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ABSTRACT

Raman spectroscopy provides characteristic peaks of the target molecules that
can be observed with appropriate laser, spectrometer and detector. These characteristic
peaks can reveal ‘fingerprint’ information of a molecule even in a myriad of cases and
combinations. It makes Raman spectroscopy a highly sensitive and selective analytical
technique. Raman spectroscopy has a variety of chemical, environmental and biological
applications. In this dissertation, modified Raman method are applied in life sciences
and pharmaceutical studies.
The major challenge against development of Raman spectroscopy is how to
improve the intensity of Raman signal. Surface Enhance Raman Scattering (SERS) and
resonance Raman(RR) are utilized for conquer this obstacle. In SERS technique,
Raman signal is enhanced by introducing metal surface. SERS has a great potential for
trace molecular detection since it’s sensitive enough to detect a single molecule. In RR,
wavelength is carefully chosen to overlap with (or very near to) an electronic transition
of a target molecule. With such overlap, Raman intensity can be increased by factors of
102-106, thus detection limit of target molecule can be significantly decreased. SERS
and RR are applied for trace bio-marker detection and bio-system analysis in this study.
In the first chapter, the history, principles and applications of SERS and RR are
introduced. Second chapter emphases on instrumental information and experimental
methods of the techniques were applied in this study. The third chapter focuses on
viii

establishing novel SERS method to detect Alzheimer’s disease related biomarker,
melatonin. A novel SERS substrate, Fe3O4/Ag nanostructures is developed, and SERS
experimental conditions, such as aggregating agents and pH, are optimized to achieve
the most sensitive detection of melatonin. In the fifth chapter, resonance Raman is
served as an important analytical tool to identify metal binding and structure-activity
relationship of a metallo-antibiotic, bacitracin. In the last chapter, Raman spectroscopy
are applied in material science. Two solar cell materials, regioregular poly(3hexylthiophene) films and Cu2ZnSnSe4 are characterized by Raman spectroscopy.
.
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CHAPTER ONE: INTRODUCTION

1.1 Raman Spectroscopy and Related Optical Techniques
Professor Sir C.V. Raman wined of the Nobel Prize in Physics 1930 for his
discovery Raman scattering.1 Raman scattering is the inelastic scattering of the light. In
1923, this scattering was first proposed by A. Smekal. In 1928, Raman and his student,
Krishnan first observed of this phenomena. 2 Inspired by the blue light of glacier
reflected from the sea, Raman used monochromatic light to irradiate a sample and
obtained scattered light, which had different wavelength from the incident
monochromatic light. When light is interacting with molecules, three phenomena could
happen to the incident light. It could be scattered, absorbed or penetrate through
without interaction with the molecule. For light absorption, the energy of incident light
matches the energy needed to excite the molecule to an excited state from a ground
state. The photon of the incident light is absorbed by the molecules. For scattering, the
two energies do not match. The photon of the incident light is not fully absorbed, and
light emits from the molecules. Two types of scatterings, elastic and inelastic
scatterings, exist. Elastic scattering, so called Rayleigh scattering, happens when the
energy of the scattered light is the same as that of the incident light. Inelastic scattering,
also called Raman scattering, happens when a molecule absorbs the energy of the
incident light, gets excited to a virtual state (not an excited state), and then emits the
1

scattered light to relax back to a ground vibrational state. In the case of the ground
vibrational state has a higher energy than the initial ground state, the scattered radiation
has a lower energy than that of incident radiation, and it is called Stock scattering.
When molecules are already in an excited state before absorbing the incident radiation,
they get excited and return to the ground state, the emitted photon energy is higher than
the incident one, and it is called anti-stock scattering as shown in Figure 1.1. Because
most of molecules are in the ground state, rather than in an excited state, stock
scattering is more preferable and have higher intensity in Raman scattering.

Figure 1.1 Process of infrared absorption, Rayleigh scattering, and Stokes and Anti-Stokes Raman scattering

Raman signals can only be observed from the molecules whose polarizability
changes during the vibration. In Raman scattering, momentary distortion of the electron
cloud in the chemical bonds distorts momentarily when the radiation interacts with
2

molecules, followed by the reemission of energy in forms of radiation from the
molecules. The more changes in the polarizability, the stronger scatters can be
observed. Therefore, symmetric vibration modes of molecules can generate strong
Raman scattering, for the largest change in their polarizability can be produced. In
contrast to Raman scattering, Infrared absorption can display the most intense peak
from asymmetric stretch modes due to the larger change in the dipole moment.
Simple or no sample preparation, rapid analysis, and little interference by water
are the advantages for Raman spectroscopy, which can put Raman technique ahead in
biologic analysis field.3-7 Solid samples can be directly analyzed without any sample
treatment. Small sample requirements and nondestructive analysis are the major
advantages of Raman spectroscopy. In the case of analyzing ancient artworks, one
does not want to gather a large sample to test since this could cause loss in value.
Raman spectroscopy only needs micrograms of a sample to run. The confocal
technique can be implemented even without collecting sample. This technique is to
collect a sample from layers under artwork which can be subjected to Raman
spectroscopy without damaging the art work.8 This technique could also be applied to
distinguish original work from restoration or forgery.9 Molecules having thiol, cyanide,
olefins and aromatic groups usually provide strong and characteristic peaks in Raman
spectra. But not all biomolecules have those groups. To broaden the detecting scope of
biomolecules, Surface-enhanced Raman spectroscopy (SERS) has been developed.
SERS is a Raman detection method that uses coinage metals substrates to
improve the intensity of Raman scattering. When target molecules are attached to metal
surfaces of the substrates, they are influenced by a surface plasmon generated from the
3

metal surface. The surface plasmon from conductive oscillating metal electrons can
enhance the incident light as well as the Raman scattering. Therefore, the Raman
intensities get enhanced. This phenomenon was first observed by Fleischmann in
1974,10 and its discovery has inspired many studies on developing new SERS
technique.
1.2 SERS Principles and Applications
Since Raman intensities scale as the product of the incident ﬁeld intensity and
polarizability derivative, electromagnetic enhancement mechanism (EM)11-13 and
chemical enhancement mechanism (CM) have been proposed to explain the strong
enhancement for SERS. EM involves enhancements in the ﬁeld intensity as a result of
plasmon resonance excitation, and CM explains the enhancement in polarizability due
to chemical eﬀects such as charge-transfer excited states. EM is focused on excitation
of the surface plasmon on the metal surface with incident light. These excited surface
plasmon can generate a strong electromagnetic field to magnify the Raman scattering.
Considering about SERS enhancement magnitude, EM is a predominant process
compared to CM. The enhancement magnitude of EM can be normally achieved up to
106. The chemical mechanism involves mainly charge transfer interaction between the
analytes and metal surface. There are two types of charge transfer interactions. The
electron can transfer from the highest occupied molecular orbital (HOMO) to the Fermi
Level of the metal or from the Fermi level to lowest unoccupied molecular orbital
(LUMO). Those electron transfer can possibly change polarizability of the molecule,
which can enhance SERS scattering by up to 102.

4

Since EM contributes most of the enhancement, a detailed explanation of this
mechanism is presented as below. Raman scattering depends on both incident light as
well as electromagnetic field on the metal surface. In EM, the size of the SERS
substrate should be smaller than the wavelength of incident light. But when the size of
NP is too big, the metal sphere absorbs less light to generate plasmon and scatters
more through inelastic scattering.16-18 When the incident light is resonant with the
surface plasmon of nanoparticles, the nanoparticles can radiate light back. Molecules
attached or highly close to the nanoparticles will be excited by both incident light and
radiated light. From the theorytical study, the magnitude of surface plasmon on the
metal surface directly affects SERS intensity. 19-20
The SERS substrate enhancement factor (EF) has been commonly used to
compare sensitivity of different SERS system. SERS intensity can’t be used as an
accurate evaluation parameter to compare different SERS system since it’s highly
relative to the experimental set up and study subject. However, the sensitivity and
selectivity of different SERS substrates can be easily compared by their EF towards
certain target molecules. There are many studies and different calculation methods of
EF. The EF in this dissertation study is simply expressed as Equation (1) because
target molecules are containing in solutions.
𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆 ⁄𝐶𝑆𝐸𝑅𝑆
𝐼𝑅𝑆 ⁄𝐶𝑅𝑆

(1)

Enhancement factor is calculated with signal intensities of SERS and normal
Raman under the same experimental condition. In this equation, ISERS and IRS are the
Raman intensities of SERS and normal Raman of the target molecules. The analyte
solution with concentration CRS produce signal IRS under normal Raman condition and
5

the same analyte on a SERS substrate with concentration CSERS gives a SERS signal
ISERS.
The size of substrates and gaps between substrates play an important role to
obtain a large EF. Since the SERS enhancement is achieved at the metal surface, the
distance between the analyte and metal surface is important. With the distance
increases, SERS enhancement dramatically decreases. The distance for strong SERS
enhancement is considered to be within 1 nm due to the effective area of surface
plasmon.21-24. The distance between the SERS substrates also influences the SERS
intensity. For example, a key parameter controls the enhancement factor for a dimer of
nanoparticles is the size of the gap between the particles. In calculations by Hao and
Schatz, it was found that EF varies rapidly with gap size. When the gaps are smaller
than 2nm in the experiments, a theoretical large EF value can be achieved. 25-28
One of SERS advantages that make it so attractive in biomolecules analysis is its
high selectivity and sensitivity. SERS biosensors have been applied to health research
for both disease detection and drug discovery. A lot of critical diseases have been
studied by studied by Raman, such as infection disease, cancers, Alzheimer’s disease,
and Parkinson’s disease.22-24 Using Au nanoparticles gave rise to sharp signals that are
distinct from the background in cancer cells detection. It allowed accurate measurement
even at a greater tissue depth.25
1.3 Metallic Nanoparticles and Other SERS Substrates
Surface Enhancement Raman Spectroscopy (SERS) is a highly sensitive
analytical technique. It is first reported the enhanced Raman scattering of pyridine
adsorbed on the surface of silver electrode. Many studies have gone on to investigate
6

the range of surfaces and the phenomenon itself. The most progress that should be
mentioned is the single molecule detection found by Kneipp et al, and the enhancement
factor can be as high as 1014-1015 on a single Ag nanoparticle. Due to the high
sensitivity of SERS over conventional Raman spectroscopy, SERS has been widely
applied for detection of biological and chemical species, including explosive, therapeutic
agents, drugs of abuse, food additives.
Since the discovery of SERS on roughened silver surface by Fleischmann et al.
in 1974, only coinage metals, such as gold, silver and copper, or some alkali metals can
provide the huge SERS enhancement. Nanostructures made of noble metal (Au and
Ag) are excellent SERS substrates for molecular sensing because they can sustain
good plasmon resonances in the visible/near-infrared range (400-1000 nm). Generation
of large-area hot spots with strong and stable Raman enhancement is a major
challenge in synthesizing SERS substrates. Metallic particles, planar metallic structures,
and nanolithography nanostructures are three major class SERS substrates. 29 Planar
metallic structures mainly indicated the arrays of metallic nanoparticles supported on a
planar substrate. The material of substrate can be glass, silicon, or metallic substrate.
Compared with nanoparticles colloid, planar metallic structures show higher
reproducibility and create larger numbers of SERS hotspot due to their close-packing
geometry. Precise positional and structural control, and high reproducibility are the
major advantages of nanolithography nanostructures. It’s difficult to make chip-size
substrates with sub-10 nm gaps limit by using lithographically patterned method.
Nanolithography nanostructures normally sacrifice the largest achievable enhancement
at the expense of reproducibility in the signal. Most commonly used nanostructures for
7

SERS are metal colloids because synthetic chemistry provides cost-effective and easy
approaches to metal nanoparticle synthesis.
Among many metal elements, coinage metals, such as silver and gold are most
frequently employed metallic systems in SERS. It’s because their plasmon frequencies
are observed in the visible light region where commercial lasers are available. Silver
colloid shows highest enhancement effect in the visible region and gold colloid shows
many advantages, including easy synthesis, better stability, biocompatibility, high
homogeneity, stability and established surface chemistry.
In order to take advantage of the beneficial properties of both silver and gold in a
single functional nanoparticle probe, bimetallic composite nanoparticles composed by
gold and silver, are of greater interest than monometallic nanoparticles from both
scientific and technological viewpoints. In particular, bimetallic nanoparticles often
exhibit improved physical and chemical properties over their single-component. Due to
the strong and adjustable surface plasmons created by the property of the structures,
hybrid bimetallic structures such as core-shell structures have been used as SERS
substrates. For solid metallic nanoparticles such as Au and Ag nanoparticles, the optical
plasmon resonance is basically a fixed frequency resonance. In order to improve and
adjust plasmon frequency, changing the shape of metallic substrates is necessary.
However, creating different shapes of metallic NPs is complicated. The use of core-shell
nanostructures is one convenient way. The optical properties of NPs are dependent on
the sizes and thickness of metallic shell. By fine tuning the relative radius of the inner
and outer shell, the core-shell nanostructure can have surface plasmons extended to

8

near Infrared region. This would open up SERS application to biological analysis, for it
is possible to use longer wavelength excitation lasers which have no damage on cells.
For example, Ag@Au core/shell nanoparticles have been synthesized and
demonstrated to not only preserves silver core’s high SERS enhancement effect and
the established surface chemistry of gold, but also to exhibit improved physical and
chemical properties over their single-component counterparts. Comparing with pure Ag
nanoparticles, Ag@Au nanoparticles enhance SERS intensity 10 times more.30
Additionally, the Raman enhancement of Au@Ag nanoparticles to a large family of
sulfur-containing pesticides showed 2 orders of magnitude stronger than those of bare
gold and silver nanoparticles, and it was successfully used to detect and identify the
pesticide residues at various fruit peels.30
Another variation on the same stream of thought is the magnetic core-metallic
shell nanoparticles, which exhibit both magnetic and plasmonic properties31 This
conﬁguration has opened new avenues in bio-sensing, where two different physical
properties of same nanoparticles can be harnessed for detection. Previously, different
synthetic routes have been devised to prepare the metal-coated magnetic nanoparticles
for speciﬁc applications.32
The characterization of SERS substrates is an important first step toward
understanding of the SERS signals. Most common characterization methods are
microscopy, UV-Vis spectroscopy and other techniques, such as dynamic light
scattering (DLS) for colloidal solutions. In this dissertation, UV-Vis spectroscopy and
electron microscopy are the main approaches to assess nanostructures. When SERS
substrate is metallic nanoparticles colloidal solution, UV-Vis spectroscopy is the
9

simplest optical characterization method of the substrate. UV-Vis spectrum exhibits one
or more than one peaks corresponding the localized surface plasmon resonance of the
nanoparticles. The size and shape distribution of substrates can affect its UV-Vis
spectrum peak shape. Homogenous nanostructures are usually shaper than un-uniform
ones. The most important information from the UV-Vis spectrum is the resonance
wavelength of nanostructures. The SERS signal will be highly enhanced when the
incident light is close to the resonance wavelength of the substrate. The geometrical
structure of a substrate plays a decisive role in SERS detection. Electron microscopy is
the most direct mothed to approach this information. Transmission electron microscopy
and scanning electron microscope are the most common techniques to image the
nanoparticles. Further information about the nanoparticles characterization and detail
experimental approach will be described in Chapter 2.
1.4 RR Principles and Applications
In classical Raman spectroscopy, the signal depends only on the frequency of
the light used for inducing the Raman effect. As a scattered signal, the intensity of the
Raman signal will vary according to the power of this frequency. When the frequency of
the light matches the frequency of the irradiated molecule electronic absorption band,
the set of Raman-active modes can be enhanced by as many as six orders of
magnitude.33 This is the realm of resonance Raman spectroscopy. The intensities of the
Raman-active modes as a function of excitation wavelength provide insight into the fate
of the molecule in excited electronic state. Most vibrational modes that are strong in the
resonance Raman spectrum derive their intensities from a geometry change of the
molecule in the excited electronic state. This displacement in the ground and excited
10

state potential energies also accounts for the contribution of certain vibrational modes to
the electronic absorption and emission spectra. The intensity of a vibrational transition
in resonance Raman is larger for larger displacements. Thus resonance Raman can
reveal the structure of the molecule in its excited electronic state.
The observation of resonance Raman spectroscopy depends on the incident
laser frequencies. The peak frequencies generally do not depend on incident frequency
as they are properties of the ground electronic state. However, the relative intensities
vary as the laser is tuned across the electronic absorption band. The Raman excitation
profile is a graph of Raman intensity of a particular vibrational transition as a function of
incident frequency.
By applying the resonance effect, it is possible to selectively observe a molecule,
which has an energy matching absorption transition with incoming light, in a complex
sample. This makes it possible to study protein interactions, even though these proteins
are not fully puriﬁed or are still embedded in a biological membrane. This very speciﬁc
aspect of Raman spectroscopy has been extensively used on biological chromophores,
such as iron-sulfur clusters, chlorophylls and carotenoid molecules. Ruban and
coworkers34 have shown that resonance Raman spectroscopy could be used on
biological samples as integrated as chloroplasts or whole leaves, to follow the changes
of conformation of speciﬁc chromophores. In this case, resonance Raman directly
probed the molecular events, which underlie a in vivo metabolic process.
Only a fraction of the vibrational modes of molecule can be enhanced under
resonance conditions. In the simplest case when only one electronic state is involved in
resonance, the signal involving nuclear motions corresponding to distortions
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experienced by the molecule during transition between the ground and the excited
state.35 This selection may constitute a limitation. If a function group of the molecule is
not directly involved in the electronic transition, resonance Raman will not yield any
information about it. However, the functional part of most biological chromophores
consists of atoms that are involved in the electronic transition. Resonance Raman will
therefore yield selective information on the biologically relevant part of these molecules.
Moreover, analysis of the resonance Raman-active modes observed on excitation with
a given electronic transition will yield information about the nature of this transition, the
involving nuclei, and the coupling between this transition. The nature and position of the
resonance Raman bands will yield information about the vibrational structure of the
electronic states involved in the transition. And the intensity of these bands will yield
information about the coupling of these modes with the electronic transition.
The normal Raman effect is a very low probability process. So, the major
drawback of Raman spectroscopy is that the signal is usually very weak, and easily
interfered with spurious ﬂuorescence. In resonance Raman conditions, the large gain in
the signal allows easier measurements on samples. On the other hand, since Ramanactive molecular vibrations are those involving change in molecular polarizability, the
Raman signal of water thus seldom interferes with that of the biological molecules being
studied. This is an important advantage for the Raman spectroscopy over infrared
spectroscopy. Another advantage of Raman spectroscopy is that it is a diffusion
method. The necessary size of the sample is governed by the size of the focused laser
beam and measurements can be conducted on very concentrated samples. Using a

12

microscope optically conjugated with a Raman spectrometer allows measurements to
be performed on nanoliter-size samples, with very low power laser.
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CHAPTER TWO: EXPERIMENTAL PROCEDURES

2.1 Glassware Preparation
2.1.1 Sulfuric Acid and Nitric Acid Wash
Contamination free for used glassware is critical for the experiments. To remove
chemical residue from the glassware, an effective and inexpensive way is acid wash.
Two acid baths, sulfuric acid and nitric acid, are designed to perform the acid wash in
the lab. 10 M sulfuric acid bath and 8 M nitric acid bath are prepared via diluting
commercial stock solution. Those concentrations are majorly aimed to fully dissolve
metallic nanostructures. For lab safety, all acid baths are placed in a secondary
container filled with sodium bicarbonate which neutralizes any acid spilt
After washed with detergent, the glassware is fully immersed to sulfuric acid bath
for at least 6 hours. After being taken out from sulfuric acid bath, glassware is then
rinsed with deionized(DI) water and air dried. In the next step, glassware is transferred
into the nitric acid bath and immersed in the bath for over 6 hours. Boiling DI water is
then used to remove nitric acid residue from glassware effectively. After washing with
boiling DI water and rinsing with DI water, glassware is dried in air. A saturated sodium
bicarbonate solution container is used to receive and neutralize the glassware rinsing
water which contains acids.
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2.1.2 Aqua Regia Wash
Aqua regia is the mixture (1:3 ratio in volume) of nitric acid and hydrochloric acid.
It is capable of effective removing of organic compounds and metal particles. Freshly
prepared aqua regia solution shows a distinctive orange color. It’s an effective and
simple way to use aqua regia to remove noble metals nanoparticles from cuvettes in
both UV-Vis and Raman experiments. The used cuvettes were first rinsed with DI water,
and then immersed into aqua regia bath for over 12 hours, followed by rinsing the
cuvettes with boiling DI water at least 3 times and dried in air. For lab safety, aqua regia
bath is also placed in a secondary container filled with sodium bicarbonate.

2.2 Spectroscopy
2.2.1 Raman Spectroscopy
The LabRAM HR Evolution Raman microscope was used to conduct Raman
experiment in this dissertation. It’s a confocal Raman spectrometer. Confocal Raman
spectrometer includes a Raman spectrometer and a standard optical microscope. This
creative combination allows high magnification visualization of a sample and Raman
analysis with a specific spot at the same time. Raman spectrometer in my research i’s
located Biology Science Facility (BSF) Room 343 at University of South Florida (USF).
This system was purchased from Horiba Jovin Yvon in 2008. There are three primary
components to any Raman spectrometer: an excitation source, a sampling apparatus,
and a detector. In this study, two laser systems as the excitation source, a microscope
for the sampling apparatus, and a spectrometer and CCD detector for detection. Details
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and functions of those three components and some other components will be further
presented in the following paragraphs.
Our Raman spectrometer include two sets of excited lasers system. One of them
is Innova 70C-spectrum (I-70C) from Coherent. I-70C is a mix-gas laser with Argon and
Krypton. It provides multiline laser from 457.9 to 752.5 nm, and its output power can
reach 5W. The other laser system is Diode Cube from Coherent. This diode laser
system only generates laser at 785 nm and its maximum output power is only 40 mw.
To maximize the intensity of Raman signal, 600 grooves/mm diffraction grating and 20X
magnification objective were chosen to obtain the Raman Spectra. There are three sets
of notch Rayleigh rejection filters at wavelength of 514 nm,647 nm and 758 nm. They
can be easily switched during the experiment based on the samples properties. The
function of those filters is to provide single wavelength excited laser and decreasing the
noise of output spectrum.
Raman spectroscopy is capable to detect all types of samples, such as solid,
liquid and gas. System calibration is operated with a silica standard sample. The
procedure of the calibration is followed by factory manual. Measurement of most solid
sample can be very simple. Solid sample can be directly placed on the microscope
stage. For the powered sample, it needs to be firmly packed on a quartz slide and then
located on sample stage. Liquid sample can simply be added into quart cuvette and
then the cuvette is placed on the microscope stage. Just like a regular microscopy, the
confocal Raman sample stage can be adjusted in x-axis, y-axis, and z-axis. Before
collecting the Raman spectrum, microscope is used to locating and focusing spot of
interest on the sample. For solid sample or heterogenous liquid sample, z-axis of the
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sample stage can be adjusted to fully explore the property of each part of samples. In
this Raman system, spectrum can be collected in a wavenumber range from 0 to 3600
cm-1. Excited wavelength, exposure time and accumulation times are important
parameter to obtain a clear spectrum. For easily distinguishing different Raman
methods, Raman spectroscopy detection method described below is usually called
normal Raman.
2.2.2 SERS and RR
In the experimental perspective, SERS spectrum is obtained with the use of a
metal surface. In this dissertation, SERS spectrum is measured with the help of metallic
colloid. Before obtaining the SERS spectrum, normal Raman of a sample with a higher
concentration is collected. Normal Raman spectra of pure metallic nanostructure
colloids solution, aggregating agent solution, pure solvent are also collected as control
group. This experimental sequence is benefited to enhancement factor calculation and
peak assignment. For SERS sample preparation, metallic nanoparticle colloid solution is
first transferred into cuvette, and followed by desired amount of sample. They are fully
mixed with a micropipette for at least 10 seconds. For some samples, certain
aggregating agents are added at the end. The function of aggregating agents is to
decrease the distance between nanoparticles and create hot-spot. It could improve the
intensity of Raman spectrum.
Resonance detection is similar to normal Raman detection. In the study of
Chapter 3, sample concentration, exposure time and times of accumulation are carefully
considered to obtain the most enhanced Raman spectrum.
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2.2.3 UV-Vis Spectroscopy
UV-Vis measurements were taken with a Varian Cary 50 Spectrophotometer.
Cary WinUV Scan software were installed in this system to operating experiments and
collecting data. This UV-Vis spectrophotometer is located in Dr. Li-June Ming’s lab at
BSF 345 in USF. It could exam wavelength from 190 nm to 1100 nm. In this
dissertation, UV-Vis Spectroscopy was used to characterize nanoparticle and
nanostructures in Chapter 3. It also served as an important analytical tool to identify
formation of metal complex and determine the concentration of stock solution in Chapter
4. A general procedure of UV-Vis operation is described in this section.
Before operating any UV-Vis experiments, the solvent level of temperature
controlling component in this spectrometer should be checked. The UV-Vis
spectrometer is first calibrated with blank solution. The blank solution is the solvent of
target samples. Then sample is added in micro spectrometry cuvette (Fisher Scientific)
and UV-Vis spectrum is obtained. Then samples are added in micro spectrometry
cuvette. Before placed into UV-Vis spectrometer, cuvette is cleaned with Kim wipe. This
action aims to minimize interference from the contamination on the outside walls of the
cuvette. Between each test, cuvette needs to be fully cleaned with DI water or organic
solvent.
For UV-Vis detection, sample preparation is critical. Samples needs to be diluted
until the absorption is smaller than 1. For the same sample, its concentration in UV-Vis
is usually lower than normal Raman, SERS or RR. In Chapter 3 study, metallic
nanostructure colloids are synthesized at highly concentration to create enough hot-spot
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in SERS experiments. So nanostructure colloids solution needs to be diluted before UVVis detection.

2.3 Electron Microscopy
2.3.1 Transmission Electron Microscopy
Transmission electron microscopy (TEM) is a microscopy technique in which a
beam of electrons is transmitted through a specimen to form an image. The thick of a
specimen is usually less than 100 nm. After the beam of electrons transmitted through a
specimen, then an image is formed, magnified and directed to appear either on a
fluorescent screen or layer of photographic film , or to be detected by a sensor such as
a CCD camera.
The Department of Integrative Biology has an Electron Microscopy Core Lab in
the Interdisciplinary Sciences building on USF Tampa campus. The lab is equipped with
an FEI Morgagni TEM with a 1.4 Mpixel side mount camera and a 16.7 Mpixel bottom
mount camera. The microscope is capable of subnanometer imaging and magnification
of almost 1.5 million X. Particles solution are evaporated on a formvar/carbon-coated
200-mesh copper grid for TEM measurement.
In Chapter 3, TEM is the most important tool to study the size and structure of
nanostructures. One drop of diluted nanostructure colloidal solutions is added on a 200mesh copper TEM specimen support grid. The grid is then transferred into a heated
vacuum chamber to remove the water. After grid is fully dried out, it is gently placed on
a TEM sample holder to begin to take the image. When using high magnification
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camera, the TEM image should be taken quickly to avoid the electron burning the
support grid.
2.3.2 Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy
Scanning electron microscope (SEM) has many advantages over traditional
microscopes. SEM has much higher resolution and provides clear images because it
uses electrons instead of light to form an image. Closely spaced specimens can be
magnified at much higher levels. Because SEM uses electromagnets rather than
lenses, the researcher has much more control in the degree of magnification.
The Hitachi field emission scanning electron microscope (FE-SEM) is used for
characterization of nanostructures. The model of our experimental FE-SEM is Hitachi S800, which located at Nanotechnology Research and Education Center (NREC), Hitachi
S-800 scanning electron microscope combines scanning electron microscope (SEM)
and energy-dispersive X-ray spectroscope (EDS). With this set-up, both structural
information and elemental information of a sample could be fully analyzed. This SEM
has a magnification power of 300,000 times and resolution of 2 nm. The electron beam
is also used to perform chemical analysis on nanostructures by using an X -ray
spectrometer in EDS analysis. The X -rays generated by the electron beam, are
characteristic of the quantity of each element present in the beam scanned area.
Since SEM utilizes vacuum conditions and uses electrons to form an image, all
water must be removed from the samples because the water would vaporize in the
vacuum. All metals are conductive and require no preparation before use. Samples
would be loaded on a silicon wafer and a silicon wafer needs to be rinsed with acetone
until be fully cleaned. About 1 µl of nanostructure colloidal solution would be pipetted
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onto the wafer surface and air-dried in room temperature. Multiple samples could be
loaded on the same wafer at different area on the same wafer. A regular marker could
be used to number different sample spot on wafer. After sample fully dried, the loaded
silicon wafer would be glued on sample holder. Sample holder then would be inserted
into the vacuum chamber and then sent to detecting chamber. The SEM and EDS
analysis are performed by strictly followed by user manual provided by NREC.
In Chapter 3 study, SEM detection provides the size and structure information of
Fe3O4 nanoparticles and Fe3O4/Ag nanostructures. EDS confirms the component of
those nanoparticles and nanostructures.
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CHAPTER THREE: PREPARATION OF FE3O4/AG NANOSTRUCTURES FOR
MAGNETIC SEPARATION AND SERS DEDETION OF MELATONIN

3.1 Abstract
Melatonin plays an important role in Alzheimer's disease as an antioxidant and a
neuroprotector. This study involves developing a novel substrate of Fe3O4/Ag magnetic
nanostructures for melatonin detection by surface enhanced Raman spectroscopy
(SERS) sensing of melatonin. Fe3O4/Ag nanostructures were synthesized, and their
surface morphology, size and structure were characterized by transmission electron
microscopy. Fe3O4 nanoparticles with size of 9.79 nm were coated with silver, and the
thickness of Ag became tunable through adjusting the molar ratio between Fe3O4 to
Ag2SO4. Using these nanostructures, analyte molecules can be easily captured,
magnetically concentrated, and analyzed by SERS. this highly active SERS substrate
was used to detect R6G, even at a concentration as low as1.0 × 10 –12 M. By optimizing
the experimental conditions, such as nanostructures, pH and aggregating agent,
qualitative and quantitative determination of melatonin was achieved using SERS. The
SERS response established a linear dependence on the melatonin concentration
between 5 to 100 µM (1.16 to 23.20 mg/L), and the detection limit was 2× 10–6 M. This
substrate also shows the advantages of complete and rapid separation of R6G and
melatonin from solutions with only their limit of detection concentration. It demonstrates
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that Fe3O4/Ag nanostructures can enrich and detect low concentration melatonin in
complex samples. These results show that Fe3O4/Ag SERS substrates could offer a
easy and rapid detection of biomarkers associated with a specific disease.

3.2 Introduction
3.2.1 Alzheimer’s Disease
Alzheimer’s disease (AD) was first identified by Alois Alzheimer more than 110
years ago. Until 30 years ago, it was recognized as the most common cause of
dementia, as well the major cause of death. 1 in 10 people aged 65 years or older has
AD. According to American Alzheimer's Association, 5.5 million people had the disease
by early 2017 in the United States. This number includes an estimated 5.3 million
people age 65 and older, and about 0.2 million are under age 64 who have younger
onset AD. In 2017, the total Florida Alzheimer’s disease population is about 520,000.
One in every two seniors aged 85 and older has AD in Florida. It is listed as the sixth
leading cause of death in the United States and the fifth leading cause of death in
Americans aged 65 years or older. It is also major cause of disability and morbidity
(poor health). In 2017, the medical cost for patients with AD and other dementias is
estimated to total $259 billion. By 2050, AD metical cost is projected to increase by $1.1
trillion.
Alzheimer’s is an irreversible, progressive brain disease that leads to lose of
cognitive functions initially and then slowly destroys other brain functions, such as
memory, thinking skills, and personality1. The loss of brain functions occurs because
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neurons involving in cognitive function have been damaged or destroyed. The damage
and destruction of those neurons eventually affect basic body functions, such as
walking and swallowing. In the final stages of AD, patients are bed-bound and require
around-the-clock care. Ultimately, AD is fatal.
In Alzheimer’ or other types of dementia, increasing numbers of neurons (nerve
cells) deteriorate and die. A healthy adult brain has about 100 billion neurons with 100
trillion long branching extensions. These extensions are called synapses. Synapses
help to form neurons connections by releasing signal chemicals between cells. Neuron
signals travel through the synapses and through this, human memories, emotions,
thoughts, movements and skills are created. There are two brain changes accounted for
the damage of neurons. One is abnormal protein tau accumulation inside neurons, the
other is protein beta-amyloid accumulation outside neurons. When more and more
abnormal proteins accumulate, synapses fail to transfer information, which cause the
death of neurons. In detail, the abnormal protein tau blocks nutrients transport inside
neurons, while the abnormal beta-amyloid disrupts the neuron-to-neuron
communication. Advanced AD patients’ brain show decline number of neurons.2
Although the research has revealed a great deal about Alzheimer’s, much is yet
to be understood about the precise biological changes and individual difference in the
disease development. There is no big breakout on AD prevention and curation.No
treatment is available to slow or stop AD currently.2 It is believed that early detection of
AD is the key to preventing, slowing and stopping the disease. The last 10 years have
seen tremendous growth in research on early detection. The brain changes of AD begin
before symptoms such as memory loss appear. Neuropathology is the most reliable
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criterion for diagnosing AD.3,4 The clinical use of a biomarker that reflects the
neuropathological change occurring in brain tissue has not yet been established. This
study investigates melatonin as an important biomarker in AD diagnosing.
3.2.2 Melatonin
Melatonin (N-acetyl-5-methoxytryptamine) was first extracted and characterized
from the bovine pineal gland by a dermatologist named Aron Lerner in 1958. He hoped
that melatonin could treat vitiligo.5 Since that time, melatonin has been studied for
various reasons. Figure 3.1 shows the structure of Melatonin. Melatonin has wide range
of applications in biomedical and physiology fields. Many progresses have been made
in understanding the mechanism of melatonin’s effect at cellular and molecular levels
during recent years. Originally melatonin was used to help people initiate and maintain
sleep. More recently, the hormone has been used as an adjunct to cancer therapy, to
improve the immune system, to protect against damage to blood vessels, and to lower
blood pressure. The US Dietary Supplement Health and Education Act of 1994
approved the use and sale of melatonin because it is found naturally in some foods 6
As a hormone, melatonin plays not only a major role in the regulation of the
circadian rhythms but may also exert antioxidative and neuroprotective effects in AD. It
has been proved to be more potent than classical antioxidants. Melatonin shows
particular chronobiological properties that make it capable of correcting the circadian
rhythm disorders in AD patients. Studies have showed that melatonin level is diminished
in AD patients compared to age-matched control subjects. Melatonin level in
cerebrospinal fluid decreases even in preclinical stages when the patients do not show
any memory losses, suggesting that the reduction in melatonin could be an early marker
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for the first stages of AD. The decrease in nightly level of melatonin with the abolition of
diurnal melatonin rhythmicity can be the result of malfunction of noradrenergic
regulation and depletion of the melatonin precursor serotonin, which has already seen
in the earliest preclinical AD stages. Another possible reason accounts for the decrease
in level of melatonin rhythm, as well as circadian system change, is the light
transmission pathways changes. So, the changes in melatonin secretion should
contribute to the many symptoms of sleep disruption, nightly restlessness and sundowning seen in AD patients. An altered metabolism of AD patients, such as in relation
to known genetic predispositions, may be may be another reason for those symptoms.
The presence of apolipoprotein associated with rapid disease progression, also results
in bigger decrease in the level of melatonin in the AD patients. The decline of level of
melatonin appears to be a consequence, from this point of view, rather than one of the
causes of AD, although the decrease in melatonin could aggravate the disease. Either
way, the level of melatonin is an important biomarker in AD diagnosing.

Figure 3.1 Structure of melatonin

3.2.3 Melatonin Detection with SERS
Immunoassay and chromatograph method, such as gas chromatograph and high
preformation liquid chromatograph, as have been used for melatonin detection.
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limit of detection is about 1 pg/mL, which is enough for testing the health population’s
melatonin level, but may not enough for the AD patients. Immunoassay result can be
interfered by similar compounds in the samples. Tedious sample pretreatment, time
consuming, samples consuming, expense and environmental concern of mobile phase
are big challenge to monitor melatonin in a daily base.
This study is expected to establish stable and accurate melatonin detection
method and further identification of its function in AD. Surface enhanced Raman
spectroscopy (SERS) is consider to be a sensitive method to monitor melatonin level
and discovery its effect on AD. SERS is a surface sensitive technique which results in
the enhancement of Raman scattering by molecules adsorbed on rough metal
surface.7,8 SERS has a great potential for the molecular detection because it is safe,
inexpensive, agent-free, and most importantly, sensitive enough to detect a single
molecule.9-11 The enhancement factor using SERS can be as high as 10 14-1015.11,12
Electromagnetic mechanism (EM) and chemical mechanism (CM) have been suggested
to explain the SERS effect.13 EM is due to interactions of analyte with the strong
electromagnetic field on the metal surface, which leads to 10 6 to 107 enhancement of
Raman scattering.14,15 The incident laser light excites localized surfaced plasmon on
metal surface, which enhances the electromagnetic field. On the other hand, CM arises
from a charge-transfer interaction between metal and absorbents, which contribute to
102 increase of Raman scattering.16-18 According to the EM, the sensitivity of SERS
would be considerably dependent on the properties of SERS substrates, such as metal
type, shape, and size, which define their plasmonic properties. Metallic nanoparticles
were used shortly after the discovery of the SERS effect and became the most studied
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class of substrate.19-21 Silver and gold nanoparticles are common SERS active
substrates due to their high surface plasmonic property. Adding magnetic property to
plasmonic nanoparticles would greatly improve the capabilities of SERS detection by
extraction of target molecules from samples by magnetic fields.22,23 Many efforts have
been made to fabricate magnetic nanoparticles and their applications in biomedical and
environmental areas.24,25 Fe3O4 is one of the common use magnetic materials.
Fe3O4/Ag nanostructure is the combination of magnetism and optical activity could be
applied for separation, enrichment and SERS detection of low concentration analyte.26

3.3 Experimental Methods
3.3.1 Materials and Sample Preparation
Ammonium ferrous sulfate [(NH4)2Fe(SO4)2·6H2O], ammonium ferric sulfate
[(NH4)Fe(SO4)2·12H2O], D-glucose, silver sulfate (Ag2SO4), and Triton X100 [C14H22O(C2H4O)n] were purchased from Sigma-Aldrich. Sodium hydroxide
(NaOH) was purchased from Fisher Scientific. Above chemical are used for
nanostructure synthesis. Target molecule, rhodamine 6G (R6G) were purchased from
Acros Organics. Melatonin standard sample was provided from Dr. Chuanhai Cao’s Lab
in College of Pharmacy at University of South Florida. R6G is used to test magnetic
nanostructures SERS sensitivity and reproducibly.
Sodium chloride (NaCl, certified ACS), sodium bromide (NaBr, 99%), potassium
chloride (KCl, 99%), potassium bromide (KBr, 99%), magnesium chloride (MgCl2, 98
%), magnesium bromide (MgBr2, 99%), calcium chloride (CaCl2, 99%), and calcium
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bromide (CaBr2, 99%) were all purchased from Sigma-Aldrich. The salts below were
prepared as 1 M aqueous solutions to serve as aggregating agents in SERS
experiment. All the chemicals in this study are not further purified. In this study, DI water
were produced with a Cascada BIO-water Purification System (18.2 mΩ/cm). R6G and
melatonin were dissolved in ethanol, and then diluted to desired concentration with DI
water.
A 250 mL three-neck round-bottom flask was used as reaction vial for Fe3O4
nanoparticles and Fe3O4/Ag nanostructure synthesis. Due to the magnetic properties of
Fe3O4 nanoparticles, magnetic stirring system could not be used in nanostructure
synthesis. A digital overhead stir system (IKA Model RW 20) was used for mixing the
reagents. An oil bath on hot plate was used to heat up the reaction solution at a stable
temperature. All glassware and cuvettes were cleaned by following the procedure on
Chapter 2.1.1 and 2.1.2.
3.3.2 Fe3O4/Ag Nanostructure Synthesis
Fe3O4 was prepared by following the method reported by Madhuri Mandal et al
and modified the coating method.27 An iron stock solution was prepared by dissolving
ammonium iron(III) sulfate (6.12 g, 0.128 M with respect to Fe(III)) and ammonium
iron(II) sulfate (2.51 g, 0.064 M with respect to Fe(II)) in 100 ml 0.40 M aqueous sulfuric
acid solution. A 1 M NaOH solution (250 mL) was added to TX-100 solution (0.1M) to
make the final strength of TX-100 solution (0.01 M). The solution was then heated to
80 °C, and 25 mL of iron stock solution was added dropwise with vigorous stirring.
Stirring was continued for another 30 min after the addition of iron stock solution while
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the temperature maintained at 80 °C. Fe3O4 nanoparticles were obtained as a dark
brown suspension.
Fe3O4 nanoparticles solution then cooled to room temperature. Fe3O4
nanoparticles were extracted out from solution by magnets, followed by washing with DI
water for 5 times. Part of the nanoparticles were dried in the oven for over 8 hours.
Water percentage of nanoparticles was calculated. This water percentage is used to
accurately calculated the amount of Fe3O4 nanoparticles that added to Fe3O4/Ag
nanostructures synthesis. Eight sets (S1 to S8) of Fe3O4/Ag nanostructures were
synthesized. The difference between each set was the ratio of Fe 3O4 to Ag2SO4. For S1
to S8, the ratios are 1:1, 1:10, 1:20, 1:25, 1:30, 1:35, 1:40, and 1:50. In each
nanostructure synthesis, 100 µmol Fe3O4, varying mount of Ag2SO4 and 2 g of glucose
were added in 150 mL DI water and heated for 2 h with vigorous stirring at 80 °C.
Fe3O4/Ag nanostructures were separated from solution by using magnets and washed
with water 5 times to remove ions attached on the nanoparticle surface. The
concentration of Fe3O4/Ag nanostructures colloid solution was considered equaled to
the concentration of Fe3O4 nanoparticles in the solution. To investigate the effect of
nanoparticles’ concentration, different concentration solutions of S6 (S6 with
Fe3O4:Ag2SO4 1:35 in molar ratio), including 0.5 mM, 1mM, 1.5 mM, 2.5 mM, 5mM, 10
mM and 25 mM, were prepared.
3.3.3 UV-Vis, SEM, TEM and SERS Measurements
UV-Vis absorption spectra of Fe3O4 nanoparticles solution and Fe3O4/Ag
nanostructures colloidal solution with different pH were obtained with a Varian Cary 50
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Spectrophotometer. The UV-Vis spectra were used to confirm structural change by
adding Ag into nanostructures, and exams pH effect on colloid solution geometry. The
concentrations of all colloidal solutions were adjusted to make UV-Vis absorption
smaller than 1. The spectra were observed from 200 nm to 800 nm.
SEM and TEM were both utilized to measuring the size of nanostructure, and
analysis their shape and structure. TEM study was done by using a FEI Morgagni TEM,
and SEM study was operated with a Hitachi S-800 SEM. In TEM experiment, samples
were prepared by evaporating a drop of nanostructure solution on a 200-mesh copper
grid. The nanostructure was placed on a silica wafer in SEM experiment. Since TEM
provided a higher resolution image, only TEM result will be presented and discussed in
next section.
All Raman experiments were carried out with a Confocal Raman Microscopy
(Horiba LabRam) equipped with a notch Rayleigh rejection filter, a 600 grooves/mm
diffraction grating and a cooled CCD detector. An excitation wavelength of 647 nm was
applied with a power of 28 mW to prevent most of the fluorescence presented by R6G
and melatonin. The object, exposure time, and number of accumulation were 20х, 2 s
and 5, respectively. The Raman spectra were measured in the frequency range from
200 to 2000 cm-1. Each sample was tested at least three times . Only the spectral
regions of interests are shown in this chapter.
At the beginning of SERS study, R6G was used as a probing molecule and 1 M
NaBr solution was using as the aggregating agent. Each sample was prepared by
mixing of 945 µL nanoparticles solution and 5 µL R6G in the quartz cuvette, followed by
adding 50 µL NaBr solution. After SERS substrates experiment condition were
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optimized, melatonin detection method was built up by adjusting aggregating agents
and pH. pH was adjusting by 0.1 M HCl and NaOH solution.

3.4 Results
3.4.1 Nanostructure Characterization
The Fe3O4 nanoparticles colloidal solution shows dark brown color and the
Fe3O4/Ag nanostructures solution gets lighter. All the nanoparticles or nanostructures
are characterized by TEM. Figure 3.2 shows TEM images of Fe3O4 nanoparticles
(Figure 3.2 A) and Fe3O4/Ag nanostructures (Figure 3.2 B to F). The Fe3O4
nanoparticles shape is nearly spherical; the mean size is about 9.79 nm with 1.67 nm
standard deviation. The Fe3O4/Ag nanostructures show polydispersity and diverse
shapes among different ratio set. By comparing the images 3.2 B to 3.2 F, it proves that
the amount and size of Ag component of the nanostructures increase as the molar
proportion of Ag increases.
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Figure 3.2 TEM images of Fe3O4 nanoparticles(A), and Fe3O4/Ag nanostructures of set S1(B), S2 (C), S4 (D), S7 (E)
and S8 (F). The ratios between Fe3O4 and Ag2SO4 were 1:1, 1:10, 1:20, 1:40, and 1:50 for S1, S2, S4, S7 and S8

Figure 3.3 shows UV-Vis spectra of Fe3O4 colloid solution (A), Fe3O4/Ag colloid
solution at pH 13 (B), and Fe3O4/Ag colloid solution at pH 7 (C). The UV-Vis spectrum of
Fe3O4 doesn’t show a clear absorption peak at 300 to 800 region. After adding Ag onto
the Fe nanoparticles, Fe3O4/Ag colloid solution at pH 7 (Figure 3.3 C) shows an
absorption peak at 515 nm due to the silver surface plasmon resonance band. It
confirms the presence of silver in the nanoparticles. This UV-Vis spectrum also provides
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a guide to choose the excitation laser since the main peak corresponds to the localized
surface plasmon resonances of this nanostructure. In this case, 514 nm laser in the
Raman system is the optimized laser for SERS detection to maximize the surface
plasmon. However, the property of target molecule also needs to be considered when
choosing excitation laser. When adjusting Fe3O4/Ag colloid solution to pH 13, the
absorption peak shifts to 534 nm (Figure 3.3 B). It shows Fe3O4/Ag is still a stable
nanostructure at higher pH, and the shift of absorption peak to high region indicates
nanostructures begin aggregating together at a higher pH.

Figure 3.3 UV-Vis spectra of Fe3O4 colloid solution (A), Fe3O4/Ag colloid solution at pH 13 (B), Fe3O4 /Ag colloid
solution at pH 7 (C)

3.4.2 Substrate Effect on SERS Detection
Figure 3.4 shows normal Raman and SERS spectra of R6G. R6G Raman peak
positions are in agreement with literature. There are strong peaks at 1363, 1509, and
1650 cm-1 due to the aromatic C-C stretching vibrations. Strong peaks at 614, 776,
1191 and 1312 cm- 1 are associated with C-C-C ring in-plane bending, C-H out-of-plane
bending, C-C stretching and C=C stretching, respectively. There is a strong peak at 232
cm-1 appears only in the SERS spectrum and it is possible due to Ag-N stretching
vibration. Therefore, Ag and R6G are bonded via ethylamine group.
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Figure 3.4. Normal Raman spectrum of 1 mM R6G(A) and SERS spectrum of 0.5 µM R6G with Fe3O4/Ag
nanostructures (B)

Intensity of peak at 1509 cm-1 was used for calculation of enhancement factor
and comparison of different SERS substrates’ activity for its high intensity and less
interference from other peaks. Enhancement factor is calculated by signal intensity of
SERS with normal Raman under the same experimental condition. The analyte solution
with concentration CRS produce signal IRS under normal Raman condition and the same
analyte on a SERS substrate with concentration CSERS gives a SERS signal ISERS.
Enhancement factor (EF) can be simply calculated by below equation which fully
explained in section 1.2. .
EF =

𝐼𝑆𝐸𝑅𝑆 /𝑐𝑆𝐸𝑅𝑆
𝐼𝑅𝑆 /𝑐𝑅𝑆

In the detection of R6G, ISERS and IRS are the intensity of the peak at 1509 cm-1 in
SERS and normal Raman, respectively. R6G with a concentration of 0.5 μM (C SERS)
was detected on 5 mM S6 (1:35) nanostructures, and the EF was estimated to be 106
by calculating with the normal Raman spectrum of 1 mM (CRS) R6G solution. High EF
proves Fe3O4/Ag nanostructure is a sensitive SERS substrate. By optimizing other
experimental condition, Fe3O4/Ag can be used for melatonin detection.
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Surface morphology of nanoparticles importantly affects their SERS activities. In
this case, Ag component dramatically affect SERS intensity. From the Figure 3.2, it can
be concluded that the amount and size of Ag component increase with the Ag molar
fraction increasing. Figure 3.5 shows relative SERS intensity of 5 µM R6G on Fe3O4/Ag
nanostructures with different molar ratios between Fe3O4 and Ag2SO4, including 1:1,
1:10, 1;20, 1:25, 1:30, 1:35,1:40 and 1:50 (set S1 to S8). The relative SERS intensity is
first increased and then gradually decreased. The maximal SERS effect is achieved
when the molar ratio of is Fe3O4 and Ag2SO4 1:35 (S6), and it is 4 times stronger than
S1 (Fe3O4:Ag2SO4=1:1). S6 is selected as the optimal nanostructure to detect
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melatonin.
6
5
4
3
2
1
0
1:1

1:10

1:20

1:25

1:30

1:35

1:40

1:50

molar ratios of Fe3O4: Ag2SO4
Figure 3.5 Effect of molar ratio between Fe3O4 to Ag2SO4 on SERS intensity of 5 µM R6G

To obtain the maximum SERS enhancement from S6 nanostructure, it is
necessary to consider the effect of nanostructure concentration. The concentration of
nanostructure affects the aggregating status of the Fe3O4/Ag nanostructure and SERS
activity of those nanostructures. High concentration of magnetic nanostructures may
lead to the instability of their colloid solution, and may induce quick precipitation of
nanostructures. Eventually, it results in a decrease of SERS signal and poor
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reproducibility of SERS measurement. To evaluate the effect of the concentration and
achieve the highest SERS enhancement, 7 concentrations of S6 solutions were tested.
Their concentrations are 0.5, 1, 1.5, 2.5, 5, 10, and 25 mM. Figure 3.6 shows the
concentration effect on the SERS intensity. The SERS intensity reaches the maximum
and then decreases with increasing concentration of nanostructures. In this study, 5 mM
is the optimum concentration of nanostructures. When more nanostructures in the
solution, interaction between Fe3O4/Ag nanostructures is more frequently and more
nanostructures aggregate together, which results in higher SERS enhancement. When
keep increasing the amount of nanostructures in the solution, Fe3O4/Ag nanostructures
begins to quickly precipitate out, and SERS signal becomes small and unstable. The
magnetic force between nanostructures get stronger with more nanoparticles, which
leads more nanostructures tightly aggregate together and form big chunk of precipitate.
When most of the nanostructures precipitate out, the SERS signal disappears.
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Figure 3.6 Concentration effect of Fe3O4/Ag on SERS intensity of 0.5 µM R6G

Reproducibility is always a concern of SERS application. In SERS detection of
R6G, a calibration curve with a very large liner arrange from 50 pM to 75 nM is built up
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as Figure 3.7. The quantitation limit of R6G is 50 pM and the detection limit is 1 pM.
Fe3O4/Ag nanostructure is a promising SERS substrate for its high sensitivity.
Overall, the maximum achievable SERS intensity depends on molar ratio
between Fe3O4 to Ag2SO4 and nanostructures concentration. 5 mM of S6 Fe3O4/Ag
(1:35 in molar ratio) nanostructure exhibits the largest SERS signal among all the
nanostructures.

SERS Intensity
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Figure 3.7 Calibration curve of R6G with 5 mM Fe3O4/Ag nanostructures (S6 1:35)

3.4.3 Pre-concentration Function of Fe3O4/Ag Nanostructures
Fe3O4/Ag nanostructures have both magnetic and optical properties. The
magnetically driven separation and enrichment function of Fe3O4 could improve SERS
performance and simplify the sample preparation procedure. With the magnetic
property, Fe3O4/Ag nanostructure can be used to extract target molecules from mixed
samples. Thus Fe3O4/Ag nanostructures could greatly improve SERS capabilities of low
concentration target detection in complicated samples. To evaluate the extraction
efficiency of optimal Fe3O4/Ag nanostructures, SERS spectra of 1pM R6G with 5 mM S6
Fe3O4/Ag nanostructures before and after magnetic enrichment are obtained. In Figures
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3.8, A is the SERS spectrum of 1 pM R6G with 5 mM S6 Fe3O4/Ag nanostructures. The
concentration of R6G is the limit of detection with this method. After taking this
spectrum, all Fe3O4/Ag nanostructures in the cuvette are injected into a micro-centrifuge
tube, and extracted by an external magnet stand. Those nanostructures are dissolved
with half amount of solvent (water), and added aggregating agent again for SERS
detection. Figure 3.8 (B) presents the SERS spectra after extraction. The second SERS
intensity increased even more than twice. It indicates that most of R6G molecules are
absorbed on the Fe3O4/Ag nanostructures and the goal of sample preconcentrating has
been achieved.

Figure 3.8 SERS spectra of 1 pM R6G with the S6 Fe3O4/Ag nanostructures before and after extraction

3.4.4 PH Effect on SERS Detection
The pH of colloidal solution also plays an important role in SERS detection. pH
not only affects the aggregation of the nanostructures, but also interferes protonation
and deprotonation of samples. Target molecule’s cross section can be changed due to
protonation and deprotonation. In addition, interaction between target molecules and the
metal surface can also be influenced.
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In detection of melatonin, 647 nm excitation laser is selected to avoid most of the
fluorescence. According to the literature, 758 nm may be a better wavelength, however,
its power in our instrumentation is too low to perform an effective SERS detection.28
Figure 3.9 (A) shows the Raman spectrum of the melatonin in the wavenumber range
300 to 1700 cm−1. Stretching vibrations in higher wavenumber are not included since
they are usually not enhanced by SERS. The SERS spectra of a 0.1 mM melatonin in
pH 13 and pH 7 S6 Fe3O4/Ag colloid solutions are given in Figure 3.9 (B) and (C). In the
Raman and SERS spectra, the most noticeable band enhancements and their peak
assignments are listed in the Table 3.1. The peak assignments are obtained according
to Guillermo Fleming’s melatonin SERS detection with gold nanoparticles. By
comparing with the control group spectra, strong peak 487 cm-1 is from nanostructures,
and 666 and 880 cm-1 peaks are from ethanol. Ethanol was used to dissolve melatonin
due its low solubility in water. Peak 1427 cm-1 is the most distinguished peak in both
SERS and regular Raman. It’s used to calculated the EF. After calculation, the
enhancement factor is about 104. When melatonin was tested with pH 7 nanostructure
solution, fluoresce was begin to present. To obtain better SRES spectrum, pH 13
nanostructure colloidal solution should be used.

42

Figure 3.9 Normal Raman spectrum of 100 mM melatonin (yellow), and SERS Spectra of 0.1 mM melatonin with
Fe3O4/Ag nanostructures at pH 13 (green) and at pH 7 (blue)

Table 3.1 Comparison of selected Raman and related SERS bands of melatonin, and their peak assignments
Raman

SERS

Peak Assignment

396

368

CH2 twist (Indole acetamide)

754

CH bend (Indole)

920

CCC bend (Indole acetamide)

992

ring breath (Indole)

1019

CCC bend (Indole)
1307

CH symm def (Acetamide anisole)

1352

1352

NH bend, CN str, CC str (Acetamide amide)

1427

1427

NH bend, CN str, C=O str (Acetamide amide)

3

1548

NH bend (Acetamide)
1588

NH bend (Acetamide)
CC ring str (Indole)
C=O str (Acetamide amide)
Abbreviations: str: stretching; def: deformation; bend: bending; symm: symmetric; twist: twisting; breath: breathing.

3.4.5 Aggregating Agent Effect on SERS Detection
In order to optimize the SERS intensity, aggregating agents are added into
metallic colloid in experiment. The effect of various aggregating agents and their
concentration should be considered. Different combination cationic and anionic of
aggregating agent could provide different enhancement. Proper amount of aggregating
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agent should be added in the metallic colloidal solution. Adding excessive amount of
aggregating agent results in the instability of the colloidal solution and decrease of
SERS intensity. Therefore, it is necessary to determine the optimal aggregating agent
and its concentration.
To evaluate the effects multiple aggregating agents and obtain the optimized
SERS enhancement for melatonin, 8 aggregating agents, including NaCl, NaBr, KCl,
KBr, MgCl2, MgBr2, CaCl2, and CaBr2, were examined. When MgCl2, MgBr2, CaCl2, and
CaBr2 were added into nanostructures colloidal solution, the precipitations were
immediately formed. Since they lead the colloidal solution unstable, their SERS effect
will not be further discussed. The strong Coulomb force from Mg2+ and Ca2+ can explain
the quick formation of precipitation. Figure 3.10 shows the concentration effect of four
aggregating agents on the SERS intensity of melatonin. The SERS measurements were
performed in pH 13 colloidal solution. The optimal concentrations of NaCl, NaBr, KCl,
KBr are 60 mM, 20 mM, 20 mM and 30 mM. 60 mM of NaCl provides the biggest SERS
enhancement towards melatonin. Higher SERS intensity was achieved with Cl- than
with Br--, and with Na+ than with K+.
Concentration effect of four aggregating agents on melatonin SERS intensities
shows similar trend. With gradually increasing the concentration of the aggregating
agent, SERS intensity rises, reaches a maximum, then drops. This trend could be
explained by accumulate procedure of nanostructures. With the help of aggregating
agents, nanostructures begin moving close to each other, and creating more hot-spots.
SERS intensity boosts during this procedure. When excessive aggregating agents
adding into the system, it leads to nanostructures falls out from the solution. Decreasing
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nanostructures in the colloidal solution results in overall drop of SERS intensity. The
electrostatic interactions between nanostructures, cations and anions play a critical role
in role during the SERS measurements. In summary, 60 mM of NaCl is the optimal
aggregating agents to measuring melatonin with Fe3O4/Ag nanostructures.
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Figure 3.10 Aggregating agents effect on melatonin SERS detection. Four sets of aggregating agents with different
concentrations were compared from SERS intensity of peak at 1427 cm-1 of 0.1 mM melatonin. The aggregating
agents are NaCl (blue), NaBr (red), KCl (green), and KBr (purple)

3.4.6 SERS Detection of Melatonin
After optimizing the nanostructures, pH and aggregating agent, the calibration
curve of melatonin is built in Figure 3.10. Melatonin SERS intensity yielded good
linearity from 5 to 100 µM. The limit of detection is 2 µM. It’s promising to apply this
SERS detection method to measure melatonin level in the blood sample as an early
diagnosis test for AD.
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Figure 3.11 Calibration curve of Melatonin in SERS detection with 60 mM NaCl at pH 13

3.5 Conclusion
Magnetic Fe3O4/Ag nanostructures were fabricated with tunable amount of Ag
component. The optimal SERS experimental conditions of detecting R6G, such as
molar ratio between Fe3O4 and Ag2SO4 and nanostructures concentration were
investigated. When the ratio between Fe3O4 to Ag2SO4 is 1:35 and the concentration is
5 mM, Fe3O4/Ag nanostructures exhibits the highest SERS intensity of R6G. Fe3O4/Ag
nanostructures shows a huge potential to be applied in sample enrichment and
detection of target molecule in mixture samples. This is a very novel approach since no
research groups have reported SERS measurement of melatonin by using Fe3O4/Ag
nanostructures as enrichment method and SERS substrate. Effect of aggregating
agents and operating pH to optimize SERS detection of melatonin were carefully
explored. The type and concentration of aggregating agents significantly impacted the
SERS intensities for melatonin detection. Optimal condition for melatonin SERS
detection were determined. A calibration curve of melatonin SERS detection is built with
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pH 13 Fe3O4/Ag nanostructures colloidal solution with 60 mM NaBr as aggregating
agent.
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CHAPTER FOUR: RESONANCE RAMAN CHARACTERIZATION OF BINDING OF
CATECHOL MOIETIES WITH ANTIBIOTIC IRON((III)-BACITRACIN

4.1 Abstract
Bacitracin (BC) is one of the most of widely-used metal-dependent peptide
antibiotics. BC is produced by Bacillus subtilis and Bacillus licheniformis which are
commonly found in the soil. BC can be an excellent lead for drug discovery study since
it hasn’t developed bacterial resistance with several decades of widespread use.
Binding with Co2+ and Cu2+ has been proved to be essential to BC’s antimicrobial
activity. Even Fe is the most prevalent element in the soil, structure and activity of
Fe(III)-BC complex has not been revealed. The study of Fe(III)-BC complex is important
since it can naturally form in the soil, and interact with other natural products. This study
is focusing on the coordination chemistry and substrates structure-activity relationship of
Fe(III)-BC complex. The long-term goal of this study is to provide drug discovery lead to
prevent antibiotic resistance threats, but also give some insight in soil microecology
from a chemistry point of view.
In this study, resonance Raman are mainly utilized to understand the structure
and chemical function of Fe(III)-BC complex. and its binding with natural products, such
as flavonoids. The structural information and activity of Fe(III)-BC complex with catechol
moiety ligands are explored. According to this model study, interaction between Fe(III)50

BC complex with couple flavonoids are further investigated. Resonance Raman is also
proved to be a sensitive tool for metallo-antibiotics study.

4.2 Introduction
4.2.1 Raman and Resonance Raman in the Life Sciences
In the life sciences and pharmaceutical studies, Raman spectroscopy provides
powerful analytical capabilities for elucidating chemical structures and detecting
biomarkers. When assaying biological samples, Raman spectroscopy is not typically
interfered by water molecules. This is a significant advantage comparing to infrared
spectroscopy. Confocal Raman spectroscopy combines a Raman spectrometer with an
optical microscope, and provides both chemical and structural information on a specific
target. In addition, Raman spectroscopy offers non-destructive and label-free detection
of biological samples, which allows them to be further analyzed by other techniques.1
The small scattering cross section presents the biggest challenge and limits in
Raman biological application. In addition to SERS, Resonance Raman (RR) is capable
to overcome the limitation and provide both structural and chemical information
regarding a biological sample. The intensity of Raman scattering is mainly effected by
the wavelength of the excitation laser. The scattering cross section increases for some
of the Raman bands when the excitation laser is tuned to the vicinity of an allowed
electronic transition. RR can give better sensitivity than the regular Raman technique.
Same as SERS, RR can lower the detection limitation due to the enhancement of
Raman signals. It provides another sensitive approach for analysis of target molecules.2
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In vibrational spectroscopy, selectivity is affected by crowding and overlapped bands of
complex molecules. In RR, the selectivity is improved because only Raman bands
associated with the excited-state distortion can be enhanced.3 The Raman spectrum is
simplified by the enhancement of interested bands. However, information of the other
bands is then lost. RR spectrum could be better obtained by utilizing a Raman
spectrometer equipped with a wide tunable laser.
4.2.2 BC and Metallo-antibiotics
In 1945, 7-year-old Margaret Tracy fell in the street and sustained a compound
fracture. A strain of the licheniformis group of Bacillus subtilis var Tracy I, was separated
from the soil contaminated her wound.4 A powerful antibiotic, BC5 was subsequently
isolated from this Tracy I strain, named after Margaret Tracy. Many other antibiotics,
such as pumulin and gramicidin are also discovered to be produced by Bacillus species.
BC is a mixture of closely related cyclic peptides, and the chief constituent is BC A1. BC
usually requires a divalent metal to be bio-active, and its mainly against Gram-positive
bacteria via inhibition of cell wall synthesis.6 The binding of metal-BC complexes to
undecaisoprenyl pyrophosphate is the key step in the inhibition of cell wall synthesis. It
is highly active against many Gram-positive bacteria, such as Staphylococcus,
Streptococcus, Anaerobic Cocci, Corynebacterium and Clostridia, but not against most
Gram-negative bacteria.7
BC can be used to treat skin and eye infections, and prevent wound infections in
human. Today, the antibiotic combination of BC, polymyxin and neomycin is widely
used topically for treating and preventing infection risk from minor cuts, scrapes, and
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burns. The brand name of this antibiotic combination is ‘Neosporin’. BC is also one of
the most widely used antibiotics in livestock feed to enhance growth.
BC contains a thiazoline ring formed between Ile1 carboxylate and Cys2 -NH2 and
-SH groups via condensation.8 It also contains four D-amino acids, including D-Glu4, DOrn7, D-Phe9, and D-Asp11,9 and a unique cyclic heptapeptide structure formed via an
amide linkage between the side chain of Lys6 and the C-terminus of Asn12. Figure 4.1
shows structure of BC.A1.10

Figure 4.1 Amino Acid Sequences and N-terminal Structures of BC A1

BC is a good example of metallo-antibiotics. Although many antibiotics do not
require metal ions for their biological activities, several antibiotic families, including BC,
bleomycin11 and streptonigrin12, do require metal ions for their antimicrobial activities.
Removal of the corresponding metal ions and change structures of these antibiotics will
significantly deactivate their bioactivities. BC can bind divalent transition metal ions,
including Zn(II), Ni(II), Co(II), Mn(II), and Cu(II).13 BC-Cu(II) complex inhibits Neurospora
crassa mold growth.14 A detailed 1H NMR study of Co(II)-BC complex revealed metalbinding mode and structural information, which suggesting important role of a potential
hydrophobic site for its antibiotic effect.15 The thiazoline ring nitrogen, the nitrogen of
His10, and the carboxylate side chain of D-Glu4 are determined to be metal binding
ligands of BC (Figure 4.2).15-16 A correlation between metal binding structure and the
antibiotic activity of BC has also been suggested in the same study.
53

Figure 4.2 Stereo view of BC A1 according to NMR and molecular dynamic calculations. The metal binding ligands
have been determined to be the thiazoline nitrogen, the side chains of His10 and D-Glu4, and presumably an open site
or sites for water binding

In the earth’s crust, iron is ranked fourth in abundance after oxygen, silicon and
aluminum. Of all the elements contained in the soil, iron is the most prevalent. Bacillus
species live mainly in the soil because of the durable coats of protein that allow them to
survive in hostile environmental conditions. The structure-activity relationship between
Fe(III)-BC complex hasn’t been reported. The study of Fe(III)-BC complex would
provide further insight into metallo-antibiotics. Even BC resistance is barely reported in
the past five decades, more study about BC will provide potential strategy for antibiotic
resistance threats. In addition, chemical interactions between Fe(III)-BC complex and
flavonoids will provide a study model for soil microecology, owing to the abundance of
flavonoids in the environment.
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4.2.3 Flavonoids
In the soil/plant microecology system, plant-derived flavonoids could interact with
Fe(III)-BC complex. By adding the flavonoids in the study system as metallo-antibiotics
ligands, the biological and environmental significance of Fe(III)-BC will be revealed.
Flavonoids belong to a group of natural products with C6-C3-C6 15-carbon
skeleton structure. More than 6000 varieties of flavonoids have been identified.17 They
can be found as pigment metabolites in fruits, vegetables, grains, and flowers.18 Fruit
juice, tea, and wine are the main source of human dietary flavonoid intake. They display
miscellaneous biochemical and antioxidant effects associated with diseases including
cancer, Alzheimer’s disease, and atherosclerosis.19 Flavones, flavonols, flavanones,
flavanonols, flavanols, catechins and anthocyanins are the major subgroups of
flavonoids.
Table 4.1 Food sources and health effect of flavonols and catechins
Group

Compound

Food Source

Health effect

Flavonols

Quercetin
Kaempferol
Myricetin

Yellow onions, Curly Kale, Leek, Cherry
tomato, Broccoli, Apple, Green tea, Black
tea, Black grapes, Blueberry

Catechins

(+)-Catechin
(-)-Epicatechin
Gallocatechin

Chocolate Beans, Apricot, Cherry,
Grapes, Peach, Red wine, Cider, Green
tea, Black tea, Blackberry

Possible improvement of
cardiovascular health, eye
diseases, allergic disorders,
arthritis, reducing risk for
cancers.
Possible prevention of
cardiovascular diseases, and
possibly cancer.

Table 4.1 gives examples of the food sources and health effect of two subgroups,
favonols and catechins. Except those health benefits, a recent study revealed plant
flavonoids’ antibiotic effect against antibiotic-resistant bacteria.20 Dr. Song Lee’s group
studied the activities of thirty-eight plant-derived flavonoids against antibiotic-resistant
bacteria.21 Among them, four flavonols (quercetin, myricetin, datiscetin, and kaempferol)
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and two flavones (flavone and luteolin) exhibited inhibitory activity against methicillinresistant Staphylococcus aureus (MRSA).This new discover makes flavonoids even
more interesting to be studies as the substrates of metallo-antibiotics.
All the health benefits of flavonoids are based on antioxidant activity which tightly
related to their structural characteristics. Figure 4.3 shows the basic structure and major
classes of flavonoids. The basic structure is a skeleton of diphenylpropane, namely, two
benzene rings (ring A and B), linked by a three-carbon chain that forms a closed pyran
ring (ring C) with A ring. In most cases, B ring is attached to position 2 of C ring, but it
can also bind in position 3 or 4. Three structural requirements are important for high
antioxidant activity of a flavonoid: (i) the catechol structure on the B-ring; (ii) the 2,3double bond, in conjugation with the 4-oxo function on the C-ring; and (iii) the 5- and 7OH groups on the A-ring.

Figure 4.3 Frameworks of the major classes of flavonoids

4.2.4 Catechol Oxidase and Catechol Di-Oxygenase
Many metal complexes exhibit metal-mediated oxidation/hydroxylation of
catechol, which mimic the metalloenzyme catechol oxidase. In addition to catechol
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oxidase, catechol di-oxygenase is another very important group of enzymes that
oxidizes catechol. To better understand the chemical function of Fe(III)-BC, its binding
with catechol derivatives and subsequent reactions were investigated and discussed in
this chapter.
Catechol oxidase can be found in a variety of species of plants and fungi,
including Indian tea leaf22 and sweet potato23. In plants, catechol oxidase plays a key
role in enzymatic browning by catalyzing the oxidation of catechol to o-quinone in the
presence of oxygen, which then rapidly polymerizes to form melanin that grants
damaged fruits their dark brown coloration. Catechol oxidase is a copper-based oxidase
that contains a type III di-copper cofactor.24 It catalyzes the conversion of orthodiphenols (catechols) into ortho-quinones via the oxidation process which couples with
the reduction of molecular oxygen to water (Figure 4.4).

Figure 4.4 Overall reaction catalyzed by catechol oxidase

One widely accepted catalytic mechanism is based on the kinetic studies and
crystal structure of catechol oxidase purified from sweet potato.25 As shown in Figure
4.5, the catalytic cycle begins with the catechol oxidase in its native oxidized Cu(II)Cu(II) state with a coordinated hydroxide bridging the two copper centers. As catechol
enters the active site, a proton is abstracted from one of the alcohols. The catechol
coordinates with a Cu(II) center in a monodentate fashion, displacing one of the
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coordinating histidine residues. The coordinated hydroxide abstracts another proton
from catechol to form water, and the catechol is oxidized to o-quinone. The two
electrons from catechol oxidation reduce the di-copper center to its Cu(I)-Cu(I) state.
Dioxygen then binds to the di-copper center, displacing the coordinated water molecule,
followed by binding of another molecule of catechol to the di-copper center. Two
electrons are transferred from the substrate to the dioxygen, followed by cleavage of the
O-O bond. Water is released, and the second o-quinone product is formed together with
the restoration of the initial Cu(II)-Cu(II) state to complete the catalytic cycle.

Figure 4.5 Catalytic mechanism of catechol oxidase

The Fe-containing catechol dioxygenases26 catalyze the oxidative cleavage of
catechol and its derivatives. Two families of dioxygenase enzymes utilize dioxygen as
the oxidant. The intradiol dioxygenases27, typified by catechol 1,2-dioxygenase (or
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pyrocatechase), cleave the carbon–carbon bond between the phenolic hydroxyl groups
to yield muconic acid as the product (Figure 4.6a), and require Fe(III) as a cofactor. The
extradiol dioxygenases28, typified by catechol 2,3-dioxygenase (or metapyrocatechase),
cleave the carbon-carbon bond adjacent to the phenolic hydroxyl groups to yield 2hydroxymuconaldehyde as the product (Figure 4.6b), and require Fe(II) as a cofactor.
They are therefore a particularly striking class of dioxygenase, since both intradiol and
extradiol dioxygenases require a mononuclear iron center with no additional cofactors,
and the dependence upon iron(II) versus iron(III) is intriguing.29 The mono-Fe(III)
complex of BC provides us an opportunity to gain further insight into catechol interaction
with Fe(III) center.

Figure 4.6 Overall Reaction Catalyzed by Catechol Di-oxygenases. (a) Intradiol Dioxygenase, (b) Extradiol
Dioxygenase

4.3 Experimental
4.3.1 Materials
Ferric chloride Hexahydrate (FeCl3•6H2O), ethanol (C2H6O), ethanol (CH4O) and
dimethyl sulfoxide (C2H6OS) were purchased from Fisher Scientific. Modeling ligand
catechol (C6H6O2, 99+%), 3,5-di-tert-butylcatechol (C14H22O2, 99%), 4,5dichlorocatechol
(97%, C6H4Cl2O2), BC (C66H103N17O16S), (−)-epicatechin (C15H14O6) and quercetin
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dihydrate (C15H10O7·2H2O) were purchased from Sigma-Aldrich. (+)-catechin hydrate
(≥96.0%, C15H14O6·xH2O) and triethylamine (C6H15N, 99%) were purchased from
Chemika and Janssen Chimica, respectively. All aqueous samples were prepared using
DI water from a Millipore Milli Q Plus Water Purification System. DI water is processed
through its purification cartridges to reach a resistivity of 18.2 MΩ/cm.
Fe(III), catechol (CAT), 3,5-di-tert-butylcatechol (DTBC) and 4,5-dichlorocatechol
(DCC) stock solutions were freshly prepared at a concentration of 200 mM in methanol
right before each experiment. Flavonoids solutions, (+)-catechin (CT), (−)-epicatechin
(ECT) and quercetin (QUC) were dissolved with dimethyl sulfoxide (DMSO). The
concentrations of different flavonoids solutions were determined by UV-Vis. The molar
absorptivity coefficient (ε), for CT, ECT and QUC are 10232 cm-1M-1 at 276 nm, 10232
cm-1M-1 at 276 nm and 20898 cm-1M-1 at 372 nm, respectively. BC were dissolved in a
mixture solution of 90% methanol and 10% pH 7 200 mM HEPES buffer solution.
HEPES buffer can deprotonate the ligands for metal binding. In some experiments,
triethylamine (TEA) was added to further deprotonate the ligands.
1.5 mL micro-centrifuge tube was used as the container to prepare all the
solutions and complexes. Quartz fluorometer cuvette were purchased from Starna Cells
Inc. for Raman detection. Micro spectrometry cuvette was purchased from Fisher
Scientific for UV-Vis detection. All cuvettes were batched into aqua regia solution for
over 6 hours, rinsed with both boiling DI water and DI water, and air dried in the end.
4.3.2 UV-Vis Measurement
UV-Vis measurements were taken by using a Varian Cary50 spectrophotometer
and operating by Cary WinUV Scan software. All solutions were freshly prepared. The
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Fe(III)-BC complexes were prepared by adding FeCl3 solution into BC solution. The
ternary complexes of Fe(III)-BC with Catechol, DTBC, DCC, CT, ECT and QUC were
prepared by direct mixing 10 times of those substrate with 0.1 mM Fe(III)-BC complex.
To better understand the actives of Fe-BC complex, Fe-ligand 0.1 mM Fe solution was
mixed with 10 times of substrates as the control group.
4.3.3 RR Measurement
All Raman experiments were carried out using a confocal Raman Spectrometer
system from Horiba Jovin Yvon. The spectrometer equipped with a notch Rayleigh
rejection filter, a 600 grooves/mm diffraction grating and a cooled CCD detector. A 44.4
mW, 647 nm excited wavelength were applied to all the all experiments. The laser is
generated from an Argon and Krypton mix-gas head. The sample stage laser power is
tested by Lasercheck laser meter from Coherent. The exposure time was 10 s, and the
number of accumulations was 10. A 20x objective was used throughout the experiments
which yielded a spot diameter of less than 5 μm of the sample. The Raman spectra
were measured in the frequency range from 200 to 1700 cm−1. The Raman spectra
were obtained and further processed by LabSpec 6 software from Horiba Scientific.
For the RR sample preparation, all the complexes were formed directly in the
cuvette. Unlike the SERS experiment, after adding Fe and BC solution into the cuvette,
cuvette should be gently shaking instead of pipetting to promote the formation of Fe-BC
complex. Since BC is a peptide, pipetting the complex solution will lead to formation of a
lot of bubbles. To control the reproducibility, all samples’ final volume will be 1 mL by
adjusting the amount of the solvent.
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4.4 Results
4.4.1. Complex Formation Study by UV-Vis
Complex formation is the fundamental information for our study. In Dr. Ming’s
previous study, Co (II) and BC form a 1:1 ratio complex. It’s a reasonable guess that
Fe(III) and BC also form a 1:1 ratio complex. Fe(III)-BC binding stoichiometry is
investigated in the first place. UV-Vis spectra were recorded when BC solution was
titrating into Fe(III) solution with different ratio in DMSO. The titration UV-Vis spectra
(Figure 4.7) were provided by this project collaborator, Christian Tang in USF Chemistry
Department. Fe(III) solution is a clear yellow solution, and the UV-Vis spectrum of it
shows a peak at 365 nm. By adding 0.1 equivalent BC, the peak at 365 nm intensity is
reduced, and peak at 332 nm increases indicated the formation of Fe-BC complex.
When 1.0 equivalent BC is added into 0.1 mM Fe(III) solution, the intensity of peak at
332 nm stops increasing and intensity 365 nm stops declining. It’s confirmed hypothesis
that Fe and BC form a 1:1 ratio complex.
Bacitracin titration to 100uM Fe in DMSO
0.5
100uM Fe
100uM Fe+ Bc eq 0.1
100uM Fe+ Bc eq 0.2
100uM Fe+ Bc eq 0.3
100uM Fe+ Bc eq 0.4
100uM Fe+ Bc eq 0.5
100uM Fe+ Bc eq 0.6
100uM Fe+ Bc eq 0.7
100uM Fe+ Bc eq 0.8
100uM Fe+ Bc eq 0.9
100uM Fe+ Bc eq 1.0
100uM Fe+ Bc eq 2.0
100uM Fe+ Bc eq 4.0

0.4
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0.3
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0.1

0.0
300
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Figure 4.7 BC titration into 0.1 mM Fe DMSO solution
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After confirming the stoichiometry between Fe(III) and BC, structures of ligands
binding with this metallopeptides are investigated. Catechol (CAT), 3,5-di-tertbutylcatechol (DTBC) and 4,5-dichlorocatechol (DCC) are used as model ligands to
build study model. Catechol structure on the C-ring is the binding site of flavonoids with
Fe(III)-BC complex. Figure 4.7 proves the formation of Fe-BC-CAT ternary complexes.
In Figure 4.7, solvent of all complexes and solution are water, and concentration are 0.1
mM. Fe and CAT solution don’t show any well-defined peak. When one equivalent of
CAT binds to free Fe3+ ions, two clear absorptions show at 445 and 725 nm (Figure 4.8,
red line). The low-energy band near 800 nm is characteristic of catecholate-Fe(III)
charge transfer transition. In Fe-BC-CAT complex spectra, the 445 nm band
disappears, and the band 725 shifts to 715 nm (Figure 4.8, blue line). This clear spectral
difference proves the formation of Fe-BC-CAT complex. Qualitative observation also
proves the formation of a blue Fe-BC-CAT complex. Similar to CAT, two clear
absorptions appear at 430 and 720 nm after adding one equivalent of DCC into free
Fe3+ ions solution (Figure 4.9, green line). Fe-BC-DCC complex shows a totally different
structural information when comparing with Fe-DCC complex. In UV-Vis spectrum of
Fe-BC-DCC complex, the 430 nm band disappears, and the band 720 shifts to 680 nm
(Figure 4.9, purple line). Another ligand, DTBC are also shows similar result as DCC.
The UV-Vis spectra of Fe-DTBC shows a distinguished band at 379 nm (Figure 4.9,
blue line). This band can come from the formation of the oxidized product quinone. The
oxidation can also be proved by the decrease of 439 nm peak. In summary, CAT, DCC
and DTBC all form 1:1 complexes with Fe-BC. All their UV-Vis spectra show a signature
broad absorption at 520-800 nm due to ligand to metal charge transfer (LMCT)
63

transition of the newly formed chelate ring. The UV-Vis spectra of Fe-BC-catechol
derivatives complexes proves the ternary complexes formation. The intense absorption
bands are assigned as catecholate-Fe(III) charge transfer transition and the spectral
shifts observed as the catecholate is varied. The complexes formation and the possible
oxidation process will be further characterized with RR experiments.
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Figure 4.8 UV-Vis Spectra of 0.1 mM Fe-CAT(red) and 0.1 mM Fe-BC-CAT(blue) in H2O
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Figure 4.9 UV-Vis Spectra of 0.1 mM Fe-DCC (green), 0.1 mM Fe-BC-DCC(purple), 0.1 mM Fe-DTBC (blue), 0.1 mM
Fe-BC- DTBC(red) in H2O
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4.4.2. Complex Formation Study by RR
The range of maximum absorption of observed for series complexes allows both
those complexes to be probed by the laser for excitation in RR experiments. To
compare the structure difference of Fe-catecholate and Fe-BC-catecholate, only bands
around 520-800 nm will be excited in RR. The excitation wavelength of 647 nm is in the
range of the charge-transfer transitions of catecholate-Fe-BC complexes and
catecholate-Fe-complexes. The vibration modes associated with the charge-transfertransition will be enhanced and emphasized in RR.
Figure 4.10 demonstrates the RR spectra of 3 mM Fe-CAT (blue) and 3 mM FeBC-CAT(red) in methanol. The peak assignments of those two spectra are listed in
Table 4.2. For both spectra, the peaks in the 1200-1500 cm-1 region are associated with
ring deformation modes, the 1250 cm-1 peak is assigned to the catecholate C-O stretch.
The peak around 600 cm-1 represents skeletal modes of ortho-disubstituted benzenes,
and it’s tightly associated with metal-ligand vibration. Peak around 530 cm-1 is assigned
to a chelate ring between CAT and Fe. In Fe-CAT and Fe-BC-CAT spectra, both peak
location and intensity are different of those signature peaks. It demonstrates the

Relative Raman Intensity

structure difference of those two complexes.

Fe-CAT
Fe-BC-CAT

300

800
1300
Raman Shift (cm-1)
Figure 4.10 RR Spectra of 3 mM Fe-CAT (blue) and 0.1 mM Fe-BC-CAT (red)
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We are expending the study of complexes formation of DCC and DTBC. Table
4.3 shows the RR spectra of Fe-BC-catecholates and Fe-catecholates in different
solvents. When comparing the DCC and DTBC as ligands in methanol, complex
structure difference can’t be monitored by RR. When HEPES buffer added into the
complex solution, the spetral differences of catecholate C-O stretch, skeletal modes of
ortho-disubstituted benzenes and chelate ring can be observed. HEPES buffer is used
to assist deprotonation of the catecholates. and more complexes form to give stronger
RR signal of those bands.
Table 4.2 Main Raman peaks and their respective assignments of Fe-CAT and Fe-BC-CAT
Raman Shift (cm-1)

Peak Assignments

Fe-CAT

Fe-BC-CAT

Chelate vibration

530

526

Skeletal modes of ortho-disubstituted
Benzenes
C-H Bend

622

622

1152

1147

C-O Stretch

1235

1252

Skeletal modes of ortho-disubstituted
benzenes
C-C Stretch

1302
1450

1450

C-C Stretch

1570

1570

Table 4.3 Main Raman peaks and their respective assignments of Fe-substrates and Fe-BC-substrates in different
solvents

Fe-CAT

Fe-BC-CAT

530

526

622

622

1152

1147

C-O Stretch
Skeletal modes of
ortho-disubstituted
benzenes
C-C Stretch

1235

1252

1450

1450

C-C Stretch

1570

1570

Chelate vibration
Skeletal modes of
ortho-disubstituted
Benzenes
C-H Bend

Raman Peak (cm-1) in Methonal and HEPES Buffer (90/10,
v/v)

Raman Peak (cm-1) in Methonal

Peak Assignments

Fe-DCC

Fe-BC-DCC

Fe-DCC

Fe-BC-DCC

Fe-DTBC

Fe-BC-DTBC

553

553

Fe-DTBC Fe-BC-DTBC
506

506

558

552

581

578

603

675

674

680

676

675

680

680

830

830

833

834

828

828

831

831

1103

1103

1102

1101

1101

1101

1254

1254

1254

1254

1254

1254

1249

1253

1305

1314

1308

1309

1306

1318

1310

1313

1451

1470

1473

1468

1447

1451

1447

1446

1302
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4.4.3. Quercetin Binding Toward Fe(III)-BC Complex
As we discussed in the introduction of this chapter, flavonoids were reported to
have multiple health benefits due to their antioxidant property. The antioxidant property
is closely related to its chemical structure. The catechol structure in B-ring, the 2,3double bond in C-ring, and 3- OH and 5-OH groups in the A-ring are the chemical
structure contributes for flavonoid high antioxidant activity. Quercetin belongs to main
group flavonols in flavonoid family. Quercetin’s unique structure in Figure 4.11 (A) gives
it strong reactivity. In this section, quercetin is used as ligands to test complex formation
of flavonoid-Fe-BC.
In the UV-Vis spectra, Fe-QUC and Fe-BC-QUC shows distinguished spectra.
Fe-QUC shows bands at 462 nm and 683 nm. On the other hand, Fe-BC-QUC shows
bands at 435 nm and a broadening band from 500-800 nm. This proves the difference
complexes formation with or without BC. To further confirm this structural difference, RR
experiments were operated towards Fe-QUC and Fe-BC-QUC. The UV-Vis spectra also
confirm that the catechol moiety on the C ring is binding with Fe center. The catechol
moiety will be further oxidized to o-quinone according to the literature.

Figure 4.11 Quercetin structure (A) and UV-Vis Spectra (B) 0.2 mM Fe-QUC (red) and 0.2 mM Fe-BC-QUC (blue) in
H2O
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Figure 4.12 shows the RR spectra of Fe-QUC and Fe-BC-QUC and Table 4.4
demonstrates the peak assignment for both spectra. In Fe-BC-QUC, the 1520 cm-1
disappears due to the structural change. However, all the other peaks are not shifted.
More RR experiment should be considered to confirm this structural change.
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Figure 4.12 RR Spectra of 1 mM Fe-QUC (blue) and 1 mM Fe-BC-QUC (red) in H2O
Table 4.4 Comparison of selected RR bands of Fe-QUC and Fe-BC-QUC, and their peak assignments
Raman Peak (cm-1)

Peak Assignments
Fe-QUC

Fe-BC-QUC

ν (C-ring)

1360

1360 Weaken

δC5, 7-OH), δ(CH(A)) δ(C5–OH)

1417

1417

ν (B-ring)

1520

ν (C=O), A-ring CH and C-OH inplane deformations
ν (C=O)

1548

1548 Enhanced

1593

1604 shoulder

4.4.4. Catechin and Epi-catechin Binding Toward Fe(III)-BC Complex
Catechin (CT) and epi-catechin(ECT) are also part of the chemical family of
flavonoid. In Figure 4.13 and Figure 4.14, both UV-vis and RR spectra can’t clearly
prove the structure difference when CT or ECT binding with Fe or Fe-BC complex. It’s
because the high similarity of their configurations. However, the binding between Fe to
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CT and ECT can be confirmed due to 600-800 nm absorption from the catecholateFe(III) charge transfer transition.
UV-vis Fe-BC-Catechin / Epicatehin
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0.15

Fe-BC-CT
0.1

Fe-ECT
Fe-BC-ECT
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0
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600

650
700
Wavelength (nm)

750

800

Figure 4.13 UV-Vis Spectra of 0.2 mM Fe-CT (blue), 0.2 mM Fe-BC-CT (red), 0.2 mM Fe-ECT(green) and 0.2 mM
Fe-BC-ECT(purple) in H2O
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Figure 4.14 RR Spectra of 1 mM Fe-CT (blue), 1 mM Fe-BC-CT (red), 1 mM Fe-ECT(green) and 1 mM Fe-BCECT(purple) in H2O

4.5 Conclusion
A series of Fe-BC-catecholate complexes has been synthesized for analysis of
structure and function of the active site of metallo-antibiotic. Resonance Raman and
UV-Vis spectra were collected for Fe complexes and Fe-BC complexes with catecholate
substrate, such as catechol, 5-di-tert-butylcatechol (DTBC) and 4,5dichlorocatechol(DCC). The resonance Raman and UV-Vis spectra defined the
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structure of ternary oxidation intermediate Fe-BC-catecholate. In the UV-Vis spectra,
DTBC was converted to quinone. The resonance Raman spectra were further defined
based on literature. The resonance Raman study model for mellaoantibiotics/
mellatopeptide has been built up based on this study. This resonance Raman study
model has applied to define the chemical interactions flavanols and Fe-BC. This study
would give a great insight into the structural-activity relationship of metallo-antibiotic
complex with potential natural substrates.
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CHAPTER FIVE: APPLICATION OF RAMAN SPECTROSCOPY IN MATERIAL
ANALYSIS

5.1 Raman Study of Regioregular Poly(3-hexylthiophene) Films
Note to the Reader:
This research has been previously published as ‘The impact of inverse
photoemission spectroscopy measurements on regioregular poly(3-hexylthiophene)
films’ on Applied Physics Letter (2014, Volume 104). Authors are Zhi Li, Siqi Sun, Xiao
Li and Rudy Schlaf. Siqi Sun and Dr. Xiao Li designed the experimental research for the
Raman experiments; Siqi Sun performed research, analyzed data and wrote the initial
draft, and Dr. Xiao Li improvised the draft.
5.1.1 Introduction
Conjugated polymers have promising applications in low-cost photovoltaic
systems.1 The device performance is often governed by the orbital line-up at the
interfaces between the constituting materials.2 The energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of those
polymers in the active layer determine the orbital line-up.3 Therefore, understanding of
the orbital line-up, as well as the characterization of HOMO and LUMO, are important to
clarify the structure-property relationship in the conjugated polymers thin ﬁlms and to
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make use of these thin ﬁlms as active layers in various optoelectronic devices. The
characterization of HOMO is usually done by ultra-violet photoemission spectroscopy
(UPS).4 And the characterization of LUMO can be achieved by inverse photoemission
spectroscopy (IPES).5 When a typical IPES measurement is performed, the surface of
the targeted polymer ﬁlm is exposed to a ﬂux of monoenergetic electrons. Photons are
emitted into unoccupied states of the sample. This process has a low photon emission
cross-section, as a result, long measurement times and/or high electron ﬂuxes are
required for successful measurements. Hence, a major concern using IPES to
characterize conjugated polymer thin films is the electron beam induced sample
degradation.6
Raman spectroscopy is a simple, widely used technique to study vibrational
modes of molecules and provide an important insight into the fundamental structureproperty relationships of materials. In particular, surface-enhanced Raman
spectroscopy (SERS) provides a basis to study vibrational modes of molecules down to
the single molecular level. Compare to aforementioned IPES, Raman spectroscopy is a
nondestructive technique, and can be used to monitor the configuration and
conformation changes of molecules before and after performing analytical
measurements which can induce sample degradation. Studies of conjugated polymeric
materials with Raman spectroscopy are usually performed in non-resonant conditions to
avoid direct electronic excitation, which can produce strong ﬂuorescence background
and therefore may cover weak Raman signals. However, Raman spectroscopy in
resonant condition has the potential of providing deeper insight into the understanding
of molecular structures. By selectively picking the excitation energy, the ﬂuorescence
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background can be shifted away from the vibrational energy range, and weak Raman
signals can be enhanced signiﬁcantly by resonant effect.
The regioregular poly(3-hexylthiophene) (P3HT) can exhibit a high degree of
orbital line-up. This high degree of orbital line-up can lead to an increase in absorption
at longer wavelength and a dramatic increase in charge carrier mobility as compared to
its disordered form.7 Therefore, understanding this line-up is important for the
development of novel materials with the goal to improve solar cell performance. With
the concern of sample degradation by applying IPES, Raman spectroscopy is
introduced to examine the effects of the electron flux on P3HT. The data suggest that
the chemical integrity of the P3HT molecules is mainly preserved, but a progressive
crystallization of the investigated sample is induced during IPES measurements.
5.1.2 Experimental
Commercially available regioregular poly(3-hexylthiophene) (rr-P3HT) was used
for the experiments (Sigma-Aldrich, MKBC-1480 model). All Raman experiments were
carried out using a confocal Raman microscopy (Horiba Scientific, LabRam model)
equipped with a notch Rayleigh rejection ﬁlter, a 600 grooves/mm diffraction grating and
a cooled CCD detector. For all experiments, an excitation wavelength of 514nm from an
Argon and Krypton laser (Coherent, Innova 70C series model) was applied with a power
of 28.0 mW. The exposure time was 1 s and the number of accumulations was 5. A 20×
objective was used throughout the experiments which yielded a spot diameter of less
than 5 µm on the sample. Raman spectra were measured in the frequency range from
200 to 2000 cm-1. Only the spectral regions of interest are shown in this chapter.
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5.1.3 Results and Discussion
As shown in Figure 5.1, the corresponding Raman spectra of the samples after
performing the IPES and PES measurements. The Raman spectrum of a pristine rrP3HT ﬁlm exhibits two characteristic in-plane ring skeleton modes at 1388 cm-1(C-C
intra-ring stretch mode) and 1459 cm-1 (symmetric C=C stretch mode).8 These modes
are sensitive to the π-electron delocalization and conjugation length of rr-P3HT ﬁlms.9
The presence of these modes for all samples indicates that the chemical structures of
these samples remained largely intact after the IPES measurements. However,
moderate changes were observed upon the IPES treatment. After 5 scans, the peak
position of the C-C mode shifted from 1388 cm-1 to a lower frequency of 1378 cm-1. The
frequency of C=C mode red shifted from 1459 to 1451 cm-1 after 5 scans and further to
1449 cm-1 after 10 scans. In addition, the full width at half maximum (FWHM) of the
C=C mode decreases signiﬁcantly from 56 cm-1 of the original ﬁlm to 47 cm-1 after 5
scans and to 43 cm-1 after 10 scans. The large red shift of both C=C mode and C-C
mode peak positions as well as the narrower FWHM of the C=C mode imply that more
ordered molecular structure of rr-P3HT appears in the ﬁlm.10 Similar results were also
reported on thermally annealed P3HT ﬁlms.11 This suggests that the IPES
measurements induce changes in the crystallization and morphology of the rr-P3HT
ﬁlms. These changes extend throughout the ﬁlm since the Raman spectroscopy probes
the entire thickness of the ﬁlms. This indicates that the introduced energy from the IPES
measurements must be transferred to deeper volumes of the ﬁlm via heat transfer from
the surface region.
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Figure 5.1 Raman spectra of pristine P3HT ﬁlm and after 1, 2, 3, 5, and 10 IPES scans

5.1.4 Conclusion
Raman study of regioregular P3HT films suggests that meaningful artifact-free
IPES measurements on conjugated polymers may be possible if the electron dose is
kept below 1017 electrons/cm2. It appears that the main changes induced by the electron
beam at this ﬂux level are mostly affecting the crystal structure of the ﬁlms, while
individual polymer strands remain mostly unaffected. This enables the measurement of
charge injection barriers. However, it needs to be kept in mind that once the structural
changes of the crystal structure become signiﬁcant, the HOMO energy does change,
which changes the orbital line-up.
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5.2 Raman study of Cu2ZnSnSe4 as Semiconductor Materials for Thin-film Solar
Cells
Note to the Reader:
This study has been previously published as’ Fabrication of Cu2ZnSnSe4 thinfilms by a two-stage (2SSS) process IEEE 39th photovoltaic specialists conference
2013. Authors are Yejiao Wang, Siqi Sun, Xiao Li, Chris Ferekides and Don Morel. Siqi
Sun and Dr. Xiao Li designed the Raman experiments; Siqi Sun performed research,
analyzed data and wrote the initial draft.
5.2.1 Introduction
As a quaternary semiconductor material, Copper zinc tin sulfide (CZTS) has
received increasing attention in solar cell application. One related materials to CZTS is
copper zinc tin selenide (CZTSe), which obtains the same I2-II-IV-VI4 structure as CZTS
but substitutes sulfide with selenide. CZTSe offers favorable electronic and optical
properties. It is well suited to be used as a thin-film solar cell absorber layer. Recent
improvements of CZTS and CZTSe materials have increased the thin film solar cell
efficiency to 12.6% in laboratory scale, but a lot of work is still needed before the
potential commercialization of CZTS thin film solar cells.
A two-stage method has always been used in the production of CZTSe materials.
The first stage is to prepare the precursors, normally at room temperature. The
precursors could be only metal precursors or all elements including selenium. Various
methods, such as thermal evaporation, electron beam evaporation, and sputtering, can
be applied in the first stage. The second stage is to form crystallization of desired
phases from the precursors, and the reaction process normally happens in this stage. In
the second stage, the precursors are heated in an atmosphere containing sources of
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selenium, and the desired phases could crystalize from the precursors. The
crystallization in this stage makes the most influential effect on the device performance.
A typical approach is to heat precursors to 500-600 °C in a H2S and N2 environment for
2-4 hours.
As a non-destructive analytical technique, Raman spectroscopy does not require
contact with the sample, which makes it ideal for characterize semiconductor materials.
Most semiconductor materials can be characterized by Raman spectroscopy. The
spectra of the samples can be analyzed and compare to known peak assignment for
structural identification and composition determination.
In the investigation of a two-stage thin-film growth process at different annealing
temperatures to make new copper zinc tin selenide (CZTSe) materials, Raman
spectroscopy has been applied to determine the impact of both precursor composition
(in stage one) and annealing temperature (in stage two) on the properties of CZTSe
films. Raman spectroscopy has also been used to identify secondary phases in CZTSe
absorbers. The newly developed two-stage process is proved to reduce the formation of
ZnSe and CuxSey and minize loss of Sn. The results show this two-stage process has a
better controlling of the formation of secondary phases.
5.2.2 Experimental
Raman spectra measurements were performed with a confocal Raman
Microscope (LabRam from Horiba Jovin Yvon) equipped with a notch Rayleigh rejection
ﬁlter, a 600 lines mm-1 diffraction grating and a cooled CCD detector. A wavelength of
514 nm Argon and Krypton laser (Coherent, Innova 70C series) was applied with a 40.0
mW power to the surfaces of four samples with similar metallic precursor composition,
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but different annealing temperature. With these experimental conditions, thermal effect
from the laser heating is neglected. The absorption coefficient of the films at the
wavelength of 514 nm has been determined to be about 6.2 ×104 cm-1, which means
the penetration depth of scattered light is supposed to be below 75 nm.
5.2.3 Results and Discussion
Four CZTSe thin-films fabricated with similar compositions, but different
annealing temperature, are shown in Table 5.1. Figure 5.2 shows the Raman spectra of
these four samples. The highest intensity Raman peaks proves the formation of CZTSe
quaternary compound. Minor presence of Cu2Se shows at 265 cm-1 in sample sample
145 and sample 164. In sample 164, 145, and 159, the shoulder band around 250cm-1
indicates the presence of ZnSe due to Zn-rich synthesis conditions. This band doesn’t
show in sample 178 with a higher annealing temperature. This may indicate implies the
higher annealing temperature inhibits ZnSe formation.
Table 5.1 Four selected samples with similar compositions but different annealing temperatures
Sample

Zn/Sn

Cu/(Zn+Sn)

Se/(Cu+Zn+Sn)

No.

Annealing
Temperature(°C)

145

1.15

1.01

1.16

360

164

1.22

0.95

1.09

420

159

1.09

0.99

1.17

480

178

1.16

0.91

1.23

510
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Figure 5.2 Raman spectra from the four samples, 145 (red), 159(green), 164 (purple) and 178 (blue) at different
annealing temperature

Another trial of CZTSe thin-films has been grown on top of Molybdenum (Mo)
coated soda-lime glass substrate at higher annealing temperature. CZTSe films shows
poor adhesion on the Mo/CZTSe interface. In order to investigate about this poor
adhesion issue, Raman scattering measurement have performed directly on the back of
CZTSe thin-film after mechanically removing the CZTSe absorber layer from the Mo
coated substrate. Figure 5.3 shows the spectra of sample 198 (annealing at 450 °C for
15 minutes) surface and Mo/CZTSe interface. From the Figure 5.3, major peaks at 78
cm-1, 172 cm-1, 194 cm-1, 232 cm-1, and 390 cm-1 can be identified clearly in the
spectrum of CZTSe. These clear and sharp peaks indicate that the majority of CZTSe
grain growth can be achieved in 15 minutes with minor SnSe and Cu2Se. At the
Mo/CZTSe interface, CZTSe peaks show lower intensities, and high intensity peaks are
250 cm-1 from ZnSe, and 168 cm-1 and 240 cm-1 from MoSe2. The formation of MoSe2

81

at the Mo/CZTSe interface may mainly cause CZTSe films peels from substrates.

Figure 5.3 Raman spectra of the surface and Mo/CZTSe interface of sample 198

Even the amount of MoSe2 are not enough for CZTSe films to peel off, the
presence of MoSe2 is well known to hurt the performances of Molybdenum back
contact. Annealing at 450 °C for 15 minutes resulted in CZTSe thin-film peeling from
substrate, and it implies that there is a major amount of MoSe2 formed at the Mo/CZTSe
interface. And this suggests us to lower the annealing temperature and time even
further.
5.2.4 Conclusion
Raman spectra are utilized to study the component and structure of CZTSe films
with different synthesis process. By analysis the Raman peak of impurity, film syethesis
method has further improved. The interaction between CZTSe films and substrates has
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also investigated. The formation of MoSe2 on the Mo/CZTSe interface has been proven
to be obstacle of CZTSe films attaching on Mo coated substrate.
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