ag nanoparticle LbL films to act as chemically
selective SERRS substrates was tested and the results are shown in Figure 4.27. A 14
bilayer avidin/Ag nanoparticle film was immersed into a 10* M solution of a
commercially available, biotinylated fluorescein dye, biotin-4-fluorescein (B4F), for 30
min, while another was immersed into a solution of non-tagged fluorescein, at the same
concentration, for the same period of time. Both samples were removed, rinsed with
distilled water, and dried before SERRS measurements were made using 514.5 nm laser

excitation. The spectra obtained from these samples were found to be essentially the
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same, however, the biotinylated sample was found to exhibit absolute intensities that
were, on average, 10° greater than those measured for its non-tagged counterpart. It was
also found that the non-tagged fluorescein could not be observed at all spots and was near
its detection limit, while biotin-4-fluorescein could be readily observed at all spots with
strong intensity. The uniformity of this response is demonstrated in the 2D spatial
SERRS mapping results of Figure 4.27(g). Moreover, B4F was found to be detectable
from substrates dipped, using identical procedures, into solutions with concentrations as
low as 107 M, while non-tagged fluorescein was undetectable when extracted from
solutions with concentrations below 10° M. In both cases, SERRS spectra result from
the same resonant, central chromophore, with an unchanged Raman cross section.
Therefore, the 100-fold increase in intensity, and related 100 fold increase in detection
sensitivity, associated with biotinylation, can be attributed to a concentration
enhancement that arises specifically as a result of the strong, bio-specific interaction

between the avidin in the LbL film and the biotin tag.
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Figure 4.27 Chemical Selective SERRS from avidin/Ag nanoparticle LbL films.
SERRS spectra, recorded using 514.5 nm excitation, from avidin/Ag nanoparticle layer-
by-layer film dipped into (a) 10™ and (b) 107 M B4F, and (c) 10” and (d) 107 M
biotinylated 5-AF solutions. Shown, in (e) and (f), respectively, are the structures of
these biotinylated species. In (g), a 2D spatial map of SERRS intensities for B4F,

showing highly uniform response, is shown.

The concentration enhancement and improved detection limits discussed here for
pre-synthesized biotinylated species are clearly significant; however, it is also interesting
to pursue similar results for analytes biotinylated in situ in aqueous solution. This
approach further broadens the possible uses for this substrate, as there are many well-

established biotinylation procedures available in the literature. Here, as a proof of
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concept, a water soluble biotinylation reagent, biotin 3-sulfo-N-hydroxysuccinimide ester
was reacted in-situ with 5-(aminomethyl)fluorescein (5-AF) in pH 7.5 PBS solution. The
two reagents were combined in a 1:1 molar ratio, at room temperature, to produce a
solution 10* M in each. The reaction was allowed 30 min for completion before LbL
film substrates were immersed into it, and a solution of non-tagged 5-AF, for 30 min.
Upon removal, the films were rinsed and dried, and SERRS spectra were recorded. It
was found that in situ biotinylation yielded similar 10* improvements in signal intensity
as a result of concentration enhancement. Moreover, it was found that biotinylated 5-AF
was also detectable down to 107 M, with a corresponding 10° advantage in detection
limits over its non-tagged counterpart. Finally, to ensure that observed enhancements
were indeed the result of preferential capture of biotinylated species, films were
immersed into concentrated solutions of biotin before immersion into solutions of the two
biotinylated analytes. In both cases, saturation of the surface with biotin was in fact
found to greatly reduce SERRS intensities, thus confirming the importance of
biorecognition in this work.
4.6.5 Conclusions

In this section, the fabrication, characterization, and application of avidin/Ag
nanoparticle layer-by-layer (LbL) films as chemically selective substrates for
SERS/SERRS was discussed. The growth of these nanocomposite films was
characterized by surface plasmon absorption, and AFM imaging. They were found to
exhibit significant Raman/resonance Raman enhancing capability across a broad spectral
window, covering essentially the entire visible region. They were also found to

demonstrate strong, bio-specific interactions with two biotinylated species, thus
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providing chemical selectivity, with increased sensitivity, in substrates for surface-
enhanced spectroscopy. Biotinylated dye molecules were shown to be selectively
captured by these substrates, and this preferential adsorption yielded an additional
concentration enhancement of ca. 10°, while detection limits were improved by at least 2
orders of magnitude. It is anticipated that this development will promote further the
coupling of the unique optical properties of metallic nanoparticles with systems
demonstrating strong bio-specific interactions, particularly through the use of the

powerful LbL technique.

4.7 Summary

In this chapter, the fabrication, characterization, and application of several unique
thin film SERS/SERRS substrates have been discussed. These substrates were prepared
using the powerful film fabrication techniques of vacuum evaporation, nanocomposite
solution casting, and layer-by-layer deposition using a variety of interesting materials
including Ag and Au nanoparticles, chitosan, dendrimers, and the glycoprotein avidin.
They were characterized using the techniques of surface plasmon absorption, AFM,
TEM, XPS, and IR absorption, then utilized as effective substrates for SERS/SERRS
measurements. In addition to demonstrating strong enhancement of Raman and
resonance Raman signals, these substrates also showed a variety of other positive
characteristics that will help in the development of SERS/SERRS as powerful analytical

techniques.
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Chapter 5

INTERPRETATION OF SURFACE-ENHANCED RAMAN SCATTERING:

TWO CASE STUDIES OF UNUSUAL COMPLEXITY
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5.1 Interpretation of the SERS of Surface Complexes

The interpretation of SERS spectra is often taken for granted by researchers that
are excited by the possibilities afforded by immense signal enhancement. Many are
focused on the development of the technique rather than the study of specific molecular
systems, and so often use well known analytes where spectral interpretation is not
required. This, of course, is quite appropriate and has led to a great deal of knowledge on
the nature of the effect. However, it is also essential that fundamental work be done on
the interpretation of the spectra of different molecular systems, so that non-specialists
will be able to apply the technique widely and effectively. To avoid gross
misinterpretation of results, comprehensive, and sometimes complex, vibrational analyses
must be performed prior to pursuing more advanced uses for this technique, such as the
study of single-molecules.

Surface-enhanced Raman scattering (SERS), and surface-enhanced infrared
absorption (SEIRA)'"? occur near the surface of metal nanostructures that polarize the
electric field of incident light, and consequently, it is necessary to account for the
orientation of adsorbates in the interpretation of experimental spectra. A similar situation
exists for infrared (reflection absorption infrared spectroscopy, RAIRS") and Raman
spectra of molecules adsorbed on reflecting flat metal surfaces. Greenler demonstrated
that the light at these surfaces is highly polarized, and at appropriate angles of incidence
the p-polarized (parallel to the plane of incidence) component of the electromagnetic
wave is three orders of magnitude larger than the s-component.” Since the component
perpendicular to the surface (P) dominates, we expect to see only those vibrational modes

whose polarizability derivatives (Raman), or dipole moment derivatives (IR), align well
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with the field. This leads to the concept of surface selection rules for preferentially
oriented molecules,’ where vibrational intensities depend upon the contribution of the
normal and tangential components of the local electric field near the surface.

Physisorbed molecules show weak interactions with surfaces, and because of this,
they often orient randomly and maintain their native symmetry at surfaces. This makes
the interpretation of their surface-enhanced vibrational spectra relatively simple, as the
molecular selection rules do not change, and a comparison can be made directly with
reference Raman scattering and infrared absorption spectra. In the cases of chemical
adsorption, surface coordination complex formation, or physical adsorption with
preferential orientation, however, a new complexity is introduced that can make the
interpretation of spectra very challenging. Chemisorption and coordination complex
formation, in particular, involve strong interactions of analytes with surfaces that result in
drastic perturbations of the molecule’s structure, and therefore lead to striking changes in
Raman and infrared spectra. These radical changes are particularly likely for small
molecules where interactions through one functional group can often have major
influence on the rest of the molecule. The formation of new surface species can thus be a
very complicating factor in the interpretation of SERS and SEIRA spectra.

Meeting the challenge of interpretation for such systems generally requires a
multi-prong approach involving computation of the molecule and the possible surface
complex, in addition to measuring various polarized spectra experimentally, and
accounting for the effect of the excitation frequency in Raman scattering. Recently, two
studies examined the chemical adsorption of different molecules on Ag surfaces using

systematic approaches that brought together a variety of techniques.”® In these studies,
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the authors calculated the optimized geometries and Raman spectra of analyte-Ag
complexes using density functional theory (DFT) methods and compared them to
experimental SERS spectra, where there was found to be good agreement. DFT methods
have recently become very widely used and popular owing to their accuracy and low
computational cost. These methods minimize an energy functional rather than handling a
wavefunction for each of the electrons in an N-electron system, and because of this
simplification they are of much lower computational cost than other correlational
techniques. In this chapter, they are employed, along with various spectroscopic
techniques, to study the surface complexes of salicylic acid (SAL) and 1-naphthylamine

(1-NA) on silver.

5.2 Chemical Adsorption of Salicylate on Silver
5.2.1 Introduction
Salicylic acid is a molecule that is of interest to science for several
reasons. Perhaps the most important of these are its applications in cosmetic and
pharmaceutical products, including its use in the synthesis of aspirin (acetyl salicylic
acid).” Several vibrational studies of salicylic acid and its ions have been reported in the

S>3 These reports show

literature,'® including a few that have employed SER
inconsistencies with regard to the question of the adsorption of the molecule on Ag. In
one report it is claimed that salicylic acid interacts with the colloidal Ag surface through
both its carboxylate and phenolate groups,’ while in other reports adsorption is concluded

11,12

to occur only through the carboxylate group, or in a “tilted side on orientation”, where

the C=0 stretch was incorrectly assigned.”> One recently reported SERS spectrum shows

122

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



large discrepancies with previous work.!" Much of the confusion that seems to exist in
the literature on this topic is likely due to the difficulty of accurately assigning peaks in
the SERS spectra of this molecule. This difficulty is primarily due to the complicating
factors of preferential orientation and chemisorption, but also to the fact that it has a very
crowded Raman spectrum, and shows strong photodegradation at relatively low laser
power.

To simplify the assignment of bands in the SERS spectra of this molecule, and
shed light on the question of how it chemically adsorbs to Ag, a comprehensive study of
this system, involving several experimental and computational methods, was undertaken
and is discussed in this section.!* Surface, surface-enhanced, and normal vibrational
spectroscopies, as well as DFT computational methods, were employed. The structure of
salicylic acid, and its infrared and Raman spectra, were determined computationally at
the B3LYP/6-311+G(d,p) level of theory, and these results were used in the assignment
of the vibrational spectra. Surface-enhanced Raman scattering (SERS) spectra from
silver nanoparticle films thinly coated with salicylic acid were obtained, and, to discover
the nature of the molecule-surface interaction, the optimized geometries and infrared and
Raman spectra of two-model salicylate-silver complexes (Agl and Ag2) were calculated
at the B3LYP/Lanl2DZ level of theory. It was found that good agreement existed
between experimentally observed SERS spectra, and the simulated SERS spectra of a
complex with the salicylate monoanion bound to a Ag' ion through its carboxylate group
(Agl). The carboxylate silver salt of salicylic acid (essentially the Agl complex) was
also prepared, and its experimental infrared and Raman spectra were recorded for

comparison with the surface-enhanced vibrational spectra. These results, along with the

123

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



application of surface selection rules, suggests that salicylic acid is deprotonated at silver
surfaces, interacting through its carboxylate group alone, and is preferentially in a tilted,

head-on orientation.

5.2.2 Structures of Salicylic Acid and Silver-Salicylate Complexes

The optimized geometries of salicylic acid, a salicylate monoanion-Ag+ complex
(Agl), and a salicylate bianion-2Ag+ complex (Ag2) are shown in Figure 5.1. Salicylic
acid was calculated at the B3LYP/6-311+G(d,p) level of theory, while the two silver
complexes were calculated at the B3LYP/Lanl2DZ level of theory. B3LYP employs

1" and the correlational functional of Lee, Yang, and

Becke’s three parameter functiona
Parr.'® It was used for all DFT calculations in this work, because it has been shown to
perform very well in the calculation of vibrational spectra. However, the accuracy of the
results for the two different Ag complexes may be expected to be lacking due to the
limited size of the Lan12DZ'"'® basis set that was used, despite its small size, because it is
one of the only basis sets available for silver that is also available for second row
elements.” All three of these structures belong to the C, point group symmetry, and have
42 vibrational degrees of freedom, or normal vibrational modes. A summary of pertinent
structural parameters for the three optimized geometries is presented in Table 5.1, where
all bond and angle numbering refers to those numbers assigned in Figure 5.1. Upon close
examination of these results, it can be seen that the substitution of Ag atoms for H atoms
causes drastic changes in the structural parameters of these molecules. These changes are
largely concentrated on the carboxyl and hydroxyl groups of these structures, and have

little impact on the aromatic ring parameters, especially at parts distant from the affected

groups of the molecule.
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Figure 5.1 Optimized structures of salicylic acid, Agl, and Ag2. Also shown is the

molecular structure of salicylic acid.
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Table 5.1. Selected geometrical parameters for salicylic
acid, Ag1, and Ag2 complexes.

Bond Lengths (angstroms)
Bond Salicylic Acid Agl Complex Ag2 Complex

1-2 1.400 1.416 1.422
2-3 1.380 1.400 1.380
3-4 1.400 1.410 1.440
4-5 1.410 1.420 1.450
5-6 1.400 1.410 1.430
6-1 1.380 1.400 1.390
6-7 1.080 1.080 1.080
1-8 1.080 1.080 1.080
2-9 1.080 1.080 1.080
3-10 1.080 1.080 1.080
4-11 1.350 1.370 1.330
11-12 0.970 1.000 2.150
5-13 1.470 1.470 1.470
13-14 1.370 1.330 1.330
14-15 0.960 2.310 2.400
13-16 1.200 1.290 1.310

Interatomic Angles (degrees)
Angle Salicylic Acid Agl Complex Ag2 Complex

3-4-11 115.999 118.121 115.450
4-11-12 109.700 108.550 126.490
5-13-14 113.370 118.540 125.590
13-14-15 107.400 91.050 89.580
14-13-16 120.300 119.550 115.630
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5.2.3 Vibrational Spectra of Salicylic Acid

The experimental Raman and attenuated total reflection (ATR) infrared
absorption spectra of bulk salicylic acid powder are directly compared in Figure 5.2 with
those calculated at the B3LYP/6-311+G(d,p) level of theory. To supplement these
spectra, Table 5.2 shows the calculated and observed infrared and Raman frequencies,
calculated symmetries, infrared intensities, Raman activities, and assignments for the
fundamental vibrational modes of salicylic acid. It can be seen from these results that
acceptable agreement exists between the calculated and experimentally observed Raman
spectra at this level of theory. As well, it should be noted that these spectra also agree
very well with results previously reported in the literature.”'""> However, there are some
mmportant differences between the two, and they can be explained as being a result of
condensed phase effects. The calculated spectrum reported is for a non-interacting, gas
phase system, whereas the experimental results presented are for a solid powder. This
difference is known to account for very significant changes in relative vibrational
intensities, and can produce spectra that appear to be quite dissimilar.” This is certainly
not surprising, as salicylic acid is known to form both inter- and intramolecular hydrogen
bonds in condensed phase. Indeed, this effect is even more pronounced in the infrared
absorption spectra where strong hydrogen bonding in the condensed phase clearly leads
to differences between the calculated and experimental IR spectra of salicylic acid.

The most striking example of this condensed phase effect is the C=O stretch that
is calculated at 1794 cm™ as a very intense band, but is not observed in the experimental
Raman spectrum (Figure 5.2). The disappearance of this band is a result of C=0

participation in intermolecular interactions in the condensed phase. It is, however,
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observed in the experimental IR spectrum as a broad peak showing a maximum at 1657
cm™. This is in agreement with the vibrational spectra recorded for salicylic acid in
aqueous solution, where the C=0 stretching was observed in both the Raman and IR at
1660 cm '.'° Dissolving the salicylic acid in organic solvents shows that this IR band
wanders to higher wavenumbers, indicating less association via C=0 interactions. A pair
of bands at 1580 and 1609 cm™ in the IR spectrum are assigned to C=C stretching
vibrations of the aromatic ring. In the Raman spectrum, similar bands are seen at 1581
and 1634 cm ', as confirmed by the literature.” The computed spectra clearly show that
there are only two ring stretching vibrations in this region, the 1580 and 1609 cm™ bands
observed in the IR spectrum. The 1634 cm ' band in the Raman spectrum cannot be
assigned to the C=O stretching, since this vibration is clearly observed at 1657 cm™ in
the IR spectrum. Therefore, it is concluded that the 1634 cm ! vibration observed in the
Raman spectrum is a result of dimers or higher order aggregates formed in the condensed

phase.
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Figure 5.2 Vibrational Spectra of Salicylic Acid. (a) B3LYP/6-311+G(d,p) calculated
Raman spectrum, (b) experimental Raman spectrum, (¢) B3LYP/6-311+G(d,p) calculated

IR absorption spectrum, (d) experimental ATR IR absorption spectrum.
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Table 5.2. Calculated and observed infrared and Raman frequencies with corresponding
symmetries, infrared intensities (in km/mole), Raman activities (in A*amu), and assignments for
the fundamental vibrational modes of salicylic acid.

B3LYP 6-311+G(d,p) Calculation Experimental Assignment
em”’ symmetry infrared Raman infrared Raman
intensity intensity  cm™ cm’

54 A" 1 0 out of plane COO bend

132 A" 0 2 122 out of plane butterfly

243 A 3 1 178 out of plane butterfly

254 A 1 1 257 rocking of COOH group
378 A 2 3 284 ring stretch

411 A 8 2 rocking of COOH and OH groups
425 A" 31 1 433 433 out of plane C-H and O-H bends
491 A" 124 3 466 451 out of plane C-H and O-H bends
540 A" 47 0 out of plane C-H and O-H bends
548 A 7 3 533 533 rocking of COOH and OH groups
565 A 11 8 567 565 ring stretch

585 A" 16 0 out of plane O-H bends

636 A 39 2 658 655 ring stretch, COO bend

706 A" 27 0 692 704 out of plane C-H bend

738 A 6 26 759 771 ring stretch, COO scissor
768 A" 72 1 783 out of plane C-H bend

800 A" 1 0 806 807 out of plane C-H bend

860 A 9 6 851 849 ring stretch

882 A" 2 0 889 875 out of plane C-H bend

986 A" 2 0 963 961 out of plane C-H bend
1002 A" 0 0 995 995 out of plane C-H bend
1044 A' 103 16 1029 1029 ring stretch, C-O stretch
1080 A 94 11 1088 1093 C-H bend, C-O siretch
1116 A 51 3 1153 1153 C-H bend, O-H bend
1174 A 46 19 1169 1165 C-H bend, O-H bend
1195 A 27 11 1208 1208 C-H bend, O-H bend
1258 A 110 18 1245 1246 C-H bend, O-H bend
1269 A 150 6 1290 C-H bend, O-H bend
1322 A 102 9 1306 1307 C-O-H bend
1352 A 42 12 1324 1323 C-H bend, O-H bend, ring stretch
1406 A’ 31 7 1382 1385 C-H bend, O-H bend
1505 A’ 131 5 1442 1432 ring stretch, O-H bend
1513 A’ 33 1 1482 1472 ring stretch, O-H bend
1615 A’ 62 10 1580 1581 ring stretch, O-H bend
1658 A 124 49 1609 1634 ring stretch, O-H bend
1794 Al 471 99 1657 C=0 stretch, O-H bend, ring stretch
3172 A 5 71 3019 C-H stretch
3189 A 6 88 3062 3059 C-H stretch
3198 A 4 82 3078 C-H stretch
3205 A 7 200 3090 C-H stretch
3691 A’ 288 100 3235 3239 O-H stretch
3769 A 88 128 3239 O-H stretch
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5.2.4 SERS, SEIRA, and RAIRS

A direct comparison of several key Raman spectra for this system is presented in
Figure 5.3 for the region below 1700 cm™'. The spectra are supported by Table 5.3,
which contains the calculated frequencies, symmetries, Raman activities, IR intensities,
and assignments for the fundamental vibrational modes of the Agl complex, along with
the corresponding experimental frequencies for the silver salicylate salt, SERS, and
SEIRA samples. The Raman spectrum of the prepared silver salicylate monoanion salt
and the SERS spectrum obtained from 10 nm Ag nanoparticle films coated with thin
films of salicylic acid agree well with those previously reported in the literature.”'""
However, they show some differences with one another, because of the effect of
hydrogen bonding that occurs for the salt sample, as well the fact that the spectrum of the

salt represents a random spatial distribution, whereas the SERS spectrum is primarily

derived from an oriented first layer.
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Figure 5.3 SERS spectrum compared with silver salt and computed spectra.
Comparison of (a) the Raman spectrum of silver salicylate salt, (b) the B3LYP/Lanl2DZ
calculated Agl Raman spectrum (random orientation), (c) the experimental SERS
spectrum, (d) the B3LYP/Lanl2DZ calculated Raman spectrum for the Agl complex with
head-on orientation (only xx and xy polarizability derivative components used to
calculate Raman activity), (e) the B3LYP/Lanl2DZ calculated Raman spectrum for the
Agl complex with face-on orientation (only xz and yz polarizability derivative
components used to calculate Raman activity), and (f) the B3LYP/Lanl2DZ calculated

Ag2 Raman spectrum (random orientation).
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Table 5.3. Calculated frequencies, symmetries, Raman activities (in A*/amu), infrared intensities (in
km/mole), and assignments for the fundamental vibrational modes of the Ag1 complex. Also shown are
the corresponding experimental Raman and infrared frequencies for the Ag salt, SERS, and SEIRA

samples.
B3LYP/Lanl2DZ Calculation Experimental cm™ assignment
em” Symm. Raman Infrared Agsalt Agsalt SERS SEIRA
Int. Int. Raman IR

68 A" 2 10 Ring wagging

87 A 0 3 Ring rocking

109 A" 1 1 COO twisting

178 A" 2 2 Ring twisting

186 A 12 11 204 broad COO-Ag symmetric stretch
262 A" 2 1 276 COO-ring butterfly

289 Al 0 3 broad COO-Ag antisymm. stretch
405 Al 8 25 407 C-OH rocking

450 A" 0 0 ring twisting

460 Al 5 13 492 ring stretch, Ag-O stretch
538 A 1 5 C-C-O deformation

545 A" 0 11 ring twisting

567 A’ 10 6 575 567 ring stretch

682 A’ 7 29 669 670 700 ring stretch, COO scissor
705 A" 0 13 708 C-H bend

785 A" 0 30 780 C-H bend, O-H bend
806 A 99 9 809 809 809 ring stretch, COO scissor
806 Al 0 84 757 out of plane C-H bend
864 A 4 7 859 860 862 852 ring stretch

879 A" 0 152 877 881 888 O-H bend

908 A" 1 0 C-H bend, O-H bend
1011 A" 0 3 out of plane C-H bend
1035 A" 0 0 out of plane C-H bend
1047 A 23 23 1019 1021 1033 1033 C-H bending, ring stretch
1107 A 3 4 1083 1086 1093 1089 C-H bend, COO stretch
1156 A 2 33 1139 1141 1144 1159 C-H bend, COO stretch
1198 A 11 14 1224 1225 C-H bend
1269 A 1 54 1213 1210 C-H bend, O-H bend
1274 A 54 72 1260 1261 1249 1248 C-O stretch + C-H bend
1335 A 14 275 1304 1302 1297 1307 COO stretch + O-H bending
1369 A 10 126 1380 1382 1385 1382 ring stretch
1430 Al 11 106 1431 ring stretch, O-H bend, COO stretch
1466 A’ 7 197 1454 1453 1447  ring stretch, O-H bend, COO stretch
1509 A 30 174 1472 1481 1482 1458 ring stretch, C-H bend
1533 A 20 26 1524 1484  ring stretch, O-H bend, COO stretch
1626 Al 23 82 1551 1555 1577 1612 ring stretch, O-H bend
1673 A 46 114 1609 1588 1621 1655 ring stretch, O-H bend
3162 A 207 434 broad 2927  broad O-H stretch
3198 A’ 49 3 C-H stretch
3217 A 95 13 3022 C-H stretch
3236 A 27 12 C-H stretch
3243 A 228 20 3058 3062 3064 C-H stretch
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When the obtained SERS results are compared with the Raman spectrum of the
powder salicylic acid, it becomes immediately clear that the molecule has been altered
due to the formation of a surface complex. In the low wavenumber region of the SERS
spectrum, very strong Ag-O bonds are detected. These bands appear to be strengthened
relative to the usual Ag-O peaks that are nearly always found in the spectra of Ag
nanoparticle films (resulting from an ever-present silver oxide layer). The presence of
these strengthened Ag-O stretching bands provides strong evidence for the formation of a
surface complex. Further strength is provided to this hypothesis by several key spectral
changes in the SERS relative to the Raman spectra of salicylic acid. Among these
changes, are shifts in vibrations resulting from both the carboxyl and hydroxyl groups of
the molecule. For example, a clear upshift of the ring stretching + COO scissoring from
771 to 809 cm™ takes place (attributed to deprotonation producing the monoanion), while
downshifts in several bands with considerable phenolic O-H contribution, in particular,
those found at 451 and 3239 cm™ in the Raman (seen at 407 and 2927 cm™ in the SERS)
are observed upon adsorption of the molecule on Ag. Shifts in bands associated with the
carboxylate group suggest that adsorption is occurring through it, while the presence of
several downshifted O-H related modes indicates that the molecule is not reacting with
the metal through its hydroxyl group, but rather is experiencing drastic changes in the
strength of its hydrogen bonds as a result of the adsorption. This is made particularly
clear by the unmistakable presence of the O-H stretching band (2927 cm™) that has
shifted below the C-H stretches in the SERS spectrum, as shown in Figure 5.4 (and

predicted by theoretical results). Moreover, several other bands involving contributions
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from the O-H group are clear in the SERS spectrum (Table 5.3). These bands provide

direct evidence that salicylic acid is not chemically adsorbed through its hydroxyl group.

(@)

(b)

(c)

(d)

2400 2600 2800 3000 3200 3400 3600 3800
Raman Shift (cm1)

Figure 5.4 Downshifted O-H stretch in SERS spectrum. Comparison of spectra above
2400 cm ' for (a) B3LYP/6-311+G(d,p) calculated salicylic acid, (b) salicylic acid

powder (experimental), (c) silver salicylate salt (experimental), (d) B3LYP/Lanl2DZ

calculated Agl complex, and (e) SERS (experimental).
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As mentioned earlier, the structure and vibrational (IR and Raman) spectra of two
different Ag-salicylate complexes, Agl and Ag2, have been calculated at the
B3LYP/Lanl2DZ level of theory in order to determine if one would agree strongly with
experimentally observed SERS spectra, and therefore clarify how the chemisorption of
this molecule occurs on Ag. The Raman results derived from these calculations are
shown in Figure 5.3, where the calculated spectra of these two complexes (Agl and Ag2)
are compared to the experimentally observed silver salicylate salt, and SERS spectra.
Tables 5.3, and 5.4, that show the calculated frequencies, symmetries, Raman activities,
infrared intensities, and assignments for the fundamental vibrational modes of Agl and
Ag2, respectively, support these spectra.

It can be seen in Figure 5.3, that both model complexes seem to approximate the
SERS spectrum of the surface species to some extent. However, there are some very
clear signs that allow us to eliminate one of these possibilities. The calculated Raman
spectrum of Ag2, as expected, does not account for the presence of O-H vibrational bands
in the experimental SERS spectrum, as the Agl complex does. The O-H stretching (2927
cm™), in particular, in the SERS spectrum confirms that the phenolate has not been
formed. As shown in Figure 5.4, this band demonstrates nearly identical band shape, and
relative intensity, to the O-H stretching band in the experimental Raman spectrum of
salicylic acid. As well, it cannot be reasonably assigned to a combination band, as there

aren’t any two fundamentals in the SERS spectrum whose frequencies can be summed to

arrive close to 2927 cm™. Thus, given this quite clear assignment, we can conclude with
a great deal of certainty that the Ag2 complex does not represent the chemical adsorption

of salicylic acid on Ag.
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Table 5.4. Calculated frequencies, symmetries, Raman activities (in A*/amu), infrared intensities

(in km/mole), and assignments for the fundamental vibrational modes of the Ag2 complex.

Frequency symmetry Raman Infrared assignment
cm’ Intensity Intensity
32 A" 1 6 C-C torsion
66 A 1 1 Ring rocking
66 A 1 11 Ring wagging
94 A" 1 2 COO twisting
126 Al 6 19 Ag-0O stretch
139 A" 6 2 out of plane C-C torsion
173 A’ 23 5 Ring rocking
232 A 40 22 Ag-O stretching (both Ag atoms)
252 A" 24 2 Ring wagging
332 A 11 6 Ring rocking
421 A 3 9 Ag-O stretch
452 A" 1 0 C-H bend
460 A 33 4 Ag-O stretching, ring stretch
545 A" 6 11 C-H bend
563 A 13 29 ring stretch
611 A 31 3 ring stretch
662 A 10 25 ring stretch., COO scissoring
710 A" 17 21 C-H bend
786 A" 13 58 C-H bend
802 A" 1 26 C-H bend
813 Al 152 2 COO scissor, ring stretch
884 A' 4 19 Ring stretch, COO stretch, C-O stretch
8§94 A" 2 5 C-H bend
1015 A" 3 3 C-H bend
1029 A" 2 0 C-H bend
1047 A 26 26 ring stretch
1096 A 5 15 Ring stretch, COO stretch
1150 A’ 8 76 C-H bend,
1194 A 11 25 C-H bend
1243 A’ 48 173 C-H bend, COO stretch, C-O stretch
1276 A 31 89 C-H bend
1324 A 67 202 C-H bend , COO stretch
1375 A 106 264 COO stretch, ring stretch
1406 A’ 12 176 COQO stretch, ring stretch
1473 A 66 203 Ring stretch, C-O stretch, C-H bend
1487 A 27 223 Ring stretch, C-H bend
1572 A 28 93 Ring stretch, C-H bend
1651 A 15 117 Ring stretch, C-H bend
3183 A 87 15 C-H stretch
3210 A 123 21 C-H stretch
3228 A 110 27 C-H stretch
3243 A 89 21 C-H stretch
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The calculated Raman spectrum of the Agl complex, on the other hand, shows
good agreement with the experimental SERS spectrum, especially considering the
previously discussed complications created by condensed-phase and field polarization
effects. Not only does the Agl complex calculation account for the presence of the O-H
bands in the SERS spectrum, but it also predicts successfully the shifting of these bands.
As shown in Table 5.3, the Agl complex has its O-H stretching mode shifted below the
C-H stretches, as was also observed in the experimental SERS spectra. In light of this
theoretical result, there can be little doubt about the assignment of the O-H stretch in the
experimental SERS spectrum. Moreover, the Agl complex shows generally good
agreement with the entire experimental spectrum in terms of band frequencies and
relative intensities. Thus, based on the results presented here, it can be concluded that the
chemical adsorption of this analyte on Ag occurs only through its carboxylate group. In
fact, the calculated Raman spectrum of the Agl complex approximates the experimental
SERS spectrum far better than it does the silver salicylate salt Raman spectrum. This
may seem unexpected, but it simply demonstrates the importance of intermolecular
interactions in this system. The prepared salt complex experiences strong hydrogen
bonding, while the salicylate ions at the surface of the Ag nanoparticles are much more
isolated from one another. For example, the Raman spectrum of the silver salicylate salt
does not have an apparent O-H stretching band, as the Agl and SERS spectra do.

In a previous study,” molecular orientation at the surface was determined by
applying SERS surface selection rules to an adsorbate by orienting the calculated surface
complex, and then plotting a simulated SERS spectrum by only including those modes of

symmetry with polarizability derivative tensor components parallel to the
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electromagnetic field at the surface. In this way, the surface selection rules were
accounted for by the theoretical methods, and good agreement between the calculated and
experimental results was obtained. To produce simulated spectra that account for surface
selection rules, Raman activities of each mode, using only the polarizability derivative
tensor components that align with the electromagnetic field at the surface, must be
calculated. The Agl complex, having C; symmetry, shows modes of only two symmetry
species, A' and A". Further, there are two general test cases for orientation: the molecule
standing (head-on), or lying flat on the surface (face-on). In calculations of the Agl
complex, the molecular plane was fixed in the x-y plane. Consequently, for the case of
the molecule lying flat on the surface, the x-y plane of the molecular system is parallel
with the tangential components of the field, and we can calculate the Raman activity of
each mode using only the xz, and yz components of the polarizability derivative tensor.
This effectively means that we are plotting only the A", or out-of-plane modes for the
molecule. If, however, the molecule is standing head-on to the surface, then the
perpendicular component of the polarized surface field will be parallel to the plane of the
molecular system, and the Raman activity of each mode can be calculated using only the
xX, and xy components of the polarizability derivative tensor (assuming the molecule is
standing with its x-axis parallel to the surface normal). In this way, we are accounting for
all in-plane vibrations that have polarizability derivative components parallel with the
surface electromagnetic field. Polarizability derivative tensor components are readily
obtained from quantum chemical calculations, and Raman activities can be calculated

from the invariants of the derived polarizability tensor.”’
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The two cases mentioned above have been tested in this work, and the results are
shown in Figure 5.3. Upon close examination it can be seen that the spectrum
representing head-on orientation, as expected, is clearly in closer agreement with the
experimental SERS than the spectrum representing face-on orientation. This is clear
evidence suggesting that the molecule is not lying flat on the surface. However, it
appears that experimental SERS results are likely best approximated by the Agl spectrum
(average of spatial directions), and from this we can conclude that the molecule is slightly
tilted at the surface.

To obtain corroborating evidence about the orientation of salicylate chemically
adsorbed at silver surfaces, reflection absorption infrared spectroscopy (RAIRS), and
surface-enhanced infrared absorption (SEIRA) measurements were made and used in
conjunction with theoretical results for the Agl complex. These results are shown in
Figure 5.5, which also includes the infrared absorption spectrum of silver salicylate
dispersed in a KBr pellet. It can be seen that the RAIRS and SEIRA results show
agreement with one another and with results for salicylic acid powder (Figure 5.1), while
the silver salt spectrum is quite dissimilar. This can be explained as being the result of
strong intermolecular attractions that salicylic acid and the salt complex both exhibit, as
confirmed by the observation of several broad infrared bands (more than average full
width at half maximum) in the spectra. Due to very modest enhancements in the infrared
(SEIRA, and RAIRS), and thus a weak first layer effect, even moderate surface
concentrations bring about the spectrum of the bulk material. This is in contrast with

what is observed in SERS measurements where first layer effects are dominant.
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Figure 5.5 IR, RAIRS, and SEIRA results. Comparison of (a) B3LYP/Lanl2DZ
calculated IR spectrum for the Agl complex, (b) IR absorption spectrum of silver
salicylate salt (KBr pellet), (c¢) reflection—absorption IR spectrum (RAIRS), and (d)

surface-enhanced IR absorption spectrum.

However, by following the relative intensities of two bands in the SEIRA

spectrum, the strong in-plane vibration at 1655 cm™, characteristic of the carboxylate
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moiety, and the out-of-plane C-H bending vibration observed at 757 cm’!, it is possible to
gain more information about molecular orientation. Assuming a predominant
perpendicular polarization at the silver nanostructures, the intensity ratio for the two
bands (I;¢s5/1757) can be used as an indicator of the molecular orientation of the adsorbate
near or at the surface. The reference ratio for a random distribution in this case is the
spectrum of the salicylic acid powder. The ratio will show a maximum for a head-on
orientation, and a minimum for flat or face-on orientation. It can be seen that the ratio
increases in the SEIRA spectra, confirming a preferential orientation in favor of the head-
on model for the adsorbate. Since the relative intensity of the 757 cm™ mode is
diminished, but it is still clearly observed, it can be concluded that on average, the
molecule demonstrates a predominantly tilted, head-on orientation at the surface.
5.2.5 Conclusion

In the work discussed in this section, density functional theory (DFT) methods
were employed to investigate the nature of the chemical adsorption of salicylate on silver
surfaces. The structure of salicylic acid, along with its infrared and Raman spectra, was
determined at the B3LYP/6-311+G(d,p) level of theory. These results were then used in
the assignment of vibrational spectra, and generally showed good agreement with those
obtained experimentally, accounting, of course, for condensed phase effects. Surface-
enhanced Raman scattering (SERS) spectra were obtained from silver nanoparticle films
thinly coated with salicylic acid, and showed good agreement with results previously
reported in the literature for colloidal solutions. In order to determine the nature of the
chemisorption that this molecule shows on Ag surfaces, the optimized geometries and

Raman spectra of two model salicylate-silver complexes (Agl and Ag2) were calculated
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at the B3LYP/Lanl2DZ level of theory. As well, experimental vibrational spectra were
obtained for a silver salicylate salt for comparison with SERS results. It was found that
experimentally observed SERS spectra, and simulated SERS spectra of a salicylate
complex chemisorbed through its carboxylate group (Agl) show good agreement with
one another. Thus, it is concluded that salicylate chemically adsorbs only through its
carboxylate group. Evidence for a tilted, head-on orientation of the salicylate complex on
the surface was obtained from calculations of simulated SERS spectra that account for

polarization, as well as from comparisons of reference powder results with SEIRA, and

RAIRS spectra.

5.3 SERS of the Environmental Pollutant 1-Naphthylamine®

5.3.1 Introduction

SERS has been steadily establishing itself as an important tool for environmental
analysis.?*** With the wide variety of molecular systems that are found as pollutants in
air, water, and soil, it is likely that numerous unique SERS analytical protocols will
continue to be developed to study these systems at low concentrations in the
environment. However, because of the broad scope of materials to be considered, the
fundamental nature of SERS, and the relative novelty of environmental applications of
this technique, there are still many challenges to be faced by researchers in the
development of reliable protocols for the analysis of individual molecules of

environmental relevance.

® This work was done in collaboration with R. A. Alvarez-Puebla who recorded some Raman spectra and
performed all of the zeta potential measurements shown here.
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The first challenge in implementing SERS toward an environmental application is
the selection of an appropriate enhancing substrate for the analyte of interest.
Fortunately, to date, countless unique SERS substrates have been developed with a wide

variety of physical and chemical characteristics.*

These substrates have generally
involved the incorporation of nanostructures of Ag, Au, or Cu, as these metals provide
the largest electromagnetic enhancements of Raman signals due to their strong dipolar
particle plasmon resonances in the visible range of the electromagnetic spectrum.24'26
Once a nanostructure is found to be suitable for a given analyte, one of the techniques
commonly used in separation science may need to be employed in conjunction with
SERS.”” A SERS protocol can then be further refined by tuning the variables that
influence intensities. For example, sensitivity can be optimized by improving adsorption
and electromagnetic enhancement conditions or by controlling the influence of different
experimental variables such as irradiation time and energy density at the sample to avoid
the thermal and photolytic effects inherent in SERS.***° The ideal protocol will provide
reproducibility and a considerable linear region, for quantitative analysis, in the signal
intensity vs. concentration graph. However, the qualitative identification of trace
amounts, on its own, has significant potential for application of SERS toward the analysis
of environmental pollutants.

Establishing the conditions that optimize SERS as an analytical technique is,
indeed, the fundamental issue for the development of practical environmental
applications of this spectroscopy. The reported work on environmental analysis clearly

reveals the efforts of several different groups on the road to SERS analytical protocols for

several pollutants. For instance, De Jesus et al.>® developed an analytical protocol that
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uses Ag-polydimethylsiloxane nanocomposites in combination with a sample translation
technique for the qualitative and quantitative analysis of naphthalene, phenol, and
benzoic acid derivatives in water. This approach provided improved reproducibility and
sensitivity by minimizing the thermal and photolytic effects that commonly hinder SERS
measurements. Vo-Dinh®' reviewed the use of silver-coated microstructured substrates
as sensors in environmental analysis. Zhang et al.** developed a rapid detection protocol
suitable for the analysis of anthrax spores using a low-cost, battery-powered, portable
Raman spectrometer. He et al.>* developed an approach for detecting the components of
capillary electrophoresis eluent by interfacing it with a SERS measuring system. Three
different substrates were utilized, and the method developed was applied successfully for
the identification of chlorophenols in a mixture.

Polycyclic aromatic hydrocarbons (PAHs) form a class of widespread
environmental contaminants that are found in diesel emissions, gas fuel, and airborne
particulate.®® Several different SERS substrates have been proposed for the analysis of
these pollutants, including silver and silver-gold nanoparticle films, which were used

> Moreover,

under specifically controlled conditions to prevent active photochemistry.’
Leyton et al®® were able to detect trace quantities of PAHs deposited onto a
calix[4]arene-functionalized Ag colloidal surface.

In the work discussed in this section, the SERS of the important environmental
contaminant, and PAH, 1-naphthylamine (1-NA) was studied.’’ 1-NA is widely used in
both industry and research as an intermediate in the synthesis of a wide range of organic

compounds. In industry, it is most commonly used in the production of chemicals used

for controlling weeds, manufacturing dyestuffs, manufacturing rubber, and toning prints
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made with cerium salts.”® It is commonly released into the environment in the waste
streams and effluents of these industries, as well as those of coal tar, coal gasification,
and shale oil facilities, and is widely recognized as a dangerous component of both first-

40,41 —
04 and is listed

and second-hand tobacco smoke.”® It is a suspected human carcinogen,
as such by the Occupational Safety & Health Administration (OSHA) of the U.S.
Department of Labor. It has been demonstrated to have a strongly negative impact in the
environment, is toxic to aquatic organisms, and has been shown to cause cancers in
animals.*> Importantly, it has been demonstrated that leaching of 1-NA into groundwater
is possible.”

In this work, experimental and DFT-calculated Raman scattering spectra for 1-
NA were obtained and assigned. SERS spectra were recorded from colloidal Ag
nanoparticles in solution. Enhancement was monitored as a function of the pH of the
colloidal metal solution used, and conditions were optimized accordingly. Dramatic
spectral changes were observed when the free molecule was placed at the surface of
silver nanostructures, making the spectral interpretation of SERS spectra particularly
challenging, as is common with small aromatic amines.*** Through spectral comparison
with the Raman and SERS spectra of a synthesized coordination complex of silver and 1-
NA, it was shown that SERS obtained from aqueous colloidal solutions were the result of

the formation, and water solvation, of a coordination complex of two 1-NA molecules

and a Ag’ion.

5.3.2 Raman Spectrum of 1-Naphthylamine
1-NA is a molecule with C, symmetry and 54 normal modes, where 21 are

stretching modes and 33 are angle and dihedral angle deformations. B3LYP 6-311G(d,p)
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calculated and experimental Raman spectra for 1-NA are shown in Figure 5.6. Table 5.5
provides assignment of the key observed and calculated fundamental vibrational modes.
Calculated spectra were frequency scaled at 0.9723, and, given that the experimental
spectra are of the solid state, it can be said that there is good agreement between the two.
In the Raman spectrum, the ring stretching modes (C=C stretching) dominate, with
characteristic frequencies observed at 1575 (strong and typical for mono-substituted
naphthalenes), 1454, and 1376 cm™.*® A strong band is also observed at 710 cm’, that
corresponds to a breathing mode of the two rings. In the Raman spectrum, the C-H
stretching and bending modes are observed with medium relative intensity. The locally
symmetric C-H stretching is seen at 3061 c¢m™, and two characteristic C-H bending
modes are recorded at 1089 and 1028 cm™. The Raman intensity of vibrations involving
the NH, moiety are rather small compared with those of the ring modes, and
consequently, they do not produce characteristic Raman intensities for facile analytical

identification.
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Figure 5.6 Raman Spectrum of 1-Naphthylamine. (a) B3LYP 6-311G(d,p)
calculated, and (b) experimental Raman spectra for 1-naphthylamine. Experimental
results were recorded from 1-NA powder. Inset shows the optimized molecular structure

of 1-NA.
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Table 5.5. Some observed and calculated (B3LYP 6-311G(d,p)) fundamental
Raman modes of 1-naphthylamine and its silver complex.?

Calculated” Raman Assignment Raman Silver
cm’! Int. powder complex
1574 56 Ring stretching 1575 1575,1567
1443 51 Ring stretching 1454 1462,1454
1364 124 v(C=C) & v(C-N) 1376 1377
1349 57 WC=C) & B(C-N-H) 1357 1364
1278 6 B(C-C-H) & W(C=C) 1290 1265
1240 3 B(C-C-H) & W(C=C) 1252 1250
1208 2 B(C-C-H) & v(C=C) 1220 1220, 1204
1156 2 B(C-C-H) 1166 1169
1136 8 B(C-C-H) 1141 1142
1078 9 B(C-C-H) 1089 1084
1024 22 B(C-N-H) & p(C-C-H) 1028 1033
839 1 B(C-C-H) 878 866
703 32 Ring breathing 710 747,707
569 10 B(C-C-C) 573 623, 572
508 8 B(C-C-C) 514 518
474 6 B(C-C-C) 479 493
446 5 B(C-C-C) 456 454
315 1 NH,; rocking 303 341

¥ v: stretching; B: bending
® Calculated fundamental vibrations scaled at 0.9723

5.3.3 Effect of pH on SERS Enhancement

To obtain SERS spectra of 1-NA, silver colloids and evaporated Ag nanoparticle
films were tested. Casting ethanol solutions of 1-NA directly onto silver films did not
yield strong, reproducible results due to active photochemistry at the surface. The results
obtained from Ag colloidal solutions, however, provided more consistent results. Surface
plasmon absorption results for silver colloidal solutions are shown in Figure 5.7(a), while

an SEM image of this dried colloid solution is shown in Figure 5.7(d). The size and
shape of the Ag nanoparticles is variable, as is expected given the broad absorption of the
plasmon bands, but the solutions are predominantly made up of spherical colloids with an

average size of about 30-50 nm.
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Figure 5.7 Effect of pH on SERS Enhancement. Variation as a function of pH of (a)
surface plasmon absorption, (b) zeta potential of silver colloids, and (¢) SERS

enhancement factor for 1-NA. SEM image of cast silver colloidal solution is shown in

(d).

Once an average SERS spectrum was obtained reproducibly, the surface charge of
the nanoparticles was varied through changes in pH to optimize the average SERS
signal.® The variation with pH of the surface plasmon absorption, zeta potential (£), and
I-NA SERS enhancement factor are shown in Figure 5.7. As shown in Figure 5.7(a),
variation between pH values of 3 and 9 appears primarily to modify the surface charge of
the silver citrate colloids, as the surface plasmon absorption maximum remains constant

at 442 nm in this range. The colloidal silver solutions are relatively stable within this
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range, although subtle changes can be observed in the overall surface plasmon absorption
spectrum at differing pH values, suggesting some minor changes in the particle
distribution. At pH values lower than 3, the intensity of the plasmon decreases
dramatically due to particle aggregation. The { values in Figure 5.7(b) show an increase
from -52 mV at pH 9 to -19 mV at pH 2. The latter value is above the stability limit for a
colloidal suspension (-20 to -25 mV), and so particles tend to aggregate and precipitate
out of solution. The optimization of the SERS signal is presented in Figure 5.7(c). SERS
enhancement factors for 1-NA were calculated by direct comparison with the Raman
spectrum of a 0.1 M solution in ethanol. It was found that maximum SERS intensities
were realized at pH 3.  This is primarily attributed to optimized surface
adsorption/complexation, but it is likely that electromagnetic enhancement effects are
also playing a role. Particle aggregation will be increased at pH 3, leading to increases in
the number of aggregates resonant at 633 nm excitation, where experiments were
performed. This is, in fact, confirmed by subtle increases in surface plasmon absorption
at this wavelength, and it is well established that nanoparticle aggregates provide the
greatest electromagnetic enhancement of Raman signals.’
5.3.4 SERS of 1-Naphthylamine

In Figure 5.8, the Raman spectrum of 1-NA powder is compared with its SERS
spectrum in colloidal Ag solution with a final concentration of 10° M (10 pL of a 10° M
1-NA solution was added to 1 mL of colloidal solution). The SERS spectrum is
reproducible under different laser powers, suggesting that the analyte is not undergoing
photoreactions initiated by the laser excitation. It also, notably, matches the spectrum

recorded previously in an incomplete study by Volkan et al.** However, it displays many
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significant differences from the 1-NA powder spectrum. In particular, it is a much more
crowded spectrum, showing many more bands. Typically in SERS experiments, the first
logical approach would be to try to explain these differences in terms of the effects of
chemisorption, including symmetry change and preferential orientation of chemisorbed
species.  Similarly, the appearance of many new bands is often the result of
photodissociation or photochemistry at the metal interface.*® However, the strong
naphthalene characteristic band at 1376 cm™ is present in all spectra, confirming that the
aromatic ring is still participating in the scattering process. Moreover, there is no
evidence of the formation of the characteristic Ag-N bond that is generally observed in
the 200 cm™ region for chemisorption. In fact, a surface complex of one 1-NA molecule
attached to silver, with a specific orientation, is expected to actually reduce the number of

observed Raman bands.?*
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Figure 5.8 SERS of 1-naphthylamine. (a) Raman scattering spectrum of solid 1-NA.

(b) SERS spectrum of 1-NA in silver citrate colloidal solution.

5.3.5 Raman and SERS of the Ag Complex of 1-Naphthylamine

The alternative to a monomolecular complex as the SERS active system, was a very
stable silver coordination complex of the Ag(1-NA)," type. This soluble, coloured
complex was produced in both ethanol/water and chloroform solutions by reaction of 1-
NA with AgNOs, and is shown in Figure 5.9 ([Ag(1-NA);NOs;}). It was also produced in
CDCl; for analysis by 'H NMR.” The integrated '"H NMR spectrum showed that the 1-
NA was indeed part of the complex and that the NH, group remained intact, thus
confirming the formation of a coordination complex with a silver ion. The soluble

complex in CDCl; was then cast and dried on a glass slide, and the Raman spectrum was

® All 'TH NMR measurements were made by M. Fuerth at the University of Windsor in Windsor, Ontario.
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recorded. This result is shown in Figure 5.10(a), and selected bands are assigned in Table
5.5. The same solution was also used to cast the complex onto a silver nanoparticle film
to record its SERS spectrum, and the results are shown in Figure 5.10(b). Notably, the
Raman and the SERS spectra are very similar and they can be obtained reproducibly from
spot to spot on the cast films. Similar experiments were then carried out using the
solution of the complex dissolved in ethanol/water. The SERS spectrum of the complex
obtained from this solvent mixture cast onto a silver nanoparticle film is shown in Figure
5.10(c), and is essentially the same as the SERS spectrum of 1-NA on silver colloids.
This spectrum also changes in a similar manner to the SERS of 1-NA in Ag colloidal
solution. It appears that the solvation of this complex plays an important role in shaping
the SERS spectrum recorded under different conditions. In particular, its labile behaviour
can be attributed to water solvation. A water free environment, such as the one obtained
in CDCls, leads to a more stable complex with reproducible spectra. To confirm this
hypothesis, the [Ag(1-NA),]NO; complex formed in CDCl; was added directly to a
colloidal silver solution for SERS measurement. The SERS spectrum obtained is shown
in Figure 5.11 in comparison with the SERS obtained when an ethanolic solution of 1-
NA is added to the silver colloid. It is quite evident that the two spectra are in good
agreement, and this confirms that the solvated [Ag(1-NA);]NOs3 complex in aqueous
medium 1is, in fact, the active SERS species being observed in 1-NA SERS measurements

in colloidal nanoparticle solutions.
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Figure 5.9 Silver coordination complex [Ag(1-NA);]NO;.
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Figure 5.10 Raman and SERS of Ag Coordination Complex. (a) Raman spectrum of
Ag coordination complex [Ag(1-NA);]NO; cast from CDCI; onto glass. (b) SERS
spectrum of [Ag(1-NA),]NOs cast from CDCIl; onto a Ag nanoparticle film. (¢) SERS

spectrum of [Ag(1-NA):]NOj cast from ethanol/water onto a silver nanoparticle film.
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Figure 5.11 SERS of (a) [Ag(1-NA);]NOj; and (b) 1-NA in colloidal Ag solution.

5.3.6 Conclusion

In the work discussed in this section, surface-enhanced Raman scattering (SERS)
was employed to detect the important environmental pollutant, and suspected human
carcinogen, l-naphthylamine (1-NA) from colloidal Ag solutions. SERS enhancement
conditions were optimized through the variation of pH, a fundamental determinant for
solution SERS experiments. Dramatic spectral differences between the free molecule and
the SERS obtained from aqueous colloidal solutions were demonstrated to be the result of
the formation, and water solvation, of a coordination complex of two 1-NA molecules

with the Ag' ions present at Ag nanoparticle surfaces.
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5.4 Summary

In this chapter, the multifaceted approach required for the interpretation of the
SERS spectra of the surface complexes of salicylic acid and 1-naphthylamine was
discussed. These examples illustrated two distinct cases that are representative of two
classes of adsorption in SERS experiments. Due to the major structural changes that
arise through the formation of the surface complexes of these analytes, the interpretation
of their spectra on Ag was of unusual complexity and required the utilization of a variety
of spectroscopic techniques, and DFT computation, for different related chemical species.
Through the implementation of these techniques it was determined that salicylate
chemically adsorbs on Ag nanoparticles through its carboxylate group in a tilted, head-on
orientation, while 1-NA on Ag forms a coordination complex that is highly sensitive to
water solvation. Further, the discussion presented in this chapter demonstrates the
importance of detailed fundamental vibrational studies, such as these, in the development

of SERS/SERRS as analytical techniques for trace spectral analysis.
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Chapter 6

SINGLE-MOLECULE SERS/SERRS FROM LANGMUIR-BLODGETT

MONOLAYERS ON NANOSTRUCTURED METALLIC FILMS
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6.1 Single-Molecule SERS/SERRS from Langmuir-Blodgett Monolayers

SERS/SERRS have tremendous potential for application in a wide variety of
fields including biology,"” medicine,* pharmacy,’ sensing,®’ and nanoparticle and thin
film characterization.®®  However, perhaps the most significant applications of
SERS/SERRS are those in trace analysis.'® The well-known first reports of single
molecule spectroscopy employing these techniques were published nearly a decade

12 These pioneering studies demonstrated that the ultimate limit of molecular

ago
analysis could be reached using high information content vibrational spectroscopies, and
served to kick-start renewed interest into SERS/SERRS, and more generally into surface-
enhanced phenomena. Since then, many practitioners have focused on the study of single
molecules for the unique insights provided when SERS/SERRS detection is pushed to the

L213-3 The first papers on single molecule

ultimate limits of chemical analysis.
SERS/SERRS, and the vast majority of others that have followed, have employed Ag and
Au colloidal aggregates as enhancing substrates.”* These systems have served as good

models, and a great deal has been learned from them about the ultra-low concentration

regime, as well as the optical properties of metal nanoparticles and their aggregates.zs'27
Concurrent with these experiments, a parallel approach for single molecule

SERS/SERRS spectroscopy employing thin film techniques was pioneered by Aroca et

al..'%#3% This method involves the spatial resolution of single target dye molecules

embedded and isolated in Langmuir-Blodgett (LB) fatty acid monolayers deposited onto
vacuum evaporated, enhancing metallic nanostructured films, as is depicted in Figure 6.1.

This approach offers the benefit of an increased degree of control over sample
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architectures,’’ and provides, for comparison, a different system for studying the many
unique complexities that are encountered when the single molecule regime is approached.

Discussed in this chapter are the results of several studies where the Langmuir-
Blodgett approach to single molecule SERS/SERRS detection was employed. In this
work, 6 molecular systems were studied at the single-molecule level, using three different
nanostructured metal films, a variety of laser excitation wavelengths, and single-point
and 2D spatial mapping techniques. The sections of this chapter discuss, in turn, the
study of overtones and combinations in the single-molecule spectra of perylene
derivatives; the use of 2D SERRS mapping techniques to explore the breakdown of
ensemble averaging; single-molecule SERRS from one-to-one binary mixtures; and non-

resonant single-molecule SERS on nanostructured metallic films.
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Figure 6.1 Depiction of Single-Molecule Langmuir-Blodgett SERRS.

6.2 Overtones and Combinations in the Single-Molecule SERRS of Perylenes®
6.2.1 Introduction
Overtone and combination bands in Raman spectra result from anharmonic
behaviour of oscillators that leads to relaxation of the selection rule (Av = £1). In
general, these bands are of extremely low intensity in non-resonant Raman scattering
spectra and are not observed. However, in resonance Raman scattering (RRS)

experiments, where laser excitation is resonant with an electronic transition of the

* The work of this section was done in close collaboration with N. P. W. Pieczonka. With the exception of
Langmuir-Blodgett film fabrication, all aspects of this work benefited from his valuable contributions.
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molecule, these modes can often be much stronger and be of similar intensity to the

fundamentals.**>*

The intensities of bands in RRS are determined primarily by the
properties of the excited electronic state,”® and it is found that the relative strengths of
different modes is highly dependent on excitation wavelength.>* This plays a large role
in whether or not overtones and combinations are observed with high relative intensity.
Also, all vibrational modes observed in Raman scattering (RS) are not intensified equally
by resonance. Rather, only those modes associated with the electronic transition involved
tend to be observed with high intensity. As a result, overtones and combinations of these
coupled modes are also those that are observed with greatest intensity.

The molecules that have been most heavily studied in single-molecule SERRS
work, in particular rhodamine 6G, do not show extremely high relative intensity of
overtone and combination bands at the most commonly employed laser excitation
wavelengths. These bands tend to be less than 10% as intense as the fundamentals (see
Figure 4.19), and consequently their observation has not been reported for single-
molecule experiments where signal-to-noise ratios are often poor. However, many
perylene materials have very strong overtones and combinations under green excitation at
514.5 nm.*’ These molecules have also been shown to be detectable at ultralow

1628 and so they are excellent candidates for studies into the possibility of

concentration,
detecting these modes at the single-molecule level.
In the work discussed in this section,>*’® the SERRS spectra of three different

perylene derivatives (BBIP PTCD, pentyl PTCD, and azo PTCD) were studied at the
single-molecule level. These molecules are shown in Figure 6.2, and were embedded,

and diluted within LB monolayers of arachidic acid, deposited onto nanostructured films
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of Ag, then spatially resolved using a Raman microscope. It was found that overtones

and combinations of three characteristic ring stretching vibrations of the chromophore
could be distinguished from single-molecule SERRS spectra of each of these derivatives,

indicating that they are amplified with similar enhancement factors to fundamental

vibrations.
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Figure 6.2 Molecular structures of BBIP PTCD, pentyl PTCD, and azo PTCD.

6.2.2 Characterization of Nanostructured Ag Film Substrate
The surface plasmon absorption spectrum of the 6 nm mass thickness, evaporated

Ag nanostructured films used in this work is shown in Figure 6.3(a). It shows a broad
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extinction covering the entire visible range of the electromagnetic spectrum, with a
maximum centered at 491 nm, indicating a large distribution of particle sizes and local
particle arrangements. This maximum is centered near the laser excitation wavelength of
514.5 nm used in this work. The atomic force microscopy (AFM) image of this film is
shown in Figure 6.3(b). This image reveals an inhomogeneous surface with a broad
distribution of particles ranging between ca. 20 and 100 nm in diameter, in agreement
with what is expected based on the surface plasmon absorption results. It was recorded
from a 1 pm’ area, which is approximately the area probed in all of the micro-Raman
measurements reported in this chapter. The particles in this film form a large
electromagnetically interacting network due to their small interparticle spacing. Each
particle behaves as an oscillating dipole that can couple with others, and multi-particle
dipole-dipole interactions lead to highly localized, excitation wavelength-dependent
surface plasmon normal modes.”****° When excited with radiation, these normal modes
produce so called hot spots, highly localized (nanometer scale) areas of intense
electromagnetic fields where the highest enhancement of Raman and resonance Raman
signals occur. ~ When performing high concentration, ensemble measurements,
information about this localization is lost. However, in single-molecule experiments this
feature proves highly important. Notably, the allowed, normal mode resonances in these
films can be induced by a wide range of excitation wavelengths, and this makes them

particularly attractive for work with fixed laser excitation.
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Figure 6.3 Surface plasmon absorption and AFM image of 6 nm Ag film.

6.2.3 Electronic Absorption

In Figure 6.4, the absorption spectra of 10° M solutions of BBIP PTCD, pentyl
PTCD, and azo PTCD in dichloromethane are shown. It can be seen that the 514.5 nm
laser excitation used for all of the Raman measurements of this work also falls within the
absorption envelope of each of these molecules. Therefore, all of these measurements
will benefit from resonance enhancement, and be termed resonance Raman scattering
(RRS). In the case of measurements made on Ag nanostructured films, the double
resonance condition of SERRS will be fulfilled and both the molecular resonance and
surface enhancement mechanisms will be active. The peaks of the absorption spectra of
these molecules are characteristic of the m-m* electronic transition of the perylene

41

chromophore.” BBIP PTCD has its 0-0 transition at 539 nm with vibronic structure at

501 and 471 nm. The corresponding bands for pentyl PTCD are at 581, 544, and 512 nm,

while for azo PTCD they are at 611, 563, and 522 nm. These strong redshifts result from
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the extension of the conjugated system through the addition of azo groups in pentyl
PTCD and azo PTCD. Each of these molecules was found to have a molar extinction

coefficient of ca. 10° mole'm?, and a corresponding absorption cross section of ca. 107"

cm’ per molecule, at their respective 0-0 transitions.

pentyl PTCD
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Figure 6.4 Solution absorption of BBIP PTCD, pentyl PTCD, and azo PTCD.
6.2.4 Ensemble SERRS
In this work, the SERRS spectra of BBIP PTCD, pentyl PTCD, and azo PTCD
were recorded from mixed arachidic acid/perylene LB monolayers, deposited onto 6 nm

mass thickness Ag nanoparticle films, having concentrations of 2 x 10° (1:1 AA:BBIP

PTCD ratio), 10, and 1 dye molecule(s) per square micron of surface area, corresponding
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to the scattering area of the Raman microscope. The most concentrated films for each of
these molecules have very similar SERRS spectra. In Figure 6.5, the SERRS spectrum
of the concentrated monolayer of BBIP PTCD is shown as an example. The inset of this
figure shows a baselined SERRS spectrum of BBIP PTCD where the vibrational bands
can be seen more easily, including the fundamentals and first and second sets of
overtones and combinations. The SERRS spectra of these molecules are dominated by 3
fundamental ring stretching modes at 1298 (a), 1378 (b), and 1575 cm™ (¢), as well as the
first overtones and combinations of these bands at 2593 (2a), 2672 (a+b), 2752 (2b),
2874 (atc), 2947 (b+c), and 3152 (2¢) (note: a, b, and c designate the fundamental
modes). This progression of overtones and combinations is somewhat unique due to its
high relative intensity. Further, for highly concentrated monolayers such as this, it is
possible to calculate directly average enhancement factors through comparison with
signals from the same monolayer on a non-enhancing substrate such as glass. It is found
that average enhancement factors of ca. 10* are calculated for each of these molecules on
the Ag nanostructured films employed here. Of course, this does not represent the
magnitude of enhancement at electromagnetic hot spots, which will be above this
average.

In these high concentration SERRS experiments, two important observations were
made. First, the RRS and SERRS spectra show no major spectral differences. This
indicates that these molecules do not interact strongly with the metal nanostructures, as is
expected, and that their interaction with the metal can be viewed as physisorption.
Second, with major implications for ultralow concentration measurements, the SERRS

signals from these molecules show strong decay with laser exposure, as revealed by time
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series measurements. With this decay comes the growth of bands that can be assigned to
amorphous carbon, as is well known in SERS/SERRS measurements.”> This suggests
that strong photodegradation/photoreaction occurs on the surface of the metal
nanoparticles. As a result, it is necessary to employ very low laser power densities,

particularly at low concentrations, to avoid doing irreversible damage to the sample.
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Figure 6.5 Ensemble SERRS of perylene LB monolayers on Ag films. SERRS and
SEF recorded with 514.5 nm excitation from a 1:1 AA:BBIP PTCD mixed LB monolayer

deposited onto a 6 nm Ag nanostructured Ag film. Inset shows baselined SERRS.
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Finally, it can be seen in Figure 6.5 that in highly concentrated monolayers these
molecules also exhibit very strong surface-enhanced excimer fluorescence that is of much
greater intensity than the SERRS. This excimer fluorescence arises as a result of the high
packing of these molecules, and is the emission of excited state dimers that form when
excited state molecules dimerize with ground state molecules. It is commonly observed
for perylene molecules due to their strong tendency toward pi stacking. On Ag
nanostructured films, surface-enhancement of this excimer fluorescence occurs with
enhancement factors generally ranging between 10 and 20.

6.2.5 Single-Molecule SERRS

In Figures 6.6, 6.7, and 6.8, respectively, the SERRS spectra of BBIP PTCD,
pentyl PTCD, and azo PTCD, recorded from LB monolayers at three concentrations (2 %
10%, 10, and 1 dye molecule(s) per square micron) on nanostructured Ag films, are
shown. In all cases, strong spectral degradation is observed as the concentration is
decreased to the single-molecule level. However, weak fundamentals, overtones, and
combinations can still be observed with low signal-to noise ratio. This preservation of
the high relative intensities of the overtone and combination bands indicates that their
enhancement is very similar to the enhancement of fundamentals. It can be also seen that
at ultralow concentrations of the dye, the SERS from the C-H stretching modes of
arachidic acid become apparent between 2800 and 3000 cm’, preventing the observation
of some of the overtone and combination bands. These C-H bands are not observed in
the concentrated films as their intensity is dwarfed by the very intense SERRS of the dye

molecules.
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Figure 6.6 BBIP PTCD single-molecule LB SERRS on Ag. SERRS spectra of BBIP
PTCD recorded with 514.5 nm laser excitation from LB monolayers with 2 x 10%, 10, and

1 dye molecule(s) per square micron on nanostructured Ag films.
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Figure 6.7 Pentyl PTCD single-molecule LB SERRS on Ag. SERRS spectra of
pentyl PTCD recorded with 514.5 nm laser excitation from LB monolayers with 2 x 10,

10, and 1 dye molecule(s) per square micron on nanostructured Ag films.
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Figure 6.8 Azo PTCD single-molecule LB SERRS on Ag. SERRS spectra of azo
PTCD recorded with 514.5 nm laser excitation from LB monolayers with 2 x 10%, 10, and

1 dye molecule(s) per square micron on nanostructured Ag films.

In the monolayers produced in this work there are ca. 4 million molecular sites
per pm?, which is the scattering area of the microscope, and also the area of the AFM
image in Figure 6.3. Of these only 10 or 1 molecule(s) is a PTCD derivative for the

lower 2 cases in Figures 6.6, 6.7, and 6.8. These molecules are only detected when they
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sit in areas of highly localized and very intense electromagnetic fields on the Ag film.
These areas are commonly referred to as hot spots, and are thought to be no more than a
few nanometers across. Because of this, it is highly rare for PTCD molecules to be found
in these areas, and it is necessary to record a very large number of spectra before
detecting a perylene molecule. Whether the monolayer contains 10 molecules or 1
molecule, this problem remains. Further, at both concentrations, the spectral properties
that seem to define single-molecule SERRS spectroscopy are observed. Therefore, it is
expected that even when up to 10 molecules on average occupy the field of view, signals
are only derived from single-molecules sitting in electromagnetic hot spots. This
expectation is confirmed by 2D SERRS mapping results that are discussed in the next
two sections of this-chapter.

All of the results presented in this section, however, were recorded using single
point Raman acquisition strategies. This necessitated a very time consuming ‘hunt’ for
single-molecule signals. These signals, in almost all cases, were found to disappear
immediately after being first recorded. This prevented collection of important dynamics
data and the accumulation of signals over time, and can be attributed to slight movements
of the molecule, including tumbling, as well as a variety of possible photoprocesses that
could occur at the surface, such as photodesorption and photodegradation. The latter is
supported by results of this work that showed strong signal decay for these molecules at

higher concentrations. Also noteworthy in the results of Figures 6.6, 6.7, and 6.8, is the
strong degree to which the low concentration spectra vary from one another from spot to

spot. This spectral variation is observed for all band parameters including Raman shift,
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bandwidth, band shape, and absolute and relative intensity, and is the result of the loss of
ensemble averaging.
6.2.6 Conclusion

In the work discussed in this section, the SERRS of three PTCD derivatives was
studied down to the single-molecule level. These molecules were embedded in arachidic
acid Langmuir-Blodgett monolayers deposited onto nanostructured, evaporated Ag films
at concentrations such that single, isolated dye molecules were in the scattering area of
the microscope at any given time. When these molecules were located in rare
electromagnetic hot spots on the nanostructured surface, their detection was possible. It
was found that it was possible to detect weak overtones and combinations of three
characteristic fundamental ring stretching modes from all three of the PTCD derivatives
measured, demonstrating that these modes can be enhanced by the same mechanism that
fundamentals are.  Also, many of unique features of single-molecule SERRS
spectroscopy were explored in this section, and these include: (1) rarity of detection, (2)

very fast signal loss, and (3) spectral variation due to loss of ensemble averaging.

6.3 Mapping Single-Molecule SERRS from Langmuir-Blodgett Monolayers
6.3.1 Introduction
In place of single-point Raman acquisition strategies,” 2D spatial SERRS

mapping was employed in the single-molecule work discussed in this section.* This
involved the rastering of a computer-controlled 3-axis encoded (XYZ) motorized stage,
with a step of 1 um, where a single 1 s accumulation was recorded at each spot. This

strategy served to facilitate the fast and easy collection of large amounts of data, while
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also minimizing sample laser exposure time, and thus sample photodegradation, allowing
slightly increased laser power to be used. This effectively addressed many of the
difficulties encountered using single-point acquisition, but it also presented the possibility
of tackling several important and outstanding problems in single-molecule LB SERRS
work. Among these, were questions regarding the nature of the breakdown of ensemble
averaging as the single-molecule regime is approached; the density of hot spots on
nanostructured Ag films; and the distribution of dye molecules within mixed AA:PTCD
LB monolayers. To attempt to answer these questions, the perylene derivative n-pentyl-
5-salicylimido perylene (salPTCD) was employed, and is shown in Figure 6.9. This
molecule was dispersed into mixed fatty acid LB monolayers deposited onto
nanostructured Ag films, and by variation of the ratio of the two components in the films,
the effects of dye concentration, on both SERRS spectra and LB monolayer architecture,

were explored down to the single molecule level.

3881

Figure 6.9 Molecular structure of salPTCD.

6.3.2 Absorption and Fluorescence
In this work, 6 nm mass thickness evaporated, nanostructured films of Ag were

employed as enhancing substrates for LB SERRS measurements, and the characterization

179

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



of these films is given in section 6.2.2. In Figure 6.10, on the other hand, the 10° M
solution absorption of salPTCD in dichloromethane is shown. This molecule is strongly
resonant with the 514.5 nm laser excitation employed in this work, with bands centered at
528, 491, and 459 nm, which can be assigned to the vibronic structure of the m-m*
transition of the PTCD chromophore. Moreover, this molecule, like the three discussed
in the previous section, fulfills the double resonance condition of SERRS and therefore
has its Raman signals enhanced by both molecular electronic resonance and surface

electromagnetic enhancement mechanisms.

10°M
salPTCD —
6 1 solution

Absorbance

400 500 600 700
Nanometers

Figure 6.10 Solution absorption of salPTCD.
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Fluorescence spectra of salPTCD solutions in dichloromethane are shown in
Figure 6.11, with concentrations ranging between 10* and 10" M. At higher
concentrations, excimer emission from aggregates appears to be the major contributor to
the spectra, but as concentrations are decreased, monomer emission takes over. This
continuous blue-shifting of the spectra proceeds with dilution, until, at concentrations
below ca. 10”7 M, monomer emission becomes dominant, indicating that the aggregation
of salPTCD molecules is no longer significant. (Between 10 and 107° M, on top of the
fluorescence of the dye, the Raman scattering of the dichloromethane solvent molecules,
and the Rayleigh line at 514 nm, can also be observed.) Similar results are also seen for
the mixed AA-salPTCD spreading solutions used to prepare low concentration LB
monolayers, including those used in this work to prepare films with less than ca. 100
target molecules in the scattering area of the Raman microscope. Excimer fluorescence is
also not observed in the spectra recorded from these LB films. Thus, aggregates of
salPTCD are not present in the solutions used to prepare ultra-low concentration mixed
LB samples, or in the monolayers themselves, as is corroborated by previously reported
work on another PTCD derivative.”> From this, it can be concluded that single molecule
salPTCD spectra recorded from LB monolayers on enhancing nanoparticle substrates are
in fact being collected from single isolated monomers, rather than from dimers or higher

order aggregates.
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Figure 6.11 Solution fluorescence of salPTCD with decreasing concentration.
Fluorescence spectra of solutions (dichloromethane as solvent) with concentrations of (a)

10 M, (b) 10° M, (c) 10° M, (d) 107 M, (e) 10° M, (f) 10° M, (g) 10" M.

6.3.3 RRS and SERRS from Langmuir-Blodgett Monolayers

In Figure 6.12, the resonance Raman scattering (RRS) spectrum of a single 10:1
AA:salPTCD monolayer deposited onto glass is compared with the SERRS spectrum of a
single 10:1 AA:salPTCD monolayer deposited onto an evaporated 6 nm Ag nanoparticle
film. Both Raman and excimer fluorescence peaks can be clearly observed, with the
narrow vibrational bands sitting atop, and to lower Stokes shift from (using the 514 nm

excitation) the broad emission band of the excimer fluorescence. The resonance Raman
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scattering is enhanced to a much greater extent than the excimer fluorescence in the
presence of Ag nanostructures, as is expected. Because the same monolayer was
deposited onto the Ag nanoparticle and glass substrates, average surface enhancement
factors can be estimated directly for resonance Raman scattering and excimer
fluorescence bands, simply by comparing the intensities from measurements made on
each substrate under the same experimental conditions. It is found that, at this
concentration level, the average enhancement factor due to surface-enhancement for
resonance Raman scattering (SERRS) is approximately 10°>-10%, while the average
enhancement factor for excimer fluorescence (surface-enhanced fluorescence, SEF) is
about 15. Also, as discussed in the previous section, fundamentals and a strong overtone
and combination progression can be observed in the SERRS spectra of several perylene
dye derivatives, and these modes can all be assigned to the central perylene chromophore.
In this case, as shown in Figure 2, the strongest fundamental bands (below 1600 cm™)
can be seen in the RRS spectrum along with very weak first overtones and combinations
(2500-3200 cm™). In the SERRS spectrum, on the other hand, strong first and second
(3800-4800 cm™) overtones and combinations can be easily observed along with the

fundamentals, due to the additional intensity provided by surface-enhancement.
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Figure 6.12 RRS and SERRS compared for salPTCD. (a) Resonance Raman
scattering (RRS) spectrum of a single 10:1 AA:salPTCD monolayer deposited onto glass.

(b) Surface-enhanced resonance Raman scattering (SERRS) spectrum of a single 10:1

AA:salPTCD monolayer deposited onto an evaporated 6 nm Ag film.

6.3.4 Mapping SERRS Down to the Single-Molecule Level

Figure 6.13 shows 2D SERRS mapping images recorded from mixed LB
monolayers deposited onto 6 nm nanostructured Ag films, having various concentrations
of perylene dye. For all images, the intensity of the strong 1300 cm™ fundamental mode
of salPTCD has been mapped as a function of x-y area components, and each pixel
corresponds to a single recorded spectrum. In Figure 6.13(a), a 10:1 AA:salPTCD LB

monolayer on a Ag nanoparticle film has been mapped. Essentially, strong SERRS
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signals are detected at all spots on this sample, but there are domains present in the
monolayer where slight signal differences are observed, and the origin of these areas can
be attributed to the aggregation of PTCD dye molecules that is known to be possible at

these concentration levels in mixed LB films.

Figure 6.13 Mapping of SERRS Down to the Single-Molecule Level. SERRS

mapping images recorded from mixed LB monolayers deposited onto 6 nm Ag films.
The concentrations of the monolayers are: (a) 10:1 AA:salPTCD, (b) 10%:1
AA:salPTCD, (c) 10*:1 AA:salPTCD, (d) 101 AA:salPTCD, (e) 10°:1 AA:salPTCD,
and (f) 1 salPTCD molecule/ umz . (Colour scale is not consistent for different images- see

text for discussion.)

As the concentration of salPTCD in these monolayers is decreased by factors of

10 and 100, in Figures 6.13(b) and (c), respectively, this domain formation is clearly seen

185

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



in the SERRS mapping images. For the first of these images, strong signals can still be
observed at most locations, but definite signal differences between bright and dark
regions begin to develop. In Figure 6.13(c), corresponding to a concentration of 10°:1
AA:salPTCD, the phenomenon of domain formation becomes even stronger, and SERRS
signals are not detected, or are detected very weakly, at all darker areas, while signals in
the brighter regions are reduced compared to signals of bright spots on images of more
highly concentrated films. Importantly, based on AFM imaging, it is highly unlikely that
these domains of increased signals, which are on the order of many square microns, are
the result of variation in the enhancing substrate, as the 6 nm Ag nanoparticle films used
are effectively homogeneous at this length scale. The fact that this variation is a result of
dye aggregation in the LB monolayer becomes increasingly clear as we continue to
decrease concentration, where a new phenomenon begins to be apparent.

Figures 6.13(d-f) show individual pixels of relatively high intensity where the
SERRS spectra of salPTCD can be weakly detected. In Figures 6.13(e) and (f), in
particular, these signals (hot pixels) are completely isolated from one another and very
rare indeed (0.2 % of spots in 6.13(e), and 0.3 % of spots in 6.13(f)). We can interpret
this result as an indication that, at these concentration levels, average surface-
enhancement is insufficient for molecular detection, and all signals are detected from
local electromagnetic hot spots. As there are only, on average, 40 and 1 dye molecule(s),
respectively, out of a possible 4 million molecular sites in a single Raman scattering area
(1 pixel), for each of these films, it is clear that, at these ultra-low concentrations, the
rarity of coincidence between electromagnetic hot spots on Ag island films, and single

isolated monomers in LB monolayers, is a key consideration. Indeed, it appears that even
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with as many 40 molecules within the relatively large scattering area of the Raman
microscope, we are in fact generally detecting spectra from only a single molecule. And,
considering that the average single molecule mapping experiment shows that less than ca.
0.5 % of spots are hot, it can be concluded that these hot spots are fairly highly localized
on the nano-scale, and correspond to relatively few molecular sites. Further, these hot
spots are wavelength and polarization dependent and will be found in different locations
if these factors are changed. Moreover, it is at concentrations between 10°:1 and 10°:1
AA: salPTCD where the breakdown of ensemble averaging is observed for these
samples, as can be seen more clearly in the spectra of Figure 6.14. For mapping
measurements recorded for monolayers below these concentrations, the percentage of
total spots that are “hot” tends to show significant fluctuation from map to map, and this
is a result of the fact that relatively few spectra (1000-2000) are collected for each.

Figure 6.14, shows typical salPTCD SERRS spectra recorded at each
concentration level in the mapping measurements of Figure 6.13. The spectra found in
Figures 6.14(a-c) show some minor differences with one another, which are likely the
result of differences in the aggregation, or photodegradation of the molecules. However,
at each of these concentration levels, the spectra observed from spot to spot are fairly
stable in terms of preserving their average bandwidths, frequencies, and relative
intensities (showing some absolute intensity changes as mentioned above). This is due to

the large ensemble averaging represented by these measurements. Nevertheless, when

the 10°:1 AA:salPTCD concentration level is reached, this stability appears to deteriorate
strongly leading to variation in all of these band parameters from spot to spot, and this

variation becomes much more pronounced as the single molecule level is reached in
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Figures 6.14(e) and (f). Figure 6.15 shows a comparison of four different single
molecule salPTCD SERRS spectra. Quick inspection of these results reveals clearly
significant variations, from spot to spot, in the Raman shifts, bandwidths, band shapes,
and relative and absolute intensities of the three fundamental bands shown. This is
typical of the unique behaviour that is commonly observed as single molecule detection

limits are approached using SERRS, and reveals the breakdown of ensemble averaging,
as well as the wide variety of different local environments found at the heart of

electromagnetic hot spots on nanostructured Ag films.
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Figure 6.14 SalPTCD SERRS at various concentrations. SalPTCD SERRS spectra
recorded in mapping measurements at monolayer concentrations of: (a) 10:1, (b) 10%:1,

(¢) 10°:1, (d) 10*:1, and (e) 10°:1 AA: salPTCD, and (f) 1 salPTCD molecule/pm?.
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Figure 6.15 Single-molecule spectral variation. A comparison of four different single-

molecule salPTCD SERRS spectra.

6.3.6 Conclusion

In the work discussed in this section, mapping of Raman micro-spectroscopy was
shown to be a uniquely successful technique for the study of both systematically doped
single dye-fatty acid monolayers and single molecules using SERRS. By variation of the
ratio of the two components in mixed dye-fatty acid Langmuir-Blodgett (LB) films, 2D
SERRS mapping measurements were employed to study the effect of dye concentration

on SERRS spectral properties and monolayer architectures, down to the single molecule

189

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



level. It was shown that the rarity of coincidence between hot spots and single isolated
molecules is a key consideration in ultrasensitive SERRS measurements of LB

monolayers on nanostructured metallic films.

6.4 SERRS from One-to-One Binary Mixtures in Langmuir-Blodgett Monolayers

6.4.1 Introduction

Recently, Le Ru et al.*® proposed a method “to pin down unambiguous proof for
single-molecule sensitivity in surface enhanced Raman spectroscopy (SERS)”. The
authors of this report simultaneously employed two target analyte molecules in a single
sample to support claims of the single (or few)-molecule nature of the signals they
recorded. These experiments differed from previous single-molecule SERS/SERRS work
in that the scattering volume contained a relatively large number of molecules of each of
the species, rather than employing high dilution, as is usually done. Likewise, Van
Duyne et al.*’” have subsequently employed a similar bi-analyte approach in conjunction
with isotope editing,*® where rhodamine 6G and one of its deuterated forms were
employed. In both cases, the authors claim that some of the signals observed correspond
to SERS of a single (or few) molecule(s).

In the work of this section, the concept of bi-analyte SERRS is adopted and
employed in combination with the architectural control of the Langmuir-Blodgett

4 toward the

technique,’’ and the high information content of 2D spatial mapping,
distinction of similar chemical species within multi-component samples down to the

single-molecule level. Together, these techniques are utilized to simultaneously study the

SERRS of n-pentyl-5-salicylimidoperylene (salPTCD) and octadecylrhodamine B (R18),
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changes in the dye distribution within the monolayer, and the breakdown of ensemble
averaging, as dilution proceeds. The dyes are dispersed in mixed LB monolayers of
arachidic acid, that readily forms high quality monolayers, at varying concentration
levels, down to a single monomer of each within the scattering volume, and this is
depicted in Figure 6.16. Single-molecule signals are attributed to the rare spatial
coincidence of isolated target analyte molecules and localized electromagnetic hot spots
in the nanostructured metal film. The bi-analyte nature of the samples provides strong
support for the attribution of spectra to single molecules at high dilution, while the effect

of domain formation/aggregation is found to be important at higher concentrations.

{oH, 58,

:;QN

Figure 6.16 Single-molecule bi-analyte Langmuir-Blodgett SERRS.
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6.4.2 Absorption Spectroscopy and Atomic Force Microscopy

The absorption spectra of 10° M solutions of salPTCD and RI18 in
dichloromethane, and the surface plasmon absorption of a vacuum evaporated 10 nm
mass thickness Ag nanoparticle film, are shown in Figure 6.17(a). The spectra of the two
dyes reveal absorption maxima resulting from the n-n* electronic transitions of their
respective central chromophores. The 0-0 transition band of salPTCD appears at 528 nm
with vibronic structure at 491 and 459 nm, while R18 has peaks at 558, 520, and 491 nm.
These dyes have similar molar extinction coefficients (10°-10* mole’'m?) and highly
coincident electronic absorption envelopes, explaining their similar resonance Raman
scattering cross section values and making them excellent candidates for fundamental bi-
analyte studies of this type. Furthermore, it can be seen that they are also highly resonant
with the surface plasmon absorption of the Ag nanoparticle films and the 514.5 nm laser
excitation employed in this work, effectively fulfilling the double resonance condition of
SERRS, where both electromagnetic and resonance Raman enhancement® mechanisms
are active. The Ag nanoparticle films have a broad extinction spectrum, covering the
entire visible range, with a maximum at 488 nm, indicating a relatively large distribution
of particle geometries and particle-particle interactions. The morphology of these 10 nm
mass thickness films was studied further by employing atomic force microscopy (AFM),
and a typical image is shown in Figure 6.17(b). This image was recorded froma 1 x 1
pm area, which corresponds approximately to the area probed in all of the SERRS
measurements of this work. The image demonstrates an inhomogeneous distribution of
particles with sizes ranging between ca. 20 and 80 nm, in agreement with surface

plasmon absorption results. It has been shown previously that Ag films with similar
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morphological characteristics demonstrate high average surface enhancement factors of

about 10*, and are capable of providing single-molecule signals from areas of high local

38,44

SERRS enhancement, commonly known as hot spots.
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Figure 6.17 Absorption Spectroscopy and Atomic Force Microscopy. (a) Absorption
spectra of 10 M salPTCD and R18 solutions, along with the surface plasmon absorption

spectrum of an evaporated 10 nm Ag nanoparticle film. (b) AFM image of 10 nm Ag

nanoparticle film.

6.4.3 Ensemble SERRS

To obtain average single-point SERRS spectra for R18 and salPTCD, each was
embedded into AA monolayers containing on average 4 x 10* dye molecules/um?, then
deposited onto Ag nanoparticle films. These films were probed using laser excitation at
514.5 nm, and the results are shown in Figures 6.18, including an expanded view of the

most intense region of the spectra in Figure 6.18(c). At this concentration level, the
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narrow bands of SERRS sit atop broad surface-enhanced fluorescence (SEF)’ %31 for these
two resonant dye molecules. Here, however, the SEF is not shown, as the spectra have

been baselined to clearly show the vibrational bands.

Arbitrary Units

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 6.18 Ensemble SERRS of R18 and salPTCD. (a) R18 and (b) salPTCD
SERRS spectra of single concentrated (4 x 10* dye molecules/um?) monolayers deposited
onto 10 nm evaporated Ag nanoparticle films (recorded using 514.5 nm laser excitation).

(¢) Expanded view of the most intense region of these SERRS spectra.

As can be seen in Figure 6.18, the SERRS spectra of these molecules are

significantly different from one another, making them easily distinguishable, as is
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expected on the basis of their structures. Each is dominated by peaks, falling in the
spectral region between 1000 and 1700 cm™, that have large intensity contributions from
the breathing modes of the extended m systems of the central rhodamine and perylene
chromophores, as is shown in Figure 6.18(c). Due to the high intensity peaks found in
this spectral region, it is used to follow both analytes down to the single molecule regime.
In particular, the SERRS spectrum of salPTCD is characterized by strong bands at 1300,
1381, and a complex band centered at 1585 cm™. The SERRS spectrum of R18, on the
other hand, is defined by a strong peak at 1650 cm’!, with weaker bands at 1508, 1360,
1283, and 1198 cm™. Both molecules show a progression of first overtone and
combination bands, which has been previously observed for rhodamine and perylene dyes
at this excitation energy.””® However, those of salPTCD (between 2500 and 3200 cm™)
are notably of particularly high relative intensity.
6.4.4 SERRS Mapping of One-to-One Binary Mixtures in LB Monolayers

In Figure 6.19, 2D SERRS intensity maps and selected spectra are shown for
arachidic acid Langmuir-Blodgett monolayers containing one-to-one binary mixtures of
R18 and salPTCD, at varying concentrations, on Ag nanoparticle films. These were
recorded to study the change in the distribution of the two dyes within the single
monomolecular layer, and the breakdown of ensemble spectral averaging, which occur as
the single-molecule regime is approached. Monolayers were prepared so as to contain,
on average, 4 X 10%, 10%, 10% 10, or 1 molecule(s) of each dye per square micron, the
scattering area of the microscope. For each concentration, the intensity of the R18 band

at 1650 cm™ was mapped in blue, while the intensity of the salPTCD band at 1300 cm™
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was mapped in green, with each pixel corresponding to a single recorded spectrum and an
area of ca. 1 umz (note: scale is not consistent from map to map).

In Figure 6.19(a), for a monolayer with a concentration of 4 x 10" molecules of
each of R18 and salPTCD per um?, strong signals are observed for both at essentially all
spots on the sample, as revealed by the homogeneous brightness of the maps for both the
1650 cm™ band of R18 and the 1300 cm™ band of salPTCD. Minor differences in the
distribution of signals in the two maps can be explained by slight changes in the
distribution of the two dyes, while dark areas can be attributed to small film defects or
areas of high AA concentration. When spectra are reviewed at all spots, they are found to
be rather consistent and correspond well with a one-to-one binary mixture of the two
analytes, indicating a high degree of miscibility of the dyes with one another. This is
confirmed through the comparison of the spectral result of the 1-to-1 co-addition of pure
R18 and salPTCD concentrated SERRS spectra (i) with two typical spectra (ii and 1i1)
taken from the bi-analyte mapping experiment of Figure 6.19(a), showing all three
spectra to be quite similar. Notably, this simple comparison is made possible by the fact
that R18 and salPTCD have similar SERRS cross section values, as revealed by the
similar intensities of the pure average SERRS spectra of each. If this was not the case,

the interpretation of results of this type would be greatly complicated.
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Figure 6.19 SERRS Mapping of 1:1 Mixtures in LB Films. Mapping and selected
spectra (ii-xii) for AA LB films containing 1:1 R18:salPTCD mixtures at concentrations
of (a) 4 x 10%; (b) 10%; (0) 10%; (d) 10; and (e) 1 molecule(s) of each dye/p.mz. For each
film, the intensity of the R18 band at 1650 cm™ is mapped in blue, the intensity of the
salPTCD band at 1300 cm™ is mapped in green, and selected spectra are shown. In (a),

(i) is the result of the co-addition of pure R18 and salPTCD concentrated SERRS spectra.
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In Figure 6.19(b), where the concentration of the monolayer on Ag has been
reduced to 10° molecules of each of R18 and salPTCD per pm?, domain formation is
clearly observed in the SERRS intensity maps. On the basis of the AFM imaging,
however, these domains of high and low intensity, of several square microns, cannot
rightly be attributed to variations in the enhancing substrate, as it is effectively
homogeneous at this length scale. They can however be attributed to variation in the
distribution of the dye molecules within the monolayer. The maps of R18 and salPTCD
reveal a strong similarity (correspondence of high intensity areas), indicating that the
dyes are still highly miscible with one another but have begun to be segregated from the
AA matrix. This is quite understandable on the basis of the significant tendency toward
pi-pi stacking in these large dye systems where “like attracts like”. This is confirmed, for
the most part, when spectra are reviewed. At most bright pixels the spectra are found to
have some character of each dye, indicating a high degree of mixing, and an example of
this is shown in (v). However, at some clusters of pixels, spectra have taken on relatively
pure spectral character of either R18 (iv) or salPTCD (vi), indicating the possibility for
selective aggregation of molecules with only those of the same identity (1.e. R18 with
R18 and salPTCD with salPTCD) at this concentration. Despite the bi-analyte nature of
these samples, at high concentrations it is clear that pure domains/aggregates of either
dye can form, and so the pure character of these spectra should not be viewed as proof of
their single molecule nature.

In Figure 6.19(c), the concentration of the monolayer has been further reduced to
10% molecules of each of R18 and salPTCD per pm®. At this concentration level most

domains have broken down, and isolated hot pixels have become dominant. However,
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some dye aggregates still exist that span several square microns. As well, many of these
spectra still show mixed character of R18 and salPTCD, excimer fluorescence, and strong
intensities, indicating that they do not arise from single isolated monomers. Spectra (vii)
and (viit) are examples where pure spectral character exists, for R18 and salPTCD,
respectively; however, (viii) was recorded from a cluster of hot pixels and has definite
ensemble spectral characteristics.

Finally, in Figures 6.19(d) and (¢), where concentrations have been reduced still
further, down to 10 and 1 molecule(s) of each of R18 and salPTCD per pm?, respectively,
only individual, isolated hot pixels are observed. At this dilution, the distribution of the
dye in the monolayer is no longer reflected in the mapping results, as all relevant action 1s
occurring on the nanoscale, below the pixel dimension. Rather, the rarity of spatial
coincidence between electromagnetic hot spots on the nanostructured Ag film and single
isolated monomers in the LB monolayer is a key consideration. This is, of course,
expected as the dye molecules occupy only 5.0 x 10* and 5.0 x 10™ % of all molecular
sites at these respective concentration levels. Further, all spectra detected at these
concentration levels are of pure R18 (ix and xi) or salPTCD (x and xii) character, are of
weak intensity, lack excimer fluorescence, and show no signs of ensemble averaging.
Together these factors, along with the high dilution, demonstrate that single-molecule
spectra are in fact being detected.

6.4.5 Single-Molecule Spectral Variation

Finally, in Figure 6.20, comparisons of several different single-molecule R18 and

salPTCD SERRS spectra are shown. These spectra were recorded at different spots from

a Langmuir-Blodgett monolayer deposited onto a 10 nm Ag nanoparticle film. It can be
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seen that when the single-molecule regime is reached, spectral changes become apparent
due to the loss of ensemble averaging. Strong spot-to-spot variation is observed for all
band parameters, including Raman shift, bandwidth, band shape, and absolute and
relative intensity. This behavior, due to the dynamics and unique environment of the
single molecule, is also likely associated with variations in local hot spot properties and
different orientations of the molecule with respect to local electromagnetic fields in the

nanostructures.
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Figure 6.20 Single-Molecule Spectral Variation. Comparison of single-molecule (a)
R18 and (b) salPTCD SERRS spectra from different spots in a Langmuir-Blodgett

monolayer deposited onto a 10 nm Ag nanoparticle film.

6.4.6 Conclusion

In the work of the section, SERRS spectra and 2D spatial intensity maps were

recorded from thin Ag nanoparticle films coated with fatty acid Langmuir-Blodgett
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monolayers containing one-to-one binary mixtures, at varying concentrations, of the dyes
R18 and salPTCD. It was demonstrated that similar chemical species within a multi-
component sample could be distinguished, down to the single-molecule level, by means
of their SERRS fingerprints. These techniques were employed to monitor changes in the
distribution of the two dyes within the monolayer, and the breakdown of ensemble
spectral averaging, which occurred as the single-molecule regime was approached. It
was found that, at high concentrations, there was a high degree of miscibility of the dyes
within the monolayer, while, at more intermediate concentrations, domain
formation/aggregation was significant. When less than ca. 10 molecules of each dye
occupied the 1 pm? scattering areas probed by the laser, single, isolated monomers were
detected. These signals were attributed to the rare spatial coincidence of isolated target
analyte molecules and localized electromagnetic hot spots in the nanostructured metal

film.

6.5 Non-Resonant SERS from Single Molecules in Langmuir-Blodgett Monolayers
6.5.1 Introduction

In the work discussed in this section, the Langmuir-Blodgett (LB) approach to
single molecule SERRS is employed in the study of the perylene derivative, N,N’-
Bis(neopentyl)-3,4,9,10-perylenebis(dicarboximide) (BNPTCD), that is shown in Figure
6.21. Single target dye molecules are isolated in a fatty acid monolayer matrix deposited
onto an enhancing metallic substrate and spatially resolved with a Raman microscope.
Several unique resonance conditions are explored, through variation of the surface-

plasmon resonance of the substrate and the laser excitation wavelengths employed, in an
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attempt to expand the possibilities for application of this powerful technique. Surface-
enhanced Raman scattering (SERS), and surface-enhanced resonance Raman scattering
(SERRS) spectra are reported for mixed LB monolayers deposited on Ag and mixed
Ag/Au nanoparticle substrates. These spectra are obtained using multiple excitation
wavelengths, and single-point and 2D mapping acquisition techniques. For the first time,
single molecule SERS (lacking electronic molecular resonance) spectra are reported for

LB monolayers deposited on evaporated metal nanoparticle film substrates.
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Figure 6.21 Molecular structure of BNPTCD.

6.5.2 Absorption Spectroscopy

In Figure 6.22, the absorption spectrum of a 10° M solution of BNPTCD is
shown with the surface plasmon absorption spectra of a 6 nm Ag nanoparticle film and a
10 nm mixed Ag/Au nanoparticle film. Also shown in this figure, are arrows indicating
the wavelength of the lasers employed in the SERS/SERRS studies of this work. The Ag
and mixed Ag/Au nanoparticle films used in this work were characterized in sections
6.2.2 and 4.2.2, respectively. The absorption spectrum of BNPTCD shows peaks, as do
all the perylene materials used in this work, associated with the n-n* electronic transition

of the PTCD chromophore. The 0-O-transition appears at 524 nm with a vibronic
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progression at 488 and 456nm. BNPTCD exhibits a large extinction coefficient, and
shows an absorption cross section in dilute solution of ca. 6.63 x 1077 cm*/molecule at
524 nm. When excited with laser excitation at 488 and 514.5 nm, this molecule will be
resonant and RRS enhancement will be realized. When it is excited with radiation at 633
and 785 nm it will be non-resonant and yield RS. In the case of highly concentrated
films, however, the absorption of this molecule is redshifted and shows pre-resonance at

633 nm excitation.

300 400 500 600 700 800 900
Nanometers

Figure 6.22 Absorption of BNPTCD, and Ag and mixed Ag/Au films. (a) Absorption
spectrum of 10° M BNPTCD solution, (b) surface plasmon absorption of 6 nm Ag film,
and (c) surface plasmon absorption of mixed Ag/Au film. (Also shown are laser

excitation lines at 488, 514.5, 633, and 785 nm)
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6.5.3 Ensemble SERS/SERRS from Ag and Mixed Ag/Au Nanoparticle Films

In Figures 6.23 and 6.24, the SERRS spectra of a concentrated LB monolayer of
BNPTCD, recorded at various excitation energies, on Ag and mixed Ag/Au films,
respectively, are shown. For the two substrates, the spectra at each wavelength agree
well with one another in terms of relative intensities and Raman shift. They also show
similar absolute enhancement at each wavelength, with the exception of 488 nm, where
the mixed film shows reduced intensities. As excitation wavelength is changed, clear
changes are observed in both absolute and relative intensities on both substrates. In
particular, those spectra recorded at resonant wavelengths (488 and 514.5 nm) are of
greater absolute intensity and have overtones and combinations with greatly increased
relative intensities. There are also significant changes in the relative intensities of the
fundamentals as excitation is moved into resonance with the molecule’s electronic
transition. On the other hand, the absence of overtone and combination modes at 633 nm
is strong evidence that, at this wavelength, resonance Raman enhancement mechanisms
are not functioning, or are functioning very weakly. Furthermore, this lack of resonance
Raman enhancement becomes even more important at low concentrations where the

absorption of the molecule shifts even further to the blue.
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(b)
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Figure 6.23 Ensemble SERS/SERRS on Ag films. SERS/SERRS spectra recorded
from a 10:1 AA:BNPTCD LB monolayer deposited on a 6 nm Ag film at excitation

wavelengths of (a) 488 nm, (b) 514 nm, (¢) 633 nm, and (d) 785 nm.
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(b)

500 1000 1500 2000 2500 3000
Raman Shift /cm-1

Figure 6.24 Ensemble SERS/SERRS on mixed Ag/Au films. SERS/SERRS spectra
recorded from a 10:1 AA:BNPTCD LB monolayer deposited on a 10 nm Ag/Au film at

excitation wavelengths of (a) 488 nm, (b) 514 nm, (c) 633 nm, and (d) 785 nm.

6.5.4 Single-Molecule SERS/SERRS Mapping with Changing Excitation Energy
Figure 6.25 shows the results of 2D SERRS mapping experiments carried out on
AA LB monolayers containing, on average, | BNPTCD molecule/um’, on Ag and mixed
Ag/Au nanostructured films. These experiments were carried out at 488, 514.5, 633, and
785 nm excitation to explore the importance of different resonances. The existence of

bright pixels indicates single, isolated BNPTCD molecules sitting in electromagnetic hot
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spots on the metal film. It also implies that, at that excitation wavelength, the
combination of hot spot surface-enhancement and resonance enhancement are together
able to push the signal past the detection threshold. At 785 nm excitation, signals were
not detected for either substrate. Resonance Raman enhancement should not function at
this wavelength, and so it is clear that surface-enhancement at hot spots is not strong
enough on its own to make the detection of BNPTCD molecules possible on either of
these substrates. At 488 nm excitation, resonance enhancement is active, yet single-
molecules are only detectable on the Ag film. This suggests that the surface-
enhancement of hot spots on the mixed film is of lower intensity than on Ag films at this
wavelength, as is expected on the basis of its surface plasmon absorption. At 514.5 nm,
single-molecules were detected on both substrates. This is expected and is supported by
work presented in section 4.2 and the earlier sections of this chapter. Interestingly
though, signals from single-molecules were detected at 633 nm on both Ag and mixed
Ag/Au nanostructured films. BNPTCD monomers should experience very little
resonance enhancement at this wavelength, and this suggests that nearly all enhancement
arises from hot spots on the surface of the metal films.

This is the first report of non-resonant single-molecule SERS on films of this type
and it raises important questions about the contributions of molecular electronic
resonance and EM surface enhancement mechanisms in the case of SERRS where they
are interacting and may not be strictly multiplicative. This is particularly true in that very
few differences can be distinguished in the spectral and mapping properties of resonant
and non-resonant molecules. In both cases, the percentage of total spots that are hot

tends to show fluctuations from map to map, and this can be attributed to the fact that
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relatively few spectra (1000-2000) are collected in most cases. However, the percentage
of hot pixels appears to be essentially the same for resonant and non-resonant
measurements. Also, under both resonant and non-resonant conditions, strong spectral
variation from spot to spot within these maps is observed. These results can be explained
if one considers the changes that may occur in the contribution of the 2 enhancement
components when they interact at hot spots. In particular, it is possible that under
resonant conditions the two enhancement mechanisms could damp each other, due to
increased channels for energy transfer. This effect should be reduced under non-resonant

conditions and EM hot spot enhancement should dominate.

488 nm

514 nm 633 nm

10 nm mixed

Figure 6.25 Single-molecule SERS/SERRS mapping. Results of 2D SERRS mapping
experiments carried out on AA LB monolayers containing, on average, 1 BNPTCD

molecule/um?, on Ag and mixed Ag/Au nanostructured films..
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6.5.5 Conclusion

In the work discussed in this section, the effect of different molecular and surface
plasmon resonances was explored for SERS/SERRS measurements of BNPTCD on Ag
and mixed Ag/Au nanostructured films. For the first time, non-resonant single molecule
SERS spectra were reported for LB monolayers deposited on evaporated metal

nanoparticle film substrates.

6.6 Summary

In this chapter, the application of the Langmuir-Blodgett approach to single-
molecule SERS/SERRS was discussed. Several molecular systems were studied on
several nanostructured metallic films, using different laser excitation wavelengths, and
single-point and 2D mapping techniques. In particular, this work focused on the study of
overtones and combinations in the single-molecule spectra of perylene derivatives; the
use of 2D SERRS mapping techniques to explore the breakdown of ensemble averaging;
single-molecule SERRS from one-to-one binary mixtures; and non-resonant single-

molecule SERS on nanostructured metallic films.
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Chapter 7

CONCLUSIONS
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7.1 Conclusions

In this work, several studies were carried out that employed surface-enhanced
Raman scattering (SERS) and surface-enhanced resonance Raman scattering (SERRS).
These studies served to further the development of these techniques toward widespread
analytical application, and involved the fabrication, characterization, and application of
new substrates for SERS/SERRS; the interpretation of SERS; and the study of single-
molecule SERS/SERRS from mixed Langmuir-Blodgett monolayers deposited onto
metallic nanoparticle substrates.

The results of the work on the development of new substrates for SERS/SERRS
were presented in Chapter 4. In section 4.2, the introduction of new mixed Ag/Au
nanostructured film substrates for application toward single-molecule LB SERRS was
discussed. The substrate was prepared by vacuum evaporation of Ag and Au onto glass
substrates, at elevated temperatures, and these mixed metal films were characterized by
UV-visible surface plasmon absorption spectroscopy, atomic force microscopy, and X-
ray photoelectron spectroscopy. They were employed as substrates for SERRS of a
perylene molecule, BBIP PTCD, in LB monolayers, down to the single-molecule level,
and demonstrated an advantage of lower reactivity over traditional Ag films.

In section 4.3, the introduction of a new class of self-sustained chitosan thin films
containing dispersions of gold nanoparticles, was discussed. Gold nanoparticles were
generated using acetic acid as a reducing agent in a reaction mediated by the biopolymer
chitosan. Self-sustaining films were then formed from the resultant nanocomposite

solutions, and characterized by surface plasmon absorption, TEM, and infrared
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spectroscopy. They were shown to effectively enhance Raman signals of a test analyte,
rhodamine 6G, down to trace quantities.

In the work discussed in section 4.4, the layer-by-layer technique was
successfully employed in the production of unique dendrimer/Ag nanosphere substrates
for measurements of surface-enhanced Raman scattering. A variety of different film
architectures were produced and these were studied by surface plasmon absorption,
AFM, and SERS. It was shown that the optical properties of these different substrate
architectures were strongly influenced by the generation and concentration of the
dendrimers used, as well as the number of layers produced. These LbL films were found
to provide excellent enhancement of the Raman scattering of 2-naphthalenethiol. Finally,
the collection of SERS from architectures with intervening layers between the metal
nanoparticles and the surface of the films was demonstrated.

In section 4.5, the development and characterization of versatile dendrimer/Ag
nanowire LbL film substrates for enhanced optical applications was discussed. These
films were employed as substrates for SERS/SERRS measurements from solution-casted
and Langmuir-Blodgett samples at a variety of excitation energies, and found to provide
excellent enhancement of Raman and resonance Raman signals, down to trace levels.

Finally, in the work discussed in section 4.6, avidin/Ag nanoparticle layer-by-
layer (LbL) films were fabricated and employed as chemically selective substrates for

SERS/SERRS. The growth of these nanocomposite films was characterized by surface

plasmon absorption, and AFM imaging. They were found to exhibit significant
enhancement of RS/RRS across a broad spectral window, covering essentially the entire

visible region. They were also found to demonstrate strong, bio-specific interactions with
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two biotinylated species, thus providing chemical selectivity, with increased sensitivity,
in substrates for surface-enhanced spectroscopy. Biotinylated dye molecules were shown
to be selectively captured by these substrates, and this preferential adsorption yielded an
additional concentration enhancement of ca. 10%, while detection limits were improved by
at least 2 orders of magnitude.

Results from the second category of this work, SERS interpretation, were
presented in Chapter 5. In the work discussed in section 5.2, density functional theory
(DFT) methods were employed to investigate the nature of the chemical adsorption of
salicylate on silver surfaces. The structure of salicylic acid, along with its infrared and
Raman spectra, was determined at the B3LYP/6-311+G(d,p) level of theory. These
results were then used in the assignment of vibrational spectra.  Surface-enhanced
Raman scattering (SERS) spectra were obtained from silver nanoparticle films thinly
coated with salicylic acid. In order to determine the nature of the chemisorption that this
molecule has on Ag surfaces, the optimized geometries and Raman spectra of two model
salicylate-silver complexes (Agl and Ag2) were calculated at the B3LYP/Lanl2DZ level
of theory. As well, experimental vibrational spectra were obtained for a silver salicylate
salt for comparison with SERS results. It was found that experimentally observed SERS
spectra, and simulated SERS spectra of a salicylate complex chemisorbed through its
carboxylate group (Agl) show good agreement with one another. It was concluded that
salicylate chemically adsorbs only through its carboxylate group. Evidence for a tilted,
head-on orientation of the salicylate complex on the surface was obtained from
calculations of simulated SERS spectra that account for polarization, as well as from

comparisons of reference powder results with SEIRA, and RAIRS spectra.
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In the work presented in Section 5.2, surface-enhanced Raman scattering (SERS)
was employed to detect the important environmental pollutant, and suspected human
carcinogen, 1-naphthylamine (1-NA) from colloidal Ag solutions. SERS enhancement
conditions were optimized through the variation of pH, a fundamental determinant for
solution SERS experiments. Dramatic spectral differences between the free molecule and
the SERS obtained from aqueous colloidal solutions were demonstrated to be the result of
the formation, and water solvation, of a coordination complex of two 1-NA molecules
with the Ag” ions present at Ag nanoparticle surfaces.

Finally, results on the single-molecule detection of SERS/SERRS from mixed
Langmuir-Blodgett monolayers deposited onto metallic nanoparticle substrates were
presented in Chapter 6. In the work discussed in section 6.2, the SERRS of three PTCD
derivatives was studied down to the single-molecule level. These molecules were
embedded in arachidic acid Langmuir-Blodgett monolayers deposited onto
nanostructured, evaporated Ag films at concentrations such that single, isolated dye
molecules were in the scattering area of the microscope at any given time. When these
molecules were located in rare electromagnetic hot spots on the nanostructured surface,
their detection was possible. It was found that it was possible to detect weak overtones
and combinations of three characteristic fundamental ring stretching modes from all three
of the PTCD derivatives measured, demonstrating that these modes can be enhanced by
the same mechanism that fundamentals are.

In the work presented in section 6.3, mapping of Raman micro-spectroscopy was
shown to be a powerful technique for the study of both systematically doped single dye-

fatty acid monolayers and single molecules using SERRS. By variation of the ratio of the
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two components in mixed dye-fatty acid Langmuir-Blodgett (LB) films, 2D SERRS
mapping measurements were employed to study the effect of dye concentration on
SERRS spectral properties and monolayer architectures, down to the single molecule
level. It was shown that the rarity of coincidence between hot spots and single isolated
molecules is a key consideration in ultrasensitive SERRS measurements of LB
monolayers on nanostructured metallic films.

In the work discussed in section 6.4, SERRS spectra and 2D spatial intensity
maps were recorded from thin Ag nanoparticle films coated with fatty acid Langmuir-
Blodgett monolayers containing one-to-one binary mixtures, at varying concentrations, of
the dyes R18 and salPTCD. It was demonstrated that similar chemical species within a
multi-component sample could be distinguished, down to the single-molecule level, by
means of their SERRS fingerprints. These techniques were employed to monitor changes
in the distribution of the two dyes within the monolayer, and the breakdown of ensemble
spectral averaging, which occurred as the single-molecule regime was approached. It
was found that, at high concentrations, there was a high degree of miscibility of the dyes
within the monolayer, while, at more intermediate concentrations, domain
formation/aggregation was significant. When less than ca. 10 molecules of each dye
occupied the 1 pm? scattering areas probed by the laser, single, isolated monomers were
detected.

Finally, in the work presented in section 6.5, the Langmuir-Blodgett (LB)
approach to single molecule SERRS was employed in the study of the perylene derivative
BNPTCD. Several unique resonance conditions were explored, through variation of the

surface-plasmon resonance of the substrate and the laser excitation wavelengths
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employed. SERS/SERRS spectra were recorded for mixed LB monolayers deposited
onto Ag and mixed Ag/Au nanoparticle substrates using multiple excitation wavelengths,
and single-point and 2D mapping acquisition techniques. For the first time, single
molecule non-resonant SERS spectra were reported for LB monolayers deposited on

evaporated metal nanoparticle film substrates.

7.2 Future Directions

The pursuit of new and innovative substrates will continue to be a priority in
SERS/SERRS research for some time to come, and important achievements in this work
will go on providing exciting new milestones in the broader field of nanoscience. It is
anticipated that the layer-by-layer technique for thin film fabrication, thanks in part to the
work presented in this thesis, will take on an especially important role in this regard. Of
particular importance will be work focused on the incorporation of materials that
demonstrate biospecific interactions, including avidin/biotin, antigen/antibody, and
complementary oligonucleotide systems. Single-molecule SERS/SERRS experiments
will also continue to take on greater importance as they begin to become practical
analytical techniques with ultrasensitivity and high information content. Researchers will
likely increasingly focus on the application of these powerful techniques toward
problems in the biological, medical, and environmental sciences. To lend further support

to the high degree of control already afforded by the Langmuir-Blodgett approach to

single-molecule detection, future experiments should be performed under vacuum or inert

atmosphere, and at low temperatures.
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