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1.1 Introduction

Surface Enhanced Raman Spectroscopy (SERS) is the phenomenon of gigantic

enhancement of Raman signal by molecules adsorbed on different metal substrates.

Raman signal can be used as a fingerprint for a given structure of molecule as

different structure exhibits characteristic Raman spectra.

However, detection by this method requires highly sensitive and optimized
arrangement. Fluorescence of the impurities of the given sample can affect the
Raman spectra and the given sample of study could be modified by the heat of the
laser radiation. The output radiation of a particular Raman spectrum is very weak

1n nature.

In SERS, the enhancement factor increases up to 10'° to 10" times the Normal
Raman Spectroscopy. Thus SERS can be used as a powerful spectroscopic
technique which overcomes the weak scattering cross-section of normal Raman

spectroscopy [1, 2].

In this chapter, the mechanisms involved in Raman scattering as well as in the
enormous enhancement of Raman signal of the molecules adsorbed on suitable

metal surfaces are discussed.
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1.2 Raman spectroscopy

Raman spectroscopy is a useful vibrational spectroscopic technique which can
provide information on molecular vibrations and crystal structures. Light is

scattered by a matter when incident on it.
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Figure 1.1: Elastic and inelastic scattering of light

Although almost all of the scattering is an elastic process, there is a very small
percentage of scattering which is an inelastic process. In elastic scattering, known
as Rayleigh scattering, the scattered light does not undergo a change in frequency.
On the other hand a scattered light has different energy from incident light in
inelastic process. This inelastic scattering of light was proposed theoretically by
Smekal in 1923 [3] and first observed experimentally by Sir Chandrasekhara
Venkata Raman and K.S. Krishnan in 1928 [4]. This is known as Raman
scattering and for this discovery, professor C.V. Raman was awarded with

prestigious Nobel Prize in the year 1930.
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1.2.1 Stokes and anti-Stokes lines

The spectrum of scattered light consists of lines of same frequency as that of the
incident beam, known as, Rayleigh lines and in addition, certain week lines of
changed frequencies called Raman lines. The Raman lines are symmetrically
present on the two sides of the Rayleigh lines. The lines on low frequency side are

called Stokes lines and those on high frequency side are Anti-stokes lines.

Although the effect was strong as it was measured by Sir Raman from concentrated
pure organic solvents and visible to human eyes, the effect has been very week for
comparatively less concentrated solutions of solids. The demerits have been
overcome by discovery of efficient detection systems like, holographic gratings,
photomultipliers, coupled devices, notch filter etc. Intense monochromatic lasers

are being used as the incident light.

Oscillating polarization is produced in the molecules by the photons coming from
the laser radiation of high intensity and a “virtual state” is formed. This
polarization may couple with the other possible polarizations as well as with the
vibrational and electronic excitations. In absence of such coupling the vibrational

state of the molecule remains unchanged and elastic Rayleigh scattering occurs.

However, if the oscillating polarization couples with vibrational state such that a
molecule is excited from the ground level and falls to a vibrational level which is
higher in energy than the state it started in, the scattered photon will of energy less
than that of the incident photon. These photons are called Stokes scattered photons
and the corresponding lines are called Stokes lines. On the other hand, photons of
energy higher than that of the incident photon are scattered when the molecule is
excited from the higher vibrational state and falls to the ground state. These
photons and are called anti-Stokes scattered photons and the corresponding lines
are called anti-Stokes lines [5]. Figure 1.2 illustrates the origin of Rayleigh lines,

Stokes Raman lines and Anti-Stokes Raman lines.

Chapter1 3



Introduction

Virtual
Energy States
A
Rayleigh
Scattering
Stokes
Raman
Scattering
Excitation Anti-Stokes
Energy Rama n
Scattering 4
Vibrational
Z Energy
h 4 i States
1 R
Absorbance 0

Figure 1.2: Schematic diagram: Rayleigh, Stokes Raman and Anti-Stokes Raman
scattering

The anti-Stokes lines originate from the molecule initially in a vibrationally excited
state. Population of such molecule is much less, in room temperature, than that of
molecules in the ground sate. As a result the anti-Stokes lines are typically much
less intense. Conversely, Stokes lines are brighter than anti-Stokes lines simply

because there are more molecules in the ground state.
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Figure 1.3: Stokes and anti-Stokes lines of ethanol (excitation wavelength =532 nm)

The symmetrical distribution of anti-stokes and stokes line from the Rayleigh line

implies that in both the processes the scattered photons have same amount of
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energy gain or loss which implies that both the anti-Stokes and Stokes lines

originate from the same virtual level.

1.2.2 Raman selection rules

Raman spectroscopy provides information about a molecule’s composition,
vibrations and rotations. Vibrational information of a molecule can also be
obtained from infrared (IR) absorption spectroscopy measuring the interaction of
the infrared light and the chemical species of interest. In fact Raman and IR
spectroscopy are two main spectroscopic tools complementary to each other in the

detection of the vibrations in a molecule.

The selection rule of IR spectroscopy is that there must be a net change in
permanent dipole moment during the vibrations. On the other hand, a vibration is
Raman-active, when the polarizability of the molecule changes with the vibrational

motion.

— W —

O—C—0 O-C—O

Symmetric stretch Asymmetric stretch
No change in dipole moment Change in dipole moment
IR inactive — IR active
Change in polarizability No change in polarizability
—=> Raman active —=> Raman inadétive

Figure 1.4: Illustration on Raman active and IR active vibration

As shown in Figure 1.4, the symmetric stretch in carbon dioxide does not result in
change of dipole moment and thus it is not IR-active. The asymmetric stretch is IR-

active as there is a change in dipole moment due to this vibration.
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The symmetric stretch in carbon dioxide leads to change in molecular
polarizability and it is demonstrated in Figure 1.5. The shape of electron cloud in
the equilibrium state is different from that when it is in the extended and
compressed symmetric motions. The symmetric stretch is, therefore, Raman-

active.

O«—C—0 0—C—0 0-»C<«0
(Extended) (Equilibrium) (Compressed)

Figure 1.5: Change of polarizability in symmetric stretch

Whereas IR bands arise from a change in the dipole moment, Raman bands arise
from a change in the polarizability. In many cases, transitions that are allowed in

Raman are forbidden in IR, so these techniques are often complementary.

1.2.3 Theory of Raman scattering

Although the first experimental evidence for the inelastic scattering of light by
molecules such as liquids was observed by Raman and Krishnan in 1928, the
Raman effect was first theoretically predicted by Smekal in1923; followed by
quantum mechanical descriptions by Kramers and Heisenberg in1925 and Dirac in

1927.

1.2.3.1 Classical theory

According to the classical theory [6], the incident electromagnet field induces an

electric dipole moment on the scattering system (molecule or solid). Such an
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induced dipole moment is oscillating with the frequency of the incident radiation
and is acting as a secondary source for electromagnetic radiation. Here, the
molecules are considered to execute simple harmonics vibrations and the
quantization of the rotational and vibrational energy levels are not taken into

account.

The oscillating electric field of the incident light results in separation of positive
and negative charge centers and thereby induces dipole in the molecule with or

without exchanging energy with vibrations in the molecules.
If u be the induced dipole and E be applied electric field then we may write

pu=aE (1.1)

where, a is the polarizability of the molecule

The time-dependent electric field may be taken as E = E; cos 2nvt, where v is the
frequency of the incident light.

Then,

pn=oaE =E, cos 2nvt (1.2)
Due to some internal motion of the molecules such as vibration rotation, the

polarizability changes periodically. These vibrations will be then superimposed on

the oscillating dipole.

If v,; 1s the internal vibrational frequency then we may write,

a = ay + P sin 2wyt (1.3)

as a changes with v,,;,.

Now, after considering the internal motions of the molecules, the electric dipole

will have the value

pu=aE=(ay+psin2nv,;t) E, cos2mvt
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=ayE, sin 2mvt + % B Eg{cos2m (v —vyp)t —cos2m (v +vy,) t}  (1.4)
The first term in the equation (1.4) represents the Rayleigh scattering and the
second term represents the Raman scattering. In Raman scattering, the high

frequency term is called anti-Stokes shift and the low frequency term is called

Stokes shift.

It may be noted that, if B is equal to zero, the second term will be vanished.
Therefore, Raman scattering will be observed if the molecular vibration or rotation

(or both) changes the polarizability of the molecule.

1.2.3.2 Quantum theory

According to quantum theory, Raman scattering is a process which involves
instantaneous absorption of an incident photon and subsequent emission of another
photon. The emitted photon is inelastically scattered by the molecule and emitted

with different frequency as compared to absorbed photon.

During the scattering process the molecule may move either to a more
vibrationally excited state of the ground electronic state or to a less vibrationally
excited state. In the former case, the photon is emitted with energy lowered by an
amount equal to a vibrational transition and are called Stokes scattered photons. In
the latter case, the emitted photon is of energy higher than that of the incident

photon and termed as anti-Stokes scattered photons.

If v and v’ are incident and scattered frequencies and E and E’ are the initial and

final molecular energy levels then, from the energy conservation law, we may

write
hv+E=hv+E’ (1.5)
AE=h (v—V") (1.6)

Now, from the theory of Raman scattering, the elastic and inelastic scattering can

be expressed as,
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(1) Rayleigh lines, AE=0, when v=1V'
(2) Stokes lines, AE<0, when v> V'
(3) Anti-Stokes lines, AE>0, when v<v'

In Raman experiments, the Raman shift is measured in wave number and it is
given by

1

. Ay_ 11
Raman shift, AA(cm™) = (xo Y

where, A is the excitation wavelength and A, is the Raman scattered wavelength in
cm.

1.2.3.3 Raman scattering cross-section

Raman scattering cross section ¢ (say) gives a measure of the efficiency of the
Raman scattering process and it is the fraction of the incident power that is
inelastically scattered by the molecules concerned. Thus, the power scattered by

the molecules for an incident power Sy is given by,
P=0cS, (1.7)

This power P is scattered in all possible directions and the spectrometer collects a
part of it as it is set in a specific direction. Thus, the measured Raman intensity is

actually that corresponding to the differential Raman cross section do/dQ) given

by,
(Ir) = (52) So dQ2 (1.8)

where, So is incident laser intensity at molecular position and dQ is the small solid
angle subtended by the collecting optics at the molecular position. Here, (Ig), the
Raman scattered intensity, is the average of the signal obtained for a given

vibrational mode of a single molecule over all orientations [7, 8]
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From the above equation the total Raman scattering cross-section can be obtained

as

o= () do (1.9)

1.2.3.4 Intensity of Raman line

Intensity of Raman scattered photons Ir is proportional to the dipole moment
induced (Pj,q) in the molecule by the electric field Ey of the incident light. The
molecular polarizability a is the responsiveness of the molecule to the incident

electric field in respect of induction of dipole moment in it.

In terms of the molecular polarizability tensor and the electric field intensity, the

Raman intensity can be expressed as

Ir= |Pmd| (1.10)

Incident photon transfer energy in Raman spectra unveil the energy transfer
between the photons and molecules during their interaction. Hence a molecule
exhibits Raman scattering only if there is a change in the molecular polarization
potential or deformation of the electron cloud with respect to the vibrational

coordinates [9].

1.3 Advantages and limitations of normal Raman
spectroscopy

There are certain advantages and limitations of normal Raman spectroscopy as

described below:
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1.3.1 Advantages of Raman spectroscopy

e Raman spectroscopy can give information in respect of many organic and

inorganic materials in the form of solids, liquids, polymers or vapours.
e Sample preparation is usually simple.

e As the spectral measurements on vibrations made in the visible region,

glass cells may be used
o Raman spectra are highly specific like a chemical fingerprint of a material.
e Raman spectra are obtained with very short exposure (within seconds).

e The intensity of the Raman lines is related to the number of molecules in

the sample and can be used for quantitative analysis

e Very small volume of the sample is required for recording Raman spectra.

1.3.2 Limitations of Raman spectroscopy

e As the Raman signal is very weak, the detection needs a sensitive and

highly optimized instrumentation [10].

e Sometimes the Raman spectra of a sample remain hidden in the

fluorescence of impurities.

o Intese laser radiation required for obtaining Raman spectra may sometime

destroy the sample.
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In order to overcome the drawbacks of Raman scattering process, several new
techniques are introduced. SERS is one of the most significant methods used to

reduce the drawbacks of normal Raman spectroscopy.

1.4 Surface Enhanced Raman Spectroscopy (SERS)

1.4.1 Discovery of SERS

In 1974, the group Fleischmann, Hendra and McQuillan [1] observed intense
Raman scattering from pyridine adsorbed on the roughened silver electrode. Their
initial idea was to produce a large surface area on the roughened surface for
developing a spectroscopic probe by which electrochemical process could be
studied. They applied about 450 potential oxidation and reduction cycles (ORC) to
an Ag electrode in an aqueous electrolyte comprised of 0.1mol 1-1 KCI + 0.05 mol
-1 pyridine. The output spectrum was found to be of surprisingly high quality
which varies with the electrode potential. They initially explained that the large
enhancement might have taken place due to the increasing number of scatterers

present in the enhanced surface area.

Yo Py *+ Vyp

Figure 1.6: A schematic representation of SERS with pyridine adsorbed on silver
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Later in 1977, Jeanmaire and Van Duyne [11] and Albrecht and Creighton [12]
independently recognized that the large enhancement was not due to the increased
surface area and the two groups then provided strong evidences that an
enhancement of the scattered intensity occurred in the adsorbed state. This large
enhancement effect has been named as Surface Enhanced Raman Spectroscopy
(SERS). The exact mechanism behind the large enhancement is still not
completely known and further research is being carried out. However, the reason
behind the large enhancement of the weak Raman signal is being supported by two
main mechanisms. Jeanmaire and Van Duyne tentatively proposed the
electromagnetic field enhancement mechanism and on the other hand Albrecht and
Creighton speculated the chemical enhancement mechanism. Whereas localized
surface plasmon is the main reason behind the electromagnetic field enhancement
mechanism, the chemical enhancement mechanism is based on the charge transfer

effect between the adsorbed molecule and metal surface.

Since discovery by Fleischman et al. [1] SERS has been developing over last four
and half decades [13-15] and in recent days it has become a versatile analytical

technique [16].

After more than 40 years of research on SERS and over 10,000 publications a
universal agreement now exists regarding the origin of SERS. Mainly two types of
mechanisms contribute to the effect: (i) electromagnetic effects (EE) that involves
localized surface plasmon resonance and (ii) chemical effect (CE) arising from
electronic interaction between the adsorbed molecule and nano structured metal

surface [17].

When illuminated with light of such wavelength that can excite surface plasmon,
the electromagnetic energy is concentrated. The appropriate nano surface, then,
acts as receiving as well as radiating antenna simultaneously. Both the incident and
the Raman scattered lights are, thus, enhanced and result in massive signal

enhancement achieved in SERS which can now detect a single molecule [18].
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Chemical effect is proposed as supplementary to the plasmonic theory as the later
cannot fully explain the SER spectra alone. Chemisorption of a molecule on a
metal is thought to be due to metal-ligand complex formation [18], metal to
molecule or molecule to metal charge transfer [19, 20], radial ad-molecule anion
formation by the hot electron metal transiently residing on the ad-molecule [21].
SERS enhancement is in excellent agreement with the predictions for various
metals on the basis of the strength and quality factor of the surface plasmon and the
concerned wavelength range where silver emerges to be the “enhancement

champion” [22].

1.4.2 Key features of SERS

SERS has now become an attractive technique to detect a wide range of chemical
species because of the sensitivity of SERS, as well as its exceptional spectral
selectivity. These include benzene, toluene, ethylbenzene, and xylenes [23-26];
polycyclic aromatic hydrocarbons [27-230]; volatile organic compounds such as
chlorinated solvents [24, 31] and methyl t-butyl ether [22]; heavy metals; toxic or
radioactive cations/anions [32—40]; ionic nutrients [32, 41-43]; pesticides [44—48];
drugs and pharmaceuticals [49-54]; and explosive materials [55-59]. SERS has
also been combined with other analytical techniques such as gas chromatography
[60, 61], thin layer chromatography [62], liquid chromatography and flow injection
analysis [63—65], and electrochemistry [66, 67].

SERS can be used for successful detection of trace amount of chemical analytes

when certain requirements are satisfied [68-71] as mentioned below:

e Choice of the metal should be proper. Mainly the coinage metals, silver,
gold and copper are used for SERS. The enhancement factor for these
metals ranges from 10° to 10'* depending on the morphology of the surface,

chemical nature of the adsorbed molecules and some other factors.
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e Strong SERS signal is obtained when roughness of the metal surface is
~10-200 nm with appropriate surface morphology. The roughness at atomic
scale, such as certain ad-atoms, ad-clusters, steps, kinks or vacancies can
assist further enhancement. Thus the surface should be suitably roughened

to achieve desired morphology.
e The analyte must absorb on the surface effectively.

e Molecules adsorbed in the first layer on the surface show the largest
enhancement and as the distance of the molecule from the surface increases
the enhancement decreases. Thus concentration of the molecules should

ensure monomolecular coverage for largest enhancement.

e Intensity of the excitation light must be such that there is no surface

photochemistry.

e For quantitative measurements many events should be averaged by

controlling the number of active sites.

1.4.3 SERS substrates

Since discovery of surface enhanced Raman spectroscopy, a large number of
substrates have been prepared for this purpose. Silver, copper and gold are the
leading substrates but some other substrates have also been reported [72, 73].
Although silver provides higher SERS enhancement than gold, the latter is more
useful for biological and biomedical applications due to its long-term stability and

biocompatibility.

SERS activity strongly depends upon the nature of the substrate. In order to obtain
uniform output SERS signal, the surface of the substrate should be homogeneous.
The contribution of electromagnetic field enhancement mechanism is very large in
the overall enhancement of SERS spectroscopy. The reason behind the large

electromagnetic enhancement is surface plasmon resonance (SPR) which is best
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achieved when the imaginary part of the dielectric constant of the metal has low
value. However, the value of the imaginary part of the dielectric constant is large
in the visible light region [74] and the SERS factor is very low, ranging from 10 to

103 for transition metal.

It is found that the activity of SERS depends upon the size, shape and aggregation
of nanoparticles. Several techniques of nanoscience have been employed for the
fabrication and characterization of SERS substrates. Even SERS spectra of a single
molecule with a large output signal have been found by adsorbing the molecule on

well characterized silver or gold nanoparticles [74].

In surface enhanced Raman spectroscopy research, the fabrication of the SERS-
active substrate is very important object. The most commonly used substrates are
metal colloids of coinage metals like silver, copper and gold and metal electrode
surfaces roughened by one or more electrochemical oxidation reduction cycles

[74].

The recent advanced technology of nanoscience has been applied to construct
several SERS-active substrates, like various nano structures from nanoparticles to
nano wire, nanosphere, nanorod. SERS substrates can be roughly classified into
three parts: (1) metal nanoparticles in suspension, (2) metal nanoparticles
immobilized on solid substrates and (3) nanostructures fabricated directly on solid
substrates, which includes nanolithography and template-based synthesis of

nanostructures [74].

1.4.3.1 Metal nanoparticles in suspension substrates

Suspensions of metal nanoparticles can be prepared by either chemical or physical
methods. One physical method is pulsed laser ablation of noble metals in liquid

medium [75, 76]. The magnitude of the SERS effect is dependent upon particle
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size and the excitation wavelength [77] and the size of the particles depend on the

method of preparation.

Wet chemical synthesis of SERS-active nanoparticles is commonly done by
reducing silver or gold ions in a solution, usually aqueous media, using reducing
agents such as citrate, sodium borohydride, hydrazine, or hydroxylamine

hydrochloride [78].

1.4.3.1.1 Silver colloid

Mainly two methods have been used to prepared silver colloidal SERS substrates
with suitable physical properties. Silver colloid was prepared by Creighton et al.
[79] by reducing aquous solution of silver nitrate (AgNO3) with sodium boro
hydride (NaBHy). 15 cm? of 2 x1073M NaBH, solution was cooled down to 0°C
and stirred rigorously for half an hour. Then 5 cm? of 1 x 10 ~3M AgNO; solution
AgNOs; solution was added drop wise to NaBH, solution. The mixture was stirred
rigorously for 1 hour until glassy yellow color was obtained. The prepared Ag
colloidal solution showed a single absorption maximum 396nm (Figure 1.7). The

Silver colloid was stored at 5°C and it was stable for several hours.
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Figure 1.7: Extinction spectrum of Ag-sol with absorption maximum at 396 nm [80]
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Silver colloid has also been prepared by citrate reduction procedure reported by
Lee and Meisel [81]. 500 ml AgNO5 solution was prepared and then this solution
was heated to 100C. A 1% sodium citrate was added to 10 ml of AgNO; solution
and the mixture was stirred rigorously. Then it was boiled for 1 hour. The silver

colloid showed a single extinction maximum at 425 nm approximately.
1.4.3.1.2 Gold colloid
Gold colloid has been prepared by the following reduction procedure:

ImL 2.5x1073M chloroauric acid (AuCl,) was added to 3 ml 1x10™3 M NaBH,
solution. The color of the solution was purple. The gold colloid showed a single

extinction maximum at 520 nm approximately [82].

Figure 1.8 depicts UV—vis absorption spectra and absorption shift of gold

nanoparticles with different particle sizes [83].
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Figure 1.8: UV—vis absorption spectra of the synthetized gold nanoparticles [83]
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1.4.3.1.3 Copper colloid

Copper colloidal nanoparticles have been prepared [84] by adding 0.1 M copper
(II) sulfate pentahydrate solution into 120 mL of starch (1.2 %) solution. The
solution was stirred rigorously for 30 minutes. This solution was then added to 50
mL of 0.2 M ascorbic acid solutions and the final solution was then stirred
continuously. Subsequently, 30 ml of 1 M sodium hydroxide solution was added to
the prepared solution. The mixture was then stirred rigorously and was heated to
80°C for 2 hours. The color of the resulting colloid is yellow and it has changed

into ocher after 1 hour.

Figure 1.9 depicts that the copper colloid showed a single extinction maximum at

570 nm [85].
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Figure 1.9: UV—Visible absorption spectrum of synthesized copper nanoparticles [139]

Currently, there is a growing interest to synthesize copper nanoparticles due to

their electrical, catalytic, sensing and surface properties [86-88]. Metallic copper
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nanoparticles have been striking materials primarily as they have unique properties
[86, 89]. Preparation cost is very low in comparison with the gold or silver
nanoparticles [90].

In general, stronger reducing agents, such as sodium borohydride, produce smaller
nanoparticles while weaker reducing agents, such as sodium citrate, generate larger

particles.

Nanoparticle shape can be controlled by adding surfactants during synthesis [77].
These surfactants will cause a change in surface energy and control particle
aggregation. The surfactant stabilizes specific crystal planes in the growing

nanostructure thereby allowing controlled growth on that plane.

Depending upon the surfactant and particle material chosen, a wide variety of
nanoparticle shapes has been created such as nanorods [77], nanocubes [77, 91],
nanospheres [77, 92-94], nanotriangles [77, 91-93], nanowires [77, 91],
nanoplates [77, 91], and nanostars [77, 92, 95, 96]. The scanning electron

microscopic (SEM) images of some of these surfaces are shown in Figure 1.10

[92].

Figure 1.10: SEM images of gold nanostructures: (a) nanospheres; (b) nanotriangles, and
(¢) nanostars [91].
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The particle size is significant that determines the SERS enhancement factor. In
addition, the shape of the nanoparticles also affects the magnitude of the SERS
enhancements [77, 92-94]. SERS spectra of rhodamine 6G adsorbed on gold
nanostars, nanotriangles, and aggregated nanospheres are shown in Figure
1.11[92]. The order of the SERS enhancement factors in these nanoparticles is:
nanospheres < aggregated nanospheres < nanotriangles << nanostars. In the
vicinity of the plasmonic nanostructures there are locations where the local field
enhancement is maximum and extremely large compared to that in its surrounding.
These locations are named “hot spots” [97]. The dependence SERS enhancement
on the shape of the nanostructures is due to the varying number of available “hots
pots”. The number of intrinsic ‘hotspots’ per particle increases in the order:

nanospheres < nanotriangles < nanostars.
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Figure 1.11. Comparison of SERS spectra of 5 pM rhodamine 6G in suspensions of gold
nanostars, nanotriangles, and aggregated nanospheres. [92].
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As the aromatic compounds exhibit strong Raman scattering cross sections,
colloidal silver nanoparticles, prepared using wet chemical methods, are suitable

for use to obtain SERS spectra of these compounds [98-100].

SERS has also been used to detect compounds like pesticides [101] which do not
have aromatic rings but they do contain double bonds that exhibit reasonable
Raman scattering cross sections. Detection limits in these cases is found to be in

the concentration range 107 — 10™ M.

1.4.3.1.4 Aggregation of colloidal nanoparticles

Aggregation of colloidal nanoparticles gives rise to “hot spots” where the local
field enhancement is enormous. Controlled aggregation, thus, leads to large SERS
enhancement factor. The aggregation is generally initiated by adding suitable
reagents to the colloidal suspension of the metal nanoparticles. Also it may take
place when the analyte is adsorbed on to the surface of the nanoparticles. Two

significant methods of controlled aggregation are cited below:

1.4.3.1.4.1 Microfluidics

Microfluidics has been explored as a means of mixing Ag NPs and samples
[102,103]. A schematic of such a device is shown in Figure 1.12a [102]. The
detection scheme exploits concentration gradients of chemicals, fostered by the
laminar flow in the device, to control the interactions between the analyte, silver

nanoparticles (Ag NPs) and a salt.

The Ag colloid used was citrate-capped BioPure 20 nm silver obtained from
nanoComposix, Inc. As shown in Figure 1.12a, the device is connected to three

reservoirs containing the sample, suspension of Ag NPs, and a salt solution. Flow
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Figure 1.12. (a) Schematic of the flow-focusing microfluidic device used for controlled
Ag-NP aggregation; (b) Microphotograph of the flow-focusing junction; (¢) Schematic of
the reactions occurring between the analyte, Ag NPs, and salt ions [102].

through the device is vacuum driven. The spatial arrangement and the flow rate of
the three streams have been tailored for optimal SERS detection. Figure 1.12b

shows a microphotograph of the flow-focusing junction [102].

Fluorescent dye was used to visualize the sample and side streams to show that
diffusion drives lateral mass transport between the laminar flows. A schematic of
the reactions occurring in the channel is shown in Figure 1.12¢ [102]. Ag NPs,
analyte, and salt solution are introduced into the channel from the left and flow
toward the right. The analyte molecules, introduced through the central stream,
diffuse laterally into the side stream containing the Ag NPs thereby allowing the
analyte to adsorb on the surface of the Ag NPs. The salt ions induce controlled

nanoparticle aggregation, creating SERS-active clusters that convect downstream.
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The strongest SERS signal is observed at a location downstream where abundant
aggregates reside. It was possible to positively detect/identify the analyte at

concentrations as low as 10 nM.

1.4.3.1.4.2 SLIPSERS

Slippery liquid-infused porous surface-enhanced Raman scattering (SLIPSERS) is
another means of aggregating nanoparticles in order to increase the magnitude of

the SERS enhancement [104].

Figure 1.13a summarizes how SLIPSERS is used. A slippery liquid-infused porous
surface (SLIPS) consists of a film of lubricating fluid locked in place by a
micro/nanoporous substrate that creates a smooth and stable interface that nearly
eliminates pinning of the liquid contact line. Teflon membranes with pore size of
200 nm have been used as the nanoporous substrate and perfluorinated liquids as
the lubricating fluid. Perfluorinated liquids are immiscible to both aqueous and
nonaqueous phases. A droplet of a suspension of spherical Au NPs and analyte is
pipetted onto the surface of the SLIPS. The analyte adsorbs onto the surface of the
Au NPs. The droplet evaporates in a constant contact angle mode without
noticeable pinning at the contact line, until the particles cluster together to form a
3D aggregate. SERS spectra can then be obtained. Figure 1.13b shows SERS
spectra obtained for bis(2-ethyl-hexyl) phthalate (DEHP). DEHP is a contaminant
of environmental concern. It is an organic plasticizer commonly absorbed into food
and water due to its low vapor pressure. DEHP is only soluble in nonaqueous
solvents. Using ethanol as the dispersion medium, it was shown that the
SLIPSERS technique was capable of detecting DEHP at sub-femtomolar
concentrations. Besides liquid-phase extraction/detection, this platform can also be

used for gas-phase and solid-phase extraction/detection.
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Figure 1.13. (a) Schematic illustration of the use of SLIPSERS. Au NPs are mixed with
analyte to create a suspension. An aliquot of the suspension is placed onto the surface of
the SLIPS. As the solvent evaporates, the particles cluster together to form a 3D aggregate
consisting of closely packed Au NPs and adsorbed analyte molecules. (b) SERS spectra
obtained for DEHP in ethanol. An initial volume of 50 uL of analyte solution was used.
Concentrations of DEHP are indicated. Spectra were obtained using 633 nm laser
excitation [104]

Another way to use suspensions of SERS-active nanoparticles to detect analyte is
to mix known amounts of samples with colloidal suspensions and then placing the

mixture onto a solid optical substrate. Once dried, SERS spectra are obtained

[105].

Although it is very tough to maintain the spacing of the nanoparticles to optimize
the SERS activity, the nanoparticles and nanoparticle film electrodes show good

surface uniformity. By controlling the inter-particle spacing, template methods can
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provide highly uniform SERS substrates. The most widely applicable techniques
have been used for the fabrication of SERS are colloids, colloid in sol-gel [106],
solid, vapor-deposited metal island films [107], electrochemically roughened
electrodes, solution of combustion and lithography produced nanostructures [108]

etc.

The serious drawback of all metal colloidal solutions is their instability because
they suffer from hardly controlled aggregation (spontaneous or after addition of an

adsorbate) which leads to SERS spectral irreproducibility [109].

The surface enhanced property has been influenced by the distribution of sizes and
shapes and the ease of aggregation. The silver nanoparticles with appropriate
roughness have shown suitable physical properties for an optical electromagnetic
field enhancement among all the possible SERS active substrates due to the fractal

morphology that result upon their aggregation [110].

1.4.3.2 Metal nanoparticles immobilized on solid substrates

1.4.3.2.1 Metal electrodes

Noble metals like platinum, silver, gold etc. have been used as metal electrodes
because of their anodic potential range and favorable electron transfer kinetics
[111]. Due to the low hydrogen overvoltage, the cathodic potential range of these
electrodes has been restricted. In addition, the kinetics of the electrode reaction has
been strongly affected by the high background current due to the formation of
surface oxide or adsorbed hydrogen layers. These can be solved by performing a
pulse potential cycle before electrochemical experiments [112]. Here, we will

briefly discuss several typical metal materials.

Gold and platinum electrodes have good stable chemical properties. Both the

materials have easily been obtained and the electrodes can be expediently
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manufactured. Silver, which is used for the preparations of chemically modified
electrodes in various electrochemical researches, has also been a good electrode
surface [113-117]. Silver substrate is directly used for protein analysis as electron
will be transformed by these proteins, such as cytochrome c¢ (cyt ¢) on silver

electrode [118].

Some other metals have also been used as electrode substrates besides the noble
metal electrodes. For example, the detection of carbohydrates or amino acids in
alkaline media can be possible by the construction of copper electrode and nickel
electrode. At constant potential, a stable response has been processed by these two
kinds of electrodes for carbohydrates in comparison with the gold or platinum

electrodes [119].

Also, alloy electrodes have been investigated as SERS substrates. These are often
used for the preparation of fuel cells, owing to their bifunctional catalytic

mechanism [120].

1.4.3.2.2 Metal nanoparticles island films

The simplest metallic nanostructure can be produced by evaporating a thin layer
(less than 10 nm thickness) of a metal such as silver directly onto a solid base
support [74]. In this way nanoparticles are formed by the silver layer on the solid
in the form of isolated metal islands. A continuous film will be formed by
increasing the deposited silver thickness as the particles would start to combine
then. The size and shape of the nanoparticles depend on the thickness of the film
on the solid support. The thin film showed extension maximum in the range 450-

650nm.

Figure 1.14 is an example of the continuous and island thin gold films grown on a

glass substrate [121,122]
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Figure 1.14: Continuous metal film and island metal film grown on glass substrates [111,

112]

SERS spectra have been obtained from silver nanoparticles island films and
compared with those obtained with other nanostructure materials [123, 124]. SERS
spectra of copper and zinc phthalocyanine complexes from silver and indium
island films have been reported [125, 126]. After vacuum evaporating of the silver
and Indium films onto tetroxide glass slides, the films are coated with copper and
zinc phthalocyanine complexes in a vacuum system at a base pressure of 5x1077

torr.

In order to produce metal nanoparticles Island films, the thickness of the metal will
have to be 7.5 nm on the substrates. By using atomic force microscopy (AFM) the
surface roughness and nanometer scale structure of Ag films were characterized by

van Duyne et al [127].

1.4.3.2.3 Sol-gel process

The sol-gel method is a wet-chemical procedure and it has been used in material

science and ceramic engineering [111]. An integrated three-dimensional network

Chapter 1 ' 28



Introduction

of materials like metal oxides from a colloidal solution can be fabricated by this
technique via hydrolysis and poly condensation reactions [128]. Inorganic silica
sol-gel materials have some excellent properties such as high thermal stability,

chemical inertness, tunable porosity etc.

Complicated three-dimensional networks of sol-gel can be fabricated by using
nano materials. A variety of studies have been conducted from the analysis of
protein and cell based on sol-gel technology as because the formed structure of sol-
gel matrix can maintain the native functional characteristics of the immobilized

proteins [129-134].

1.4.3.2.4 Self-assembly monolayers (SAMs)

Self-assembly is a term to describe processes that a number of spatially disordered
objects arrange themselves in an ordered pattern via local interactions. The local
interactions are various possible bonds, such as covalent bond, metallic Bond,
ionic bond, hydrogen bond, n—r interaction, van der Waals force etc. The self-
assembly system has been supported by electrode which can further play more
functional roles [74]. Figure 1.15 demonstrates the development a self-assembly

monolayer (SAM) on a substrate surface [135].

It is reported that, SAM has been rapidly developed from the late 1980s as the self-
assembly is being a widely studied surface modification technology and it is used
in molecular biology, material science, medicine [136, 137]. Molecular orientation
and packing at the interface between the mono layer and the electrode describe

some properties such as injection across the interface [138, 139]. The functions of
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Figure 1.15: Schematic representation of the formation of a self-assembly monolayer at a
substrate. Reprinted from Ref. [135]

the devices fabricated with SAMs are observed to depend on deposition of the

SAMs [140-142].

The advantages of SAM are that the monolayer is chemically stable and
biocompatible for electrochemical analysis. The problem of denaturalization of
proteins can be overcome by immobilizing the proteins on the SAM-modified
electrode. Here the orientation is much more appropriate in comparison with the
adsorption on a bare electrode or in a polymer. To assist the formation of a SAM,

some inactive reagents have also been used. It is also reported that the rate of the
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transfer of electrons between the proteins and the electrode can be largely
accelerated by inducing proteins on the mono layers in a suitable orientational

manner [143].

1.4.3.3 Metal nanostructures fabricated by nanolithography

1.4.3.3.1 Laser ablation

Recently nanolithography and related nanoimprint lithographic techniques are also
employed for the fabrication of highly ordered large-area SERS-active metallic
nanostructures. For this purpose, picosecond (ps) and femtosecond (fs) laser pulses
are used to ablate solid surfaces [144-148] followed by thin film coating of silver
or gold. The metal nanostructures thus obtained, exhibit signal homogeneity, large

SERS enhancements factors and chemical stability.

substrate cleaning drop coat nanospheres dry

§

Nanoparticle array Nanovoid array

Figure 1.16: Schematic representation of the nanosphere lithography process for
fabricating metal film over nanosphere (FON), periodic nanoparticle arrays, or nanovoid
arrays [155].
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An inexpensive technique produce well-ordered 2D periodic arrays of

nanoparticles for SERS study is nanosphere lithography (NSL) [149-154].

In this method, generally three types of metal nanostructures [155] are fabricated:
(1) Silver or gold film over nanosphere (FON); (2) Array of nanoparticles with a

triangular footprint; and (3) Array of uniform sphere voids.

Figure 1.16 summarizes the process. A suspension of monodispersed polystyrene
or Si02 nanospheres, of the desired diameter, is first drop coated onto a clean
conductive substrate such as indium tin oxide (ITO) or evaporated metal substrate
over glass. The suspension is then dried up. Silver or gold layer of desired
thickness is then deposited on the nanospheres. FON and nano array are formed by
physical vapour deposition of metal film while the nano voids are obtained by

electrodeposition of metal films as illustrated in Figure 1.16.

1.4.3.3.2 Electron beam nanolithography and focused-ion beam
nanolithography
In electron beam lithography technique an accelerated electron beam is focused on
an electron-sensitive film called resist to make an exposure. The solubility of the
resist is changed due to exposure to electron beam. As a result either the exposed
or the non-exposed regions of the resist are removed when the exposed substrate is
immersed in a solvent called developer. The template, thus obtained, becomes
SERS active as custom patterns of dimension of the orders of 10 nm are formed in
this process and the localized surface plasmons (LPS) responsible for the SERS
activity are achieved to the desired extent by monitoring the size, shape and

arrangement of nanostructure [156-159].

In focused-ion beam nanolithography technique, a beam of accelerated ions,
typically gallium ion, strikes the substrate. Because of heavy mass of the ions

compared to the electrons, the focused-ion beam directly punch the metal film on
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Figure 1.17: Schematic diagram of the two fabrication processes used to prepare
nanostructured SERS substrates [ 160, 161].

the substrate thereby resulting in nanostructure of dimension of the order of 5-20

nm [160, 161].

1.4.3.3.3 Commercially available SERS substrates

SERS-active substrates are now commercially available. Of course, most of the
manufacturers of these substrates do not expose the details on how these substrates
are fabricated. However, many of these commercial substrates are useful as a small

volume of sample is required for SERS study with these substrates.

One of the companies marketing SERS-active substrates was Real-Time Analyzers
[162]. In their 2 mL glass vials, the insides were coated with a SERS-active sol-
gel. A solution of the chemical of which SERS study is intended is first injected
into the vial and then placed in a Raman spectrometer. Ag or Au sol-gel substrates
in capillary tubes and on 96 well microplates are also products of Real-Time

Analyzers.
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Silica coated gold nanoparticles of diameter 5, 10, and 20 nm are being
manufactured by Sigma-Aldrich [163]. They also produce 10 nm diameter silica
coated gold nanobars [164]. These gold nanoparticles and nanobars are fabricated
using tetraethyl ortho-silicate (TEOS) and highly branched and mesoporous
polymer on the surface of the gold is formed which contains hydroxyl groups that

can be used as chemical handles for further functionalization.

Lithography techniques have been used to fabricate commercially available SERS
substrates. Dynamic oblique vacuum evaporation technique has been used by
Horiba Scientific for fabrication of 4mm x 3mm or Smm x 7mm SERS substrates

that are coated with gold nanorods [165].

Ocean Optics [166] produces SERS substrates of either a 4mm x 4mm square of

Ag/Au film or a 5 mm circle of Ag/Au NPs mounted on a glass slide.

Sputter-coated Ag or Au on a ‘plasmonic’ substrate created by using ultra-short
laser pulses to make nanopatterns on soda-lime glass are the disposable SERS
substrates made by AtolD [167]. These substrates have to be stored under vacuum

and are usable during two months after the manufacturing date.

SERS substrates of Silmeco comprises of silicon nanopillars coated with either
gold or silver [168—170]. Maskless dry etching is first done to create the silicon
nanopillars and then gold or silver is coated on the silicon by electron beam

evaporation technique.

Klarite substrates developed lithographically by Mesophotonics [171] are probably
the most characterized SERS substrates. It consists of an array of pyramidal shaped
pits etched into silicon [68] followed by coating of a layer of gold. SEM
micrograph of a Klarite substrate [172] is shown in Figure 1.18. Roughness of the
surface is appropriate for large SERS enhancement factor and the uniformity of the

surface enables reproducibility of measurements.
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Inexpensive SERS substrates, called P-SERS are the products of Diagnostic
anSERS comprising of gold nanoclusters, deposited by inkjet printing method, on

Figure 1.18: Electron micrographs ofpyramidal wells in Klarite [172].

the surface of cellulose paper [173-177]. Figure 1.19 shows various available

configuration of these substrates [177]. These are flexible substrates. Samples can

(a) (b) (c) (d)
) I- i

"

Figure 1.19: (a—d) Different geometries of P-SERS substrates: (a) general SERS
substrate; b) for use in lateral flow concentration experiments; (¢) for use as a dipstick,
and (d) for use as surface swabs [177].
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be added onto the substrate or the substrate itself can be dipped in the sample or
swabbed over the sample. These P-SERS substrates have been used for the

detection of drugs, narcotics, pesticides, insecticide residue, and explosives.

1.4.4 Mechanisms involved in SERS

The enhancement factor in the SERS signal obtained from molecules adsorbed on
the coinage metals silver, gold and copper ranges from 10° to 10'* depending on
the morphology of the surface, chemical nature of the adsorbed molecules and
some other factors. This gigantic enhancement needs a theoretical explanation and
attempts have been sincerely endeavoured for the purpose since discovery of
SERS. Mainly two mechanisms are reported to contribute to the enhancement: a
long-range classical electromagnetic enhancement and a short-range first-layer
contribution that 1is chemically specific and vibrationally selective. The
electromagnetic effect is based on the concept that both the incident and the
scattered field near the surface are enhanced through surface plasmon resonance
whereas the other model involves charge-transfer interaction between the adsorbed
molecule and the metal surface, which is most favourable for the molecules

directly adsorbed to the surface [178,179].

In case of electromagnetic enhancement mechanism [178], the molecule brought
near the SERS-active surface of a metal undergoes coupling with the localized
surface plasmon. On the other hand, charge transfer takes place between the
adsorbed molecule and the metal surface according to the chemical enhancement

mechanism [179].

Assuming two enhancement mechanisms are independent of each other, Xu et. al.
estimated that the total output photon flux in a SERS experiment can be expressed

as [180]
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_2nly N ~EM~CM
ASERS = 1. 0%z, Zi " Z; (1.11)

Here, Iyis the intensity of the laser beam and hwyis the laser energy ZEM and
ZiCM are the electromagnetic enhancement portion and chemical enhancement
portion of the overall enhancement factor respectively. ¢ is the Raman scattering

cross section of the scatterer. The number of scatterer in the probe volume is N.

However, the electromagnetic field enhancement mechanism is observed to be

highly dominating over the chemical enhancement mechanism.

1.4.4.1 Electromagnetic enhancement mechanism

Electromagnetic field enhancement mechanism will be observed if the molecule
gets adsorbed by the metal surface and for this to happen, the roughness of the
surface must have to be very high. If a molecule is placed into an electric field E of
frequency v then oscillating dipole will be induced and the induced dipole moment

can be expressed as
p=akE

The corresponding power (Py) which is generated by the oscillating dipole is

proportional to |u|?, at the frequency of Raman scattered photon.

In case of SERS, the electric field is modified by the presence of metal
nanostructures. Here, local field is enhanced enormously by the plasmon
oscillation and thus the power generated by the oscillating dipole is no more
proportional to|u|?; rather it is modified depending on the nature of the metal and

morphology of the surface [152,181].

The local electric field can be expressed as the sum of the incident electric field
and an extra field which has been induced during the localized surface plasmon

resonance (LSPR) [152] on the surface of the metal. Let E; be the intensity of this
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local field which is much larger than the incident field E in magnitude and opposite

in direction to E.

Accordingly, the induced Raman dipole, u = a E is enhanced by a factor My (vy) =
|[EL(vp)[/|E|. As a result, the power radiated by Raman dipoles, Prog will be

enhanced by [E (vo) |/ |[E*. The radiation enhancement can be represented as
MRad = Prad/ Po (1.12)

The total electromagnetic enhancement effect is, of course, a consequence of the
enhancement of both the incident electric field and the Raman scattered electric
field. Assuming that the enhancement is independent of the absolute photon fluxes
and polarizations, 4. Otto estimated [182] the electromagnetic enhancement factor

for a Raman scattering process and the approximated expression is

[P B
G™Mr, w) = ML(VD)Mra=  LE(T 0)]  LE @ wy—0y)

(1.13)
where,
E and E| are the incident electric field and the total local field respectively;

oo and o are the frequencies of the incident and scattered radiations respectively

The equation (1.13) can be approximated as

El(ﬁw)]‘*

GM (r,w) = [ED(F’; w) (1.14)

For a particular intensity of excitation, the enhancement factor is governed by Ep,
the local field which is maximum at the frequency of excitation which results in
localized surface plasmon resonance in an isolated metal nanoparticle or in a void
or in the aggregate of metal nanostructures. This resonance frequency may depend

on the optical properties such as dielectric constant of the material, the size and
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shape of the nanostructure or roughness and other variables like small gaps asin
bimetallic structures, nanoshells or nanowires. Also, this local field enhancement is
maximum for a molecule directly attached to the metal surface (known as the
“first-layer effect”) and its effect gradually falls off as the distance of the

molecule increases from the surface [182].

1.4.4.1.1 Surface plasmon resonance

At the metal-diclectric interface, such as a metal sheet in air, coherent delocalized
electron oscillations exist which is known as surface plasmons (SPs). When these
SPs are confined in a nanoparticle or in the irregularities of a surface of dimension
comparable to or smaller than the excitation wavelength localized surface
plasmons (LSPs) are resulted in. The optical absorption of these LSPs is maximum

at resonant frequency which is in the visible region for noble metals.

It has now been established that plasmons which are the collective oscillations of
the free electrons with respect to the positive ion cores in metals, act as the optical
antennas [183] that capture and concentrate light waves. Plasmon oscillations are
damped harmonic oscillations, the driving force being that due the external
electromagnetic field while the coulomb potential originated from induced charges
provides the restoring force [184]. In this case, the damping may be the result of
both the emission of radiation and the scattering of carriers by disorder and
phonons [185-197]. The resonance frequencies for such damped oscillations are
determined by the size [188-190] and shape [190-192] of nanostructure, roughness
of the metal surface, dielectric environment [195, 198], chemical composition

[194, 199] etc.

However, the plasmon energy of a noble metal can be expressed [181, 197] as
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2) 1
hw,=n [M]E (1.15)

(meo)

where, w,, is the plasma frequency. m, e and n represent the effective mass, charge

and density of the free electron. g is the free space permittivity.

The dielectric function of metal is given by simplified Lorentz harmonic oscillator
rmodel

2

fo)=1- —wfipim (1.16)

where, v is a damping constant as a result of electron-electron and electron phonon
scattering in the metal. Theses dielectric functions are complex functions and their

real and imaginary parts are

2

1W®) = 03'2+T2 (1.17)
and
w5y
H(@)=1 o0+ 7) (1.18)

Those metals find plasmonic application for which €;(w) has negative values

whereas for &(w) has small positive values in the wavelength. In SERS
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experiments, the excitation wavelength is generally in the visible and infra-red
region and the metals showing large SERS enhancement have value of Reg(w) as -

20 <gj(w) <-1.

Re[E(N)]

Im[e(A)]

400 600 200
Wavelength (nm)

Figure 1.20: The real (a) and imaginary (b) parts of €(1) for Ag and Au.

(Ref: P.G. Etchegoin and Eric C. Le Ru in: Surface Enhanced Raman Spectroscopy:
Analytical, Biophysical and Life ScienceApplications. S. Schlucker (Eds), WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, 2011)
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Bulk plasmon frequencies belong to the ultraviolet region of an electromagnetic
spectrum. However, additional plasmon resonances, known as surface plasmons,

are also observed.

Surface plasmon can be classified [181] into surface plasmon polaritons (SPP) and

Localized surface plasmon resonances (LSPR).

1.4.4.1.2 Surface plasmon polaritons (SPP)

The oscillations of the conduction electrons at a natural frequency about fixed
positive ions in coinage metals such as copper, gold, silver etc. are called plasmons

and the natural frequency is called plasma frequencyw,,.

Dielectric medium (Active material)

Figure 1.21: Schematic diagram of (a) confinement of localized surface plasmons (b)
propagating surface plasmon polariton
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If a metal is illuminated with light of visible and infrared range, then the photons
and the free electron plasmons interact with each other. These mixed modes of
photon and plasmon are called surface plasmon polaritons (SPP) [200]. The SPPs
are classified into propagating SPP and localized SPP [201-204]. The localized
SPP and the propagating SPP are schematically shown in Figure 1.21.

The momentum dispersion relations of surface plasmon polaritons have been well
defined. The propagation length is not very high as the surface plasmon polaritons
decay in the direction normal to the surface [205]. The electron hole pairs that
makeup the SPPs lose energy to phonon scattering which is dissipated as heat.

Thus, the SPPs decay by generating heat in the metal [192].

1.4.4.1.3 Localized surface plasmon resonance (LSPR)

The surface plasmons are localized in the metal nano structures when the
dimension of the metal nanostructure is comparable to or less than the wavelength
of incident radiation. This 1s designated as localized surface plasmons (LSP) [206].
An explanation of the generation of LSP and the localized surface plasmon

resonance (LSPR) may be as follows [200]

In metal nanoparticles, the conduction electrons are partially moving to the lattice
of the ionic cores. When electromagnetic field is incident on a metallic structure,
the conduction electrons move towards the surface of the metal. Consequently,
positive charges are accumulated on the other side of the metal nanoparticle.
Electric dipole is thus created which in turn generates an electric field. The
direction of the induced field is opposite to that of the incident radiation field. The
induced electric dipoles will now oscillate with the natural frequency of the
conduction electrons. This natural frequency has been named plasma frequency. If

the frequency of the incident radiation field is equal to the plasma frequency then
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the induced dipole will oscillate with maximum amplitude. This situation is called

localized surface plasmon resonance (LSPR).

The LSPR can produce electric field ten times stronger than the incident field. As
the accumulation of the charges on the metal surface vary with different shape and
morphology, the resonance conditions also vary with different dielectric

environment, nanoparticle size etc.

The schematic diagram of LSPR and spatial distribution of the induced electric

field around the nanoparticle is shown [207] in Figure 1.22.

small

Figure 1.22: a) Illustration of a localized surface plasmon resonance (LSPR). An
oscillating electric field displaces the electron cloud (blue) with respect to the positive
background ions of a metallic nanoparticle. b) Spatial distribution of the induced electric
field around the nanoparticle. [199]
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1.4.4.1.4 Estimated enhancement factor for metallic nanostructures

Coherent oscillation of the conduction electrons sets in when a small spherical
metallic nanoparticle is irradiated by light. This collective oscillation of the
electrons is called the dipole plasmon oscillation. The oscillation frequency
depends on the density of electrons, the effective mass of the electron and the

shape and size of the charge distribution.

The dipole plasmon oscillation frequency may be related to the dielectric constants
by considering a single spherical metal nano particle [208] (radius of the nano
particle is small compared to the wavelength of light). As the radius a is very much
small, compared to the wavelength of incident light A, the electric field is uniform
over the nanoparticle. Under this condition, Maxwell's equation may be replaced
by Laplace’s Equation [209] of electrostatics to determine the outside and inside

field of the sphere. Considering the incident light to be z-polarised, the resulting

field outside the sphere (E,yt), can be expressed as [208],

Eoue = Eg2- aE [E— 3§(X>?+y§'+zi)] (1.19)

r3

Here, the first term represents the incident field and the second term is the induced

field due to the dipole. a is the metallic polarizability and can be represented as

a=ga’ (1.20)

where, a is the radius of the particle and g is given by
€in~ out
= — 1.21
& gint 2&out ( )

€n and &g, are the dielectric constant of metal nano-particles and external

environnement respectively.

The enhancement will be maximum when the real part of g;, approaches to-

2g4utWith very small imaginary part.
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According to Mie theory, the intensity distribution, for metal nano particles of

arbitrary shape, in the extinction spectrum is given by [210, 211]

3/2

. 24n2Na3sout & (L)
E(}\t) - rln10 l(gro‘)"- Xgout)2+8i (;\‘)2 (1.22)

where, &, and ¢; are the real and imaginary components of the metal dielectric
constant &;,, respectively. &,,; 1s the dielectric constant of the external
environment.  is the shape factor of the metal nanostructure and for sphere [212],
¥ = 2. Therefore, the localized surface plasmon resonance (LSPR) can be generated

[212, 213] by putting the condition &, = —¥&,y¢-

If the size of the metallic nano-particles increases i.e. if the radius is not
comparable or less than the wavelength of the incident light, the electric field is no
more uniform over the metallic nano particle. In that case, multipolar terms ((/ = 2)

need to be included in addition to the dipole oscillation [208].

The Raman scattering intensity is proportional to Eo?, where Ej is the peak value of
intensity of the electric field in the incident light [214]. In SERS, the incident field

is enhanced significantly and thus the SERS intensity may be approximated to vary

as the absolute square of E,,,,;, evaluated at the surface of the spherical metal nano-

particles (i.e. at r=a).

Using equations (1.19) —(1.21), it can be shown that E yyeis given by,

[Eout| = Eo2[I1 — gI? + 3 cos?6 (2Re(g)) + |g2]] (1.23)

where, 0 is the angle between the incident electric field vector and position vector

7. Maximum enhancement will take place when 8 = 0% or 6 = 180°.

When g is very large, the enhancement approaches the value
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— 2
|[Eout| = Eo®lgl? (1+ 3cos?6) (1.24)

Therefore, at = 0° or @ = 180°, the peak in enhancement will have the value
[142]

— 2
|Eout] = 4Eo*lgl? (1.25)

The radially averaged intensity [152] is given by,

— av|2 21 12
Eour | =2Eolgl (1.26)

Sometimes in Raman scattering, the radiation from the oscillating dipole may have
some Stocks shifted values due to the vibrational frequency of the molecule.
Therefore, the output radiation field from the dipole will be enhanced. By
considering this fact, the equation (1.23) needs modification. The proper treatment

of this complicated modification has been done by Kerker et al. [215, 216].

However, proceeding with equation (1.23), the theoretical SERS enhancement

factor can be estimated, the approximate value of which is given by,

- 2
_ |Eout|2|Eout|

EF
|Eq*

=4 |g|? 1g]? (1.27)

where the prime symbols refer to the field evaluated at the Stokes scattered
frequency. Equation (1.27) is identical to the equation that has been derived by
Kerker et al. [215, 216].

Now, Stokes-shifts being small, the |g| and |g ] will be maximum at the same
wavelength. Therefore, EF =~ |g|*. It is also known as E“enhancement at the

surface of the nano-particles.
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For small sphere, if |g| is approximately ten in magnitudes, then the
electromagnetic enhancement will be 10* to 10°, and the electromagnetic
enhancement will be 108, if the value of |g| is much larger in higher-order silver

nanostructures [217].

1.4.4.2 Chemical enhancement mechanism

Several evidences suggest that, an individually different enhancement mechanism
has also been observed alongside the electromagnetic enhancement mechanism in
a particular system. Both the mechanisms are simultaneously operative and
multiplicative in nature in a common SERS spectrum. In order to ensure chemical
enhancement effect, the molecule must have to be adsorbed directly to the
roughened surface of the metal [13]. The direct contact of the molecule to the
metal causes a charge transfer between the metal and the molecule. This charge
transfer mechanism is a short-range effect and it depends upon the energy levels of

both the metal and adsorbate, their bonding nature etc [218, 219].

The coupling between the metal and the molecule increases the Raman scattering
cross section of the molecule. The chemical enhancement mechanism can be
classified as [200] SERS of chemically bonded molecules with charge transfer
resonance, SERS of chemically bonded molecules without charge transfer
resonance, SERS of physisorbed molecules and surface enhanced resonance

Raman scattering (SERRS).

Chemical enhancement mechanism can be explained by resonance Raman
mechanism [13] in which either (i) the interaction between the metal and the
molecule leads to the broadening and shifting of the electronic state of the
adsorbed molecule or (ii) some new intermediate molecular states arises by

chemisorption in Raman scattering.
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The absorption of a photon by the metal leads to a dynamic charge transfer which
results in a hot electron state [74]. It should be mentioned that the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
of the adsorbed molecule is symmetrically disposed in energy with respect to the
Fermi level of the metal [13]. The charge transfer process can be classified into
two parts [74], molecule to metal and metal to molecule charge transfer process. In
molecule to metal charge transfer excitation, an electron is transferred from the
HOMO to the Fermi level of the metal. In metal to molecule charge transfer
excitation, an electron is transferred from Fermi level of the metal to the LUMO.
Therefore, the Raman signal will be increased due to the increase of the LUMO
electrons as the probability of the electron photon coupling in the Raman scattering
tensor increases. The LUMO electrons are then transferred back to the metal and
the excess energy is released in the form of Stokes photons. This mechanism is
known as first layer effect [220]. The chemical enhancement will be maximum if

the molecule is attached directly to the metal surface.

Chemical enhancement is best explained by resonance Raman scattering theory
[74]. When the molecule is irradiated by a radiation with energy which is equal to
one of the electronic transitional energy in the molecule, resonance Raman
scattering takes place. Matrix elements involving wave function overlap of
localized electron density of states are favourable near the Femi level and thus
Lombardi et al. assumed that transitions from states near the Femi level are
preferred and described the whole process to take place in four steps [220].
(1) The incident radiation with energy hv first creates an electron hole pair in the

metal and the electron is thus excited as a "hot electron".

(2) This "hot electron" then occupies a vacant level in the adsorbed molecule,

preferably the LUMO thereby giving rise to an excited charge transfer state.

(3) After perturbing the electronic states of the adsorbed molecule by creating an

adsorbate molecule-electron negative ion, the "hot electron" returns to the metal.
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(4) Electron, returning to the metal, recombines with the hole which was created in
step (1) and this recombination leads to a vibrationally excited neutral molecule.

During this process, Raman shifted photons of energy hv (say) is released.

A

ho

| Metal

Figure 1.23: Schematic diagram of the four-step process of the photon driven charge
transfer model for a molecule adsorbed on an electrode [221, 222]

Figure 1.23 depicts the operative charge transfer mechanism for a molecule

adsorbed on an electrode [221, 222].

Lombardi et al [220] presented an explanation of the chemical enhancement
mechanism and estimated a contribution to SERS intensities based on the
Herzberg-Teller coupling mechanism. Figure 1.24 shows the scheme of the
explanation where My and My represent matrix elements corresponding to

molecule-to-metal and metal-to-molecule charge transfer transitions.
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The matrix elements Mpy and Myk tend to zero when the distance between
molecule and metal is large. However, the molecule and metal combine to form a
single system when the molecule is chemisorbed on to the metal surface forming a
weak chemical bond. In that case, these matrix elements will have non-zero values.
In this combined system the vibronic mixing of metal states with ground and

excited states is also taken into account by considering the matrix elements hyy and

hkm.

In Figure 1.24 T and K are two discrete molecular levels between which a transition
is assumed to be allowed. The continuous metal level of the conduction band of the
metal ranges between w, and g and is assumed to have a constant density of states
po- The filled levels range up to wr, the Fermi level, and are depicted by lines, while

the unfilled levels are depicted by dots.

It has been suggested [220] that, in molecule to metal charge transfer excitation,
charge transfer takes place between the ground molecular state and unfilled levels
of the metal (Figure 1.24. (b)). In this transition, intensity is borrowed from the
allowed transition by means of vibronic coupling between metal levels and the
excited molecular level which is represented by the matrix element hyk. In case of
metal to molecule charge transfer excitation, charge transfer takes place between
the filled levels of the metal and the excited molecular state (Figure 1.24. (c)).
Energy for this transition is obtained from the allowed transition by means of
vibronic coupling between metal levels and the ground molecular state through the

matrix element hypy.
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Figure 1.24: (a) Energy level scheme for molecule-metal system. (b) Molecule to
metalcharge transfer transitions(c) Metal to molecule charge transfer transitions

In the charge transfer process, electronic levels of both the metal and molecule are
involved [74]. The position of the Fermi level is dependent on the applied
potential. Therefore, by changing the applied potential one can get the maximum
enhancement. The direction of charge transfer depends on the change of the Fermi
level by the applied potential and corresponding energy level shifting. For red-
shifts charge transfer will take place from a filled metal orbital to an empty

absorbed orbital and the reverse is the case for blue shift [223, 224].

Although the contribution of chemical enhancement mechanism has only the factor
of 10 —10? compared to the factor of 10*~107for electromagnetic enhancement
mechanism, it is extremely imperative, however, to recognize the chemical
mechanism for its significance to analytical applications, because the output SER

spectra cover the evidence about the molecule and its environment, for example, its
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interactions with the metal surface, its spatial alignment along with the polarization

properties of the local electric filed [13, 74].

1.4.5 Application of SERS

SERS is now being used for the detection of wide range of analytes at low
concentration [225-227], including but not limited, to pollutants [228], explosives
[229,230], chemical warfare agents [231], and DNA [232]. Both the colloidal
dispersion of metal nanoparticles and the nanostructures immobilized on solid
surface are used for SERS detection. In the former case, the analytes are
homogeneously absorbed onto the metallic nanoparticles and in the latter the

absorption is heterogeneous.

SERS technique is not only capable of the confirmatory identification but the
detection may be quantitative [233, 234]. For quantitative SERS detection the
analyte may be measured simultaneously with different concentrations of an
“internal standard” [235]. A calibration curve is first drawn with the known
concentrations of the “standard” and then is used to determine the concentration of
the analyte provided that both the internal standard and the analyte have similar or
equal adsorption affinity to the metal surface and the vibrational “fingerprints” of
the internal standard does not overlap with the Raman spectrum of the analyte.
Shen et. al. used 4-mercaptopyridine as the internal standard and 1,4-phenylene
diisocyanide, uric acid, and basic red 9 as the analytes for quantitative SERS

measurements [236].

Recently, quantitative SERS measurements at the single-molecule level have been

reported on an Ag-nanoparticle-based SERS substrate by Chen et. al.[237].

SERS has now become a powerful analytical technique in various research areas
that include forensics and medicine also. Application of SERS has found its place

even in biomedical imaging facilities like magnetic resonance imaging [MRI] and
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into clinics [238]. It is now possible to detect as well as identify bacteria in urine

and serum using SERS techniques [239, 240].

1.4.5.1 Spectro-electrochemistry and catalysis

Low-intensity visible light can be concentrated and channelized on the adsorbed
molecule by plasmons of the SERS substrate and thus plasmon-driven
photocatalysis (PDP) is possible [241, 242]. Besides PDP, a wide and
miscellaneous range of chemical applications of SERS has been reported [243].
SERS has many applications on catalysis [244] and electrochemistry [245-247].
The analyte molecules range from diatomic [247] and aromatic compounds [248,

249] to proteins attached to model membranes [250-253].

Plasmonic activity and catalytic activity are normally two distinct functionalities. If
the nanoparticles (NPs) present in colloidal suspensions can integrate these two

functionalities

(@) (b)

_t*

Figure 1.25: a) HR-TEM image of a Au/Pt/Au Nano raspberry and b) a computer-
generated 3D model [249].
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into a single bifunctional entity, SERS can monitor the catalytic reactions [243]. It
is thus, challenging to design and synthesize hybrid metal nanostructures that

display high SERS action and a huge surface area of the catalytically active metal.

To fulfill these criteria, the raspberry-shaped Au/Pt/Au core/shell NPs have been
prepared for platinum-catalyzed reactions [249] as depicted in Figure 1.25. An HR-
TEM image (Figure 1.25(a)) of a solo raspberry shaped NPs along with a
computer-generated 3D model of the core/shell geometry with large Pt surface area

(Figure 1.25(b)) are shown.

Here, the 80 nm Au core shell is SERS-active when isolated whereas the small Pt
protuberances are not effectively SERS-active in isolated state. However,
plasmonic coupling takes place between these two types of nanoparticles and the
entire superstructure achieves plasmonic activity and at the same time the surface
area is significantly increased which is required for catalytic activities. The hybrid
model, thus, combines the plasmonic activity and catalytic activity rendering itself

bifunctional [243].

The raspberry-shaped Au/Pt/Au core/shell NPs have been used to study the hydride
reduction of an aromatic nitro compound, 4-nitrothiophenol, to the corresponding
aniline derivative as revealed by SERS shown in Figure 1.26. The characteristic
nitro (R—NO,) peaks are observed to decrease and on the other hand the azo
bands (R—N=N—R) initially increase and then finally disappear with increasing
amount of NaBHy (from bottom to top).

SERS study of the same nitro compound was carried out with a mixture of bare Au
and Pt nanospheres. In this case combined catalytic/SERS activity has not been the
result. The quantification of the contributions of nitro, azo, and aniline compounds
in each SERS spectrum is possible by decomposing the spectrally overlapping

contributions from all three species with nonnegative matrix factorization.

Oxygen electroreduction has long been the focus of electrochemical research

because of its important role in corrosion and fuel cells. SERS finds application to
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study intermediates connected with the electroreduction of molecular oxygen on

bismuth-modified polycrystalline Au surfaces which serve as a model system
[247].

R=NO, —2—p R—N=N—R———p R—NH,
2 R—NH,
'
R-NH,
!

R—=N=N—R R-S:N-Rg

Intensity (a.u.)

1000 1200 1400 1600
Raman shift (cm™)

Figure 1.26: SERS spectra have been recorded for the Pt-catalyzed hydride
reduction of 4-nitrothiophenol to the corresponding aniline derivative using
Au/Pt/Au Nano raspberries [249].

1.4.5.2 Single-molecule detection

It is of great scientific and practical interest in diverse field of research like
chemistry, biology, medicine, pharmacology, and environmental science to detect
single molecule in solution with high sensitivity and molecular specificity
[254,255]. In the process of human gene analysis selective and rapid detection of

single molecules is of great importance [255].
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Detection of single molecule means obtaining spectroscopic signal from 1.66x102*
(1/N4) mol of a substance and for this purpose the molecule concerned should have

extraordinary absorption or emission properties.

Nie and Emory [256] and Kneipp et al. [257] demonstrated by their seminal
observations that it is possible to achieve single-molecule detection using SERS
and/or SERRS (Surface enhanced resonance Raman spectroscopy). Single
rhodamine 6G molecules adsorbed on selected nanoparticles was achieved by Nie
and Emory [254] using SERS techniques. They first screened individual silver
colloidal nanoparticles from a large heterogeneous population for the purpose.
Single-molecule SERS (SM-SERS) was successfully carried out by Kneipp et al.
for the detection of single crystal violet molecule in aqueous colloidal silver

solution [257].

3 Al 3 B| = ¢
1 Rpec | £| R6G + BTZ[ S| BTZ |
& | -E’ fih | !J 'Ei A
E I l | || | E | ;II V' L '\'JLIJ | E WQ\
E Lu._“'| .-Ullt." i L/ L'i‘_lll '5 T | PV / 1] '5
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Figure 1.27: Bianalyte SERS (BiASERS) for the wavenumber-domain based
demonstration of single-molecule SERS. From Ref. [258].
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These approaches of single-molecule detection have been convoyed by some
difficulties such as, low dye concentrations, strong intensity variations etc. under
different circumstances [258-260]. Le Ru et. al. [258] proposed a method of
simultaneous use of two analyte molecules having clearly distinguishable SERS
spectra to confirm the single (or few)-molecule nature of the signals which
eliminates most of the uncertainties associated with low dye concentrations. This
bianalyte approach has been termed as BiASERS. A colloidal solution was
prepared with a mixture of equal concentrations of rhodamine 6G (R6G) and
benzotriazole (BTZ) (100 nM for each dye) and also individual solutions of R6G
and BTZ (100 nM for each dye) were prepared for SERS studies. In a separate
experiment it has been confirmed that the two dyes do not interact with each other
and adsorb on the colloids independently of each other. Figure 1.27 (A) and Figure
1.27 (C) respectively show SERS spectra of R6G and BTZ while Figure 1.27 (B)
shows a combination of both, pulled out from different locations of a SERS micro

spectroscopic test (bottom).

For a single molecule (either R6G or BTZ), the ratio of the finding probability is
1:1. In case of two molecules, the probability distribution of having either 2R6G or
1R6G/1BTZ, or 2BTZ will be 1:2:1. In the similar process, the finding probability

of the individual molecule will decrease by increasing the number of molecules.

1.4.5.3 Glucose sensing

Diabetic patients suffer from unusual production or performance of insulin that
maintains desired glucose level in blood. The fluctuation of blood glucose contents
gives rise to a number of complications in the functioning of kidney, heart, eye,
nerves and blood itself. The usual method of measurement of their glucose levels is
by indirect electrochemical detection of hydrogen peroxide produced by enzymatic
oxidation of glucose in the collected blood samples. With a view that a faster,
easier, and less painful method for frequently measuring glucose levels would be

of great individual, clinical, and societal benefit, many groups are researching
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methods for minimally invasive, biologically compatible, quantitative glucose

detection [261,262].

Direct detection of glucose using SERS has been attempted and quantitative
glucose sensing has been possible by employing silver film over nanosphere

(AgFON) as the SERS substrate [260].

As in high performance liquid chromatography (HPLC) self-assembly monolayer
(SAM) is used to create the stationary phase [263-267], R.P. van Duyne et. al.[260]
used a partition layer over AgFON (Figure 1.28a) in order to stabilize the Ag
surface against oxidation and to preconcentrate the analyte by the synthetic control
of the partition layer. Of the twelve SAMs they tried, only the straight chain
alkanethiols, especially 1-decanethiol (which forms a monolayer on silver ~1.9 nm

thick) [268], were found to be effective partition layers,
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Figure 1.28: (a) Sensing glucose on AgFON with 1-decanethiol partition layer. (b)
Concentration-dependent SERS measurements of glucose [260].

Leave-one-out (LOO) [269] partial least-squares (PLS) [270,271] analysis has
been employed to demonstrate quantitative glucose detection (Figure 1.28b) both
over a large (0-250 mM) and clinically relevant (0-25 mM) concentration range.
The root-mean-squared error of prediction (RMSEP) of 1.8 mM (33.1 mg/dL) in

the clinical study is near that desired for medical applications (1 mM, 18 mg/dL).
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1.4.5.4 Cancer detection

Cancers are of different types in respect of manifestations, prognosis, steps and
severity of sign and symptoms but in general abnormal proliferation and growth of
involved organ or organ cells are the main causes of it which spread from the point
of origin to other parts of the body. For actual treatment of cancer, initial detection
is vital. Positron emission tomography, computer tomography, MRI etc. are some
powerful procedures established for cancer detection [272]. Application of Raman
spectroscopy in detecting cancer is a new possibility. As normal Raman signal are
generally weak, SERS seems to be more skilled for this purpose [273,274] among

the several methods based on Raman.

Day et. al. [275] have designed a Raman probe with novel design that is small
enough to fit down the biopsy channel of an endoscope and enabling rapid
evaluation of tissue with a penetration depth of approximately 200um (Figure

1.29)

Filter/
Filter  Mirror
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Mirror

Lens Filter

. Figure 1.29. Optical layout of the miniature confocal Raman probe.

Breast cancer is the most common cancer in women and after lung cancer, the
second most dominant cancer causing deaths after lung cancer in overall [276]. To
spot normal, precancerous and cancerous breast tissues, quite a lot of researches
have used RS. Maximum studies have been done on breast cancer recognition
focusing on EGFR (epidermal growth factor receptor). Magnification of human
EGFR2 or human epithelial receptor 2 (HER2) has been a prognostic marker in
several types of cancers [274, 277-281]
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Gold nano popcorn (GNPOP)-attached single wall carbon nanotube (SWCNT), a
novel hybrid nanomaterial was designed and used for targeted diagnosis [282]. It
was observed that S6 aptamer attached GNPOP-modified SWCNT based SERS
assay is highly selective for binding with SKBR3 as a human breast cancer cell

line, which overexpresses human
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Figure 1.30 :a) Plot showing SERS. (b) Schematic representation shows the
synthesis of GNPOP attached SWCNTs [282]
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epithelial receptor 2 (HER2). The selective binding in MDA-MB cell (This cell
line was derived at M.D.Anderson in 1976. Here MDA stands for “M.D. Anderson
and MB stands for Metastasis Breast cancer”) as HER2-negative breast cancer cell
linewas also compared [272, 282]. GNPOPs are capable of providing enhancement
of Raman signals by several orders of magnitude and it showed the ultrasensitive
detection capability and it has enormous potential for applications in cancer cell

detection from clinical sample [282].

SERS has also been used for detection of colorectal cancer. In order to decrease the
fluorescence background from the bulk tissues, Maghemite (Fe,05, y-Fe,053)
nanoparticles have been manufactured by Campos da Paz et al. [283] precoated
with dimercaptosuccinic acid. The cell lines expressing characteristic
carcinoembryonic antigen (CEA) of colorectal cancer (CRC) cells have been
aimed by the surface, which functionalized with anti carcinoembryonic antigen
(anti-CEA). Then, the surface decoration of the nanosized maghemite particles
have been traced by SERS from the initial precoating up to the attachment of the
anti-CEA moiety [283].

SERS could also be used to detect brain cancer. Aydin et al. [284] reported that a
60-nm gold core has been covered with the Raman molecular tag trans-1,2-bis(4-
pyridyl)-ethylene and this Raman active surface is protected by a 30 nm silica
coating. The particles then were modified with 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid in complex with Gd3* (DOTA)-Gd3") using a maleimide
linkage (maleimide-DOTA-Gd). The high-resolution brain tumor imaging and
picturing of the margins of an invasive tumor were then demonstrated by this

technique [284,285].

Suitable designing of various nanostructures can ensure sensitivity and specificity

of cancer detection [286, 287].
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