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ABSTRACT

USE OF GOLD NANOPARTICLE CONTAINING POLY (ALLYLAMINE
HYDROCHLORIDE)/ POLY (ACRYLIC ACID) MULTILAYER FILMS AS
SERS SUBSTRATES

Kolemen, Birsu

M.S., Department of Chemistry
Supervisor: Assoc. Prof. Dr. Giilay Ertas
Co-supervisor: Assist. Prof. Dr. Irem Erel Goktepe

March 2015, 59 pages

Surface-enhanced Raman spectroscopy (SERS) is a surface sensitive vibrational
spectroscopy technique that results in the enhancement of Raman scattering by
molecules adsorbed on rough metal surfaces. It is a powerful, sensitive and non-
destructive technique which is used in chemical, material and life sciences including
biosensing, catalysis, spectroelectrochemistry, criminology, single molecule SERS
applications and many others. Nanoparticle (NP) embedded multilayer films using
Layer by Layer (LbL) technique is one of the types of SERS substrates that have
unique properties. Herein, pH-controllable exponentially grown (rougher) and linear
grown  (smoother)  (Poly(allylamine  hydrochloride)/Poly(acrylic  acid))
polyelectrolyte-NP multilayer film systems were studied for sensing benzenethiol
(BT) molecule (up to 107M). The effects of number of polyelectrolyte layers and
deposition times of gold (Au) NPs on SERS signals were studied and the
enhancements in Raman signals are similar for all the studied systems.
Characterizations of these surfaces are made by UV-vis Spectrometer, Zeta sizer,

Atomic Force Microscope (AFM) and Raman Spectrometer.



Keywords: Surface-enhanced Raman spectroscopy, Layer-by-Layer technique,

SERS substrate, pH-controllable polyelectrolyte.
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ALTIN NANOPARCACIK ICEREN POLI (ALLILAMIN HIDROKLORUR)/
POLI (AKRILIK ASIT) COK KATMANLI FILMLERIN YGRS ALTTASI
OLARAK KULLANILMASI

Kolemen, Birsu

Yiiksek Lisans, Kimya Bolimii
Tez Yoneticisi: Dog.Dr. Giilay Ertas
Ortak Tez Yoneticisi: Yrd. Dog.Dr. Irem Erel Goktepe

Mart 2015, 59 sayfa

Yiizeyde-giiglendirilmis Raman spektroskopisi (YGRS) yiizeye hassas titresimsel
spektroskopi teknigi olup piiriizlii metal yiizeye tutunan molekiillerin Raman
sa¢ilmalarin1 arttirmayla sonuglanir. Kimya, malzeme ve canli bilimlerinde
(biyosensor, kataliz, spektroelektrokimya, kriminoloji, tek molekiil YGRS vb.)
kullanilan giiclii, hassas ve zararsiz bir tekniktir. Katman katman kaplama teknigi
(KKK) kullanilarak hazirlanan nanopargacik (NP) gomiilii ¢ok katmanli filmler
ozgilin oOzelliklere sahip bir ¢esit YGRS alttasidirlar. pH kontrollii iissel biiyliyen
(daha piiriizlii) ve lineer biiyiiyen (daha diiz) (Poli(allilamin hidrokloriir)/Poli(akrilik
asit)) polielektrolit-nanopargacik ¢ok katmanli film sistemleri ile benzentiyol
molekiiliiniin 10"M’a kadar kantitatif olarak Raman sinyallerinin 6lgiilebilecegi
gosterildi. Bu sistemler i¢in, YGRS sinyallerine, polielektrolit katman sayisi etkisi
ve altin (Au) NP kaplama siiresi etkisi incelenmis ve galisilan filmlerde benzer
sinyal artiglar1 hesaplanmistir. Bu sistemler, UV-goriiniir Bolge Spektrometresi,
Zetasizer, Atomik Kuvvet Mikroskobu (AKM) ve Raman Spektrometresi ile
karakterize edilmistir.
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CHAPTER 1

INTRODUCTION

1.1 Raman Spectroscopy

When a radiation strikes a surface, it can interact with the atoms and/or molecules in
various ways. These particles (atoms/molecules) can absorb (UV and IR light) or
scatter the incoming light.' When light is scattered from a molecule, the scattered
photons have the same energy as the incident photon mostly (elastically scattered
radiation or Rayleigh scattering). However, small fraction of the scattered radiation
have different energy (or wavelength) compared to incident radiation, which causes
wavelength shift depending on the chemical structure of the molecule. This inelastic
scattering is called Raman scattering as it was discovered by C. V. Raman in 1928.

Raman shift is basically the energy difference between the incident and scattered
light as shown by the equation below;

AE = (l/kincident) = (1/ }Mscattered)

where AE is the Raman shift in cm™, Aincicent is the wavelength of incoming light in

centimeters and Ascattered 1S the wavelength of scattered light in centimeters.?
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Figure 1. Elastic (Rayleigh) and inelastic (Raman) scattering. Energy levels of scattering

processes (a), Raman and Rayleigh spectra (b).

Raman scattering is mainly divided into two sub-groups, which are Stokes and anti-
Stokes scattering. When the scattered radiation is at lower frequency than the
excitation radiation, it is called Stokes scattering. In other words, in the case of
Stokes scattering molecule is excited from its lower vibrational energy level (V = 0)
and relaxes back to higher energy levels at its ground state (V=1) as shown in Figure
1. In anti-Stokes Raman, the scattered radiation is at a higher frequency than the
source radiation. This time, excitation occurs from the higher energy levels followed
by relaxation to lowest energy level (V=0) as shown in Figure 1. Since more
molecules are found in the lowest energy level of ground state (V=0) than the higher
energy levels, the intensity of anti-Stokes line is lower than the intensity of Stokes

line. Thus, Stokes scattering is mostly measured in Raman spectroscopy.®*

1.1.1 Raman Selection Rules

Raman scattering and infrared absorption are both results from the quantized
vibrational changes and their spectra resemble to each other with intensity
differences. In contrast to IR spectroscopy, Raman spectra of aqueous samples can

be obtained without having water interference. Additionally, glass substrate can be



used because it is also Raman inactive. These two complementary techniques differ
from each other by selection rules, which make some molecules IR-active and the
other ones Raman-active. For a molecule to be IR-active there must be a net dipole
moment change during vibration motions. For instances, asymmetric stretching of
CO; has net dipole moment, which is the result of strong band in the IR spectrum of
CO, at 2350 cm™. On the other hand, symmetric stretching of the same molecule is

not IR-active due to the lack of permanent dipole.”

For a molecule to be Raman-active, the polarizability of the molecule must change
during the vibration motions. It is a momentary distortion of electrons (temporarily
polarized), which creates an induced dipole that disappears upon relaxation. Thus, in
contrast to IR, symmetric stretching of CO, is Raman active because of change in its

polarizability by incoming radiation.?

Raman spectroscopy offers easy/simple instrumentation with a fast measurement
time. It is a non-destructive technique. Furthermore, water has low Raman scattering
which enables measurement of aqueous samples.*®’ Despites its advantages, it has
smaller cross section (102°-10°2 cm?) compared to fluorescence (10 cm?).5° The
low intensity of Raman spectra, low intensity of excitation sources and the
sensitivity of the detector have blocked the applications of Raman spectrometry for
many years. The discovery of surface enhanced Raman scattering brings a new
sight to Raman scattering by increasing its sensitivity, which becomes useful in

many research areas.*!
1.2 Surface Enhanced Raman Spectroscopy (SERS)

SERS is quite useful for the analysis or detection of various analytes at very low
concentrations (~107 M and less) as a result of enhanced signals, which have low
sensitivity in Raman signals. First example of SERS was performed by Fleischmann
et al. in 1974 for the analysis of pyridine, which adsorbed onto a roughened silver
electrode. The Raman intensity of pyridine was enhanced by 10°-10° factors. At that
time, it was thought that the large surface area on the roughened metal caused that
enhancement because there was more space on the surface for more pyridine

13
l.

molecules to adsorb.*? Additionally, Van Duyne et al.** and Creighton et al.* found

out that there should be some enhancement mechanism behind this dramatic



increase in Raman signal. These mechanisms will be discussed in detail in the
following sections. Besides, the molecules having lone pair of electrons and
n—electron clouds (double bond) have strong SERS because of the strong
electromagnetic field due to the oscillations of electrons. These molecules are
aromatic compounds having nitrogen and oxygen group and carboxylic acids.™
Although SERS is a very powerful surface technique and has many applications, it
has few drawbacks. Firstly, the enhancement is limited to metal substrates such as
Ag, Au and Cu which have extinctions (absorption and scattering) at visible and
near IR regions where Raman measurements mostly occur. Ag and Au are more
commonly used than Cu because they have better air stability.*® Secondly, the
enhancement mechanisms behind SERS are not fully understood. Last but not least,

it is difficult to produce a perfect substrate that satisfies all the needs.*’

1.2.1 SERS Enhancement Mechanisms

Typically there are two suggested enhancement mechanisms, which are
electromagnetic (primary) enhancement and chemical enhancement. The first one is
caused by the surface plasmon resonance generated on the roughened metal surface

and the second one is the result of the analyte chemisorption on a substrate.*®

1.2.1.1 Electromagnetic Mechanism (EM)

The electromagnetic enhancement of Raman scattering is directly related with
surface plasmons (electromagnetic waves), which are generated by valence electron
oscillations of metal at metal-dielectric interface. If these surface plasmons are
confined into nanosized metal structures, they are called as localized surface
plasmons (LSPs) and their excitation is mostly utilized in SERS.*?' Localized
surface plasmon resonance (LSPR) is the excitation of surface plasmons by the
incoming radiation. Upon irradiation of metallic clusters at their LSPRs, the
adsorbed molecules on particular metallic structures, which are close to the surface
are affected from the resulting electromagnetic field that causes polarization of the
molecule. This polarization leads to a new plasmon surface field which couples with
Raman scattered photon. Hence, the intensity of Raman signals increases.>** The
EM neither depends on the nanoparticle-molecule interactions on the surface nor

adsorption type of the molecule. It is related with the distance between the molecule



and the nanoparticle and the size of the nanoparticles. Very small nanoparticles (2
nm) do not exhibit Raman signal enhancement.*>?*?* Electromagnetic enhancements
(in log scale) of dimer versus isolated single Ag nanoparticles (NP) were compared
in Figure 2.2° It shows that single nanoparticles do not contribute very much to the
signal enhancement, whereas at highly localized regions (hot spots) in the junctions
between two particles, very high enhancement factors emerge. A very close spacing
between nanoparticles (hot spots) is favorable for large enhancements. When
Raman-active molecules are between these hot spots, their Raman signals increase
dramatically with an enhancement factor of 10°-10™. Silver nanoparticles are
plasmonically more active than gold nanoparticles. However, gold nanoparticles (Au
NPs) are more inert than silver nanoparticles. Hence, the choice of the convenient
metallic nanoparticle depends on the type of analysis that is going to be performed
by SERS.?® Besides, aggregation of nanoparticles affects the enhancement in Raman
signals. For instance enhancement in Raman signal of benzenethiol molecule differs
from each other with respect to the aggregated Au colloids with different diameters.
46 nm particles give larger enhancements than either 146 nm or 21 nm particles.?’
Moreover, many researchers have reported that anions can enhance Raman
scattering by the anion induced aggregation of metal nanoparticles. Nie and co-
workers have reported that the addition of chloride ions to silver colloid allows
single molecule detection of Rhodamine 6G (R6G) by increasing electromagnetic
field. Nie and co-workers also studied the relationship between excitation
wavelength and nanoparticle size. They used 488, 568, 647 nm laser lines to excite
LSPR of silver nanoparticles at different sizes (7 nm, 140 nm, and 190-200 nm) and
concluded that size of the nanoparticles are related with the excitation wavelength as
a result of the different intensities of SERS signals. Thus, enhancement from the
nanoparticles depends on the excitation wavelength because of the different LSPR
values of different sized nanoparticles. As the size of nanoparticles increases,

electromagnetic enhancement increases to a certain limit.?"2



Figure 2. Electromagnetic enhancement factors (in log scale) of dimers (left and middle)
and isolated single (right) silver nanoparticles. Copyright © 2000, American Physical
Society. Reprinted with permission from ref (25).°

1.2.1.2 Chemical Mechanism (CM)

The chemical enhancement is due to a charge transfer between the metal and the
adsorbed molecule. It has less contribution than EM to the Raman signal because it
requires direct contact (at atomic levels) of the molecule and metal surface.?*** CM
contributes to the signal enhancement only 10 or 100. This small contribution
becomes effective in combination with EM enhancement by multiplication which is
totally 10°-10”. The enhancement factor (EF) is calculated using the following

formula:?*>%

EF = (IsersXCorp)/(loroXCsErs)
where; ORD: Ordinary Raman, I: Intensity, C: Concentration®*

The CM enhancement is not well understood but it provides important information
such as the mechanism of interaction with the nanoparticles and the orientation of
the adsorbate with respect to the surface. When there is a shift in SER spectrum
compared to the corresponding Raman spectrum, this is attributed to the chemical
enhancement mechanism.®* In some cases EM cannot justify the enhancement

mechanism but CM enhancement plays major role. For instance, the enhancement in



N, and CO signals are different from each other by 200 times.?* This difference is
due to CM because their polarizabilities are similar and EM is chemically non-
selective. Moreover, Campion et al. showed that 30 times enhancement of
pyromellitic dianhydride adsorbed on flattened Cu (111) surface caused by CM
because the electromagnetic contributions of the surface is small (flat surface) and

well-understood.*®

1.2.2 SERS Substrates

It is important in SERS to have versatile substrates. An effective substrate requires
some properties which are mainly high enhancement factor, inertness,
reproducibility of the signal from that surface, and ease of preparation. Researchers
have been trying to find out optimal SERS substrate for many years. Mostly
employed substrates are Ag, Au and Cu colloidal nanoparticles since they have
tunable LSPR values ranging from visible to near-IR regions and higher
electromagnetic enhancement compared to other metals which is shown in Figure
3.16
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Figure 3. Tunable LSPRs of Cu, Au and Ag NPs. Copyright © 2012, Elsevier. Reprinted
with permission from ref (16)."°

There have been various types of substrates used for SERS which are roughened (by

%6-39 colloidal nanoparticles with desired shapes

REDOX process) metal electrodes,
and sizes,***® and SERS active metal surfaces with controllable roughness and
thicknesses by lithographic (electron beam) techniques.’**°** Although, colloidal
nanoparticles are easily prepared and mostly applied, they usually aggregate after

analyte addition.?®>**%8 This avoids reproducibility of SER spectra. Therefore,



solid substrates (silicon wafer, glass, ITO coated glass etc...) with immobilized
nanoparticles are highly preferred to address this type of aggregation problem.*®
To that end, in order to fabricate solid substrate-nanoparticle assemblies, Langmuir

67-70

Blodgett®*® and Layer by Layer®” " techniques have been extensively used.

1.2.2.1 Fabrication Methods of SERS Substrates

Langmuir Blodgett (LB) Films: LB technique is used in the formation of one-
dimensional ordered monolayers on water surface which are then moved onto solid
substrates.”* LB film deposition scheme can be seen in Figure 4. There are four steps
in general. At first step, organic ligand is functionalized with alkyl chains for their
organization on air/water interface. Then, a small portion of organic ligand is
dispersed on nanoparticle (aqueous sub phase) surface. After that, an interfacial
coordination reaction happens between the nanoparticles in the aqueous sub phase
and the organic ligands at air/water interface. Lastly, the ultrathin coordination film
is transferred to a flat solid substrate by immersing the substrate to the aqueous sub
phase.”” The advantages of these technique are: formation of uniform ultra-thin
nanoparticle film with controllable individual layer thickness, controllable electrical
and optical properties of nanoparticle and large scale production of films with low
cost.”® Despite its advantages since LB films are defective and LB is not a simple
and not a versatile technique, layer by layer (LbL) film deposition technique

becoming more commonly used.”

Figure 4. Langmuir Blodgett Technique.

LbL films: After the pioneering studies of R. K. Iler” in which multi-layers of
oppositely charged microparticles were fabricated, Gero Decher and co-workers’®
introduced the formation of multilayer films using oppositely charged polymers
(polyelectrolyte (PE)). The LbL deposition of polyelectrolytes and inorganic
nanoparticles began very soon after the development of these films with the aim of

producing hybrid films with controllable optical, mechanical and electronic



features.”” LbL technique enables deposition at room temperature with various layer
thicknesses by controlling the parameters such as pH, amount of the salt,
concentration and molecular weight of polyelectrolyte and type of the solvent.
Various substrates such as glass, silicon wafers, quartz, and ITO coated glass can be
used for various applications. LbL ultrathin films are used in various applications
and areas such as biomaterials, optics, drug delivery systems, tissue regeneration,
dental materials and contact lenses. Multilayer films with nanoparticles are used in
fuel cells, photodetectors and water treatment devices.”® Layer by layer technique is
summarized in Figure 5.

In LbL technique a charged substrate is immersed into an oppositely charged
polyelectrolyte solution which neutralizes the surface charge and makes it reversely
charged and then the substrate is dipped into second polyelectrolyte solution which
neutralizes the surface charge again and then makes it oppositely charged. These
steps continue until desired thickness of multilayers is reached. Instead of
polyelectrolytes, other charged materials can be used in LbL film system. Although
the main driving force is electrostatic, there are also other forces such as Van der

Waals, hydrogen bonding, and charge transfer interaction used for LbL technique.®

. — . V i

Substrate Polycation Wash Polyanion Wash

Figure 5. Layer by Layer Technique.

1.3 Polyelectrolytes

Polyelectrolytes are charged polymer molecules that have ionizable groups when

dissolved in water. Natural polyelectrolytes are proteins, polysaccharides and DNA.



When polyelectrolytes are dissolved in water, they break into charged polymer
groups. Polyelectrolytes are divided into two groups which are strong and weak
based on their degree of ionization. According to the type of their charges, they are
called as polyanion, polycation, polyacids or polybases.®" Strong polyelectrolyte is
fully ionized (or charged) regardless of pH of the solution. Some examples of
synthetic strong polyelectrolytes are poly(styrenesulfonate)(PSS),
Poly(3,4ethylenedioxythiophene) (PEDOT), and poly(diallyldimethylammonium
chloride) (PDADMAC).?® A weak polyelectrolyte, by contrast, has pH-dependent
ionization (partially ionized) which depends on pK, or pKy values (at which half of
the ionizable groups are dissociated). Some examples of synthetic weak
polyelectrolytes are; polyethyleneimine (branched/linear)(PEI),
poly(aniline)(PANI), poly(L-lysine)(PLYYS), poly(L-glutamic acid),
polyamidoamine (PAMAM) poly(methacrylic acid) (PMMA).2% The most
common weak polyelectrolyte pair in PEM formation is poly(allyamine
hydrochloride) (PAH)/ poly (acrylic acid) (PAA). For instance, different
conformations (extended coil/flattened or random coil/loopy) can be obtained with
the use of PAH and PAA polyelectrolytes at different pHs and the thicknesses of
multilayers can be controlled. Articles which are related with pH-dependent LbL
formation suggest that strong polyelectrolytes have low thickness values (10A for a
bilayer) whereas weak polyelectrolytes have large thickness values as a result of
change in degrees of ionization values with respect to pH (80A for a bilayer) (as

shown in Figure 6).8%%

free COOH groups free COOH groups

Gio M
(a)PAH 6.5/PAA 6.5 (b) PAH 2.5/PAA 2.5 (c) PAH 7.5/PAA 3.5

- PAA

Figure 6. (PAH/PAA) LbL films at various pHs.
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pKa values of PAH and PAA are 8.8 and 6.5 respectively. However, the pK, of a
weak polyelectrolyte film is sensitive to its local ionic environment and can shift
notably from its solution value. For instance, pK, of PAA shifts to near 3.0 when
assembled into multilayer because of the complexation with positively charged
polybase favors dissociation of the polyacid PAA. A large shift in pK, for polybases

occurs when the solution pH is much different than the pK, of the polybase.**

When pHs of both PAH and PAA polyelectrolytes are 6.5 (Figure 6a), PAH and
PAA becomes fully charged like strong polyelectrolytes and this makes film
thickness thin as a result of effective ionic crosslinking of polyelectrolyte

multilayers (theoretically 10A for a bilayer).%

When pHs of both PAH and PAA are 2.5 (Figure 6b), PAA is only 20-30% ionized
and PAH is fully charged. Unbalanced ionization degrees of the polymers leave
many free carboxylic acid functional groups on PAA chain. For the neutralization of
adsorbed cationic binding site at PAH chain, PAA chain forms many loops and tails
because it has low anionic charge density. Very thin third layer of PAH is enough to
equilibrate the low charge of PAA such that the free carboxylic acid groups lie on
the previously adsorbed PAA layer diffuse into PAH outermost layer. This results in

intermediate film thickness (theoretically 40A for a bilayer).”

When pH of PAH is 7.5 and PAA is 3.5 (Figure 6c), the ionization degree of PAA is
very low and PAH is partially charged (less than fully ionized). The structure of the
film resembles to the one shown in Figure 6b for the first bilayer (loop and tail
structure) but it differs from it by the high ionization degree of PAA groups in PAH
solution at pH 7.5. As a result of this, the amount of adsorbed PAH increases which
causes thicker films (theoretically 80A for a bilayer)® with interpenetrated PAH
layers into PAA chains having loop and tails. This film will be investigated more in

the results and discussion part.8%

1.4 Nanoparticles

The term nano is derived from “nanos” which means dwarf in Greek and it is used
as denoting a factor of 10”° (one billionth). The nanoparticles (<100 nm in size) have
special properties such as; better electrical and heat conductivity, improved or

hindered aggregation, and enhanced catalytic activity compared to their bulk
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counterparts due to their large surface area and quantum size effect.®*®’ Different
shaped nanoparticles have many applications in biomedical areas such as diagnosis
and therapy of diseases (especially cancer), imaging, drug delivery and in SERS
because of their optical properties like surface plasmon resonance.” Various anti-
cancer drugs both kill healthy and non-healthy cells. In order to increase the
efficiency of these drugs, targeted nanoparticles can be used without giving harm to
the healthy cells.®®® Gold nanoparticles offer well-established surface
characteristics and simple chemistry for straightforward modifications. For example,
it is possible to conjugate targeting group drugs, DNA/RNA, smart polymers
(piezoelectric & thermoresponsive materials, shape memory alloys) and charged

molecules on the surface of gold nanoparticles (Figure 7).

Drug

A Targeting

Molecule

A}

% *
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Charged Molecules
or Polymers

A

Smart Polymers

Figure 7. Possible surface modifications of Au NPs.

Among various nanoparticle types, gold nanoparticles have appealing features such
as biocompatibility, non-cytotoxicity, chemically inertness and ease of
functionalization. After the first synthesis of colloidal gold by Michael Faraday in
1857, synthesis of gold nanoparticles has been improved and well-documented
with different size, shape and morphologies during the last decade. There are many
synthesis protocols for gold nanoparticles including physical (microwave
irradiation), chemical (reduction of HAuCl;) and biological (using fungi and
bacteria as nanofactories) methods. Chemical methods are the primary choices for
most biomedical applications.®>'% Besides gold nanoparticles, these well-known
107-110

strategies yield gold nanospheres, nanowires, nanorods and nanocages.

Designing strategies and controlling the shape and size of the gold nanoparticles

12



have great impact and importance on its physical properties. For instance, increase
in the particle size causes a red-shift (higher wavelength) in the absorption
spectrum.’™* Furthermore, changing shape of the particle to a nanorod pushes the

“absorption maximum” to near-IR region of the electromagnetic spectrum.*

1.4.1 Synthesis of Gold Nanopatrticles

In a typical synthetic procedure, chloroauric acid (HAUCI,) is reduced to Au® by
using some well-known reducing agents (e.g., sodium borohydride, sodium citrate
dihydrate etc.) while gold solution is boiling. In a well-established Turkevich
method,** sodium citrate is used as both reducing and capping agent. The color of
the solution changes from yellow to wine red, which indicates the formation of gold
nanoparticles. Murphy’s and El-Sayed’s procedures are the other well-established

113,114 \vith seed-

procedures for the synthesis of gold nanoparticles using Mie theory
mediated growth.*>*® The developments of Au NPs from the invention of electron
microscope (1932) to 2011 are shown in Figure 8. Improvements in chemistry and
physics (optics and microscopy) provide better control of nanoparticle properties

such as size and shape.™’
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Figure 8. Golden Timeline Copyright © 2013, American Physical Society. Reprinted with
permission from ref (117)."/
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1.5 Nanoparticle Embedded Polyelectrolyte Films

Due to the different properties of nanoparticles from their bulk counterparts,
nanoparticles can find applications in areas such as photoelectronics, magnetism,
catalysis and sensing.™®*?* For that reason, fixing nanoparticles on a solid surface
homogeneously is important and also challenging. Mixing of nanoparticles with
polymers mechanically is one of the simple fabrication methods but the films are not
very homogeneous and the process is generally not very reproducible. Another
technique is spin coating of polymer-nanoparticle mixture but it is difficult to form
very thin films using this method.**** New assembly techniques are necessary to
create advanced materials with outstanding properties for various applications.*”®
For that reason, Langmuir Blodgett (LB) films with controlled thicknesses and
organization of components (at molecular level) have been emerged. Additionally,
LB films have been used as organic conductors and diodes because LB technique
allows control of molecular distances and orientation of molecules which is an

important feature for electrical conductivity.'?

Another application of LB films is
using them as sensors. For instance, polypyrrole molecule is deposited on selected
surfaces by LB technique for the detection of ammonia.’*®

Besides LB films, layer by layer deposition allows fine control of the film properties
on various substrates by combining different species such as nanoparticles,

nanosheets, nanoshells, nanowires with polymers.’¥¥*3 Dai

et al. prepared a
nanoparticle containing polymer film surface in order to use it as catalyst and
antimicrobial coating. With this approach, a new way to prepare nanoparticles has
emerged; nanoparticles can be distributed infon the surface homogeneously and

polymers avoid the aggregation of nanoparticles.*

Jiang et al. investigated 4-
(dimethylamino)-pyridine (DMAP) stabilized Au NPs between oppositely-charged
polyelectrolyte (PAH/PSS) layers. The results show that stable thin films can be
obtained with controllable optical properties.”*® In a similar work, Au NPs and
polyelectrolytes were fabricated with spin-assisted LbL assembly with different
number of bilayers. Films have red-shifted plasmon resonances because of the
difference in local dielectric field as compared to nanoparticle solution. Tunable
plasmon resonances are beneficial for sensing applications.*® Another example for
LbL film preparation was using semiconductor NPs such as HgTe for

photoelectronic applications.**"**
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Figure 9. Number of SERS papers as a function of time. Copyright © 2012,Elsevier.
Reprinted with permission from ref (16).*°

1.6 Applications of SERS

SERS is mostly employed in catalysis, chemical analysis, electronics, sensors,
diagnostic & imaging, and biological systems. The number of publications related
with SERS is increasing in each year as shown in Figure 9.1° The reason behind this
is that SERS is an important tool for chemical and biological systems in order to
characterize trace amount of adsorbed species as in the case of sensor applications

without giving any harm to the species.*****°

1.6.1 PE-NP Films for SERS Applications

Nanoparticle embedded polyelectrolyte (LbL) films can also be used in SERS
applications. Although there are not many applications, these types of films are

important for SERS applications and are listed below.****®

Zeng et al.™*®

used triangular silver nanoparticles with a comparison of spherical
ones for their PDDA-NP self-assembled films as a SERS substrate for Rhodamine
6G (R6G) molecule. Silver triangle nanoparticles are interesting because of their
tunable surface plasmon resonance (SPR) values from visible to near infrared range
and the formation of hot spots at the triangular tips. According to electromagnetic
enhancement theory, triangular nanoparticles which have stronger absorbance than
spherical ones at the excitation wavelength should yield stronger enhancement in
SERS. 419180 However, SERS signal of R6G molecules from spherical

nanoparticles inside the film is larger than that of triangular ones indicated that there
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have to be other parameters affecting the enhancement mechanism. The fact is that,
the aggregation of spherical nanoparticles which is a leading factor for strong SERS

effect and it is more effective when spherical ones are used.”>'®!

The other example of SERS substrate was prepared by LbL PE-NP multilayer film
method. Abalde-Cela et al.">” was prepared exponentially grown LbL film having 30
bilayers of (PDADMAC/PAA) and then it was incorporated with Ag nanoparticles
for the detection of environmentally significant dioxins having detection limit of 10
8 M for the first time.
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Figure 10. LbL grown (PE/NP), film preparation with desired number of layers (a).
SER spectra of LbL grown PE/NP film with 1, 3,5, 7 and 11 layers (b). Copyright © 2005,

American Chemical Society. Reprinted with permission from ref (158)*%.

The other example is the study of Hu et al.*®

where gold nanorods were used with
PSS alternatively for the assembly of LbL multilayered films in order to probe 4-

aminothiophenol molecule (4-ATP). The preparation of LbL film (Fig. 10a) and
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SER spectra of different number of layers for the probe molecule (Fig. 10b) are
shown. As the number of nanorod layers increases, SERS signal of 4-ATP molecule

also increases.
1.7  Aim of the Study

In this study, the aim is to prepare two different kinds of SERS substrates which are
composed of oppositely charged polyelectrolytes incorporated with Au NPs. PAH
and PAA polyelectrolytes are chosen for the LbL growth. Since, they are weak
polyelectrolytes; the film growth can be controlled with pH. According to the
different thicknesses of the films at different pH values, they are classified as linear
or exponentially grown films. The effect of the type of polyelectrolyte films, Au NP
deposition times and layer number of polyelectrolytes on SERS signals of 1.0 x 10
M BT will be investigated. For the characterization of polyelectrolyte films; UV-vis
and AFM measurements will be performed.
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CHAPTER 2

EXPERIMENTAL PART

2.1 Materials

PAH (M,, = 58,000) (Cat. No: 283223) PAA (M, = 1,800) (Cat. No: 323667), gold
(111 chloride hydrate (99.999%)(Cat. No: 254169) and trisodium citrate dihydrate
(Cat. No: W302600) were purchased from Sigma-Aldrich. The structures of PAH
and PAA are given in Figure 11. Tris (hydroxymethyl) aminomethane hydrochloride
(Tris HCI) buffer was purchased from Scharlau. Benzenethiol was purchased from
SAFC. Ethanol was purchased from J.T. Baker. All chemicals were used as received

without any purification.

- HCI
NH,
n n

(a) (b)

Figure 11. Chemical structures of PAH (a) and PAA (b).

2.2 Polyelectrolyte Multilayer Formation: LbL Technique

Glass slides were soaked in concentrated sulfuric acid for 85 minutes and rinsed
with copious amount of distilled and deionized (DI) water (18MQ-cm Millipore
Milli-Q) and dried under nitrogen gas. After that the slides were soaked in 0.25 M
sodium hydroxide solution for 10 minutes and rinsed with copious amount of
distilled and deionized (DI) water (18MQ-cm Millipore Milli-Q) and dried under
nitrogen gas. 10 mM (according to repeating unit My) PAH solution with a pH of
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~5.0 was prepared in 10 mM Tris HCI buffer and 10 mM (according to repeating
unit My) PAA solution with a pH of ~4.0 was prepared in DI water. For linear
grown system, pH of PAH and PAA solution were adjusted to 6.5 by adding
sufficient amount of 0.1 or 1.0 M NaOH. For exponentially grown system, pH of
PAH solution was adjusted to 7.5 by adding 0.1 or 1.0 M NaOH and pH of PAA
solution was adjusted to 3.5 by adding 0.1 or 1.0 M HCI. Negatively charged glass
slides were dipped into first positively charged PAH solution, rinsed 2 times (each 1
minute) with 10mM Tris HCI buffer and dried under nitrogen gas. Tris HCI buffer
(working range pH: 7-9) was used instead of DI water because it is hard to adjust pH
of DI water to 7.5 for PAH solution. Then the slides were dipped into negatively
charged PAA solution for 10 minutes, rinsed 2 times (each 1 minute) with DI water
and dried under nitrogen gas. Schematic representation of adsorbed Au NPs on
(PAH/PAA), multilayer films can be seen in Fig. 12. Polyelectrolyte and rinsing
solutions were changed at every 3 bilayers (6 layers) and their pHs were controlled
and adjusted again with 0.1 and/or 1.0 M HCI or NaOH if necessary. LbL film
deposition continued until the desired number of layers was obtained. Multilayer

films having 9, 29, 39, 49 numbers of layers were prepared.

= PAH +

_ (1) +

+
PAA 1%
_ 2) t e
¥
3+ A
34 3+ GoldNPs [B+Q
R 5
+d 3+ +J
+ 24 +

Figure 12. Schematic representation of adsorbed Au NPs on (PAH/PAA), multilayer films.
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2.3 Synthesis of Au Nanoparticles

All glass wares were cleaned in 3.0 M nitric acid and rinsed with DI water.
Spherical gold nanoparticles having LSPR maximum at ~520 nm were synthesized
by Turkevich method.**?
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A stock solution of 5.0x10° M gold (111) chloride hydrate was prepared in DI water
and stored at dark. An intermediate gold standard solution with a 5.0 x 10* M was
prepared to synthesize Au NP. 1.0% (w/w) sodium citrate solution was prepared as a
reducing and capping agent. On a magnetic stirrer, gold solution was heated to boil.
5.0 mL of 1.0% (w/w) sodium citrate solution was added to the boiling solution and
after that the solution was stirred and heated 15 minutes more. The color of the
solution turned from pale yellow to ruby red which indicates the formation of gold
nanoparticles. The formation reaction of gold nanoparticles is shown as

follows; 62163

2HAUCI,+3CHgO7(Citric  acid) —>2Au+3CsHgOs(3-ketoglutaric  acid)+8HCI+
3CO,

2.4 Coating of Polyelectrolyte Films with Au NPs

Multilayers were dipped into 15.0 mL Au NP solution with 2, 6 or 12 hour
deposition times. After the Au NP deposition step, the films were rinsed with DI
water. Before SERS measurements, the prepared SERS substrates were dipped into

1.0x107° M benzenethiol solution for 2 hours.
2.5 Characterization Techniques

Ellipsometry: The LbL film growth of polyelectrolyte multilayers (up to 100 nm)
was followed by PHE-102 ellipsometer.

UV-vis Spectroscopy: For the LSPR measurements of Au nanoparticles, Varian Cary
100 Bio UV-Vis Spectrometer was used.

Dynamic Light Scattering (DLS) and Zeta Potential: Hydrodynamic size and zeta
potential of Au nanoparticles were measured using Malvern Zetasizer Nano-ZS.
Average hydrodynamic size of Au nanoparticles was acquired by DLS technique.
Zeta potential data were gathered from electrophoretic mobility values using

Smoluchowski approximation.

Atomic Force Microscopy (AFM): The roughness, thickness and 2D/3D images of
the multilayers with and without gold were measured using Veeco MultiMode V

instrument in tapping mode at METU Central Laboratory.
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Raman Spectroscopy: Horiba LABRAM Raman spectrometer at Chemistry
Department, Bilkent University was used to record the SER spectra of the analyte
molecules. The instrument calibration was checked with with silicon wafer before
each measurement. 632 nm He-Ne excitation laser operated at 2.50 mW power. Slit
size of 200 um and confocal hole size of 1100 um were used. Data were collected
using 50x objective (spot size ~1), 600 g/mm grating with a resolution of 2-3 cm™
with 25s acquisition time and each spectrum was taken 4 times and then averaged.
For SERS mapping, Bruker Senterra Raman spectrometer at Restoration
Department, METU was used with a 785 nm laser operated at 1 mW power and a
resolution of 9-10 cm™. 30x25 data points (total surface area: 120x88um 2) were
collected with lens using 5 s integration time and the signal on each point averaged
twice. The baseline is substracted from the Raman spectra using Origin program.
The same instrument with 100 s integration time and 2 accumulations was used to

get SER spectra for the prepared substrates without the probe molcule.
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CHAPTER 3

RESULTS AND DISCUSSION

In this part, characterization of spherical gold nanoparticles (Au NPs) and Au NP-
absorbed linear and exponentially grown multilayer films of (PAH/PAA), as SERS

substrates are discussed.
3.1 Characterization of Spherical Au NPs

Gold nanoparticles have characteristic optical properties in the visible region of the
electromagnetic spectrum because of localized surface plasmon resonances (LSPR)
of their free electrons.'®* The extinction spectra of Au nanospheres are calculated by
Mie theory and nanospheres which are smaller than 100 nm have LSPR peaks at the
green part of the visible region.'® Gold nanoparticles of diameter 3 nm and below
are too small to have a plasmon band.**’

In Fig. 13 LSPR band of gold nanoparticles synthesized in this study using
Turkevich Method at ca. 518 nm is shown. This method produces gold colloids with
a size of 20 nm + 2 nm. The size can be tuned by the amount of reductant (sodium
citrate) i.e. higher concentration of sodium citrate relative to gold chloride solution
produces smaller nanoparticles down to 12 nm and lower concentration of sodium
citrate relative to gold chloride solution produces larger nanoparticles up to 150
nm.®® For further demonstration of size distribution we performed DLS
measurement. The average size of Au NPs was found to be 11.9 + 0.6 nm (5% RSD,
averaged from 6 measurements). For the charge of Au NPs, Zeta potential
measurements were performed in which citrate capped Au NPs have -36.8 + 1.3 (4%
RSD, averaged from 6 measurements). These results are consistent with literature
values.’®"1%® Average hydrodynamic size distribution and zeta potential of gold
nanoparticles are given in Figs. 14 and 15, respectively.™?
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Figure 13. UV-Vis spectrum of Au NPs.
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Figure 14. Hydrodynamic size distributions of Au NPs by Dynamic Light Scattering
method for 6 measurements.
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Figure 15. Zeta potentials of Au NPs for 6 measurements.
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3.2 The Multilayer Films of (PAH/PAA),

Oppositely charged weak polyelectrolytes were deposited alternatively by
electrostatic interactions using LbL assembly method. Nanoscale control of the film
thickness depends on parameters such as the type and molecular weight of the
polyelectrolytes, pH and ionic strength.’®**"® Two systems with different growth
profiles were investigated throughout this study, i.e. linear and exponentially grown

multilayer films.

For pH 3.5/7.5 PAA/PAH multilayers (exponential growth), with PAA (pKy= 3.0),
has low ionization, whereas PAH (pK.= 8.8) is partially protonated.’” After the two
layers, deposited PAA becomes fully ionized in PAH solution at pH 7.5 (third
layer). Thus, large amount of PAH chains were attracted from the solution to pair up
with the previous PAA layer. As the amount of PAH chains is high the outermost
PAH layer becomes thick and covers the underlying PAA chains. Highly
interpenetrated multilayer structures with thick outmost layer are obtained.'’*!"™
Although exponential growth mechanism is not well-understood, there are some
mechanisms suggested to explain and understand the growth. Initially, it was stated
that increase in the film roughness should be responsible for such a behavior but
thicknesses up to micrometers cannot be explained only with roughness

phenomenon.”® Later, Elbert and co-workers'™

suggested that the exponential
growth is the result of the complexation of oppositely charged polyelectrolytes on
the film. For instance in one example, poly(L-lysine) (PLL) / hyaluronic acid (HA)
film formation was analyzed. It was observed that, PLL (polycation) diffuses “in”
and “out” of the film in the course of growth. Diffused out PLL chains form
complexes with polyanion HA at the outer layer of the film. Thus, the thickness of
the outmost layer is directly related with the amount of PLL chains which diffuse
out in the presence of HA. This build-up process was also studied by another group
in which fluorescent molecules were used in order further to clarify the
mechanism.!”® Fluorescent dye conjugated polyelectrolytes, which was monitored

via confocal laser scanning microscopy, clearly showed “in” and “out” diffusion

process.

For pH 6.5/6.5 PAA/PAH (linear growth) a zipped and smooth structure with

interpenetrated layers of neighboring polyelectrolytes is obtained as a result of fully
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charged polyelectrolyte pairs. Each polyelectrolyte deposition step over-
compensates the charge of the previous polyelectrolyte. """ Fig. 16 shows the
general chemical structure of aligned polyelectrolytes, consisting of a repeating
carbon backbone with amine (NHy/ NHs") and carboxyl (COOH/COQ") functional

groups for PAH and PAA respectively.*

PAA
COOH COOH COOH

COOH COO  COO

NH 5 NH NHs
NH NH., NH

PAH

Figure 16. Functional groups of PAH (pH= 6.5), PAA (pH= 4.0) polyelectrolytes.

3.3 Multilayer Growth

Growth of polyelectrolyte films was followed by ellipsometer, by measuring the
thicknesses of the film after each layer deposition. Layer growth of exponentially
grown (PAH/PAA), film is shown in Fig. 17. Note that the exponentially grown film
thickness reaches up to 100 nm for 12 layers (data not shown) as can be understood
from the exponential increase of the line. Due to the instrument limitations, the film

thickness upper than 100 nm could not be measured.
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Figure 17. Thickness values of the exponential grown (PAH/PAA), multilayer films..
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3.4 UV-vis Spectroscopy of Citrate Capped Au NPs on (PAH/PAA), Films
with Different Deposition Periods for Exponentially and Linear Grown

Systems

UV-vis spectra of absorbed Au NPs on (PAH/PAA), films with various deposition
periods were measured. A red shift is observed when Au NPs are absorbed into the
films compared to Au NPs in solution. Au NPs in the films have different dielectric
properties as a result of their strong interactions with polyelectrolyte layers and with
each other. These interactions are responsible for collective oscillations of electrons
and thus surface plasmon resonances (SPR) of Au NPs. A red shift of SPR is an
expected phenomenon when Au NPs approach to each other due to polyelectrolyte-
Au NP interactions. Furthermore, increasing the number of polyelectrolyte layers
causes a change in interactions of Au NPs with each other and polyelectrolyte layers
and causes change in Au NPs LSPR band with more red shift in SPR.**® Optical
properties of nanoparticles are sensitive to size, shape, concentration, agglomeration
and so on. Kelly et al. carried out a theoretical study and discussed the influence of
size, shape and dielectric environment on the optical properties of Ag NPs. They
have reported that SPR shifted to red when the shape of a spherical nanoparticle
became flattened or increased in size as a result of increased electromagnetic
effects.”®

Fig. 18a represents the absorbance of citrate capped Au NPs having 12 h deposition
time as a function of number of layers for exponentially grown films. Increasing n
from 9 to 29 resulted in increased plasmon resonance with a red shift in the
absorption peak. For other layers (n = 39 and 49) plasmon resonance of Au
nanoparticle can be also seen but n = 39 has a decrease in absorption. It may be
because of a defect on the surface of the film. For 6 h and 2 h Au NP deposition
times, absorbance of Au NPs (Figs. 18b and 18c) were lower (except n = 9) as

compared to 12 h deposition time.
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Figure 18. UV-vis absorption spectra of Au NPs absorbed on exponentially grown
(PAH/PAA), multilayer films with increasing number of layers (L). Deposition time of Au
NPs (a) 12h (b) 6 h (c) 2 h.
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Figure 19. UV-vis absorption spectra of Au NPs absorbed on linear grown (PAH/PAA),
multilayer films with increasing number of layers. Deposition time of Au NPs (a) 12h (b) 6
h (c) 2 h.
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UV-Vis spectra of Au NPs deposited on linear grown films with 12 h deposition
time were measured (Figure 19a). As the number of layer increases from 9 to 29, the
LSPR peak of Au NPs became narrower and the maxima of the peak increased. The
broader peak for n = 9 proves the greater size of Au NPs with a red shift of the
absorption maxima. The agglomeration of Au NPs can be seen from AFM images in
Fig. 26. For 6 h and 2 h deposition times (Figures 19b and 19c), absorption of Au
NPs decreases which is a result of the low coverage of the film with Au NPs.

3.5 AFM Measurements

3.5.1 AFM of Exponential System

First, 2D and 3D AFM images of (PAH/PAA), (n = 9,29) multilayers were studied
(Figs. 20 and 21). As seen in these figures, the surface roughness increased as the
number of layers deposited at the surface increased. Note that the roughness (Rz)
values were recorded from 25x25 pm? images. For n = 29 two scan sizes were given
for the better representation of loop-rich conformation of this layer. The reason for
increasing surface roughness can be explained by: i) increased surface area and
amount of deposited particles on the surface by increase in number of layers and /or
ii) loop and tail structure of exponential films as the number of layer increases.
Since the thickness and roughness values of (PAH/PAA),q are high to measure using

AFM, the layers higher than n = 29 were not characterized by AFM.

Ra=1.52 nm
. — 6O+
@ Thickness= 69+4 nm (b)

Figure 20. 2D (a) and 3D (b) images of (PAH/ PAA), exponential system without Au NPs.
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Ra=423 nm
Thickness= 1268 nm

(b)

Figure 21. 2D (a) and 3D (b) images of (PAH/ PAA), exponential system without Au
NPs. The loop and tail structure of (PAH/PAA), can be seen for both small (5x5um?) and
large (25x25um?) surface area.

We then analyzed the surface morphology of the films having Au NPs (Deposition
time=12 h) (Figs. 22 and 23). The roughness value of (PAH/PAA),s with Au NP was
lower than that of the (PAH/PAA), without Au NPs. This may be because Au NPs
fill the loose multilayer structure of the exponentially grown films resulting in lower
surface roughness. Similar phenomenon was not observed for 9L film. This is
probably due to stratified structure of the 9L film than that of 29L resulting in
absorption of Au NPs at the surface rather than absorption by the multilayer matrix
as observed in 29L films.
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Figure 22. 2D (a) and 3D (b) images of (PAH/ PAA), exponential system with Au NPs.

(@) (b)
| Ra=107 nm |

1: Height

Figure 23. 2D (a) and 3D (b) images of (PAH/ PAA), exponential system with Au NPs.
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3.5.2 AFM of Linear System

2D and 3D AFM images of (PAH/PAA), (n = 9, 29) were measured with and
without Au NPs (12 h deposition). Roughness and thickness values increased for
(PAH/PAA), multilayers as the number of polyelectrolyte layers increased (Figs. 24
and 25) but it is not much significant as compared to exponentially grown system
(Figs. 20 and 21).

@) Ra=0.93 nm
Thickness= 4 nm

(b)

Figure 24. 2D (a) and 3D (b) images of (PAH/PAA)q linear system without Au NPs.

(@) Ra= 1.82 nm (b)

Thickness= 40+4 nm

Figure 25. 2D (a) and 3D (b) images of (PAH/PAA), linear system without Au NPs.
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Moreover, the roughness values increased for both n = 9 and n = 29 (Figs. 26 and
27) with Au NPs which is similar to exponential 9L film (Fig. 22). 9L film follows a
different trend and this is also observed in UV-vis spectrum of linear grown 9L
which has it’s a broader absorbance peak with a red shift compared to other layers
(Fig. 19a). This difference is probably due to tightly packed aggregated Au NPs on

the surface which also causes higher SERS signals (discussed later).

@) | Ra=8.66 nm | (b)

Figure 26. 2D (a) and 3D (b) images of (PAH/PAA)q linear system with Au NPs.

(@ (b)

Figure 27. 2D (a) and 3D (b) images of (PAH/PAA), linear system with Au NPs.
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Linear grown films having 39 and 49 layers were also measured. Roughness and
thickness values increased as the number of layers increase for both without (Figs.
28 and 29) and with (Figs. 30 and 31) Au NP coated multilayer films.

Ra= 3.7 nm
(a) Thickness= 223=+5 nm (b)

Figure 28. 2D (a) and 3D (b) images of (PAH/PAA)zg linear system without Au NPs.

Ra= 8.8 nm

Thickness= 603+7 nm
(@) (b)

Figure 29. 2D (a) and 3D (b) images of (PAH/PAA) linear system without Au NPs.
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(a) (b)
| Ra=9.68 nm

100.0 nm

0.0 nm

Figure 30. 2D (a) and 3D (b) images of (PAH/PAA)zg linear system with Au NPs.

@) ‘ Ra=17.6 nm (b)

Figure 31. 2D (a) and 3D (b) images of (PAH/PAA), linear system with Au NPs.

3.6 SERS of Citrate Capped Au NPs Containing (PAH/PAA), Films with
Different Deposition Periods for Exponentially and Linear Grown
Systems

SER spectra of 1.0x10° M BT molecule on linear and exponentially grown films
with Au NPs were measured. The effects of the type of PE films (linear or
exponentially grown), the number of polyelectrolyte layers and depostion times of

Au NPs on SERS signals were investigated. SER spectrum of BT molecule showed
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characteristic vibrational features at Raman lines of 423 cm ™, 693 cm ™, 999 cm
1024 cm %, 1075 cm " and 1575 cm % These lines correspond to C-S stretching
mode, C-H out-of -plane deformation mode, C—-C-C in-plane ring-breathing mode,
in-plane C—H bending mode, in-plane ring-breathing mode coupled with the C-S

stretching mode and the C—C stretching mode bonds of the molecule, respectively.*®

For exponentially grown films, 12 h (Fig. 32a), 6 h (Fig. 32b), 2 h (Fig. 32c)
deposition periods of Au NPs were examined to investigate the effect of number of
layers on SERS signals of 1.0x10° M BT. For 12 h Au NP deposition, the SERS
signal increased as the number of layers increased from n = 9 to n = 29. As shown in
Fig. 18a, the absorbance of Au NPs increased from n = 9 to n = 29. As the number
of Au NPs increases, SERS signals also increase. However, in 2 and 6 h Au NP
deposition times, there is not a direct relationship between number of layers, SERS
intensity and deposition periods. Exponentially grown systems are reported to be
better SERS substrates because Au NPs can interact both with the last layer of the
multilayer film and the inside part of the film by the affinity of Au NPs to amine and
carboxylic acid groups of polyelectrolytes as a result of the loop-rich structure of the
film having high diffusivity. This can allow the assembly of probe molecules onto or
inside the film because of larger deposition of Au NPs inside and on the surface of
the film (hot spots).**’
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Figure 32. SER spectra of 1.0 x 10° M BT molecule on Au NP containing exponentially
grown (PAH/PAA), multilayer films with different Au-NP deposition times ((a) 12h (b) 6 h
(c) 2 h). Spectra are shifted vertically for clarity.

For linear grown system, 12 h, 6 h and 2 h deposition times of Au NPs were
examined to understand the effect of number of layers on SERS signals of 1.0x10
M BT (shown in Figs. 33 and 34). For 12 h and 6 h Au NPs deposition, there is a
10x increase in SERS signals of 1.0 x 10° M BT for (PAH/PAA)s multilayer film
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compared to other layers. This may be because of the formation of hot spots at the
Au NP agglomerates. As the deposition time of Au NPs increases, SERS signals
increase for 9L films. For the other layers, there are not significant increases in
SERS signals as a function of the deposition time of Au NPs.

— 9L

L

Intensity= 500

(a) 12 h

(b)6 h

(c)2h

500 1000 1500
Raman shift (cm )

Figure 33. SER spectra of 1.0 x 10° M BT molecule on Au NP containing linear grown
(PAH/PAA)y multilayer films with different Au-NP deposition times ((a) 12h (b) 6 h (c) 2
h). Spectra are shifted vertically for clarity.
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Figure 34. SER spectra of 1.0 x 10° M BT molecule on Au NP containing linear grown
(PAH/PAA), multilayer films with different Au-NP deposition times ((a) 12h (b) 6 h (c) 2
h). Spectra are shifted vertically for clarity.
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As can be seen from Fig. 35, the blank signals from linear (PAH/PAA),q film (blue)
or (PAH/PAA),g film coated with Au NPs (black) are negligible compared to SERS
signal from BT molecules on the surface of Au nanoparticles containing linear
(PAH/PAA),y film (red). These measurements were performed in order to show
there is no signal coming neither from polyelectrolyte multilayer nor polyelectrolyte
multilayer with Au NPs. For the other multilayer films prepared in this study, no
Raman signals were measured from multilayered films with and without Au NPs. A

peak near 1500 cm™ is due to glass emission.

1.0x10" 1
— (PAH/PAA)29 with Au NP without BT
,U-')\ 80X103 1| = (PAH/PAA)ZQ with Au NP and BT
g === (PAHIPAA),q only polymer
2 3
7 6.0x10° 1
C
g
£ 3
0 4.0x10
2
©
£ 2.0x10°
0.0 T
500 1000 1500
Raman shift (cm™)

Figure 35. SER of linear (PAH/PAA), film with 12h Au NP deposition (black), with Au
NP and BT molecule (red) and without Au NP and BT molecule (blue). All spectra were
taken using 785 nm laser. Spectra are shifted vertically for clarity.

3.6.1 Reproducibility of SERS Signals

SERS signals from different points of substrates for exponentially (Fig. 36) and
linear grown (PAH/PAA), films (Fig. 37) were taken and one of them is shown in
below for comparison of the signal reproducibility of linear and exponential

systems.
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Figure 36. SER spactra of 1.0 x 10° M BT on exponentially grown (PAH/PAA),, films
with 12h Au NP deposition.
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Figure 37. SER spactra of 1.0 x 10” BT on linear grown (PAH/PAA),, films with 12h Au
NP deposition.
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3.6.2 Enhancements of Raman Signals for Different Concentrations of BT

versus Neat Raman Signal

To show the limit of quantitation of BT molecule on Au NP coated multilayered
films, Raman spectrum of BT was taken from the concentrated solution (~10 M) as
shown in Fig. 38. The SER spectra of BT molecule having concentrations between
1.0 x 10° M and 1.0 x 107 M are shown in the same figure. The Raman spectrum of
10 M BT is included for comparison purposes. The high sensitivity of the SERS
substrates allowed the spectra to be measured at a concentration level of 1.0 x 10°®

M. The quantitation limit achieved was 1.0 x 10°® M.

—10°mBT
—10%mBT
2500 — 10" MBT
— Neat BT
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Figure 38. Raman spectrum of neat BT molecule and SER spectra of 10°, 10° and 107 M
BT on linear (PAH/PAA)y film with 12h Au NP deposition.

3.7 SERS Maps on Linear and Exponentially Grown Films

Many spectra can be obtained with SERS map tool for a selected area (120x88 pm?).
Spacing between each data point was ~4 um. In Figs. 39, 40, 41 and 42 SER spectra
were gathered for 9, 29, 39 and 49 layer expo films, respectively and SER spectra
are shown for 9 (Fig. 43) and 29 (Fig. 44) layer linear films, respectively. Each point
represents the intensity of the spectrum (with respect to the most intense point) taken

from a point on the films. For exponential system the signal intensities deviate from
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each other with ca. 40% RSD on 120x88 um surface area except for 39 layer which
showed ~80% RSD. This can be related to the high roughness values of
exponentially grown films or related with Au NPs that are diffused through the
pores of exponentially grown films. On the other hand, for linear system (n = 29),
the nanoparticle distribution on the surface was more homogeneous which leads

similar signal intensities on the surface with less than 20% RSD for 29 layer (Fig.
44),
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Figure 39. 3D SERS map of 1.0 x 10° M BT on Au NP containing (12 h deposition time)
exponentially grown (PAH/PAA), film.

Figure 40. 3D SERS map of 1.0 x 10° M BT on Au NP containing (12 h deposition time)
exponentially grown (PAH/PAA) film .
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Figure 41. 3D SERS map of 1.0 x 10° M BT on Au NP containing (12 h deposition time)
exponentially grown (PAH/PAA)3 film.

Figure 42. 3D SERS map of 1.0 x 10° M BT on Au NP containing (12 h deposition time)
exponentially grown (PAH/PAA) film.
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Figure 43. 3D SERS map of of 1.0 x 10° M BT on Au NP containing (12 h deposition
time) linear grown (PAH/PAA), film.

Figure 44. 3D SERS map of 1.0 x 10° M BT on Au NP containing (12 h deposition time)
linear grown (PAH/PAA) film.
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CHAPTER 4

CONCLUSIONS

In this study, linear and exponentially grown films containing Au NPs were
prepared as SERS substrates. The important parameter for our systems was pH and
the pH of the medium was changed to prepare different film morphologies.
Roughness values of exponentially grown systems were larger than linear grown
system without Au NPs. Multilayer films containing gold nanoparticles were
immersed for 2 h in aqueous solutions containing BT in concentrations ranging from
10" M down to 107 M. From the SERS map data, the signals of linear system were
more reproducible than (except 9L) exponentially grown systems. The effect of
number of layers and deposition times of Au NPs is not significantly different than
each other considering enhancement in Raman signals except for 9L films. Both
systems showed enhancements for 1.0x10° M BT molecule with minor differences
except linear system of (PAH/PAA)y with a large enhancement for all Au NP

deposition times.

47



48



REFERENCES

1) Petry, R.; Schmitt, M.; Popp, J.: Raman Spectroscopy - A prospective
tool in the life sciences. Chemphyschem 2003, 4, 14-30.

2 Laserna, J. J.: Modern techniques in Raman spectroscopy.; John
Wiley &Sons.: Chichester, 1996.

3) Skoog, D. A.; Holler, F. J.; Crouch, S. R.: Principles of instrumental
analysis; Brooks/Cole, Thomson Learning: Australia, 2007.

4) Smith, E.; Dent, G.; : Modern Raman spectroscopy- A practical
approach; John Wiley&Sons.: Chichester 2005.

(5) Sun, G.: Surface-enhanced Raman spectroscopy investigation of
surfaces and interfaces in thin films on metals. Ruhr University 2007.

(6) Graham, D.: The Next Generation of Advanced Spectroscopy:
Surface Enhanced Raman Scattering from Metal Nanoparticles. Angew Chem Int
Edit 2010, 49, 9325-9327.

(7 Lewis, I. R.; Edwards, H.: Handbook of Raman Spectroscopy: From
the Research Laboratory to the Process Line; CRC Press, 2001.

(8) Kneipp, K.; Kneipp, H.; ltzkan, I.; Dasari, R. R.; Feld, M. S.
Surface-enhanced Raman scattering and biophysics. Journal of Physics-Condensed
Matter 2002, 14, R597-R624.

9) Shafer-Peltier, K. E.; Haynes, C. L.; Glucksberg, M. R.; Van Duyne,
R. P.: Toward a glucose biosensor based on surface-enhanced Raman scattering. J
Am Chem Soc 2003, 125, 588-593.

(10)  Gu, W.; Choi, H.; Kim, K.: A quantum mechanical theory for single
molecule-single nanoparticle surface enhanced Raman scattering. Journal of
Physical Chemistry A 2007, 111, 8121-8125.

(11) Garrell, R. L.: Surface-Enhanced Raman-Spectroscopy. Anal Chem
1989, 61, A401-&.

(12)  Fleischmann, M.; Hendra, P. J.; McQuillan, A. J.: Raman spectra of
pyridine adsorbed at a silver electrode. Chemical Physics Letters 1974, 26, 163-166.

(13) Jeanmaire, D. L., Van Duyne, R. P.. Surface Raman
spectroelectrochemistry: Part 1. Heterocyclic, aromatic, and aliphatic amines
adsorbed on the anodized silver electrode. Journal of Electroanalytical Chemistry
and Interfacial Electrochemistry 1977, 84, 1-20.

(14) Albrecht, M. G.; Creighton, J. A.: Anomalously intense Raman
spectra of pyridine at a silver electrode. . J. Am. Chem. Soc. 1977, 99, 5215-5217.

(15) Kneipp, K.; Moskovits, M.; Kneipp, H.: Surface-Enhanced Raman
Scattering: Physics and Applications; Springer, 2006.

(16) Sharma, B.; Frontiera, R. R.; Henry, A. I.; Ringe, E.; Van Duyne, R.
P.: SERS: Materials, applications, and the future. Materials Today 2012, 15, 16-25.

(17) Brolo, A. G.; Odziemkowski, M.; Irish, D. E.: An in situ Raman
spectroscopic study of electrochemical processes in mercury-solution interphases. J
Raman Spectrosc 1998, 29, 713-719.

49



(18) Weaver, M. J.; Zou, S. Z.; Chan, H. Y. H.: The new interfacial
ubiquity of surface-enhanced Raman spectroscopy. Anal Chem 2000, 72, 38a-47a.

(19) Cinel, N. A.; Butun, S.; Ertas, G.; Ozbay, E.: "Fairy Chimney'-
Shaped Tandem Metamaterials as Double Resonance SERS Substrates. Small 2013,
9, 531-537.

(20) Schatz, G. C.; Young, M. A.; Van Duyne, R. P.: Electromagnetic
mechanism of SERS. Surface-Enhanced Raman Scattering: Physics and
Applications 2006, 103, 19-45.

(21) Moskovits, M.: Surface-Enhanced Spectroscopy. Reviews of Modern
Physics 1985, 57, 783-826.

(22) Campion, A.; Kambhampati, P.: Surface-enhanced Raman scattering.
Chem Soc Rev 1998, 27, 241-250.

(23) Stiles, P. L.; Dieringer, J. A.; Shah, N. C.; Van Duyne, R. R.
Surface-Enhanced Raman Spectroscopy. Annual Review of Analytical Chemistry
2008, 1, 601-626.

(24) Aroca, R.: Surface-Enhanced Vibrational Spectroscopy; John
Wiley&Sons, 2006.

(25) Xu, H. X.; Aizpurua, J.; Kall, M.; Apell, P.: Electromagnetic
contributions to single-molecule sensitivity in surface-enhanced Raman scattering.
Physical Review E 2000, 62, 4318-4324.

(26)  Schliicker, S.: Surface-Enhanced Raman Spectroscopy: Concepts and
Chemical Applications. Angew. Chem. Int. Ed. 2014, 53, 4756-4795.

(27)  Schliicker, S.: Surface Enhanced Raman Spectroscopy: analytical,
biophysical and life science applications; John Wiley& Sons: Hoboken, 2011.

(28) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C.: The optical
properties of metal nanoparticles: The influence of size, shape, and dielectric
environment. J Phys Chem B 2003, 107, 668-677.

(29) Quinten, M.: The color of finely dispersed nanoparticles. Applied
Physics B-Lasers and Optics 2001, 73, 317-326.

(30) Morton, S. M.; Jensen, L.: Understanding the Molecule-Surface
Chemical Coupling in SERS. Journal of the American Chemical Society 2009, 131,
4090-4098.

(31) Pustovit, V. N.; Shahbazyan, T. V.: Quantum-size effects in SERS
from noble-metal nanoparticles. Microelectronics Journal 2005, 36, 559-563.

(32) Stamplecoskie, K. G.; Scaiano, J. C.. Optimal Size of Silver
Nanoparticles for Surface-Enhanced Raman Spectroscopy. J. Phys. Chem. C 2011,
115, 1403-1400.

(33) Kambhampati, P.; Child, C. M.; Foster, M. C.; Campion, A.: On the
chemical mechanism of surface enhanced Raman scattering: Experiment and theory.
J Chem Phys 1998, 108, 5013-5026.

(34) Nabiev, I. R. S., K. V.; Manfait, M.: Biomolecular spectroscopy;
Wiley: Chichester, 1993.

(35) Campion, A.; Ivanecky, J. E.; Child, C. M.; Foster, M.: On the
Mechanism of Chemical Enhancement in Surface-Enhanced Raman-Scattering. J
Am Chem Soc 1995, 117, 11807-11808.

(36) Stewart, S.; Fredericks, P. M.: Surface-enhanced Raman
spectroscopy of amino acids adsorbed on an electrochemically prepared silver
surface. Spectrochim Acta A 1999, 55, 1641-1660.

(37) Stewart, S.; Fredericks, P. M.: Surface-enhanced Raman
spectroscopy of peptides and proteins adsorbed on an electrochemically prepared

50



silver surface. Spectrochimica Acta Part a-Molecular and Biomolecular
Spectroscopy 1999, 55, 1615-1640.

(38) Shin, K. S.. Effect of surface morphology on surface-enhanced
Raman scattering of 4-aminobenzenethiol adsorbed on gold substrates. Journal of
Raman Spectroscopy 2008, 39, 468-473.

(39) Szafranski, C. A.; Tanner, W.; Laibinis, P. E.; Garrell, R. L.: Surface-
enhanced Raman spectroscopy of aromatic thiols and disulfides on gold electrodes.
Langmuir 1998, 14, 3570-3579.

(40) Dou, X. M. J., Y. M.; Yamamoto, H.; Doi, S.; Ozaki, Y.: Near-
infrared excited surface-enhanced Raman scattering of biological molecules on gold
colloid I: Effects of pH of the solutions of amino acids and of their polymerization.
Applied Spectroscopy 1999, 53, 133-138.

(41) Sabur, A.; Havel, M.; Gogotsi, Y.: SERS intensity optimization by
controlling the size and shape of faceted gold nanoparticles. Journal of Raman
Spectroscopy 2008, 39, 61-67.

(42) Herne, T. M. A, A. M., Garrell, R. L.: Surface-Enhanced
RamanSpectroscopy of Peptides - Preferential N-terminal Adsorption on Colloidal
Silver. Journal of the American Chemical Society 1991, 113, 846-854.

(43) Ooka, A. A.;; Kuhar, K. A.; Cho, N. J.; Garrell, R. L.: Surface
interactions of a homologous series of alpha,omega-amino acids on colloidal silver
and gold. Biospectroscopy 1999, 5, 9-17.

(44)  Schwartzberg, A. M.; Grant, C. D.; Wolcott, A.; Talley, C. E.; Huser,
T. R.; Bogomolni, R.; Zhang, J. Z.: Unique gold nanoparticle aggregates as a highly
active surface-enhanced Raman scattering substrate. J Phys Chem B 2004, 108,
19191-19197.

(45) Zhao, H. Y.; Yuan, B.; Don, X. M.: The effects of electrostatic
interaction between biological nano-metal colloid molecules and on near-infrared
surface-enhanced Raman scattering. Journal of Optics a-Pure and Applied Optics
2004, 6, 900-905.

(46) Joo, S. W.; Chung, T. D.; Jang, W. C.; Gong, M. S.; Geum, N.; Kim,
K.: Surface-enhanced Raman scattering of 4-cyanobiphenyl on gold and silver
nanoparticle surfaces. Langmuir 2002, 18, 8813-8816.

(47)  Arenas, J. F.; Castro, J. L.; Otero, J. C.; Marcos, J. I.: Study of
interaction between aspartic acid and silver by surface-enhanced Raman scattering
on H20 and D20 sols. Biopolymers 2001, 62, 241-248.

(48) Castro, J. L.; Montanez, M. A.; Otero, J. C.; Marcos, J. I.: Sers and
Vibrational-Spectra of Aspartic-Acid. Journal of Molecular Structure 1995, 349,
113-116.

(49) Tian, F.; Bonnier, F.; Casey, A.; Shanahan, A. E.; Byrne, H. J.:
Surface enhanced Raman scattering with gold nanoparticles: effect of particle shape.
Analytical Methods 2014, 6, 9116-9123.

(50) Arslan, E.; Cakmakyapan, S.; Kazar, O.; Butun, S.; Lisesivdin, S. B.;
Cinel, N. A,; Ertas, G.; Ardali, S.; Tiras, E.; Jawad-ul-Hassan; Janzen, E.; Ozbay, E.:
SiC Substrate Effects on Electron Transport in the Epitaxial Graphene Layer.
Electronic Materials Letters 2014, 10, 387-391.

(51) Suzuki, M.; Niidome, Y.; Kuwahara, Y.; Terasaki, N.; Inoue, K
Yamada, S.: Surface-enhanced nonresonance Raman scattering from size- and
morphology-controlled gold nanoparticle films. J Phys Chem B 2004, 108, 11660-
11665.

51



(52) Bryant, M. A.; Pemberton, J. E.: Surface Raman-Scattering of Self-
Assembled Monolayers Formed from 1-Alkanethiols - Behavior of Films at Au and
Comparison to Films at Ag. Journal of the American Chemical Society 1991, 113,
8284-8293.

(53) Vanduyne, R. P.; Hulteen, J. C.; Treichel, D. A.: Atomic-Force
Microscopy and Surface-Enhanced Raman-Spectroscopy .1. Ag Island Films and Ag
Film over Polymer Nanosphere Surfaces Supported on Glass. J Chem Phys 1993,
99, 2101-2115.

(54) Chen, J. N.; Martensson, T.; Dick, K. A.; Deppert, K.; Xu, H. Q,;
Samuelson, L.; Xu, H. X.: Surface-enhanced Raman scattering of rhodamine 6G on
nanowire arrays decorated with gold nanoparticles. Nanotechnology 2008, 19.

(55) Kim, J. H.; Kim, J. S.; Choi, H.; Lee, S. M.; Jun, B. H.; Yu, K. N;
Kuk, E.; Kim, Y. K.; Jeong, D. H.; Cho, M. H.; Lee, Y. S.: Nanoparticle probes with
surface enhanced Raman spectroscopic tags for cellular cancer targeting. Anal Chem
2006, 78, 6967-6973.

(56) Roca, M.; Haes, A. J.: Silica-Void-Gold Nanoparticles: Temporally
Stable Surf ace-Enhanced Raman Scattering Substrates. Journal of the American
Chemical Society 2008, 130, 14273-14279.

(57) Lin, S.; Li, M.; Dujardin, E.; Girard, C.; Mann, S.: One-dimensional
plasmon coupling by facile self-assembly of gold nanoparticles into branched chain
networks. Adv Mater 2005, 17, 2553-+.

(58) Thomas, K. G.; Barazzouk, S.; Ipe, B. I.; Joseph, S. T. S.; Kamat, P.
V.: Uniaxial plasmon coupling through longitudinal self-assembly of gold nanorods.
J Phys Chem B 2004, 108, 13066-13068.

(59) Hunter, R. J.: Introduction to Modern Colloid Science; Oxford
University Press: Oxford, 1993.

(60)  Mulvaney, S. P.; Musick, M. D.; Keating, C. D.; Natan, M. J.: Glass-
coated, analyte-tagged nanoparticles: A new tagging system based on detection with
surface-enhanced Raman scattering. Langmuir 2003, 19, 4784-4790.

(61) Yang, Y.; Matsubara, S.; Nogami, M.; Shi, J. L.: Controlling the
aggregation behavior of gold nanoparticles. Materials Science and Engineering B-
Solid State Materials for Advanced Technology 2007, 140, 172-176.

(62) Kim, B.; Tripp, S. L.; Wei, A.: Self-organization of large gold
nanoparticle arrays. Journal of the American Chemical Society 2001, 123, 7955-
7956.

(63) Reincke, F.; Hickey, S. G.; Kegel, W. K.; Vanmaekelbergh, D.:
Spontaneous assembly of a monolayer of charged gold nanocrystals at the water/oil
interface. Angew Chem Int Edit 2004, 43, 458-462.

(64) Park, Y. K.; Yoo, S. H.; Park, S.: Assembly of highly ordered
nanoparticle monolayers at a water/hexane interface. Langmuir 2007, 23, 10505-
10510.

(65) Park, Y. K.; Park, S.: Directing close-packing of midnanosized gold
nanoparticles at a water/hexane interface. Chem Mater 2008, 20, 2388-2393.

(66) Jung, H. Y.; Park, Y. K,; Park, S.; Kim, S. K.: Surface enhanced
Raman scattering from layered assemblies of close-packed gold nanopardicles.
Analytica Chimica Acta 2007, 602, 236-243.

(67) Zhou, Y.; Lee, C.; Zhang, J. N.; Zhang, P.: Engineering versatile
SERS-active nanoparticles by embedding reporters between Au-core/Ag-shell
through layer-by-layer deposited polyelectrolytes. Journal of Materials Chemistry C
2013, 1, 3695-3699.

52



(68) Goulet, P. J. G.; dos Santos, D. S.; Alvarez-Puebla, R. A.; Oliveira,
O. N.; Aroca, R. F.: Surface-enhanced Raman scattering on dendrimer/metallic
nanoparticle layer-by-layer film substrates. Langmuir 2005, 21, 5576-5581.

(69) Chen, M. S.; Phang, I. Y.; Lee, M. R.; Yang, J. K. W.; Ling, X. Y.:
Layer-By-Layer Assembly of Ag Nanowires into 3D Woodpile-like Structures to
Achieve High Density "Hot Spots” for Surface-Enhanced Raman Scattering.
Langmuir 2013, 29, 7061-7069.

(70)  Aroca, R. F.; Goulet, P. J. G.; dos Santos, D. S.; Alvarez-Puebla, R.
A.; Oliveira, O. N.: Silver nanowire layer-by-layer films as substrates for surface-
enhanced Raman scattering. Anal Chem 2005, 77, 378-382.

(71) Oliveira Jr, O. N.: Langmuir-Blodgett films—properties and possible
applications. Brazilian Journal of Physics 1992, 22, 60-609.

(72) Carne’, A.; Carbonell, C.; Imaz, 1.; Maspoch, D.: Nanoscale metal—
organic materials. Chem.Soc.Rev. 2011, 40, 291-305.

(73)  Pienpinijtham, P.; Han, X.; Ekgasit, S.; Ozaki, Y.:

An ionic surfactant-mediated Langmuir—Blodgett method to construct gold
nanoparticle films for surface-enhanced Raman scattering. Phys. Chem. Chem. Phys.
2012, 10132-10139.

(74)  Schmitt, J.; Decher, G.; Dressick, W. J.; Brandow, S. L.; Geer, R. E;
Shashidhar, R.; Calvert, J. M.: Metal nanoparticle/polymer superlattice films:
Fabrication and control of layer structure. Adv Mater 1997, 9, 61-&.

(75) ller, R. K.: Multilayers of colloidal particles. J. Colloid Interface Sci.
1966, 21, 569.

(76) Decher, G.: Fuzzy Nanoassemblies: Toward Layered Polymeric
Multicomposites. Science 1997, 1232-1237.

(77)  Decher, G.; Schlenoff, J. B.: Multilayer thin Films: sequential
assembly of nanocomposite materials; Wiley-VCH: Weinheim, 2012.

(78) Dal'Acqua, N.; Scheffer, F. R.; Boniatti, R.; da Silva, B. V. M.; de
Melo, J. V.; Crespo, J. D.; Giovanela, M.; Pereira, M. B.; Weibel, D. E.; Machado,
G. Photocatalytic Nanostructured Self-Assembled Poly(allylamine
hydrochloride)/Poly(acrylic acid) Polyelectrolyte Films Containing Titanium
Dioxide Gold Nanoparticles for Hydrogen Generation. J Phys Chem C 2013, 117,
23235-23243.

(79) Xiang, Y.; Lu, S. F,; Jiang, S. P.: Layer-by-layer self-assembly in the
development of electrochemical energy conversion and storage devices from fuel
cells to supercapacitors. Chem Soc Rev 2012, 41, 7291-7321.

(80) Choi, J.: Fundamental studies of pH-sensitivity in polyelectrolyte
multilayers., Massachusetts Institute of Technology, 2004.

(81) Dodoo, S.: Structure and Swelling Behavior of Polyelectrolyte
Multilayers. Technical University of Berlin 2011.

(82) Knowles, K. R.; Hanson, C. C.; Fogel, A. L.; Warhol, B.; Rider, D.
A.: Layer-by-Layer Assembled Multilayers of Polyethylenimine-Stabilized Platinum
Nanoparticles and PEDOT:PSS as Anodes for the Methanol Oxidation Reaction.
Acs Appl Mater Inter 2012, 4, 3575-3583.

(83) Jang, Y.; Akgun, B.; Kim, H.; Satija, S.; Char, K.: Controlled Release
from Model Blend Multilayer Films Containing Mixtures of Strong and Weak
Polyelectrolytes. Macromolecules 2012, 45, 3542-3549.

(84) Makhlouf , A. S. H.: Handbook of Smart Coatings for Materials
Protection; Elsevier: Germany, 2014.

53



(85) Hendricks, T. R.: Polyelectrolyte multilayer coatings for conductive
nanomaterials patterning and anti-wrinkling applications. Michigan State University,
2008.

(86) Frankamp, B. L.; Boal, A. K.; Rotello, V. M.: Controlled interparticle
spacing through self-assembly of Au nanoparticles and poly(amidoamine)
dendrimers. Journal of the American Chemical Society 2002, 124, 15146-15147.

(87) Yuan, W. Y.; Li, C. M.: Direct Modulation of Localized Surface
Plasmon Coupling of Au Nanoparticles on Solid Substrates via Weak
Polyelectrolyte-Mediated Layer-by-Layer Self Assembly. Langmuir 2009, 25, 7578-
7585.

(88) Fujimto, K.; Kim, J. H.; Ohmori, K.; Ono, A.; Shiratori, S.: Flexible
multilayer electrode films consisted of polyaniline and polyelectrolyte by layer-by-
layer self-assembly. Colloid Surface A 2008, 313, 387-392.

(89) Costa, E.; LIoyd, M. M.; Chopko, C.; Aguiar-Ricardo, A.; Hammond,
P. T.: Tuning Smart Microgel Swelling and Responsive Behavior through Strong
and Weak Polyelectrolyte Pair Assembly. Langmuir 2012, 28, 10082-10090.

(90)  Zacharia, N. S.; Modestino, M.; Hammond, P. T.: Factors influencing
the interdiffusion of weak polycations in multilayers. Macromolecules 2007, 40,
9523-9528.

(91) Bicker, P.; Schonhoff, M.: Linear and exponential growth regimes of
multilayers of weak polyelectrolytes in dependence on pH. . Macromolecules 2010,
43, 5052-5059.

(92)  Shiratori, S. S.; Rubner, M. F.: pH-dependent thickness behavior of
sequentially adsorbed layers of weak polyelectrolytes. Macromolecules 2000, 33,
4213-42109.

(93) Nolte, A. J.: Fundamental studies of polyelectrolyte multilayer films:
optical, mechanical and lithographic property control. Massachusetts Institute of
Technology, 2007.

(94) Davis, M. E.; Chen, Z.; Shin, D. M.: Nanoparticle therapeutics: an
emerging treatment modality for cancer. Nature Reviews Drug Discovery 2008, 7,
771-782.

(95) Xia, Y. N.: Putting Advanced Materials to Work for Healthcare. Adv
Mater 2011, 23, H8-H9.

(96) Minelli, C.; Lowe, S. B.; Stevens, M. M.: Engineering
Nanocomposite Materials for Cancer Therapy. Small 2010, 6, 2336-2357.

(97) Ghosh, P.; Han, G.; De, M.; Kim, C. K.; Rotello, V. M.: Gold
nanoparticles in delivery applications. Advanced Drug Delivery Reviews 2008, 60,
1307-1315.

(98) Widmer, N.; Bardin, C.; Chatelut, E.; Paci, A.; Beijnen, J.; Leveque,
D.; Veal, G.; Astier, A.: Review of therapeutic drug monitoring of anticancer drugs
part two - Targeted therapies. European Journal of Cancer 2014, 50, 2020-2036.

(99) Sawyers, C.: Targeted cancer therapy. Nature 2004, 432, 294-297.

(100) Cobley, C. M.; Chen, J. Y.; Cho, E. C.; Wang, L. V.; Xia, Y. N.:
Gold nanostructures: a class of multifunctional materials for biomedical
applications. Chem Soc Rev 2011, 40, 44-56.

(101) Faraday, M.: The Bakerian lecture: experimental relations of gold
(and other metals) to light. Philosophical Transactions of the Royal Society of
London 1857, 147, 145-181.

54



(102) Bhattacharyya, S.; Kudgus, R. A.; Bhattacharya, R.; Mukherjee, P.:
Inorganic Nanoparticles in Cancer Therapy. Pharmaceutical Research 2011, 28,
237-259.

(103) Saha, K.; Agasti, S. S.; Kim, C.; Li, X. N.; Rotello, V. M.: Gold
Nanoparticles in Chemical and Biological Sensing. Chemical Reviews 2012, 112,
2739-2779.

(104) Alexandridis, P.: Gold Nanoparticle Synthesis, Morphology Control,
and Stabilization Facilitated by Functional Polymers. Chemical Engineering &
Technology 2011, 34, 15-28.

(105) Dykman, L.; Khlebtsov, N.: Gold nanoparticles in biomedical
applications: recent advances and perspectives. Chem Soc Rev 2012, 41, 2256-2282.

(106) Das, M.; Shim, K.; An, S.; Yi, D.: Review on gold nanoparticles and
their applications. Toxicology and Environmental Health Sciences 2011, 3, 193-205.

(107) Yeh, Y. C.; Creran, B.; Rotello, V. M.: Gold nanoparticles:
preparation, properties, and applications in bionanotechnology. Nanoscale 2012, 4,
1871-1880.

(108) Wang, B. L.; Yin, S. Y.; Wang, G. H.; Buldum, A.; Zhao, J. J.: Novel
structures and properties of gold nanowires. Physical Review Letters 2001, 86, 2046-
2049.

(109) Huang, X. H.; Neretina, S.; EI-Sayed, M. A.: Gold Nanorods: From
Synthesis and Properties to Biological and Biomedical Applications. Adv Mater
2009, 21, 4880-4910.

(110) Xia, Y. N.; Li, W. Y.; Cobley, C. M.; Chen, J. Y.; Xia, X. H.; Zhang,
Q.; Yang, M. X,; Cho, E. C.; Brown, P. K.: Gold Nanocages: From Synthesis to
Theranostic Applications. Accounts of Chemical Research 2011, 44, 914-924.

(111) Jaque, D.; Maestro, L. M.; del Rosal, B.; Haro-Gonzalez, P.;
Benayas, A.; Plaza, J. L.; Rodriguez, E. M.; Sole, J. G.: Nanoparticles for
photothermal therapies. Nanoscale 2014, 6, 9494-9530.

(112) Turkevich, J.; Stevenson, P. C.; Hillier, J. A.: General Discussion of
the Faraday Society 1951, 11, 55.

(113) Jain, P.K.; Lee, K. S.; El-Sayed , I. H.; El-Sayed, M. A.: Calculated
Absorption and Scattering Properties of Gold Nanoparticles of Different Size,
Shape, and Composition: Applications in Biological Imaging and Biomedicine. J.
Phys. Chem. B 2006, 110, 7238-7248.

(114) Lee, K. S.; El-Sayed, M. A.: Dependence of the enhanced optical
scattering efficiency relative to that of absorption for gold metal nanorods on aspect
ratio, size, end-cap shape, and medium refractive index. J Phys Chem B 2005, 109,
20331-20338.

(115) Nikoobakht, B.; El-Sayed, M. A.. Preparation and Growth
Mechanism of Gold Nanorods (NRs) Using Seed-Mediated Growth Method. Chem.
Mater. 2003, 15 1957-1962.

(116) Murphy, C.J.; Sau, T. K.; Gole , A. M.; Orendorff , C. J.; Gao, J.;
Gou , L.; Hunyadi , S. E.; Li, T.: Anisotropic Metal Nanoparticles: Synthesis,
Assembly, and Optical Applications. J. Phys. Chem. B 2005, 109 13857-13870.

(117) Alkilany, A. M.; Lohse, S. E.; Murphy, C. J.: The Gold Standard:
Gold Nanoparticle Libraries To Understand the Nano-Bio Interface. Accounts Chem
Res 2013, 46, 650-661.

(118) Fendler, J. H.: Nanoparticles and Nanostructured Films:
Preparation, Characterization and Applications; Wiley-VCH: Weinheim, 1998.

55



(119) Sudeep, P. K.; Ipe, B. I.; Thomas, K. G.; George, M. V.; Barazzouk,
S.; Hotchandani, S.; Kamat, P. V.: Fullerene-functionalized gold nanoparticles. A
self-assembled photoactive antenna-metal nanocore assembly. Nano Lett 2002, 2,
29-35.

(120) Merschdorf, M.; Pfeiffer, W.; Thon, A.; Voll, S.; Gerber, G.:
Photoemission from multiply excited surface plasmons in Ag nanoparticles. Applied
Physics a-Materials Science & Processing 2000, 71, 547-552.

(121) Li, X. G.; Takahashi, S.; Watanabe, K.; Kikuchi, Y.; Koishi, M.:
Hybridization and characteristics of Fe and Fe-Co nanoparticles with polymer
particles. Nano Lett 2001, 1, 475-480.

(122) Sun, X. C.; Gutierrez, A.; Yacaman, M. J.; Dong, X. L.; Jin, S..
Investigations on magnetic properties and structure for carbon encapsulated
nanoparticles of Fe, Co, Ni. Materials Science and Engineering a-Structural
Materials Properties Microstructure and Processing 2000, 286, 157-160.

(123) Kim, Y. J.; Johnson, R. C.; Hupp, J. T.: Gold nanoparticle-based
sensing of "spectroscopically silent” heavy metal ions. Nano Lett 2001, 1, 165-167.

(124) Ruiz, A.; Arbiol, J.; Cirera, A.; Cornet, A.; Morante, J. R.: Surface
activation by Pt-nanoclusters on titania for gas sensing applications. Mat Sci Eng C-
Bio S 2002, 19, 105-109.

(125) Liu, C. Q.; Xu, Y.; Liao, S. J.; Yu, D. R.: Mono- and bimetallic
catalytic hollow-fiber reactors for the selective hydrogenation of butadiene in 1-
butene. Applied Catalysis a-General 1998, 172, 23-29.

(126) Fritzsche, W.; Porwol, H.; Wiegand, A.; Bornmann, S.; Kohler, J.
M.: In-situ formation of Ag-containing nanoparticles in thin polymer films.
Nanostructured Materials 1998, 10, 89-97.

(127) Zhang, Z. P.; Zhang, L. D.; Wang, S. X.; Chen, W.; Lei, Y.: A
convenient route to polyacrylonitrile/silver nanoparticle composite by simultaneous
polymerization-reduction approach. Polymer 2001, 42, 8315-8318.

(128) Srivastava, S.; Kotov, N. A.: Composite Layer-by-Layer (LBL)
Assembly with Inorganic Nanoparticles and Nanowires. Accounts of Chemical
Research 2008, 41, 1831-1841.

(129) Delhaes, P.; Yartsev, V. M.: Electronic and spectroscopic properties
of conducting Langmuir—Blodgett films Spectroscopy of New Materials; Wiley: New
York, 1993.

(130) Malhotra, B. D.; Singhal, R.; Chaubey, A.; Sharma, S. K.; Kumar,
A.: Recent trends in biosensors. Current Applied Physics 2005, 5, 92-97.

(131) Kim, H. S.; Sohn, B. H.; Lee, W.; Lee, J. K.; Choi, S. J.; Kwon, S. J.:
Multifunctional layer-by-layer self-assembly of conducting polymers and magnetic
nanoparticles. Thin Solid Films 2002, 419, 173-177.

(132) Jiang, C. Y.; Ko, H. Y.; Tsukruk, V. V.: Strain-sensitive Raman
modes of carbon nanotubes in deflecting freely suspended nanomembranes. Adv
Mater 2005, 17, 2127-+.

(133) Keller, S. W.; Kim, H. N.; Mallouk, T. E.: Layer-by-Layer Assembly
of Intercalation Compounds and Heterostructures on Surfaces - toward Molecular
Beaker Epitaxy. Journal of the American Chemical Society 1994, 116, 8817-8818.

(134) Dai, J. H.; Bruening, M. L.. Catalytic nanoparticles formed by
reduction of metal ions in multilayered polyelectrolyte films. Nano Lett 2002, 2,
497-501.

56



(135) Cho, J.; Caruso, F.: Investigation of the interactions between ligand-
stabilized gold nanoparticles and polyelectrolyte multilayer films. Chem Mater
2005, 17, 4547-4553.

(136) Jiang, C. Y.; Markutsya, S.; Tsukruk, V. V.. Collective and
individual plasmon resonances in nanoparticle films obtained by spin-assisted layer-
by-layer assembly. Langmuir 2004, 20, 882-890.

(137) Gao, M. Y.; Richter, B.; Kirstein, S.; Mohwald, H.:
Electroluminescence studies on self-assembled films of PPV and CdSe
nanoparticles. J Phys Chem B 1998, 102, 4096-4103.

(138) Rogach, A. L.; Koktysh, D. S.; Harrison, M.; Kotov, N. A.: Layer-by-
layer assembled films of HgTe nanocrystals with strong infrared emission. Chem
Mater 2000, 12, 1526-+.

(139) Guvenc, H. O.: Surface enhanced Raman scattering from Au and Ag
nanoparticle coated magnetic microspheres. Bilkent University, 2008.

(140) Zheng, J.; Hu, Y. P.; Bai, J. H.; Ma, C.; Li, J. S.; Li, Y. H.; Shi, M.
L.; Tan, W. H.; Yang, R. H.: Universal Surface-Enhanced Raman Scattering
Amplification Detector for Ultrasensitive Detection of Multiple Target Analytes.
Anal Chem 2014, 86, 2205-2212.

(141) Qian, X. M.; Nie, S. M.: Single-molecule and single-nanoparticle
SERS: from fundamental mechanisms to biomedical applications. Chem Soc Rev
2008, 37, 912-920.

(142) Wang, Y. Q.; Yan, B.; Chen, L. X.: SERS Tags: Novel Optical
Nanoprobes for Bioanalysis. Chemical Reviews 2013, 113, 1391-1428.

(143) Fabris, L.; Dante, M.; Braun, G.; Lee, S. J.; Reich, N. O.; Moskovits,
M.; Nguyen, T. Q.; Bazan, G. C.: A heterogeneous PNA-based SERS method for
DNA detection. Journal of the American Chemical Society 2007, 129, 6086-+.

(144) Thompson, D. G.; Enright, A.; Faulds, K.; Smith, W. E.; Graham, D.:
Ultrasensitive DNA detection using oligonucleotide-silver nanoparticle conjugates.
Anal Chem 2008, 80, 2805-2810.

(145) Grubisha, D. S.; Lipert, R. J.; Park, H. Y.; Driskell, J.; Porter, M. D.:
Femtomolar detection of prostate-specific antigen: An immunoassay based on
surface-enhanced Raman scattering and immunogold labels. Anal Chem 2003, 75,
5936-5943.

(146) Bonham, A. J.; Braun, G.; Pavel, I.; Moskovits, M.; Reich, N. O.:
Detection of sequence-specific protein-DNA interactions via surface enhanced
resonance Raman scattering. Journal of the American Chemical Society 2007, 129,
14572-+.

(147) Narayanan, R.; Lipert, R. J.; Porter, M. D.: Cetyltrimethylammonium
bromide-modified spherical and cube-like gold nanoparticles as extrinsic Raman
labels in surface-enhanced Raman spectroscopy based heterogeneous
immunoassays. Anal Chem 2008, 80, 2265-2271.

(148) Lee, S.; Kim, S.; Choo, J.; Shin, S.Y.; Lee, Y. H.; Choi, H. Y.; Ha
, S.; Kang , K.; Oh, C. H.: Biological Imaging of HEK293 Cells Expressing PLCy1
Using Surface-Enhanced Raman Microscopy. Anal. Chem. 2007, 79 916-922.

(149) Tang, H. W.; Yang, X. B.; Kirkham, J.; Smith, D. A.: Probing
intrinsic and extrinsic components in single osteosarcoma cells by near-infrared
surface-enhanced Raman scattering. Anal Chem 2007, 79, 3646-3653.

(150) Hu, Q. Y.; Tay, L. L.; Noestheden, M.; Pezacki, J. P.. Mammalian
cell surface imaging with nitrile-functionalized nanoprobes: Biophysical

57



characterization of aggregation and polarization anisotropy in SERS imaging.
Journal of the American Chemical Society 2007, 129, 14-15.

(151) Cao, Y. C. Jin, R.; Nam , J. W.; Thaxton , C. S.; Mirkin, C. A.:
Raman Dye-Labeled Nanoparticle Probes for Proteins. J. Am. Chem. Soc. 2003,
14676-14677.

(152) Su, X.; Zhang, J.; Sun, L.; Koo, T. W.; Chan, S.; Sundararajan, N.;
Yamakawa, M.; Berlin, A. A.: Composite organic-inorganic nanoparticles (COINs)
with chemically encoded optical signatures. Nano Lett 2005, 5, 49-54.

(153) Wang, Z.Y.; Zong, S. F.; Li, W.; Wang, C. L.; Xu, S. H.; Chen, H.;
Cui, Y. P.: SERS-Fluorescence Joint Spectral Encoding Using Organic-Metal-QD
Hybrid Nanoparticles with a Huge Encoding Capacity for High-Throughput
Biodetection: Putting Theory into Practice. Journal of the American Chemical
Society 2012, 134, 2993-3000.

(154) Zheng, J.; Jiao, A. L.; Yang, R. H.; Li, H. M.; Li, J. S.; Shi, M. L,
Ma, C.; Jiang, Y.; Deng, L.; Tan, W. H.: Fabricating a Reversible and Regenerable
Raman-Active Substrate with a Biomolecule-Controlled DNA Nanomachine.
Journal of the American Chemical Society 2012, 134, 19957-19960.

(155) Ko, H.; Chang, S.; Tsukruk, V. V.: Porous Substrates for Label-Free
Molecular Level Detection of Nonresonant Organic Molecules. Acs Nano 2009, 3,
181-188.

(156) Zeng, J. B.; Jia, H. Y.; An, J.; Han, X. X.; Xu, W. Q.; Zhao, B,;
Ozaki, Y.. Preparation and SERS study of triangular silver nanoparticle self-
assembled films. Journal of Raman Spectroscopy 2008, 39, 1673-1678.

(157) Abalde-Cela, S.; Ho, S.; Rodriguez-Gonzalez, B.; Correa-Duarte, M.
A.; Alvarez-Puebla, R. A.; Liz-Marzan, L. M.; Kotov, N. A.: Loading of
Exponentially Grown LBL Films with Silver Nanoparticles and Their Application to
Generalized SERS Detection. Angew Chem Int Edit 2009, 48, 5326-5329.

(158) Hu, X. G.; Cheng, W. L.; Wang, T.; Wang, Y. L.; Wang, E. K,
Dong, S. J.: Fabrication, characterization, and application in SERS of self-assembled
polyelectrolyte-gold nanorod multilayered films. J Phys Chem B 2005, 109, 19385-
19389.

(159) Gopinath, A.; Boriskina, S. V.; Reinhard, B. M.; Dal Negro, L.
Deterministic aperiodic arrays of metal nanoparticles for surface-enhanced Raman
scattering (SERS). Optics Express 2009, 17, 3741-3753.

(160) Schuck, P. J.; Fromm, D. P.; Sundaramurthy, A.; Kino, G. S,
Moerner, W. E.: Improving the mismatch between light and nanoscale objects with
gold bowtie nanoantennas. Physical Review Letters 2005, 94.

(161) Tian, Z. Q.; Ren, B.; Wu, D. Y.: Surface-enhanced Raman scattering:
From noble to transition metals and from rough surfaces to ordered nanostructures. J
Phys Chem B 2002, 106, 9463-9483.

(162) Liu, X. M.; Chen, H. J.; Chen, X. D.; Parini, C.; Wen, D. S.: Low
frequency heating of gold nanoparticle dispersions for non-invasive thermal
therapies. Nanoscale 2012, 4, 3945-3953.

(163) Hu, M.; Chen, J. Y.; Li, Z. Y.; Au, L.; Hartland, G. V.; Li, X. D
Marquez, M.; Xia, Y. N.; Gold nanostructures: engineering their plasmonic
properties for biomedical applications. Chem Soc Rev 2006, 35, 1084-1094.

(164) Haiss, W.; Thanh, N. T. K.; Aveyard, J.; Fernig, D. G.
Determination of size and concentration of gold nanoparticles from UV-Vis spectra.
Anal Chem 2007, 79, 4215-4221.

58



(165) Kumar, C. S. S. R.: UV-VIS and Photoluminescence Spectroscopy for
Nanomaterials Characterization; Springer: Berlin ; London, 2013.

(166) Simard, J. M.: Synthesis of Gold Nanoparticles for
Biomacromolecular Recognition. University of Massachusetts Amherst, 2007.

(167) Mocanu, A.; Cernica, I.; Tomoaia, G.; Bobos, L. D.; Horovitz, O.;
Tomoaia-Cotisel, M.: Self-assembly characteristics of gold nanoparticles in the
presence of cysteine. Colloid Surface A 2009, 338, 93-101.

(168) Fang, Y. X.; Guo, S. J.; Zhu, C. Z.; Zhai, Y. M.; Wang, E. K.: Self-
Assembly of Cationic Polyelectrolyte-Functionalized Graphene Nanosheets and
Gold Nanoparticles: A Two-Dimensional Heterostructure for Hydrogen Peroxide
Sensing. Langmuir 2010, 26, 11277-11282.

(169) Antipov, A. A.; Sukhorukov, G. B.: Polyelectrolyte multilayer
capsules as vehicles with tunable permeability. Adv Colloid Interfac 2004, 111, 49-
61.

(170) Dubas, S. T.; Schlenoff, J. B.: Factors controlling the growth of
polyelectrolyte multilayers. Macromolecules 1999, 32, 8153-8160.

(171) Boddohi, S.; Killingsworth, C. E.; Kipper, M. J.: Polyelectrolyte
multilayer assembly as a function of pH and ionic strength using the polysaccharides
chitosan and heparin. Biomacromolecules 2008, 9, 2021-2028.

(172) Hiller, J.; Rubner, M. F.: Reversible molecular memory and pH-
switchable swelling transitions in polyelectrolyte multilayers. Macromolecules
2003, 36, 4078-4083.

(173) Choi, J.; Rubner, M. F.: Influence of the degree of ionization on weak
polyelectrolyte multilayer assembly. Macromolecules 2005, 38, 116-124.

(174) Elbert, D. L.; Herbert, C. B.; Hubbell, J. A.: Thin polymer layers
formed by polyelectrolyte multilayer techniques on biological surfaces. Langmuir
1999, 15, 5355-5362.

(175) Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich, G. D
Schaaf, P.; Voegel, J. C.; Lavalle, P.: Molecular basis for the explanation of the
exponential growth of polyelectrolyte multilayers. P Natl Acad Sci USA 2002, 99,
12531-12535.

(176) Chung, A. J.; Rubner, M. F.: Methods of loading and releasing low
molecular weight cationic molecules in weak polyelectrolyte multilayer films.
Langmuir 2002, 18, 1176-1183.

(177) Richert, L.; Lavalle, P.; Payan, E.; Shu, X. Z.; Prestwich, G. D;
Stoltz, J. F.; Schaaf, P.; Voegel, J. C.; Picart, C.: Layer by layer buildup of
polysaccharide films: Physical chemistry and cellular adhesion aspects. Langmuir
2004, 20, 448-458.

(178) Cranford, S. W.; Buehler, M. J.: Critical cross-linking to
mechanically couple polyelectrolytes and flexible molecules. Soft Matter 2013, 9,
1076-1090.

59





