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ABSTRACT

USE OF GOLD NANOPARTICLE EMBEDDED POLYELECTROLYTE
MULTILAYER FILMS AS SERS SUBSTRATES

Ozdemir, Sezin
Doctor of Philosophy, Chemistry
Supervisor: Prof. Dr. Giilay Ertas
Co-Supervisor: Prof. Dr. frem Erel Goktepe

September 2023, 189 pages

Surface-enhanced Raman spectroscopy (SERS) is a powerful technique for
enhancement in Raman scattering of molecules adsorbed on SERS active surfaces.
It is commonly used in chemical, material and life sciences applications. This study
examined the the potential use of nanoparticles (NPs) containing layer-by-layer
(LbL) films as SERS substrates. Firstly, the effects of chemical nature of the LbL
building blocks, surface morphology and the film architecture on SER signal have
been investigated. Poly(allylamine hydrochloride) (PAH) was used as the
polycation, whereas poly(acrylic acid) (PAA) and tannic acid (TA) were used as
polyanions for the construction of LbL films. The surface of PAH and PAA films
were smoother compared to PAH/TA multilayers with highly rough surface
morphology. The enhancement factor (EF) of PAH/TA, best system of this part, was

calculated as 10°.

Secondly, positively-charged, branched poly ethylene imine (BPEI)-capped Au NPs
were synthesized in solution. The effects of BPEI concentration and pH of NPs
growth solution on the size of NPs were examined. Multilayers using BPEI-capped
Au NPs and TA or polystyrene sulfonate (PSS) as polyanions increased SERS signal



approximately 3 times as compared to 1-layer NP including films. Both LbL systems
(NPs/TA and NPs/PSS) provided more reproducible SER signal as compared to 1-
layer NP including films.

Lastly, LbL films (PAH/TA, PAH/PAA, BPEI/TA) were used as in situ
photoreactors for the synthesis of both Au and Ag NPs. The effects of assembly
conditions on SER signals of CV molecule were investigated. In order to obtain
reproducible and better SER signals among multilayer systems, PAH/TA worked

well for in situ synthesis of Ag NPs using Xe radiation.

Keywords: Raman Spectroscopy, SERS Substrate, Layer-by-Layer Technique,

Polyelectrolyte, Nanoparticle.
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0z

ALTIN NANOPARCACIK GOMULU POLIELEKTROLIT COK
KATMANLI FILMLERIN YGRS ALTTASI OLARAK KULLANILMASI

Ozdemir, Sezin
Doktora, Kimya
Tez Yoneticisi: Prof. Dr. Glilay Ertag
Ortak Tez Yoneticisi: Prof. Dr. Irem Erel Goktepe

Eyliil 2023, 189 sayfa

Yiizeyde giiglendirilmis Raman spektroskopisi (YGRS), molekiillerin YGRS aktif
yiizeylere adsorbe edildigi yilizeylerde molekiiler Raman sagilma siddetinin
arttirmasinda  gii¢lii  bir tekniktir. Kimyasal, malzeme ve yasam bilimleri
uygulamalarinda yaygin olarak kullanilmaktadir. Bu ¢alisma, nanopargacik (NP)
iceren katman katman (LbL) polimer filmlerin YGRS alttaslart olarak potansiyel
kullanimimi incelemistir. Ilk olarak, LbL film yapitaslarin kimyasal dogasi, yiizey
morfolojisi ve film mimarisinin YGR sinyali {izerindeki etkileri arastirilmistir.
Poli(allilamin hidrokloriir) (PAH), polikatyon olarak kullanilirken, poli(akrilik asit)
(PAA) ve tanik asit (TA), ¢ok katmanli filmlerinin yapisinin olusturulmasinda
polianyon olarak kullanilmistir. PAH ve PAA filmlerinin yizeylerinin PAH/TA ¢ok-
katmanli filmlerine gbre daha piiriizsiiz oldugu gozlenmistir. Bu boliimiin en iyi

sistemi olan PAH/TA'nin zenginlestirme faktorii (EF) 10° olarak hesaplanmustir.

Ikinci olarak, pozitif yiiklii, dalli polietilen imin (BPEI) ile kapli Au NP'ler ¢ozelti
icerisinde sentezlenmistir. BPEI derisiminin ve ¢ozelti pH'sinin NP boyutuna etkileri

incelenmistir. BPEI ile kapli Au NP’ler ile TA veya polistiren siilfonat (PSS)

vii



polianyonlar kullanilarak hazirlanan filmler CV molekiiliiniin Raman sagilma
siddetini tek katman NP iceren filmlere gore yaklasik 3 kat arttirmistir. Cok katmanli
sistemlerin ikisi de (NPS/TA, NPs/PSS) tek katman NP igeren filmlere gore daha

tekrarlanabilir Raman sinyali saglamustir.

Son olarak, ¢ok katmanl filmler (PAH/TA, PAH/PAA, BPEI/TA) hem Au hem de
Ag NP'lerinin  fotokimyasal olusumlar1 i¢in kullanilmistir. Kristal viyole
molekiiliiniin Raman sinyalleri tizerinde kaplama kosullariin etkisi incelenmistir.
Cok katmanli film sistemleri arasinda PAH/TA Ag NP'lerinin in situ sentezi igin Xe

151811 kullanarak daha iyi ve tekrarlanabilir sonug vermistir.

Anahtar Kelimeler: Raman Spektroskopisi, YGRS Alttasi, LbL Teknigi,
Polielektrolit, Nanoparcacik.
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CHAPTER 1

INTRODUCTION

11 Raman Spectroscopy

Electromagnetic radiation (EMR) interacts in a variety of ways with atoms and/or
molecules. These atoms and molecules have the ability to either absorb UV and IR
light or scatter it.! When a photon is scattered, it can be absorbed and then a new
photon is emitted. This new photon is called the scattered photon. The majority of
photons are scattered from a molecule with the same energy as the incident photon
(elastically scattered radiation or Rayleigh scattering). The elastic scattering occurs
when a photon enters a medium consisting of particles whose dimensions are
significantly smaller than the wavelength of the incident photon. However, a
wavelength shift is caused by a small percentage of the scattered radiation, which
differs in energy (or wavelength) from the incident EMR and this shift depends on
the chemical structure of the molecule. Raman scattering is the name given to this
inelastic scattering which is first discovered by C. V. Raman in 1928 and he was

awarded the Nobel prize in physics for this discovery in 1931.

Polarizability change of molecules, momentary distortions of electrons or the ability
for an EMR to induce a dipole moment on the molecule, is necessary to observe
Raman scattering. The electric field of incoming light causes the electron cloud
surrounding the molecules to oscillate with irradiance. Therefore, polarization of the
electron cloud of the molecules occurs. The oscillating electrons will then emit an
optical field that is associated with Rayleigh and Raman scattering. As a result of

Raman scattering process, excitation of molecule occurs through the virtual states



(the level of an induced dipole moment). Energy levels of Raman and Rayleigh

scattering processes are shown in Figure 1.1.

Excited state
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Figure 1.1 Energy levels of Stokes, Rayleigh and anti-Stokes scattering processes.

Stokes and anti-Stokes scattering are the two main sub-groups of Raman scattering.
Stokes scattering occurs when the scattered radiation has a lower frequency than the
excitation radiation. In other words, in the case of Stokes scattering, the molecule
should be excited from its ground state to a virtual energy state before relaxing into
an excited vibrational state. The intensity of the anti-Stokes line is lower than that of
the Stokes line because the number of molecules is larger in the lowest energy level
of the ground state compared to higher energy levels at room temperature. As a

result, Stokes scattering is primarily measured in Raman spectroscopy.?

The lost or gained amount of energy in the inelastic scattering process by a photon

is called Raman shift and is calculated as equation given below.

AE = 1 1
Aincident Ascattered

where; Aincident is the wavelength of incoming light in centimeters, and Ascattered IS the
wavelength of scattered light in centimeters.? Raman spectroscopy offers easy
instrumentation with a fast measurement time. The technique is useful for structural
identification. Moreover, water has low Raman scattering providing usage of water

as solvent for preparation of samples.® Additionally, little or no sample preparation



is required. Although the technique is advantageous in these respects, Raman
scattering has smaller cross section (102°-10? cm?) compared to fluorescence
(10 cm?).* Low intensity of excitation sources and low sensitivity of detectors
have limited the applications of Raman spectrometry for many years. Generally, one
can use a powerful laser source and/or increase the exposure time to increase the

intensity of Raman signals.®

1.2 Surface Enhanced Raman Spectroscopy and Its Related Mechanisms

Surface-enhanced Raman spectroscopy (SERS) is a widely used surface sensitive
technique to increase low Raman intensities for detection of many molecules at
relatively low concentrations in the order of 10° M or less. This technique has been
used in chemical and biological sensing, imaging and single molecule detection
applications in recent years.® SERS experiments were firstly conducted by
Fleischmann and coworkers for the determination of pyridine adsorbed onto a
roughened silver electrode to increase the electrode surface area.” Enhancement in
Raman signal of pyridine molecules was reported by 10°-10° factors through the
amplification of electromagnetic fields generated by the excitation of localized
surface plasmons (LSPs).” Electromagnetic enhancement mechanism accounted for
this dramatic increase in Raman signal.®® Large surface area was considered to result
in high binding capacity of molecules to metallic surfaces due to more space on the
surface for adsorption with etching of the surfaces at that time.” ' The primary
contribution to SERS enhancement mechanisms is electromagnetic mechanism. It is
directly related to LSPs, which are generated as a result of confinement of surface
plasmons in conductive nanostructures significantly smaller than the incident laser
wavelength. When LSP resonance (LSPR) is excited in a nanostructure, it leads to
two main effects. The first one includes absorption and scattering of resonant
radiation and the second one is the creation of very strong electromagnetic fields on
the surface of the structure.!! In case of SERS, the plasmonic nanostructure is in

close proximity to the analyte. Therefore, the electromagnetic field includes not only



the incident field but also the field generated by the LSPR. Thus, SERS intensity is
directly related with the strength of the electromagnetic field outside the nanoparticle
and is significantly amplified for a specific excitation wavelength. An illustration of
the LSP effect is shown in Figure 1.2.

Electric field
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Figure 1.2 Localized surface plasmon effect.

Electromagnetic enhancement is affected by laser excitation wavelength, size and
shape of NPs, nanoscale roughness, distance between neighboring NPs and distance
between probe molecule and NPs.'?> Roughened surfaces are thought to be more
applicable for localized enhancement of Raman signal due to strong and favorable
interaction of molecules with radiation field in case of surface bumps in
nanostructures,®® resulting in amplification of the electromagnetic fields near the
surface.!* Surface bumps are formed as a result of roughening of metallic surface
and free electrons of metals move in these regions in a restricted mobility.*
Nanoscale roughness in a metal surface provides generation of high density of highly
localized regions (hot spots) in which extraordinary SER signal enhancement
occurs.’®18 Hot spots can be defined as highly concentrated areas of strong
electromagnetic fields. They are created by LSPRs and they are thought to provide a
significant boost to SER signal. This enhancement is extremely large and it is
concentrated in areas much smaller than the wavelength of light.!® That means
specific gaps between particles can generate very high magnetic fields due to
coupling between their plasmon resonances. Therefore, it is important to increase the

density of hot spots on a surface to increase the enhancement in SER signal. For



example, approximately 10° times higher enhancement factors were calculated while
increasing surface roughness of Ag films from 0.83 nm to 7.14 nm with the
attribution of increase in the number of hot spots.?° Furthermore, enhancement of
SER signals on Ag substrates on glass and polydimethylsiloxane (PDMS) templates
were evaluated in terms of both thickness and roughness by Lee and coworkers.?!
For the same thickness value of Ag films on the substrates, SER signal of 4-
aminothiophenol (4-ATP) on flat PDMS structure was reported to be approximately
66% of the SER signal on porous PDMS structures. Therefore, SERS activity was
mainly attributed to the density of bumps and wrinkles on variably roughened PDMS
templates at 10-nm thick Ag layer.?! Besides nanoscale roughness, important
contribution to electromagnetic enhancement is distance-dependent behavior of the
molecule and the surface.?? The distance between the surface and the molecule, r, is
proportional to r*? and can increase up to r° by addition of surface molecules for
electromagnetic enhancement based on calculations.?>** Moreover, the distance
between the molecule and the surface should be within 1-30 nm for a reasonable
SERS enhancement depending on the type of (Au, Ag, Cu etc.) metallic surface and
probe molecule.?*252¢ Sjze of NPs is another significant parameter to be controlled
for optimum signal enhancement. NPs smaller than 5 nm do not provide Raman
signal enhancement.*1*2” Although local electromagnetic field enhances with
largening of particle size,?®-% less absorption of light and less inelastic scattering by
very large particles result in decrease in SER signal.3**? Therefore, optimal size of
metal NPs is critical in terms of balancing electromagnetic field and inelastic
scattering efficiency of incoming radiation.® It was reported that optimal size of
spherical gold NPs in solution was around 50 nm for maximum SERS enhancement
of 4-aminothiophenol and 4-nitrothiophenol®? and optimal size was also similar for
spherical silver NPs in solution using rhodamine-6G (R6G) as probe molecule.®
Higher enhancement factors can be achieved at hot spots in the junctions between
NPs compared to isolated single NPs.®* When the particles are close to each other, it
is favorable for generation of hot spots to achieve larger signal enhancements. When

Raman-active molecules are located within these hot spots, their signals can be



increased by a factor of 10° to 10, Therefore, spacing between NPs should be
diminished, but this distance strongly depends on shape and type of NPs and probe
molecules for generation of efficient hot spots.®>3" For example, 1 nm gap
(determined by the length of the probe molecule) between Au substrate and Au
nanostar tips achieved twice larger enhancement factor for 1,5-naphtalenedithiol
(15NAT) molecule as compared to Au nanospheres on the substrate.*® Since nanostar
particles were facilitated by highly localized plasmons in each tips, the enhancement
at the 1 nm gap between the substrate and nanostar tips enhanced the signal. Another
factor affecting electromagnetic enhancement is the choice of excitation wavelength
of laser. For a long time, it was believed that the most effective way to stimulate a
particular LSPR was by using light with a wavelength precisely matched the LSPR
maximum.!! After that, Van Duyne and coworkers demonstrated that the best
excitation for a given LSPR is slightly blue-shifted from the LSPR maximum.® In
their study, silver thin films with different optical responses were coated with a
monolayer of benzenethiol (BT) and irradiated with 13 different excitation
wavelegths. The results showed that the best excitation was consistently blue-shifted
in relation to the LSPR maximum, and this is consistent with the electromagnetic
mechanism that predicts the maximum SERS intensity is obtained when the LSPR
strongly enhances both the incident and scattered photon intensities.®® On the other
hand, a good SERS spectrum of 1-naphtalenethiol (LNAT) can be obtained when
LSPR of Ag NPs (between 400 and 600 nm) on exponentially grown films and
excitation lines (785 and 830 nm) are far away from each other.® A slight red shift
occurred by the addition of the probe molecule (INAT) to NP including films. The
most likely explanation for intense SER signals is the creation of hot spots that are

randomly distributed within the films.%

The second enhancement mechanism is due to chemical mechanism including
charge transfer between metal and the adsorbed molecule. It is a less understood
mechanism compared to electromagnetic one. Contribution of it is less than
electromagnetic mechanism, which is only enhanced the signal by a factor of 10 or

100 since the chemical mechanism should include direct contact of molecule and



metal surface.'® Mechanism of the interaction of NPs and orientation of molecule on
the surface can be explained in terms of chemical mechanism. Moreover, shift of
SER spectrum compared to Raman spectrum is caused by chemical enhancement
mechanism.*® Experimentally measured signal increase is a result of both

combination of electromagnetic and chemical enhancement.*

The enhancement factor (EF) as a result of both mechanisms is calculated by the
following formula as a SERS substrate point of view.3842

ISERS NSERS
)/

IRaman

EF = ( )

NRaman

where Isgrs and I ,man Stand for observed intensities of a vibrational modes of probe
molecules in SERS and Raman, respectively. Additionally, Nggmaen and
Nsgrs Symbolize number of probe molecules adsorbed on bulk and SERS substrate
excited by laser radiation, respectively. Another important approximation of EF
calculation is using analytical chemistry point of view. It is applicable when the
matter is determination of the extent of enhancement in SERS as compared to Raman
spectroscopy under specific experimental conditions.*> Analyte solution with
concentration of Craman and Csers produces the signals Iraman and Isgrs, respectively
and the formula is defined as analytical enhancement factor (AEF). AEF is heavily
influenced by adsorption properties and surface coverage of the probe molecule,
which may not be fully characterized by csers. Additionally, AEF is strongly
dependent on the sample preparation method. Therefore, the AEF may not fully
characterize SERS substrate. The last approach for EF calculation is the single
molecule EF (SMEF). It is generally influenced by probe molecule orientation on
the SERS substrate, as well as the orientation of the substrate with respect to the
incident laser polarization and direction. It is therefore necessary to precisely define
the geometry of the SERS substrate and the position and orientation of the probe on
it. Due to these limitations, this definition is more suitable for theoretical estimations

of the enhancement factor rather than experimental measurements.*?> SMEF can be



calculated by ratio of SERS intensity of the single molecule under consideration to

average Raman intensity per molecule for the same probe.

1.2.1 SERS Substrates

When deciding if a substance is a consistent and highly promoting SERS substrate,
many criteria must be considered. Desired features of SERS substrates proposed by
Natan*® and Lin and coworkers #* are high average enhancement (>10°), uniformity
(variations <20%), reproducibility (variations <20%), large area (some mm?2),
stability, ease of fabrication and cleanliness of the surface.

Many types of SERS substrates have been reported in the literature including
colloidal NPs,*" electrochemically roughened metal electrodes,*®“° solid
nanopatterned substrates with controllable roughness and thickness prepared by
lithography®°-? and atomic layer deposition.>*** Silver, gold and copper NPs are
mostly used as SERS substrates due to tunable localized surface plasmon resonance
(LSPR) values.® Copper and Ag NPs are less commonly used due to their instability
in air compared to Au NPs.® Although using colloidal NPs as SERS substrates is
easy and practical, aggregation of the particles upon analyte addition results in
irreproducible SER signals.>>% On the other hand, nanopatterned structures provide
high reproducibility due to well-controlled geometric parameters of nanostructures,
however its use is limited due to expensive instrumentation and long production time

of nanopatterns.>"~>°

1.3 Polyelectrolytes

Polyelectrolytes (PE) can be defined as charged polymers having ionizable groups.
Strong polyelectrolytes are completely charged regardless of the pH of the solution,
whereas weak polyelectrolytes have dissociation constants, meaning that they are
partially ionized depending on their pKa values. Polystyrene sulfonate (PSS),

poly(3,4ethylenedioxythiophene) (PEDOT), and poly(diallyldimethyl ammonium



chloride) (PDADMAC) are some examples of strong polyelectrolytes. On the other
hand, some weak polyelectrolytes are polyethylene imine (branched/linear) (PEI),
polyaniline (PANI), poly-L-lysine (PLYS), poly(amidoamine) (PAMAM),
poly(methyl methacrylate) (PMMA). One of the common weak polyelectrolyte pair
to prepare polyelectrolyte multilayer (PEM) is poly(allylamine hydrochloride
(PAH)/poly(acrylic acid) (PAA).6%6! By using PAH and PAA polyelectrolytes at
various pHs, different conformations may be formed, and the thicknesses of
multilayers can be adjusted.

131 Layer-by-Layer Self-Assembly Technique

Layer-by-Layer (LbL) technique is one of most efficient homogenous coating
method with immersion of the substrate into oppositely charged polyelectrolytes
which are commonly used in the literature.®%® This technique was developed by
Gero Decher and coworkers®® after the preliminary studies of R. K. Iler in which
oppositely charged microparticles were prepared.®” The technique enables control of
the properties of a thin film on different surfaces by incorporation and
immobilization various components such as NPs on the solid substrates.586°
Homogenous and intense coating of the LbL films with NPs is critical in terms of

obtaining reproducible SERS substrate.

In LbL technique, silicon wafer, glass and quartz are used as substrates. Properties
of the film can be adjusted by the chemical nature of polyelectrolytes, concentration,
pH, temperature and salt concentration of the polymer solutions. LbL technique of

dip-coating is summarized in Figure 1.3.
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Figure 1.3 Schematic representation of layer-by-layer technique.

The films are formed by depositing oppositely charged polymers on the surface.
Briefly, a substrate is immersed into a polycation solution, followed by two
sequential rinsing steps to remove loosely bound polymers. Then, the substrate is
dipped into a polyanion solution, followed again by two rinsing steps. This cycle is
repeated until the desired number of layers is obtained. The main driving force for
the formation of multilayer film is electrostatic interaction between polyanions and
polycations.”®"* Additionally, hydrogen bonds,’? van der Waals forces,% covalent

bonds’® and hydrophobic interactions are contributed for LbL film formation.

1.3.1.1  Growth Mechanisms in LbL Assembly

LbL film growth patterns are broadly classified into two types as linear growth and
exponential growth. The thickness of each layer increases linearly or exponentially
with the increase in the number of PE layers, in linear and exponential growth,
respectively. Exponential growth regime results in either an increase in surface
roughness resulting in greater surface area for polymer deposition’ or in and out
diffusion of at least one of the polymers resulting in greater amount of polymer
deposition with increasing number of layers.4®® A complex forms between
polyanions and polycations, so exponential growth occurs. For example, during the
growth of poly-L-lysine (PLL) and hyaluronic acid (HA), the PLL was observed to
diffuse both into and out of the film.54 The PLL chains that diffused out of the film

10



formed complexes with the HA at the outermost layer of the film. As a result, the
thickness of the outer layer was directly proportional to the amount of PLL chains
that diffused out of the film in the presence of HA. Additionally, the growth
mechanism of LbL assembly was also affected by molecular weight of PEs. Sun and
coworkers reported difference in film thickness due to molecular weight of PAA.™
When pHs of PAH and PAA solutions were adjusted to 7.5 and 3.5, respectively,
exponential growth regime was observed with low molecular weight PAA. Low
molecular weight PAA was shown in and out diffusion into the films extensively
during assembly process. Linear growth arised due to inability of diffusion of the
PAA into the film since mobility of the higher molecular weight PAA was lower. It
was possible that assembly of higher molecular weight of PAA into these films might
affect internal structures of the films. This effect could reduce the impact of PAA

diffusion on the film thickness.”

1.3.1.2  Factors Affecting LbL Growth

Experimental parameters including nature of the polyanion, pH, ionic strength and
concentration of polyelectrolytes have critical effect on LbL assembly of polymer.
The pH of the environment can influence the charge density of weak
polyelectrolytes. For instance, Shiratori and coworkers showed pH dependence of
multilayer films consisting of PAH and PAA.®! When the pH values of both PAH
and PAA are 6.5, they are fully charged and behave like strong polyelectrolytes,
resulting in formation of thin films (~1 nm for a bilayer)®! due to effective ionic
crosslinking between PAH and PAA layers. At pH 7.5, PAH is expected to be
protonated by ~95%, whereas PAA is ~10% ionized at pH 3.5. The film has a loop
and tail structure resulting from long average distances between electrostatic
crosslinks. As a result, thicker films (up to 8 nm for a bilayer)®* could be obtained
with interpenetrated PAH layers among the PAA chains. The other important
parameter influencing LbL growth is ionic strength resulting in structural changes.

Kharlampieva and coworkers observed that when using salt-free solutions, the

11



multilayers had more stratified structure. However, when salt ions were added,
polyelectrolytes changed into coiled conformation.”® Moreover, the thickness of
multilayers were shown to be increased with increasing salt concentration.”” In order
to obtain stable deposition of layers and enable charge inversion in multilayers
systems, it is essential to have sufficiently high PE concentration. The specific
minimum concentration needed to form multilayers depends on the properties and
characteristics of the PEs involved.”® Moreover, thicker multilayers could be
obtained as a result of using higher concentrations of PEs.” The growth of LbL and
the composition of multilayers can be changed depending on chemical nature of the
polyelectrolytes. For instance, Taketa and coworkers demonstrated that when
chitosan and alginate were used for LbL, the resulting multilayers had relatively
lower thickness as compared to hyaluronic acid/chitosan multilayers under the same
pH and ionic strength conditions. On the other hand, hyaluronic acid was used
instead of alginate, thicker LbL films were obtained.?® Additionally, the chemical
nature of the polyelectrolytes also influence the growth regime of the multilayers as

linear and exponential.

1.3.1.3  Polyelectrolyte Complexes (PECs) Containing LbL Films

Polyelectrolyte complexes (PECs) are three dimensional macromolecular structures
forming spontaneously via interaction of positively and negatively charged
polyelectrolytes in solution. Polymer complexation leads to (i) water soluble PECs,
(if) complex precipitation, or (iii) quasi-soluble PECs in which aggregates of
colloidal dimensions produced from polymers with less than 10 g/mL concentration
level.8! The main driving force for PECs formation is based on electrostatic
interactions between the oppositely charged groups of polyanions and polycations.
Additionally, other weak interactions like hydrogen bonding, van der Waals, or
hydrophobic ones have also role in it.8? PE multilayers (PEM) including sequential
deposition of polyanions and polycations can be considered as subclasses of PECs.
The basic principle for PEM corresponds to the PEC formation. There are some
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common properties of PEC and PEM. Both of them minimize free energy after
counterion release. Their formation kinetics are based on electrostatic adsorption
followed by rearrangement processes by changing conformation for both PECs and
PEM. The type of complex in PECs is related with the growth mechanism in PEMs.
Linearly growing PEMs have highly charged PE pairs resembling to PECs that
precipitate. Exponentially growing PEMs have a gel-like structure due to PE

diffusion, similar to loosely bounded, liquid-like PECs.%

PECs can have diverse structures which can be tailored by using various parameters
in each formation such as mixing ratio, concentration, solution pH, ionic strength
and temperature.®® Moreover, the structure of the polyelectrolyte itself, like chain
rigidity, topography, charge density and molecular weight, is an important parameter
for the formation of the PECs.8? LbL films containing PECs can be used in various
applications such as production of robust free-standing film, stable antireflection
and antifogging coatings,®* and rapid fabrication of micrometer thick films.® In these
films, surface roughness values of the films were reported to be increased with the
increase in size of PECs and number of deposition cycles attributed to accumulation
of PECs to form more islands and increase in surface area for deposition of
PECs.88588 PECs in LbL can result in rigid and porous film surface depending upon
mixing molar ratio of polyanions and polycations in PECs which affects strength of
complexation,® so self-adjustment of PECs conformation is not possible in case of
strong interaction between the oppositely charged groups in PECs.®” Liu and
coworkers studied LbL with poly(methyl methacrylate) (PMMA) and complex of
poly(vinylpyrrolidone) (PVPON)/PAA at various ratios for superhydrophobic
coating applications.® It was reported that PVPON/PMMA multilayer film (~500
nm) was much thinner compared to PVPON-PAA complex/PMMA multilayer (~few
microns). Moreover, it was shown that roughness of the film surface prepared from
complexes increased with increase in number of layers based on the results of SEM
images. Therefore, complexation of PVPON and PAA contributes not only for film
thickness increase but also for surface roughness. Guo and coworkers used PECs of

PAH and PAA in various mixing molar ratios together with PSS as multilayer film
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blocks for producing robust free-standing films, which are existing without solid
substrates either in solution or in a dried state. Based on the results of structural
morphology of PSS/PAH-PAAq.7s (in which the feed monomer molar ratio of PAH
to PAA is 1:0.75), root mean square (rms) roughness values of 39 and 40 layers of
the films were shown to be similar. In the study of McAloney and coworkers, grain
size, roughness and film thickness increased as the added NaCl concentration
increases in a PDADMAC/PSS multilayer system. This can be interpreted as a
conformation alternation of PEs from extended rod to globular coil in the polymer

solution as a function of salt concentration.®

1.4 Nanoparticles (NPs)

Due to their enormous surface area and exceptional electrical, optical, magnetic, and
catalytic properties, NPs differ from their bulk equivalent in terms of their chemical
and physical characteristics.8°? The preparation of NPs for specific applications is
currently an expanding area. Physical, chemical, and biological techniques of
synthesis have all been developed in response to the persistent and ever-increasing
demand for nanomaterials.®>% Three alternative methods including biological,
chemical and physical ones are frequently used to generate inorganic NPs.®>% In
order to facilitate the synthesis of NPs, biological approaches rely on biomolecules.
On the other hand, chemical approaches typically require a large number of
substances, whereas other methods frequently require sophisticated equipment such
as electron beam and laser ablation.®”® Environmentally friendly techniques,
including NP photoinduced synthesis, are becoming more popular as a way to avoid
employing chemical compounds and producing hazardous byproducts.®® Ag NPs and
Au NPs have undergone substantial studies during the past few decades. They can
be used in a variety of biological and biomedical fields. High electron conductivity,®
high colloidal stability,*%, excellent surface plasmon resonance (SPR) properties,
diverse surface bioconjugation!®* and low toxicity!%? are all characteristics of Au

NPs. Similar to other metal NPs, Ag NPs have a distinctive SPR band, optical
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properties,'®® good electrical conductivity and catalytic properties,'® as well as

remarkable antibacterial activity.%®

14.1 Synthesis Methods of Au NPs

Michael Faraday presented the first scientific technique for producing colloidal Au
NPs in 1857.1% The aqueous reduction of a gold salt by white phosphorous and
stabilization with carbon disulfide resulted in fine particles. Some years later,
Zsimondy observed anisotropic NPs'®” and he received the Nobel’s Prize in
1925. He invented the ultramicroscope, which enabled him to see the shape of the
Au NPs. In 1951, sodium citrate was utilized in a well-known Turkevich process as
a reducing and capping agent.!® This method has become popular, in which
chloroauric acid (HAuCly) is often reduced to Au® in a synthetic process employing
several well-known reducing agents, like sodium borohydride and sodium
citrate dihydrate as the boiling gold solution proceeds. When Au NPs are produced,
temperature and gold salt to citrate ratio determine the size of NPs. After some years,
seed-mediated growth methods for the production of large spherical as well as
nonspherical Au NPs were established, allowing control over the nucleation and
growth processes, resulting in improved monodispersity.:%° Citrate-based techniques
make up the majority of these synthesis approaches created for seed-mediated
synthesis of Au NPs.!1%11? Seed-mediated growth involves the use of a seed, or a
small Au NP, as a nucleus for the growth of larger Au NPs. To synthesize Au NPs
using this method, a seed solution is firstly prepared by dissolving a small amount
of gold salt, such as tetrachloroaurate, in a solvent. A reducing agent, such as sodium
borohydride, is then added to the seed solution to reduce the gold salt to gold metal.
The seed solution is then used to grow larger Au NPs by adding a gold-precursor
solution. The gold-precursor solution contains a higher concentration of gold salt and
a mild reducing agent such as ascorbic acid. As the gold-precursor solution and
reducing agent are added to the seed solution, the gold ion is reduced to gold metal
and begins to deposit onto the surface of the seed NPs, resulting in the growth of
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larger Au NPs. The amount and nature of the reducing and capping agent as well as
their proportion to the Au precursor control the size, shape, and surface properties.
Pioneers of seed-mediated synthesis for producing nanorod-shaped particles using
reductants and surfactants are Murphy and El-Sayed and their coworkers 113114

Since the charge of Au NPs plays a significant role in electrostatic interaction-based
adsorption, it is imperative to create Au NPs using an appropriate stabilizing agent
during the seed-mediated synthesis process. Polyethylene imine (PEI)-capped Au
NPs are coated with a layer of PEI which is a polymer that carries a positive charge.
PEI is often used as a capping agent for Au NPs due to its ability to stabilize the NPs
and modify their surface properties.!!® Using electrostatic interaction, it was shown
that PEI-capped Au NPs may be used to quickly decorate a variety of silicon oxide
support materials.*'® PEI-capped Au NPs have a number of potential applications.
Due to their positive charge, they can be used as drug delivery agents, as they can
interact with negatively charged biomolecules and cells.*'® They can also be used as
catalysts, as the PEI layer can modify the surface properties of the Au NPs and

enhance their catalytic activity.*920

1.4.2 Photochemical Synthesis of NPs and Related Mechanisms

The photoinduced synthetic strategies can be divided into two categories, which are
photophysical (top down) and photochemical (bottom up). The former creates NPs
by subdividing bulk metals, whereas the latter creates NPs from zero-valent metal
(M°) derived from molecular or ionic precursors. Direct photoreduction of a metal
source (metal salt or complex) or photochemically produced intermediates, such as
excited molecules and radicals, used to reduce metal ions results in the formation of
MP.121 The direct photoreduction in which M° formed through the direct excitation
of a metal source, has been recognized as a key technique for NP synthesis. As a
result of the benefit of not including reducing agents, it has been widely used in a

variety of mediums, such as polymer films, glasses and cells.*?*
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Direct photoreduction has been studied to show the photochemical production of Ag
NPs in an aqueous medium.*?212 Hada and coworkers explored the synthesis of Ag
NPs in aqueous and alcoholic solutions by the direct excitation of AgClO4 and
proposed a synthesis mechanism.?? They suggest that the excitation of Ag* results
in an electron transfer from the water molecule to Ag®*, by the subsequent
decomposition of H,O" into H™ and OH: radical. In case of using alcohol (ethanol)
as a solvent, H,O" is replaced by RCH>OH". The equations (1 and 2) show the
photochemical reaction between solvent molecules and Ag*. Both reactants and
products are surrounded by solvent molecules in these reactions. As a final step, the
solvent molecules surrounding the products of Eqns. 1 and 2 break down, causing
the silver atoms to turn into colloidal silver outside of the structure. That means Ag°
associates in order to create Ag NPs (Egn.3). OH- and RCHOH: radicals were
observed to turn into Oz and acetaldehyde, respectively. In addition, using 2-
propanol as a solvent, a-hydrogen of it can be easily released, so reaction between
radicals formed and 2-propanol is accelerated. RCHOH: radical in Eqn.2 has the
ability to reduce additional Ag" and provide Ag NP formation (Eqn. 4). As a result,
quantum vyield of this reaction including 2-propanol is higher as compared to the

reaction with ethanol.*21:22
hv
h
Ag* + RCH,0H = Ag® + H* + RCHOH-(2)
nAg® - (Ag°)n (3)

h
Ag* + RCHOH' = Ag® + H* + RCHO (4)

Au NPs are also produced by the direct photoreduction of AuCls in an aqueous
solution. Numerous studies have shown the presence of an intermediate during the

creation of Au NPs since the yellow color of Au®* vanishes before the formation of
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Au NPs.'?4125 An intermediate can be defined as a molecule that is produced during
a reaction and exists for only a brief period of time. It is highly reactive and contains
a lot of energy, but it is not very stable, so it quickly transforms into a more stable
molecule. From this definition, excited radical in Eqn. 5 (HAu®**Cls),, Au?* complex
in Eqn. 6 (HAu?**Cls....Cl), HAu?*Cl3 and HAU'CI, (in Eqgns. 7 and 8) can be
intermediates. However, Gachard and coworkers hypothesized that Au® is the most
likely intermediate based on the stability with respect to disproportination.'?®
Additionally, Kurihara studied Au NP synthesis mechanism in water and water in oil
emulsions.*®® When Au®* is exposed to UV light in both media, it becomes excited
(Eqn. 5) and forms a caged Au?* complex (Eqn. 6). This complex later dissociates
(Egn. 7), and the unstable Au?* further decomposes into Au* and Au®* (Eqgn. 8). Au*
then absorbs another photon to become Au® (Egn. 9). It eventually combines to form

nuclei and subsequently the Au NPs (Eqn. 10).

h
HAW3*Cl, - ((HAW3*Cl,)) (5)
((HAu3*Cl,)) —» (HAu?*Cl; ....CI) (6)
(HAu?*Cl; ....Cl) » HAu?*Cl; + Cl (7)

2HAu?*Cl; » HAu3*Cl, + HAu*Cl, (8)
hv

HAu*Cl, — Au® + HCl + Cl (9)

Au® - (Au®)n (10)

1.42.1  Bimetallic (Au-Ag) NPs and Their Photochemical Synthesis

Bimetallic NPs have received significant interest because of their intriguing optical,

electrical, catalytic, and magnetic properties that can be markedly different from
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those of their corresponding monometallic counterparts.*2” 3 Since the size and
shape of monometallic NPs affect their properties, numerous studies have
concentrated on various NP morphologies.’*:1*2 Core-shell, heterostructure and
alloyed nanostructures are the categories for bimetallic NPs.13+-13 These bimetallic
NPs materials possess a distinct collection of qualities arising from the more
sophisticated shape and composition, in addition to a mixture of properties

originating in each individual element.

The optical characteristics of Au-Ag alloy NPs are greatly influenced by the Au-to-
Ag ratio.®*"1% In specifically, the appearance of only one corresponding plasmon
band changes with an increase in Ag concentration, shifting from about 520 nm (Au
NPs) to 400 nm (Ag NPs). Since the outer electrons in Au (core)-Ag (shell) NPs are
polarized in two separate electronic domains, two plasmon resonances are visible.**®
The thickness of the shell material (Ag NPs) that has been deposited also has an
impact on these plasmon resonances of Au and Ag NPs.'%® For instance, in case of
Au(core)-Ag (shell), increasing the amount of Ag caused shifts in the Au plasmon-
band to higher energies and improves the extinction coefficient of the material.
Gonzalez and coworkers studied the photochemical synthesis of Au-Ag alloys in
sodium dodecyl sulfate (SDS) micelles as well as Au(core)-Ag(shell) NPs in
hexadecyltrimethylammonium chloride (CTAC) micelles.!® Using a ketyl radical as
a reductant called Irgacure-2959 (1-2959), HAuCls and AgNO3 reduced to Au® and
AgP in aqueous surfactant solutions.®? This reaction produces Au-Ag bimetallic NPs
with various compositions and architectures depending on the type of surfactant. In
another study, acetone/isopropanol mixture was used as a source for ketyl radical
and UV light (260-400 nm range) to synthesize bimetallic NPs in a mixture of
NaAuCls, AgNOs and CTAB system.™*® As a result, a core-shell structure could be
produced while using a less UV intensity, whereas higher radiation intensity favored
the synthesis of Au-Ag alloys. Xu and coworkers show the synthesis of branched
Ag@Au bimetallic nanodendrites by using 532 nm pulse laser-induced
photochemistry for the preparation of SERS substrate. *® The controlled fabrication

involves the photooxidation of ethanol solution by laser light, followed by the
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reduction of Ag* via pulsed laser irradiation onto precursors including HAuCl, and
ascorbic acid. The final multi-branched Ag@Au nanodendrites demonstrate
excellent SERS activities of 4-ATP probe molecule with an EF of 10* due to the
controlled architectures and composition of the nanodendrites. In a recent study,
Kazancioglu and coworkers reported creating bimetallic Au-Ag alloy NPs less than
10 nm in size using a novel photoinitiator called 2-thioxanthone thioacetic acid-
dioxide for the application of their catalytic activity.** Saha and coworkers obtained
the deposition of Au on Ag NPs (Au@Ag NPs) and silver on Au NPs (Ag@Au NPs)
after getting alginate beads modified with Ag NPs and Au NPs due to the action of
cyclic UV irradiation. Applications for SERS of 2-aminothiophenol and 1,10-
phenanthroline were studied on these hybrids, resulting in efficiency of SER signals
increasing in the order of Ag@Au <AU@Ag < Au-coated beads.'*?

1.5 NP Embedded Films for SERS Applications

It is crucial and challenging to attach NPs homogenously to a solid surface. In
literature, LbL deposition enables precise manipulation of the characteristics of a
film on various types of substrates by combining different materials, such as NPs,
nanosheets, nanoshells, nanowires with polymers. S. Abalde-Cela and coworkers
used Ag NP loaded poly(diallyldimethyl — ammonium  chloride)
(PDADMAC)/poly(acrylic acid) (PAA) multilayers as SERS substrate for detection
of dioxins at concentration down to 1.0x10® M.*® In another study, Zhou and
coworkers adsorbed Ag* into PDADMAC/PAA multilayers and prepared Ag NP
embedded films through in-situ reduction of Ag cations using NaBHa4. The SERS EF
provided by these films was recorded as ~10° for Rhodamine 6G (R6G) probe
molecule.!*® Au NP including PEI/PAA coated SERS substrates were shown to have
superior SERS activity for 4-nitrobenzenethiol compared to vacuum evaporated and
electrochemically roughened Au substrates.** All these examples showed
homogenous, reproducible and sensitive LbL-based SERS substrates in which either
Au or Ag NPs were included within the multilayers at the post-assembly step.3%143-
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147 There are also studies reporting the use of Au or Ag NPs as building blocks
together with polyelectrolytes in the LbL film construction. These multilayers, so
called the “sandwich model”, are formed through sequential adsorption of
polyelectrolytes and NPs.’0148-1% SER signal obtained from sandwich-like LbL
assemblies was found to enhance as the number of NP layers increased due to
enhanced local electromagnetic field arising from close proximity and strong

coupling interactions among neighboring NPs.”®

151 Seed-mediated NPs in SERS Applications

Philip and coworkers demonstrated use of three distinct silicon oxide supports to
explore the SERS properties of PEI-capped Au NPs.*® A unique PEl-assisted seed-
mediated growth technique was used to produce the large-sized (varied from 35 nm
to 130 nm) Au NPs for the SERS applications. It was shown that PEI and seed
amounts had an impact on the size control of the Au NPs during a seed-mediated
synthesis. During the deposition and infiltration of the NPs to fabricate SERS
substrates, Au NPs were adhered to the silicon oxide materials using electrostatic
contact and capillary forces. The highest SERS performance of 4-ATP among the
three SERS substrates was the Au-SiO- photonic crystal substrate, which utilized the
synergistic effects of the photonic crystal and Au NP clusters. When it comes to Au-
photonic crystals and Au-glass plate substrates, the nanoscale separations (1-15 nm)
between the Au NPs in the clusters are proof of SERS hotspots, where the
electromagnetic field is considerably boosted, enhancing the SERS performance of
this type of substrates.!'® On the other hand, in citrate-based seed-mediated synthesis
method, it was shown that citrate could be used to control the growth of NPs into
unique geometries and seed-mediated growth approach could be employed to induce
branching of Au NPs.'®" Branching in Au NPs increased their SERS activity of 4-
ATP compared to unbranched ones, which made them particularly desirable for
SERS applications. In addition, Leng and coworkers achieved room temperature
seed-mediated synthesis of Au NPs using citrate ion and gold salt.’®® When
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compared to Au NPs synthesized at 100 °C, Au NPs synthesized at room temperature
showed twice higher Raman enhancement. They credited the increased surface
roughness of the Au NPs at room temperature for this improvement.'®® The particles
prepared at ambient temperature displayed more edges and corners than equivalent
particles prepared at 100 °C, as demonstrated in TEM imaging. In another work, a
seed-mediated growth method was described to prepare Au NPs with multiple
branches that eventually resembled sea urchins.'® Their size was controlled between
40-180 nm by varying the concentrations of gold seeds, HAuCl4, and hydroquinone
as a reductant for optimization of SER signals of Nile Blue A with uniform
morphology and monodispersity. By increasing concentration of hydroguinone and
HAUCI4, larger particles with sea-urchin shapes were obtained together with red-
shifting of extinction spectra of NPs. On the other hand, concentration of gold seed

increase resulted in smaller NPs.

152 Photochemically Synthesized NPs Embedded Films in Various
Applications

Metal NPs can be generated on the surface and also inside multilayer thin films by
applying physical, chemical or photochemical ways with reduction of metal cations.
In this method, multilayer films were dipped into aqueous metal salt solutions
allowing ion exchange process between counterions in the film and metal cations
from the solution.'®® Then, NPs can be synthesized with proper routes. There are
some advantages of in situ synthesis such as well dispersion of NPs within the film
and better control over NP concentration because of the better tuning of metal
content by variation of PE deposition pH and number of ion exchange and reduction
cycles.®® By this way, weight fractions of metals and size of synthesized NPs are

determined.

In the study of Machado and coworkers, Ag NPs in multilayers of PAH/PAA (at pH
3.5) films were synthesized by dipping of the films into silver acetate (AgCH3COo,
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5.0 mM, pH 6.5) by UV and ambient light.*®* Smaller NPs (2-4 nm in diameters)
were produced within multilayers of PAH/PAA film under UV light (365 nm) as
compared to particles (4 to 50 nm) synthesized using ambient light (40 W,
fluorescent lamp). Therefore, choice of excitation wavelength led to size variation
and distribution of Ag NPs in the film. In another study, in situ Ag NP growth in
PAH/PAA and polyethylene imine (PEI)/PAA multilayers were investigated by
combinatorial approach by changing variables such as pH of multilayers, AgNOs3
concentration and dipping time in silver salt solution.® In this study, spherical NPs
(3-5 nm) were photochemically produced in multilayer films. As concentration of
AgNO:s increased, absorbance at Amax also increased which can be explained by the
increasing binding capacity of Ag* cation to PE in the film for the production of
NPs.2 In another study, Shen and coworkers produced Au NPs which were formed
by dipping exponentially growing poly(L-lysine)/hyaluronan (PLL/HA) multilayers
(7.5 and 8 bilayers) at pH 9.5/2.9 into Au salt solutions of varying pH and subsequent
UV irradiation of the films.*®2 When pH of AuCl4™ containing solution was 3.0, amine
groups of PLL were primarily protonated while carboxyl groups of HA in the
multilayer structure were slightly ionized (the pKa of PLL and HA are of 9 and 3,
respectively). This resulted in a greater amount of free NHs* groups in the multilayer
film and led to maximum interactions for binding AuCls™ ions. Fewer NPs with larger
(~9 nm) diameters as compared to pH 6 and pH 9 were produced at pH 3.0, which
were shown in SEM images. The amine and carboxyl groups were fully ionized in
multilayer film when pH of AuCls solution was 6. In this pH condition, number of
interactions with AuCls anions of these groups was reduced due to reduced number
of protonated NH3* groups. At pH 6, Au™Cly ions were formed, which accelerated
the nucleation of Au*Cly to Au® process as compared to pH 3. Au NPs formed in
greater numbers throughout the entire film, although they could only be as big as 3
nm in diameter. When pH of AuCls was 9, the COO" groups of HA were totally
ionized and nearly half of the amine groups of PLL were protonated, allowing for
even fewer interactions with AuCls". The concentration of AuCl,” form was reduced

and there were more gold nuclei to form NPs when the pH was high.*?® However,
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the amine groups quickly stabilized the Au NPs, limiting their diameter to 2 nm.62

Rubner’s group in situ synthesized Au NPs in PAH/PAA (at pH:7.5/3.5) and
PAH/poly(styrene sulfonate) (PSS) (at pH 9.3) multilayers by immersing the films
into gold salt solution (at pH levels 1.8-6.1), followed by exposure to UV light.63
Based on the UV-vis absorption spectra of Au NPs, larger numbers of free amine
groups were available at pH values below of 2.5 for PAH/PAA and pH value below
of 5.0 for PAH/PSS for binding of AuCls anion to the film structure for the formation
of Au NPs. At these pH values, this significant change in gold binding capacity is
due to changes in the structure of the films. In addition, structure of the films is
affected by changes in porosity and swelling of the films depending on the pH. By
controlling the conditions of film assembly, such as the pH and post-assembly
process, it is possible to control the size and distribution of Au NPs in the
multilayers.’®® Jang and coworkers reported a hybrid multilayered film with
photoinduced Ag NP for application as a sensing platform for microarray-based
immunoassays.'®* Using UV-initiated photoreduction techniques, multilayer films of
PEI and hyaluronic acid (HA) were used as a template for the in situ synthesis of Ag
NPs. HA contains negatively charged carboxyl groups and they have the ability to
bind to Ag" ions by serving as a reductant, catalyst and stabilizing agent during the
synthesis of Ag nanostructures, the numbers of HA layers determined the Ag NPs
distribution inside the multilayer film. The thickness of the PEI/HA multilayer film
increased with the number of bilayers, which led to increasing the ability of reduction
and subsequent storage of more amount of Ag NPs within the films. In another study,
Zhang and coworkers showed hydrogen bonded LbL (PVPON/PAA) assemblies as
nanoreactors for NP synthesis.®® They reported that uncrosslinked hydrogen-bonded
PVPON/PAA films remained stable Ag* loading. Based on the results of FTIR and
XPS studies, Ag* binds to carbonyl group of PVPON via coordination interaction
while also binding to PAA via electrostatic interaction. As a result, the films do not
disintegrate when the hydrogen bonds between PVPON and PAA are broken.®® Cui
and coworkers presented a straightforward in situ method to fabricate Ag NP arrays

in a LbL assembled between negatively charged hyaluronan (HA) and positively

24



charged PDADMAC multilayer structure.*%® The number of bilayers has a significant
impact on the morphology of the arrays, and the number of irradiation/drying cycles
during fabrication allows for easy customization of the surface density of the NPs in
the arrays. For LSPR absorption spectrum-based biosensors, the implanted Ag NP
arrays provide improved stability. The LbL method was used to build
PAA/PDADMAC multilayers on silk, which were then used as a 3-dimensional
matrix for the in situ production of Ag NPs in the work by Meng and coworkers.’
The multilayer coated silk fibers could be used to manufacture Ag NPs, and the
amount of these Ag NPs could be controlled by varying the number of bilayers. The
prepared silk had antibacterial action since it could effectively stop the formation of

new germs and Kill any existing ones.

1.6 Aim of the Study

In this thesis, the main aim was to develop sensitive and reproducible SERS
substrates using LbL technique. Homogenous and intense coating of NPs on solid
substrates was aimed to be provided by LbL technique, resulting in reproducible SER

signals on multilayer surfaces.

In the first part of the study, it was aimed to understand the relationship between LbL
film structure (PAH/PAA and PAH/TA) with surface morphology and SER signals
of the probe molecule in NP containing polymer multilayers. Post-loading
incorporation of citrate-capped Au NPs and sandwich type inclusion of the NPs were
also explored to show film architecture effect on SER signal intensity. Although
there were both post-loaded incorporation®*43-147  and sandwich type
multilayers’®48-15¢ in literature for SERS applications, observation of SERS
enhancement using highly rough structures in TA including multilayers was newly

studied in this thesis.

In the second part of the study, it was aimed to synthesize large-sized and seed-

mediated (BPEI-capped) Au NPs in the solution media and self-assemble these NPs
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at the surface as a single layer or multilayer using TA or PSS. Then, the films
containing BPEI-capped Au NPs were aimed to increase SER signals. Since size of
NPs is one of the critical parameters to be controlled for SER signal enhancement,
this part was planned to optimize size of NPs in solution. Accordingly, size of NPs
in solution was explored by variation of pH of the growth solution and concentration
of BPEI to find out the effect of size on SER signal intensity. Although the synthesis
method was modified from literature,!* incorporation of these large-sized NPs into
multilayer films were firstly applied in this thesis for obtaining more reproducible
SERS substrates.

In the final part, monometallic and bimetallic Ag and/or Au NPs in LbL films were
aimed to be in situ photosynthesized for observation of SERS enhancement with
using light for reduction of metal cations. By this way, homogenous dispersion of
NPs with a more controllable way as compared to post-loading of NP solutions was
aimed to contribute for obtaining reproducible SER signals from surfaces. In
literature, there are some applications of LbL including monometallic or bimetallic
in situ photosynthesized NPs,*%%%7 pbut none of them is applicable for SERS

enhancement in the multilayers.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

Polyallylamine hydrochloride (PAH, Mw=15,000), polyacrylic acid (PAA,
Mw=1,800), branched polyethylene imine (BPEI, Mw=25,000), polystyrene
sulfonate (PSS, Mw=70,000), polyethylene oxide (PEO, Mw=200,000), hydrochloric
acid (HCI), sulfuric acid (H2SOs), sodium hydroxide (NaOH), trisodium citrate
dihydrate (CsHsNasO7.2H20), silver nitrate (AgNOs) and crystal violet
(C25N3H30Cl) were purchased from Sigma-Aldrich. Polyvinyl caprolactam (PVCL,
Mw=1,800) was purchased from Polymer Source Inc. Tris hydroxymethyl
aminomethane hydrochloride (Tris HCI- C4H1:NO3-HCl) was purchased from
Scharlau. Sodium dihydrogen phosphate dihydrate (NaH2POs4-2H.0), sodium
borohydride (NaBHa) and tannic acid (TA, Mw=1,701) were purchased from Merck.
Sodium chloroaurate (NaAuCls.2H20) was purchased from BDH Chemicals Ltd.
Sodium chloride (NaCl) was purchased from Surechem Products Ltd. L-ascorbic
acid (CeHsOe) was purchased from Carlo Erba. All chemicals were used without
further purifications. All aqueous solutions were prepared using Milli-Q water (18.2
MQ cm). The chemical structures of the polyelectrolytes used in this thesis are as

follows in Figure 2.1.

27



0, OH H

NH, n
n

«HCl

BPEI

0 P M
N
AN L © ’n N o
() PEO
SOy 'n PVCL
PSS

s X
I;hfz;ﬁ

5 %

TA

Figure 2.1 Chemical structures of polyelectrolytes.
2.2 Methods and Instrumentation

Ellipsometry: Thickness of dried films was measured using an ellipsometer of
Optosense, USA (OPT-S6000).
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Atomic Force Microscopy (AFM): Surface morphology was followed by AFM
using NT-MDT Solver P47 AFM in tapping mode using Si cantilevers.

Scanning Electron Microscopy (SEM): Surface morphology was also followed by
SEM using high resolution QUANTA 400F Field Emission SEM.

SERS Measurements: SERS spectra were recorded with Raman spectrometer using
HORIBA-Jobin Yvon LabRam equipped with charge-coupled device (CCD)
detector and He-Ne laser (632.8 nm, 10 mW or 5 mW) as the excitation source.
Spectra were obtained using 50x objective and 600 g/mm grating with 10 s
acquisition time. Each spectrum was recorded twice and then averaged. For SERS
measurements, 25.0 uL of 1.0 x10° M CV solution were drop-casted onto the SERS
substrate. Measurements were performed at 5 points of the substrate. The intensity
of the CV band at 1176 cm™ was selected as analytical signal and used for

quantification.

Dynamic Light Scattering (DLS) and Zeta-Potential Measurements: Particle

size and zeta potential measurements were recorded using a Zetasizer NanoZS.

UV-vis measurements: Growth of the dried films was tracked using UV-vis

spectroscopy of T80+ UV-vis spectrometer PG Instruments Ltd.

ICP-MS measurements: Total Ag in multilayers were recorded by Thermo X2

Series Inductively Coupled Plasma Mass Spectrometer.

For ellipsometry, AFM and SEM measurements, LbL films were constructed onto 1
cm x 1 cm silicon wafers and for Raman and UV-vis Spectroscopy measurements
were done onto 2 cm x 2 cm glass slides. Of note, in addition to horizontal position,
glass slides were dipped into polyelectrolyte solutions in the vertical position to
provide homogenous coating in both sides of wafers and slides. No difference in film
thickness was recorded on Si wafers with respect to position of the templates in the

polymer solutions.
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2.3  Preparation of Citrate-Capped Au NPs

Au NPs having maximum absorption at around 520 nm were synthesized by
Turkevich method.!%® Briefly, 10.0 mL of 5.0x10° M gold (111) chloride hydrate
stock solution (prepared in deionized water (DI)) was diluted to 100.0 mL with DI
water. This intermediate solution was heated under constant stirring until it started
to boil. Afterwards, 5.0 mL of 1.0% (w/w) warm sodium citrate solution was added
dropwise to the boiled solution as a reducing and capping agent. The mixture was
heated for an additional 15 minutes (min) under continuous stirring. The color of the

solution turned from pale yellow to ruby red, indicating the formation of Au NPs.

2.4  Multilayer Preparation of PAH/PAA, PAH/TA, PAH-PAA
Complex/PAA and PAH-TA Complex/TA

Silicon wafers/glass slides were dipped in concentrated H.SO4 solution for 85 m and
thoroughly rinsed with DI water. Afterwards, silicon wafers/glass slides were soaked
in 0.25 M NaOH solution for 10 min, thoroughly rinsed with DI water and finally
dried under nitrogen flow. To deposit a precursor layer, substrates were immersed
into 0.5 mg/mL BPEI solution (prepared in 10 mM phosphate buffer) at pH 4.0 for
1 h, followed by rinsing of twice (1 min for each) in phosphate buffer solution (10
mM, pH 4.0). The pH of polymer and rinsing solutions were adjusted using 0.5 M
HCI or 0.5 M NaOH. In all film systems, each layer was deposited for 5 min and

rinsed for 1 min.

24.1 LbL Self-Assembly of PAH and PAA

Exponentially grown (PAH/PAA), films, where n is number of layers, were prepared
by alternatingly dipping the substrates in PAA (0.8 mg/mL in 10 mM phosphate
buffer, pH 3.5) and in PAH (1.0 mg/mL in 10 mM Tris buffer, pH 7.5) solutions.

After each deposition step, substrates were rinsed twice using either 10 mM
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phosphate buffer at pH 3.5 (after PAA deposition) or 10 mM Tris buffer at pH 7.5
(after PAH deposition). Multilayer films were dried under N flow. In linearly grown
PAH/PAA films, similar deposition procedure was followed except the deposition
pH which was 4.0 for both PAA and PAH.

2.4.2 Preparation of PAH-PAA Complexes and LbL Self-Assembly of
PAH-PAA Complexes and PAA

A 50.0 puL of 0.8 mg/mL PAA (pH 3.5) solution was added dropwise at two
increments as 25.0 uL onto 10.0 mL of 1.0 mg/mL PAH (pH 7.5) solution under
vigorous stirring continued for 15 min. The pH was readjusted to 7.5 upon mixing
of the polyelectrolyte solutions using 0.5 M NaOH or 0.5 M HCI solutions. The final
concentrations of PAH and PAA in the complexes were 1.0 mg/mL and 0.004
mg/mL, respectively.

For multilayer deposition, BPEI-coated slides were alternately immersed into PAA
(0.8 mg/mL in 10 mM phosphate buffer, pH 3.5) and PAH-PAA complex (1.0
mg/mL or 0.8 mg/mL in 10 mM Tris buffer, pH 7.5) solutions. Each deposition step
was followed by two rinsing steps (1 min for each rinsing) using 10 mM phosphate
buffer (pH 3.5) for PAA and in 10 mM Tris HCI buffer (pH 7.5) for PAH-PAA
complex layers. Of note, PAH-PAA complex solutions were refreshed every 1 hour

(h) to avoid precipitation during LbL self-assembly.

24.3 LbL Self-Assembly of PAH/TA

BPEI coated substrates were alternatingly immersed into PAH (1.0 mg/mL in 10 mM
Tris buffer, pH 7.0) and TA solutions (0.4 mg/mL in 10 mM phosphate buffer, pH
7.0), followed by two rinsing steps (each for 1 min) using either 10 mM phosphate
buffer (pH 7.0) for TA layer or 10 mM Tris HCI buffer (pH 7.0) for PAH layer.
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2.4.4 Preparation of PAH-TA Complexes and LbL Self-Assembly of
PAH-TA Complexes and TA

PAH-TA complexes were prepared by adding 500 uL of 0.4 mg/mL TA solution
(pH 7.0) at once into 5.0 mL of 1.0 mg/mL PAH solution (pH 7.0) under vigorous
stirring continued for 15 min. The final concentrations of PAH and TA in complex

solutions were 0.91 mg/mL and 0.036 mg/mL, respectively.

For multilayer deposition, BPEI-coated substrates were alternately immersed into
TA (0.4 mg/mL in 10 mM phosphate buffer, pH 7.0) and in PAH-TA complex (1.0
mg/mL or 0.4 mg/mL in 10 mM Tris buffer, pH 7.0) solutions. Each deposition step
was followed by two rinsing steps (each for 1 min) in 10 mM phosphate buffer (pH
7.0) for TA layer and 10 mM Tris HCI buffer (pH 7.0) for PAH-TA complex layer.

2.4.5 Citrate-Capped Au NPs Loading into Multilayer Films

Multilayer films with positively charged outmost layer (PAH or PAH-PAA complex
or PAH-TA complex) were immersed into citrate-capped Au NPs solution for 12 h.
Then, the films were dipped into deionized water for 1 min twice and dried with N>
gas. The schematic representation of these 4 polyelectolyte multilayers are shown in

Figure 2.2.
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Figure 2.2 Citrate-capped Au NP loaded multilayers.

2.4.6 LbL Self-Assembly of Citrate-Capped Au NPs and Polyelectrolytes
or PECs (Sandwich Type Multilayers)

BPEI-coated substrates were immersed into Au NPs solution and rinsed twice in
deionized water for 1 min. Then, the substrates were immersed into PAH (1.0
mg/mL, pH 7.5) solution, followed by rinsing with 10 mM Tris HCI buffer (pH 7.5)
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for 1 min twice. This procedure was repeated until the desired layer number was

reached. Sandwich type multilayer of PAH/Au NPs is shown in Figure 2.3.

PAH/Au NP

Figure 2.3 Sandwich type multilayer.
2.5  Seed-Mediated Synthesis of Au NPs

It was performed by modifying the study of Philip and coworkers!® with changing
source of AuClys’, volume of BPEI in seeded growth solution and pH of final solution.
Firstly, a solution of 0.5 mM NaAuCl4.3H20 in deionized water (15 mL) was stirred
in a flask under ice-cold conditions. To this gold salt solution, 10 uL of 0.6 mM of
BPEI was added under stirring. The reaction mixture was mixed for 5 min and then
600 pL of 10 mM of ice-cold solution of NaBH4 was added. The resulting solution

was stirred for another 15 min prior to use. This solution corresponds to Au NP seeds.

For seeded growth of Au NPs, 60 mL of 0.5 mM NaAuCls.3H-0 in deionized water
was stirred in a 100 mL Erlenmeyer flask. To this stirring solution 1.0 mL of seed
solution was added. After stirring for 2 min, different volumes of 0.6 mM of BPEI
(50, 100, 500 puL) were added to the reaction mixture. The added concentration of
these BPEI solutions were corresponded to 0.5, 1.0 and 5.0 uM, respectively. After
stirring the reaction mixture for another 2 min, 3.0 mL of 10 mM of ascorbic acid
was added. The resulting growth solution was stirred for another 30 min. Then, the
solution pH was brought to 5.0 using 0.5 M NaOH and it was centrifuged for 60 min
at 2,000 rpm. Supernatant was removed from the solution and NPs were dispersed
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in deionized water. Experimental scheme for seed-mediated synthesis is summarized

in Figure 2.4.

NaBH, and BPEI
———

AuCl,” Seed NPs

Ry

QMAscorbic acid and BPEI

AuCl,

BPEIl-capped NPs

Figure 2.4 Seed-mediated synthesis of Au NPs.

The synthesized BPEI-capped Au NPs were loaded into negatively charged glass
substrate as either 1-layer or LbL self-assembled with TA (or PSS).

25.1 LbL Self-Assembly of Seed-Mediated Au NPs and TA

Acid and base-treated glasses were immersed into BPEI-capped Au NP solution
(60+8 nm measured by DLS in size at pH 5.0) for 30 min and rinsed twice in
deionized water for 1 min. Then, the substrates were immersed into TA solution (1.0
mg/mL, pH 5.0) for 30 min, followed by rinsing with 10 mM phosphate buffer (pH
5.0) for 1 min twice. This procedure was repeated until the desired layer number was
reached. The schematic representation of the multilayer is shown in the following
Figure 2.5.
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BPEl-capped Au NP/TA

Figure 2.5 BPEI-capped Au NP/TA multilayer.

2.5.2 LbL Self-Assembly of Seed-Mediated Au NPs and PSS

Acid and base-treated glasses were immersed into BPEI-capped Au NP solution
(60+8 nm measured by DLS in size at pH 5.0) for 30 min and rinsed twice in
deionized water for 1 min. Then, the substrates were immersed into PSS solution
(1.0 mg/mL in 0.1 M NaCl, pH 5.0) for 30 min, followed by rinsing with 10 mM
phosphate buffer (pH 5.0) for 1 min twice. This procedure was repeated until the

desired layer number was reached.

2.6 Photochemical Preparation of NPs

2.6.1 Multilayer Preparation for Post Loaded Inclusion of Au or Ag NPs

Glass slides were dipped in concentrated sulfuric acid for 85 min and thoroughly
rinsed with DI water. Afterwards, they were soaked in 0.25 M NaOH solution for 10
min, thoroughly rinsed with DI water and finally dried under nitrogen flow. To
deposit a precursor layer, substrates were immersed into 0.5 mg/mL BPEI solution

(prepared in 10 mM phosphate buffer) at pH 4.0 for 1 h, followed by rinsing twice
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(2 min for each) in phosphate buffer solution (10.0 mM, pH 4.0). The pH of
polyelectrolyte and rinsing solutions were same with each other and adjusted using
0.5 M HCl or 0.5 M NaOH to bring it to the desired value. The concentration of the
polymer solutions was 1.0 mg/mL for LbL assembly. The duration of deposition and
rinsing steps were 5 min and 1 min, respectively. The polymer pairs together with

deposition pH and rinsing solutions used in LbL assembly are shown in Table 2.1.

Table 2.1. Polyelectrolyte couple list used in the photochemical part.

Polyelectrolyte
couple (1 mg/mL)

Rinsing buffer
type
Tris buffer (PAH)/
PAH/PAA 7.5/3.5 Phosphate buffer 7.5/3.5
(PAA)

Tris buffer (PAH)/
PAH/TA 7.0/7.0 Phosphate buffer 7.0/7.0
(TA)
Phosphate buffer
BPEI/TA 5.0/5.0 for both BPEI and 5.0/5.0
TA
Tris buffer (PAH)/
PAH/PSS 9.3/9.3 Phosphate buffer 9.3/9.3
(PSS)
Phosphate buffer
BPEI/PSS 5.0/5.0 for both BPEI and 5.0/5.0
PSS
Phosphate buffer
PEO/TA 2.0/2.0 for both PEO and 2.0/2.0
TA
Phosphate buffer
PVCL/TA 2.0/2.0 for both PVCL and 2.0/2.0
TA

Deposition pH Rinsing pH

The LbL procedure was repeated until desired layer number of polymer layers was
reached. It was critical to provide polycation at the topmost layer of the multilayer
for AuCls™ immersion (5.0 mM, 15 min) while topmost layer was polyanion in case
of AgNOs (0.5 M, 6 h) loading. After that, films were rinsed with DI water for 1

min twice and dried with N2 gas. Then, these films were exposed to Xe light (500
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Watt) for 1 h. The scheme of photochemical NP formation on LbL substrates is

shown in Figure 2.6.

-,

B e oy — #“ — ‘:‘f E— =g—'9' )  SER
# # measurement
Xe lamp Ag or Au NP CV drop
Multilayer Ag" or AuCly formation

Figure 2.6 Experimental scheme of photochemical Ag or Au NP formation.

Additionally, the scheme of photochemical NP formation in sandwich structures is

as follows in Figure 2.7.

— -——
=ﬁ ——) ——) "_'% —) __#4 — _‘—’q ) SER
measurement

=

Ag* or AuCl,”

Multilayer Xe lamp Agor Au NP Cv drop

formation

Recycle

Figure 2.7 Photochemical synthesis of Ag or Au NPs in sandwich LbL structures.
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CHAPTER 3

USE OF CITRATE-CAPPED AU NPS IN POLYELECTROLYE
MULTILAYERS AS SERS SUBSTRATES

In this part, the effect of the chemical nature of the polyanion, surface morphology
and film architecture on the SER signal was explored. In this respect, various SERS
substrates were prepared through electrostatic LbL deposition of PAH with either
PAA or TA, followed by post-loading of Au NPs. Additionally, water-soluble PECs
were also included into the multilayers. Sandwich type multilayers including PAH
and Au NPs were also investigated for SER signal enhancement. The performance
of Au NPs post-loaded PAH/TA, PAH/PAA, PAH-TA complex/TA, PAH-PAA
complex/PAA films and sandwich type films as SERS substrates was assessed using

crystal violet (CV) as the model probe molecule.

3.1 Characterization of Spherical Au NPs

Au NPs have distinctive optical properties in the visible region of the
electromagnetic spectrum because of their free electrons' localized surface plasmon
resonances (LSPR).%8 The LSPR band of Au NPs synthesized in this study using the
Turkevich method is shown in Figure 3.1 at approximately 520 nm. This method

yields Au colloids with dimensions of 10+2 nm.
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Figure 3.1 UV-vis spectrum of Au NPs synthesized by Turkevich Method.
3.2  Preparation of LbL Films

Two different multilayer films were prepared through LbL deposition of either PAH
and PAA or PAH and TA. Both films were constructed onto a BPEI precursor layer
for a more robust film growth. The first layer was either TA or PAA. Multilayer
growth of PAH/PAA and PAH/TA films was followed by ellipsometry technique
through measuring the dry film thickness after each layer deposition.

LbL deposition of PAH and PAA provided exponentially grown multilayers when
PAH and PAA were deposited at pH 7.5 and pH 3.5, respectively. The driving force
for multilayer deposition was electrostatic interactions between the protonated amino
groups of PAH and carboxylate groups of PAA. Figure 3.2 and Figure 3.3 show
evolution of ellipsometric film thickness as a function of layer number. The error in
thickness measurements increased with further increasing of the layer number and
film thickness reached 130 nm at 12" layer and. Therefore, LbL growth could be

followed up to 12" layer using ellipsometry.
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Figure 3.2 LbL growth of PAH/PAA. PAH and PAA were deposited at pH 7.5 and
3.5, respectively. Multilayers were grown onto a precursor film with a thickness of
~1.9 nm. Thickness values do not include the precursor layer thickness.
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Figure 3.3 LbL growth of PAH/TA at pH 7.0. Multilayers were grown onto a
precursor film with a thickness of ~1.5 nm. Thickness values do not include the

precursor layer thickness.
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41-layer PAH/TA 41-layer PAH/PAA
Roughness=17 nm Roughness=1 nm

05 05

Figure 3.4 AFM height images and roughness values of 41-layer PAH/PAA and

PAH/TA films. The roughness values were estimated over 2x2 pum? images.

Exponential growth regime results from either an increase in surface roughness with
increasing number of layers resulting in greater surface area for polymer deposition”
or in and out diffusion of at least one of the polymers resulting in greater amount of
polymer deposition with increasing number of layers.t*% PAH/PAA multilayers
were smooth and the roughness values for 7, 11 and 21- layer films were comparable
(~1 nm, Figure 3.5).
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Figure 3.5 AFM height images and roughness values of 7, 11 and 21-layers of

PAH/PAA films. The roughness values were estimated over 2x2 pm? images.

Considering the minor difference in roughness values, the exponential growth was
attributed to regime to in and out diffusion of highly hydrophilic PAA with relatively
low molecular weight. At pH 7.5, PAH is expected to be protonated by 95 % (pKa of
PAH is ~ 8.7),1%° whereas PAA (pKa of PAA is ~ 4.5)%2 is 10% ionized at pH 3.5.
The lower number of ionic association among PAH and PAA possibly led to weakly

associating layers and enabled in and out diffusion of relatively short PAA chains
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resulting in exponential growth of multilayers.” Of note, PAH and PAA multilayers
were also prepared at pH 4.0. PAH and PAA exhibited linear growth at pH 4.0 when
carboxylic acid (COOH) groups of PAA was ionized by ~ 25 % and PAH was almost
fully charged. Linear growth at pH 4.0 was correlated with the higher charge density
on PAA and stronger association among the layers, preventing in and out diffusion
of polymer chains. Figure 3.6 and Figure 3.7 contrast the LbL growth and AFM
images and the corresponding surface roughness values of PAH and PAA deposited
at pH 7.5 (PAH)/pH 3.5 (PAA) and pH 4.0 (PAH)/pH 4.0 (PAA). Roughness values
of linearly grown films were higher for before and after deposition of Au NPs as
compared to exponentially grown ones. High initial roughness value before
deposition increased the possibility of deposition of NPs on higher parts of linearly
grown film. Importantly, linearly grown PAH/PAA films did not provide a SER
signal, therefore could not be further considered as a SERS substrate. Although
roughness values of linearly grown films were higher than exponentially grown ones,
lower thickness of linearly grown films deposited less amount of Au NPs, resulting

in no SER signal.
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Figure 3.6 Multilayer growth of PAH/PAA at (A) pH 4.0/4.0 and (B) pH 7.5/3.5.
Multilayers were grown onto a precursor film with a thickness of ~ 1.8 and 1.9 nm,
respectively. Thickness values given in A and B do not include the precursor layer

thickness.
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Figure 3.7 AFM height images and roughness (root mean square, rms) values of 41
layers of PAH/PAA films at pH 4.0/4.0 and pH 7.5/3.5 before and after Au NP

deposition. The roughness values were recorded from 2x2 um? images.

PAH and TA multilayers were constructed at pH 7.0 through electrostatic
interactions among protonated amino groups of PAH and phenolate groups of TA.
PAH and TA films showed linear growth profile with ~1.7 nm increment per bilayer
(Figure 3.3). TA is a natural polyphenol with 25 hydroxyl groups per molecule. TA
has two pKavalues, i.e. pKai~ 6.5 and pKaz2~ 8.0.17% At pH 7.0, TA is expected to
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have both phenolic hydroxyl and phenolate groups. Findings in this study are in good
agreement with the study of Lvov and coworkers who reported a bilayer thickness
ranging between 1.6 to 2.7 nm for PAH and TA films constructed under similar pH

conditions and is maximum at pH 7.0.”

As seen in Figure 3.4, the roughness of 41-layer PAH/TA films was ~ 17 nm
estimated from 2x2 um? images and PAH/PAA films with similar number of layers
were rather smooth with a surface roughness of ~ 1 nm. PAH/TA films were rough,
exhibiting circular islands at the surface. These circular objects were possibly due to
self-aggregation of TA molecules in the solution and deposition at the surface in the

aggregated form. Self-association of TA has been reported earlier.”*

3.3  Au NPs Loading into Multilayers

For SERS measurements, PAH/PAA and PAH/TA multilayers were coated with Au
NPs by exposing 41 layers of films to Au NPs solution for 12 h. Of note, 11, 21, and
31 layers of films for PAH/PAA multilayers were also examined. However, the SER
signals of these 11, 21 and 31 multilayers were too weak, so that Au NPs loaded 41
layers of films were used for the rest of the study. Figure 3.8 contrasts the surface
morphology of PAH/PAA and PAH/TA multilayers before and after Au NPs
loading. Both multilayers showed an increase in surface roughness upon deposition
of Au NPs. However, the remarkable roughness increment recorded for PAH/TA
multilayers after Au NPs loading was possibly due to high initial roughness of

PAH/TA films and deposition of Au NPs probably on higher parts of the multilayers.

UV-vis absorption spectrum of Au NPs loaded PAH/PAA multilayers (Figure 3.9)
showed that LSPR peak associated with NPs broadened and red-shifted indicating
deposition of NPs on the multilayers in the aggregated form.*431"1 On the other hand,
the LSPR band obtained from PAH/TA multilayers remained in the same position as
native Au NPs demonstrating deposition of Au NPs as isolated particles on

multilayer films (Figure 3.9). These results are in good agreement with the SEM
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images of 41 layers of PAH/PAA and PAH/TA multilayer films (Figure 3.10).
PAH/PAA film exhibited accumulation of relatively small particles on the film,
indicating aggregation of Au NPs. The aggregates on top of PAH/TA multilayers
were rather large and sparsely distributed, thus were correlated with the self-
associated TA aggregates. The small and isolated particles were associated with
isolated Au NPs.

41-layer PAH/PAA before Au 41-layer PAH/PAA after Au NP
NP deposition deposition
Roughness=1 nm Roughness=12 nm

10.0 nm

0.0 nm

20pm

05 “os

41-layer PAH/TA before Au 41-layer PAH/TA afterAu NP
NP deposition deposition
Roughness=17 nm Roughness=56 nm

150.0nm 500.0 nm

0.0nm 0.0 nm

2.0um 20um

Figure 3.8 AFM height images and roughness values of 41-layers of PAH/TA and
PAH/PAA films before and after Au NPs deposition. The roughness values were

recorded from 2x2 um? images.
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Figure 3.9 UV-vis absorption spectra of Au NPs embedded in 41-layers of (i)
PAH/TA, (ii) PAH/PAA.

41-layer of PAH/TA after Au NP deposition 41-layer of PAH/PAA after Au NP deposition

Figure 3.10 SEM images of 41-layers of PAH/TA and PAH/PAA films after Au NPs

deposition.
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3.4  SERS Characterization of Multilayers

CV was used as a probe molecule to compare the performance of multilayers as
SERS substrates. CV molecule has a central carbonium ion (CHs") with three
benzene rings around the center and each benzene ring is connected to —N(CHz):
group. The observed main characteristic vibrational bands of CV molecule at around
449, 526, 800, 916, 1176, 1376, 1576 and 1618 cm™, corresponding to out-of-plane
bending mode of C—Cecente—C, bending mode of C—N-C, phenyl-H out-of-plane
antisymmetric bending, out-of-plane aromatic C—C deformation, C—-N-C symmetric
stretching vibration, C—H out-of-plane bending modes, C—H in-plane bending mode,
stretching vibration of nitrogen and phenyl ring, stretching vibration of nitrogen and
phenyl ring and in-plane aromatic C—C, respectively. 1'% As seen in Figure 3.11,
when CV was deposited onto multilayers, the observed peak positions were due to
interaction between CV molecules and Au NPs distributed on the surface of the
substrate. The orientation of CV molecule on the surface of Au nanostructures has
significant effect on the SERS intensity, resulting that no enhancement occurs in
Raman vibrational bands if adsorption of CV molecules is not at right sites of the

substrate surface at desired angles.!’®

SER signal obtained from PAH/TA films was significantly greater than that obtained
from PAH/PAA films as can be seen from Figure 3.11. In literature, Raman signal
enhancements were shown to be correlated with increase in surface roughness on
solid substrates.?>?18%177  Nanoscale roughness in a metal surface provides
generation of high density of highly localized regions (hot spots) in which
extraordinary SER signal enhancement occurs.'®® Hot spots can be defined as
highly concentrated areas of strong electromagnetic fields. They are created by
LSPRs and they are thought to provide a significant boost to SER signal. This
enhancement is extremely large and it is concentrated in areas much smaller than the
wavelength of light.®® When probe molecules are located in between these
neighboring areas, a significant increase in SER signal could be obtained in

comparison to the signal obtained from isolated areas. It has been reported that highly
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localized electric field regions are formed between the numerous neighboring islands
on rough surfaces.? Intersection angle between neighboring islands describes
surface roughness, so that when the angle is sharper, larger surface roughness is
obtained. Moreover, rough surfaces provide a large surface area resulting in an
increased binding capacity as compared to flat surfaces.!*® Since molecules between
two localized regions exhibit the greatest SERS enhancement, a rougher surface can
increase the likelihood that probe molecules will become adsorbed on two
nanoislands. As a result, a rougher nanoislands-deposited substrates were shown to
exhibit a stronger SERS effect.!’® Additionally, an increase in surface roughness
enables greater confinement of NPs, so a rough surface was shown to display a
higher density of NPs.!”® This led to formation of localized regions, where the
distance separated these NPs allows to obtain a localized surface plasmons
couplings.t’ In the light of these findings, the higher SER signal obtained from
PAH/TA multilayers can be explained by the higher surface roughness of PAH/TA
films compared to PAH/PAA.
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Figure 3.11 SER spectra of 1.0 x 10° M CV molecule adsorbed onto Au NPs

containing (i) 41 layers of PAH/PAA (laser power: 5 mW) and (ii) PAH/TA

multilayer films (laser power: 10 mW).
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To further understand the effect of surface roughness on SER signal, water-soluble
complexes of PAH with PAA or TAA were prepared and LbL deposited at the
surface using PAA or TA as the polyacid counterpart. In this way, surface roughness
was aimed to control through deposition of interpolyelectrolyte aggregates on the
surface. The difference between UV-vis absorption spectra of Au NPs including
multilayers of PAH/PAA and PAH-PAA complex/PAA (Figure 3.12) and PAH/TA
and PAH-TA complex/TA are seen in Figure 3.13.
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Figure 3.12 UV-vis absorption spectra of Au NPs embedded in 41 layers of (i)
PAH/PAA, (ii) PAH-PAA complex/PAA.
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Figure 3.13 UV-vis absorption spectra of Au NPs embedded in 41 layers of (iii)
PAH/TA, (iv) PAH-TA complex/TA multilayer films.

Water-soluble complexes of PAH and PAA were simply prepared by adding PAA
solution into PAH solution. The number average particle size of PAH-PAA
complexes measured using dynamic light scattering (DLS) technique was
142.8+14.9 nm (Figure 3.14) and the zeta potential of the PAH-PAA complexes was
measured as 60.7+2.2 mV (Figure 3.15).

To prepare larger complexes, the amount of PAH was kept constant and that of PAA
was increased. Increasing the amount of PAA in the complexes resulted in formation
of larger and but less stable complexes. Therefore, PAH:PAA ratio was not changed
for further studies. Another reason for not increasing the amount of PAA in the
complexes was to leave enough functional groups on PAH chains to drive LbL self-
assembly. LbL deposition of PAH-PAA complexes and PAA were performed under
similar conditions with PAH/PAA films, i.e. pH 7.5 for PAH-PAA complexes and
pH 3.5 for PAA. No significant differences in film thickness and roughness values
(before and after Au NPs loading) between PAH/PAA and PAH-PAA
complexes/PAA were measured (Figure 3.16 and Figure 3.17).
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Figure 3.14 Hydrodynamic size distributions by number of (1 mg/mL PAH- 0.8

mg/mL PAA)

complexes by Dynamic Light Scattering. Each color shows the

replicate measurements of these complexes.
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Figure 3.15 Zeta potential distribution of the complexes. Each color shows the

replicate measurements of these complexes.
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Figure 3.16 Multilayer growth of PAH/PAA (A) PAH-PAA complex/PAA (B) at pH
7.5/3.5. Multilayers were grown onto a precursor film with a thickness of ~1.9 nm
and 1.0 nm, respectively. Thickness values do not include the precursor layer

thickness.
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Figure 3.17 AFM height images and root mean square values of 41 layers of
PAH/PAA and PAH-PAA complex/PAA films before and after Au NP deposition.

The roughness values were recorded from 2x2 pm? images.

Accordingly, a significant enhancement in

shown in Figure 3.18.
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Figure 3.18 SER spectra of 1.0 x 10° M CV molecule adsorbed on Au NP containing
41 layers of (i) PAH/PAA and (ii) PAH-PAA complex/PAA multilayer films.

As seen in SEM images of 41-layers of PAH/PAA and PAH-PAA complex/PAA
(Figure 3.19), Au NPs adsorbed unevenly and in the aggregated form onto PAH/PAA
multilayers, whereas Au NPs arranged with high density and less space between the
particles in multilayers of PAH-PAA complex/PAA. This result was also consistent
with UV-vis absorption spectra of these multilayers with significant aggregation of
NPs for both multilayers (Figure 3.12). Additionally, similar roughness results of
PAH/PAA and PAH-PAA complex/PAA multilayers resulted in comparable SER

signals of CV molecule.
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Figure 3.19 SEM images of 41-layers of PAH/PAA and PAH-PAA complex/PAA

films after Au NPs deposition.

A similar experiment was also conducted through LbL deposition of PAH/TA
complexes and TA. Water-soluble complexes of PAH and TA were simply prepared
by adding TA solution into PAH. The number average size of PAH-TA complexes
was recorded as 67.2 = 2.2 nm with an average zeta potential value of 16.9 +1.1 mV
(Figure 3.20 and Figure 3.21). Although the thicknesses of PAH/TA and PAH-TA
complexes/TA were similar, the roughness of PAH-TA complexes/TA was lower
than that of PAH/TA films both before and after Au NPs deposition (Figure 3.22 and
Figure 3.23). This might be due to a decrease in the extent of self-association of TA

molecules due to complexation with PAH resulting in lower surface roughness.
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Figure 3.20 Hydrodynamic size distributions by number of (1 mg/mL PAH- 0.4
mg/mL TA) complexes by Dynamic Light Scattering. Each color shows the replicate

measurements of these complexes.
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Figure 3.21 Zeta potential distributions of the complexes. Each color shows the

replicate measurements of these complexes.
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Figure 3.22 Multilayer growth of PAH/TA (A) and PAH-TA complex/TA (B) at pH
7.0. Multilayers were grown onto a precursor film with a thickness of ~1.5 nm.

Thickness values do not include the precursor layer thickness.
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Figure 3.23 AFM images and root mean square values of 41 layers of PAH/TA and
PAH-TA complex/TA films before and after Au NP deposition. The roughness

values were recorded from 2x2 pm? images.

A decrease in Raman signal of 1.0x10° M CV by a factor of ~3 was recorded for
multilayers of PAH-TA complexes/TA compared to PAH/TA multilayers (Figure
3.24). The decrease in the intensity of the Raman signal upon deposition of PAH-TA
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complexes can be correlated with the decrease in surface roughness compared to
PAH/TA films. The relatively smooth surface of PAH-TA complex/TA multilayers
is also confirmed by SEM images (Figure 3.25).
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Figure 3.24 SER spectra of 1.0 x 10° M CV molecule adsorbed on Au NPs
containing 41 layers of (i) PAH/TA and (ii) PAH-TA complex/TA multilayer films.
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Figure 3.25 SEM images of 41-layers of PAH/TA and PAH-TA complex/TA films
after Au NPs deposition.

34.1 Calculation of the Enhancement Factor

The enhancement factor (EF) of multilayer substrates was estimated by comparing

Raman and SERS peak intensities at 1176 cm™ using the formula,*?

EF = (

IsgRrs ) / ( Nsggs )

1 Raman N Raman

where Isgrs and Iz man Stand for observed intensities of a vibrational mode in SERS
for 10°M CV and Raman for 10 M CV. Additionally, Nggman and Nggrs Symbolize
number of CV molecules adsorbed on bulk and SERS substrate excited by laser

radiation, respectively.

CV molecule was assumed as a complete monolayer on Au NP surfaces and the
surface area of each CV molecule (Ac) is 1.2 nm?.18 Ajgeris area of laser spot which
has 1 um diameter. Au NPs were spherical with a radius of ~5 nm and spaces

between NPs were neglected.
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Ajgser = T Nigser’ = 2.5 x 10°m (nm?)
Accordingly, the number of NPs (nnps) in the area of laser spot was calculated by,

Alaser 4
TleS = = 10
ANP cross section

Anp corresponded to the surface area for each NP (Anp) and total surface area of NPs

(Aplasmonic) were calculated as follows.
1
Ayp = §4nrNP2 = 200w (nm?)

Total surface area (Apiasmonic) = Twps X Anp = 2 x 10°7 (nm?)
Accordingly, Nsers was calculated by,

Aplasmonic

NSERS S 17 X 1067T
Acy
Effective volume (Vcv) and moles of CV (nc) corresponding to this volume were
calculated by using the following equations.
Vev = Trgser2h = 5 x 108 m(nm?)

_ Vevdey

Ney = Mo = 4.58 x 1075 mol

where h is penetration depth of the laser (2 um), decv is the density of solid CV
molecule (1.19 g/cm®) and M is molecular weight of CV molecule (407.9 g/mol).

Accordingly, Nraman can be expressed as
Nraman = Nungy = 2.76 x 10%, where N, is Avogadro’s number.
In conclusion, EF is calculated as 1.05 x 10° for PAH/TA multilayer system.

Similarly, EF value of PAH/PAA multilayer system was calculated as 6.5 x 10%.
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3.5  SERS Reproducibility

Finally, 41 layers of PAH/TA film was selected as a model to evaluate the SERS
reproducibility of the substrates. Two approaches were used. First, fluctuation in
SERS enhancement across the substrate was measured from SERS spectra of CV
(1.0x107° M) at five randomly selected spots on same (PAH/TA)41 substrate at 1176
cm™ peak. The percent relative standard deviation (%RSD) of SER signal at 1176
cm peak was calculated as 12%, indicating homogenous coating on the film surface.
Second, %RSD of SER signals collected from five replicate (PAH/TA)41 films to

show variation of SER signal from substrate to substrate was calculated as 18%.

3.6 Sandwich vs. Au NPs Incorporated into Multilayers as SERS Substrates

In this part of the study, Au NPs were used as building blocks together with PAH to
prepare so called ‘sandwich-model LbL films. The SER signal intensity of PAH/Au
NPs multilayers was contrasted with that of 41 layers of PAH/TA multilayers post-
loaded with Au NPs. First, the absorbance of PAH/Au NPs films at 520 nm was
followed as a function of layer number with UV-vis spectroscopy. The absorbance
increased as the layer number increased at the surface, indicating successful LbL
growth of PAH and Au NPs. The shift of the LSPR band resulted from aggregation
of AuNPs on the surface and interaction of NPs by closing to each other with
increasing deposition number of NPs layers.'® While the number of NPs dipping
increased, extinction of multiple-NP resonance also increased, resulting in NP
aggregate size growth. Dense packing and greater coverage of increased
immobilized NPs contribute to shifts of the band to longer wavelengths.”® Moreover,
the extent of coupling interaction becomes more pronounced, leading to a higher
peak intensity with the NPs layer deposition.>

In general, SER signals would be expected to increase with increasing number of
immobilized NPs layers. This is explained by generation of more localized regions

via small interparticle distances and junction formation between the neighboring NPs
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with increasing dipping cycles.”%*%0182 SER signal intensities of 1.0x10° M CV
molecule on (PAH/TA)41 and (PAH/Au NPs)4 multilayers were shown in Figure
3.26 and Figure 3.27 and the post-loaded one was higher than (PAH/Au NPs)40 based
on these figures. Additionally, LSPR band of sandwich type multilayers shifted to
longer wavelengths with increasing in layer numbers (as seen in Figure 3.28 and
Figure 3.30) due to possibly larger surface coverage and tighter packing of
immobilized NPs. Moreover, LSPR band of post-loaded type substrate was shown
in Figure 3.29 with no significant shift of the plasmon peak ~520 nm. One possible
reason of decrease in SER signal intensity through 40 layers can be explained by
shifting of plasmon band of NPs aggregates to longer wavelengths (650 nm- Figure
3.28 and Figure 3.29) than excitation wavelength of the laser (632.8 nm). This
situation was also consistent with previous studies in which SERS intensity became
weaker with multiple deposition steps of Au and Ag colloid particles in case of
exceeding excitation wavelength.*’*8 Additionally, AFM images of the sandwich
multilayers are shown in Figure 3.31. Based on this figure, more accumulation of
particles was observed with layer number increase. Moreover, surface roughness
values increased from 6 layers (4 nm) to 30 layers (14 nm) and decreased a bit for
40 layers (11 nm) of PAH/Au NPs in Figure 3.31. Relatively larger SER signal
observed for 30 layers (Figure 3.26) might be due to larger surface roughness and
larger aggregates seen in the image (Figure 3.31 for 30 layers). As a result, highly
rough surfaces of PAH/TA with post-loaded NPs (56 nm) contributed greater SER

signals as compared to sandwich structures of PAH/Au NPs with smoother surfaces.
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Figure 3.26 SER spectra of 1.0x10° M CV molecule from sandwich type substrate

in various layer numbers.
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Figure 3.27 SER spectra of 1.0x10> M CV molecule from post-loaded type substrate.
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Figure 3.28 UV-vis spectra of sandwich type substrate in various layer numbers.
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Figure 3.29 UV-vis spectrum of post-loaded type substrate.
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Figure 3.30 Plot of absorbance maxima values in sandwich type substrate vs. layer

number.
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Figure 3.31 AFM height images and root mean square values of sandwich type

substrates. The roughness values were recorded from 2x2 um? images.

Of note, SERS substrates prepared by LbL deposition of Au NPs and PAH-PAA
complexes or Au NPs and PAH-TA complexes were also examined as SERS
substrates. However, none of them produced reproducible signal, which could be

attributed to nonuniform accumulation of NPs within multilayers.

3.7  The Effect of Concentration of CV on the SER Signals

To evaluate the effect of concentration of CV on the SER signal intensity, 41 layers
of PAH/TA multilayer film was selected as a model. Figures 3.32 and 3.33 show
SER spectra of various concentrations of CV on (PAH/TA). films and the change
in SER signal intensity at 1176 cm™ with increasing CV concentration. The SER
signal decreased as the concentration of CV decreased in the range of 1.0x10*-
1.0x10°° M. Limit of detection was determined as 1.0x10°® M for CV molecule by
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signal to noise ratio of ~4. In a recent paper, CV detection was 10 M on a conductive
surface covered with monolayer Au seeds by electrodeposition method.*®® Since
seed-assisted electrodeposition helps to generate three dimensional (3D) SERS
substrate in the paper, larger number of hot spots can be formed as compared to two
dimensional (2D) substrates like in this thesis, resulting in lower detection limits
with 3D substrates. In another 3D substrate including microhemisphere array PDMS
films with Au NPs, CV molecule detection as low as 1072 M.1®* High density and
highly ordered hot spots in this 3D substrate contributed significant SERS

enhancement with reducing the detection limit of probe molecules.
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Figure 3.32 SER spectra of 1.0x10 (black), 5.0x107° (red), 1.0x10° (blue), 5.0x10°
® (pink) and 1.0x10° M (green) CV on (PAH/TA)a1 film with 12 h deposition of Au
NPs.
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Figure 3.33 Dependence of SER signal intensity at 1176 cm™ on increasing CV

concentration.
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CHAPTER 4

USE OF SEED-MEDIATED AU NPS IN POLYELECTROLYTE
MULTILAYERS AS SERS SUBSTRATES

This part of the study aimed to prepare large-sized and seed-mediated (BPEI-capped)
Au NPs in the solution media and these NPs assembled onto glass surfaces as single
layer or multilayer using TA or PSS. The films containing (BPEI-capped) Au NPs

were compared with respect to SERS performance using CV as a probe molecule.

The use of polyelectrolytes, especially BPEI, is common in the stabilization and
modification of Au NPs formed through the reduction of Au** ions in water.'®® BPEI
is promising for this due to its dendrimer-like structure, which provides high surface
to volume ratio and physicochemical stability.'®® The self-assembled Au-PEI NPs
have recently been used in SERS studies to show different silicon oxide materials as
substrates for binding of NPs!®® and to show interparticle-distance-dependent
properties of the films by varying alkyl chains on the substrates.'®” Interparticle
distance, which is gap between neighboring NPs, can be controlled by self-assembly
techniques. It was reported that higher SER signals and greater red-shift of SPR
bands due to electromagnetic coupling between NPs were obtained with smaller

interparticle distances.*®’

The exact mechanism behind the nucleation and stabilization of polymer-capped Au
NPs is not clear yet. Cho and coworkers reported that BPEI with a molecular weight
of 25,000 g/mol was the best choice for the preparation of these particles, and the
stability and size of the Au-BPEI NPs were found to be dependent on the ratio of
BPEI to Au®*ions.'® Sun and coworkers conducted a study where they mixed BPEI
and HAuCI, at room temperature in different molar ratios.'®® They found that as the
molar ratio of PEI to Au®* (AuCls) increased, the particle size of the resulting Au-

PEI preparations increased proportionally.
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Achieving precise control over the size of particles can be challenging, as even small
variations in the experimental parameters used in the NP synthesis can result in
significant differences in size distribution.!® Additionally, it can be difficult to
maintain a low degree of polydispersity (narrow distribution in particle sizes) when
attempting to increase the size of the particles by changing the reaction parameters
such as the concentration of BPEI in the reaction medium. In this part of the thesis,
BPEIl-capped Au NPs were synthesized to be used in SERS applications. While
Philip and coworkers used HAuCl4 as a source of Au seeds and seeded growth
solution, NaAuCls was used in this study.!*™> Moreover, volumes of BPEI (75 uL)
and seed (100 uL) in the growth solution for SERS study were changed to 100 and
1000 pL, respectively in order to get relatively big NPs (~50-60 nm) in solution.
Centrifuge conditions in the paper (5,300 rpm for 10 min) were also changed (2,000
rpm for 60 min to provide complete separation of NPs) due to usage different
volumes of BPEI and seed in this study. In the paper, NPs were dispersed in ethanol
after centrifugation before attachment of NPs as a 1-layer to photonic crystal, glass
plate and halloysite nanotubes for SERS analysis of 4-aminothiophenol (4-ATP)
molecule. On the other hand, NPs were dispersed in deionized water in this study to
prevent collapse of polyelectrolyte containing films with ethanol treatment. Then,
the NPs were assembled directly on either bare glass substrate or LbL-coated
substrate for investigation of SERS enhancement of CV molecule.

4.1  Optimization Studies for Seed-Mediated Au NPs

41.1 The Effect of BPEI VVolume on NP Formation

When Au NPs are synthesized, adding a long chain polymer can help to keep the
particles stable by creating strong repulsion forces that prevent them from
aggregation.'®* Moreover, the polymer can also provide a surface modification. By
this way, BPEI can stabilize Au NPs by capping them through its amino groups and

imparting positive charge by again the amino groups to NPs. During seed formation,

74



NaBH; reduced the gold ions, which was indicated by a color change from yellow
to wine-red. Seeds produced by this method showed surface plasmon resonance
(SPR) band at 518 nm in the absorption spectrum (Figure 4.1). The number average
particle size of seeds measured using DLS technique was 6.0+1.4 nm (Figure 4.2)
and the zeta potential value of these Au NP seeds was measured as 22.3+0.3 mV
(Figure 4.3). These results were in good agreement with the findings reported by

Philip and coworkers.!*®
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Figure 4.1 UV-vis absorption spectrum of Au NP seed.
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Figure 4.2 Hydrodynamic size distribution by number of seed NPs by Dynamic Light

Scattering. Each color shows the replicate measurements of these NPs.
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Figure 4.3 Zeta potential distributions of seed NPs. Each color shows the replicate

measurements of these NPs.

In the seed growth step, the concentrations of both BPEI and seed solutions affect
the size of Au NPs. A red shift in SPR along with a peak broadening was observed
with decreasing volumes of BPEI solutions from 500 uL to 100 uL and 50 uL when
the volume of seeds in the growth solution were held constant at 1000 puL (Figure
4.4). Red shift in the wavelength of the SPR and the broad shape of the peak
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indicated that larger NPs were obtained with the decrease in volume of BPEI and
they have become more varied in size.*>"'% Variation in size depends on full width
at half maximum (FWHM), which is the width of absorbance distribution at half
maximum absorbance value. Since FWHM of SPR band of NPs broadened from 500
uL to 50 uL, size of NPs was varied. Ascorbic acid used in the growth step functions
as a mild reducing agent, while Au seeds account for the nucleation centers.'®® With
a lower BPEI amount, there was more chances for agglomeration and aggregation of
the NPs, which resulted polydispersed Au NPs and a red shift in LSPR.'® BPEI
possibly plays a role in regulating the size of Au NPs by covering the surfaces of the
growing NPs and preventing further growth. As a result, it allows for the formation
of Au NPs that are spherical and uniform in shape.!*> When large number of seeds
are added, it results in more nucleation sites for new particles to form, which leads

to the formation of smaller Au NPs.1%*
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Figure 4.4 UV-vis absorption spectra of Au NP solutions synthesized using 50, 100
and 500 pL of BPEI and 1000 pL of seed.
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In the light of these information about BPEI and seed amounts, 100 pL as an
intermediate volume of the trials was selected as the BPEI volume at constant seed
volume (1000 pL) to prevent agglomeration and to provide large-sized particles as
understood from red-shifting and broadening of the spectrum (Figure 4.4) as
compared to UV-vis absorption spectrum of seed in Figure 4.1. While size variation
was more for 50 uL BPEI, blue-shift and narrower SPR band in 500 puL suggested
smaller size of NPs as compared to 100 uL of BPEL. SPR maximum of the NPs
corresponded to approximately 535 nm with average particle size of 60 + 8 nm.
(Figure 4.5). Additionally, intensity and volume size distribution curves of these
particles were also shown in Appendix A, showing consistency with each other in
terms of sizes. Moreover, the zeta potential of the NPs was measured as 7.9+0.5 mV
(Figure 4.6). The zeta potential is one of the multiple indicators for physical stability
of the NPs. Although BPEI has been known to provide stabilization of NPs, this low
zeta potential value indicated colloidal unstability of NPs possibly related with
concentration of BPEI. If the concentration of polyelectrolyte used to coat particles
is too low, the particles may not be completely covered by BPEI which functions as
stabilization agent for Au NPs.1% On the other hand, if the concentration is too high,
the polyelectrolyte molecules may absorb onto multiple particles at the same time,
causing them to aggregate.'® Unsaturated layers of polyelectrolytes on NPs leads to
low and unstable zeta potentials. This means that attractive van der Waals forces
become stronger than repulsive electrostatic forces.'® As a result, the NPs get closer
to each other due to charge neutralization and this leads to an unstable suspension
and aggregation of the particles.®” In the light of these findings, large-sized synthesis
of NPs was achieved, but physical stability of NPs was not provided in these
experimental conditions. After centrifugation, NPs were clearly separated from the
growth solution and redispersed easily in deionized water. However, a precipitate

formation occurred after waiting one day.

When UV-vis absorption spectrum of Au NP seed (Figure 4.1) and BPEI-capped
(seed-mediated) Au NP solutions (Figure 4.4) were compared to each other, NP size

increase can be clearly seen from red shifting of the spectrum from 518 nm to 535
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nm. In addition, significant broadening of the spectrum of BPEI-capped NPs
indicated larger size distribution. Since spectral intensity was related with the
number of NPs, the number of seed NPs was greater than that of BPEI-capped NPs.
Significant background increase of the BPEI-capped NPs might be due to higher
scattering of light by larger-sized NPs.
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Figure 4.5 Hydrodynamic size distributions by number of BPEI-capped NP solutions
by Dynamic Light Scattering. Each color shows the replicate measurements of these
NPs.
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Figure 4.6 Zeta potential distribution of BPEI-capped NP solutions. Each color

shows the replicate measurements of these NPs.

4.1.2 The Effect of pH of NPs on Size Distribution

Dissociation of functional groups on the surface of self-assembled monolayers and
the binding of NPs to the substrates are affected by pH of NPs solution which
eventually affects the immobilization of NPs on the surface.’®® pH studies on this
part were performed in the solution, not on the surface. Since synthesized NP
solution was at the pH of ~3.0 as a starting point, we investigated growth solution
pH with increasing increments at 3.0, 5.0 and 7.5. Size distribution of the NPs
prepared at pH 3.0, pH 5.0 and pH 7.5 is shown in Figure 4.7. Increasing pH of NPs
solution to 7.5 resulted in agglomeration accompanied by instability and fluctuation
of the NP size. Figure 4.8 shows absorption spectra of NP solutions at pH 3.0, 5.0
and 7.5. Moreover, their number size distribution graphs can also be observed in
Appendix B, showing higher fluctuation at pH 7.5 as compared to pH 3.0 and 5.0.
Although SPR maxima were same at all pH values, larger size distribution and lower
amounts of NPs as evidenced by lower spectral intensities were obtained at pH 7.5
(Figure 4.8). When the metal NPs are very large, the Au colloids offer only a small
number of nucleation sites*® and they tend to aggregate. The original absorption
peak will typically broaden or form a secondary peak at longer wavelengths, ~720
nm as shown in Figure 4.8 when the particles destabilize. This resulted in decrease
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in peak signal intensity due to the depletion of stable NPs. Therefore, spectral
intensity at pH 7.5 was smaller than the intensities at pH 3.0 and 5.0. Moreover,
large-sized NPs at pH 5.0 led to larger background in their absorption spectra as
compared to NPs at pH 3.0, but their absorption signals are comparable to each other

as seen in Figure 4.8.
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Figure 4.7 Number average hydrodynamic size of BPEI-capped NPs as a function of

pH of NPs solution. Each color shows the replicate measurements of these NPs.
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Figure 4.8 UV-vis absorption spectra of BPEI-capped NPs at pH 3.0, 5.0 and 7.5.

4.2  SERS Performance of 1-Layer Self-Assembled Substrates

SER signal of CV molecule on BPEI-capped Au NP-coated substrates were
measured in this section. First, the glass slides were immersed into Au NP solution
synthesized using 100 pL BPEI and 1000 pL seed solution to deposit 1-layer film.11
Since the surface charge of the glass is negative, electrostatic attraction occurs
between negatively charged silicon dioxide groups and positively charged BPEI-
capped Au NPs. Although NPs were stabilized by BPEI, nonuniform distribution of
NPs on the substrates was observed on the surface with increasing deposition time

of NPs as shown in Figure 4.9.
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Figure 4.9 Photographic demonstration of 1-layer of BPEI-capped Au NPs at 30 min,
3 h, 6 hand 17 h deposition times.

UV-vis absorption spectra of these 1-layer films prepared at varying deposition times
(Figure 4.10) suggested that weak S/N ratio was obtained from all substrates. This
could be attributed to attachment of low number of NPs in negatively charged glass
slides. After 0.5 h of deposition, SPR maxima could be hardly observed around 530-
535 nm. Immersion time of glass substrate in BPEI- capped Au NPs resulted in
increased up to 17 h but the SPR signals was not drastic compared to very long
exposure times as seen in Figure 4.10. The SER signals of CV molecule recorded for
BPEI-capped Au NPs coated substrates prepared at different deposition times and
relative intensity signal at 1176 cm™ are given in Figures 4.11 and Figure 4.12,
respectively. Nonhomogeneous coating of Au NPs resulted in irreproducible SER
signals with %RSD values around 50% from the same substrate. In spite of very low
absorbance values measured from these substrates, relatively large SER signals were
measured. As the NP size increases, its surface area become larger and local
electromagnetic field enhancement around NPs increases. This leads to an increase
in the quantity of the probe molecules that can be adsorbed onto the surface.

Consequently, SER intensity rises.*?
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Figure 4.10 UV-vis absorption spectra of 1-layer-coated substrates with 30 min, 3 h,
6 h and 17 h deposition times in BPEI-capped NP solution.
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Figure 4.11 SER spectra of 1.0x10° M CV molecule adsorbed on 1-layer coated
substrates with 30 min, 3 h, 6 h and 17 h deposition times in BPEI-capped Au NPs.
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Figure 4.12 Relative intensity plot at 1176 cm™ of 1.0 x 10° M CV molecule
adsorbed on 1-layer coated, BPEI-capped Au NPs as a function of deposition times.

4.3 SERS Performance of LbL Self-Assembled Substrates

Since aggregation and irreproducibility problems with 1-layer BPEI-capped Au NPs
coated SERS substrates, preparation of multilayers of BPEI-capped Au NPs was
examined. As mentioned in introduction part (Section 1.3.1), LbL method enables
control of the properties of a film on surfaces by incorporation and immobilization
of NPs on the solid substrates. Homogenous coating of the LbL films with NPs is
also critical in terms of obtaining reproducible SERS substrate. For this purpose,
positively charged BPEI-capped Au NPs were alternatingly deposited with
negatively charged TA at pH 5.0. Since TA was known to provide roughness
increase from the previous chapter, it was expected to contribute for not only increase
of SER signals but also reproducibility of the signals with inclusion into LbL films.
Prior to multilayer deposition of BPEI-capped Au NPs, LbL growth of BPEl and TA
were followed at pH 5.0 using ellipsometry as shown in Figure 4.13. For ellipsometry
measurements, Au NPs were not included in film preparation step. Thickness of

colored NPs on thin films could not be tracked using ellipsometry due to absorption
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of light by NPs. Light beam travelling through the layer has to return back to the
surface for accurate thickness measurement. As a result, it is difficult to accurately
measure layer thickness of the films with NPs using ellipsometry. From ellipsometry
measurements, LbL deposition of BPEI and TA provided linearly grown multilayers
with ~2 nm increase per layer. The driving force for multilayer growth was hydrogen
bonding association among amino groups of BPEI and phenolic hydroxyl groups of

TA multilayers.
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Figure 4.13 LbL growth of BPEI/TA. BPEI and TA were deposited at pH 5.0.
Multilayers were grown onto a precursor film of 0.5 mg/mL BPEI for 30 min with a

thickness of ~1.9 nm. Thickness values do not include the precursor layer thickness.

UV-vis absorption spectra of multilayers of BPEI-capped NPs and TA with
increasing layer number are given in Figure 4.14. The absorbance at 535 nm
associated with Au NPs became visible as the layer number increase. At pH 5.0, both
TA (~96%) and BPEI (~100%) were almost in protonated form. Therefore, phenolic
hydroxyl groups of TA interacted with amino groups of BPEI-capped Au NPs via
hydrogen bonding instead of electrostatic attraction at pH 5.0. Additionally, the
interaction and attachment of NPs through TA molecules might be weak so that
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absorbance values in LbL structures were very low. The increasing background with
increasing layer number was possibly due to enhanced scattering of light from the
coated surfaces. The SER spectra of 1.0x10° M CV molecule on these substrates
and relative intensity plot at 1176 cm™ with respect to layer number are plotted in
Figure 4.15 and Figure 4.16, respectively. SER signal was observed to decrease with
increasing layer number. The expectation was to obtain enhanced SER signals with
increasing number of BPEI-capped Au NPs layers due to more localized areas with
small interparticle distances and the junctions between neighboring NP
layers.”®1%%182 The decrease in signal after 7 layers, as shown in Figure 4.16, can be
explained by the interaction of LbL composition and CV molecule. The laser used
for excitation needs to reach the Au NPs present on the glass slide, and interact with
CV molecules adsorbed at the Au NPs. There needs to be a balance between the
thickness of the NP layers and the arrangement of the nanostructures to create the
necessary enhanced fields for SERS.?% The increase in SER intensity from 1 to 3-
layer depositions could be attributed to increasing number of enhanced field
accessible to the adsorbed CV molecules. However, after 7-layer deposition, the NP
layer might be thicker, which might reduce the efficiency of both excitation and
scattering of light from the film, leading to a decrease in SER signal. LbL assembly
enables to develop more reproducible SER signals from the film surfaces (Figures
4.15 and 4.16) as compared to 1-layer coated films (Figures 4.11 and 4.12).
Moreover, multilayers using BPEI-capped Au NPs and TA increased SERS signal

approximately 3 times as compared to 1-layer NP including films.
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Figure 4.14 UV-vis spectra of 1-, 2-, 3-, 4-, 5-, 7-, 10-,11-, 14-, 15-layers of BPEI-
Au NPs/TA.
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Figure 4.15 SER spectra of 1.0x10° M CV molecule adsorbed on 1-, 2-, 3-, 4-, 5-,
7-,10-,11-, 14-, 15-layers of BPEI-Au NPs and TA.
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Figure 4.16 Relative intensity plot at 1176 cm™ of 1.0 x 10° M CV molecule
adsorbed on BPEI-Au NPs/TA multilayers as a function of layer number.

BPEI-capped Au NPs was also LbL-deposited using PSS, a strong polyanion which
is fully ionized within a wide pH range. Similarly, LbL growth of BPEI and PSS
was first assured at pH 5.0. BPEI and PSS showed linear growth of multilayers
through electrostatic interactions between protonated amine groups of BPEI and

sulfonate groups of PSS as shown in Figure 4.17.
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Figure 4.17 LbL growth of BPEI/PSS. BPEI and PSS (in 0.1 M NaCl) were deposited
at pH 5.0. Multilayers were grown onto a precursor film with a thickness of ~1.6 nm.

Thickness values do not include the precursor layer thickness.

Positively charged BPEI-capped Au NPs were deposited alternatingly with
negatively charged PSS at pH 5.0. UV-vis absorption spectra of multilayers at
varying layer numbers were given in Figure 4.18. The absorbance at 530 nm
associated with Au NPs did not differ significantly from 3 to 9 layers. The SER
spectra of 1.0x10°> M CV molecule recorded for LbL-coated substrates prepared at
different multilayer numbers and relative intensity signal at 1176 cm™ against layer
number were plotted in Figures 4.19 and 4.20. SER signal increased up to 10 layers
and then decreased till 15 layers. Largest signal could be obtained from 9-layers of
films within reasonable reproducibility from the surface (~20% RSD). The possible
reasons of SER signal increase until 9 depositions and decrease after 10 layers from
these surfaces discussed above (BPEI-Au NPs/TA part) were also valid for this
multilayer system. Higher S/N ratio from SER signals were recorded in this
multilayer system as compared to BPEI-Au NPs/TA. This might be due to the
presence of NaCl in PSS layers, resulting in larger aggregation of NPs on the surface.
Increasing the salt concentration in PE solution leads to a larger Debye length, which
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quantifies the overall electrostatic effect of a charged particle within a solution. This
extended length diminishes the repellent electrostatic interactions, resulting in a
dominance of VVan der Waals forces. Consequently, this promotes the aggregation of
NPs.2%1 As a result of that, SER signals were enhanced compared to BPEI-Au
NPs/TA multilayers.
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Figure 4.18 UV-vis spectra of 1-, 3-, 5-, 7-, 8-, 9-, 10-,11-, 15-layers of BPEI-Au
NPs/PSS.
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Figure 4.19 SER spectra of 1.0x10° M CV molecule adsorbed on 1-, 3-, 5-, 7-, 8-,
9-, 10-,11-, 15-layers of BPEI-Au NPs/PSS.
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Figure 4.20 Relative intensity plot at 1176 cm™ of 1.0 x 10° M CV molecule

adsorbed on BPEI-Au NPs/PSS multilayers as a function of layer number.

LbL substrates consisting of seed particles (pH 5.0) having better stability due to
carrying more negative charge than BPEI-capped NPs (as seen in Figure 4.1) and
polyanions (TA and PSS) were also investigated as SERS substrates. 3-layers of
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seed/TA and 9-layers of seed/PSS were prepared to investigate the seed Au NPs and
BPEI-capped Au NPs. UV-vis absorption spectra of these substrates are illustrated
in Figures 4.21 and 4.22. There was not recorded any SERS enhancement for both

seed including substrates.

The particle size of seeds (~5 nm) was too small compared to BPEI-capped Au NP
(~60 nm). As mentioned in the introduction part (Section 1.2), NPs smaller than 5
nm do not show Raman signal enhancement.*42” That is, small-sized NPs quantum
effects become noticeable and surface-related electronic scattering becomes
prominent. This causes a decrease in electrical conductivity. Consequently, the

quality of plasmon resonance and SERS enhancement decrease.?’
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Figure 4.21 UV-vis spectra of 9 layers of seed NPs/PSS and 3 layers of seed NPs/TA.
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Figure 4.22 SER spectra of 1.0x10° M CV molecule adsorbed on 9 layers of seed
NPs/PSS and 3 layers of seed NPs/TA.
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CHAPTER 5

USE OF PHOTOCHEMICALLY SYNTHESIZED NPS IN
POLYELECTROLYE MULTILAYERS AS SERS SUBSTRATES

The aim of this part was to investigate the potential of LbL assembled polyelectrolyte
multilayer films as a platform to immobilize Ag and/or Au NPs. These films were
prepared by consecutive adsorption of polyelectrolytes from aqueous solutions, and
they include functional groups such as phenolic hydroxyls and amines that can bind
to either Ag* or AuCls™ through ion exchange with acid protons or create Ag*-amine
as well as AuCls -amine coordination complexes.’® The Ag* or AuCls including
films can then be reduced photochemically to produce Ag or Au NPs that are
dispersed within PEM films. Direct photoreduction of a metal source (metal salt or
complex) or photochemically produced intermediates, such as excited molecules and
radicals which are enrolled in reduction of metal ions results in the formation of
zerovalent metal which is M°.*2! The excited molecules are generated as a result of
electron transfer from the solvent molecule to Ag* or absorption of a photon by
HAUCIs molecule.'?>!% The mechanisms of Au and Ag NPs formation and the
corresponding reactions are explained in the Introduction part (Section 1.4.2). For
NP formations and incorporations of multilayers, Ag" ions bind to the functional
sites (such as carboxylic acid, phenolic hydroxyl or amine groups) within the film at
low salt concentrations. At sufficiently high concentration of AgNOs solution, the
polymer segments might have been separated, providing more sites for binding of
Ag"® ions. The following relationship between polymers and AgNOsz could be

expressed as follows. ¢

PolPol*(multilayer) + Ag*(ag) + NOs(aq) < Pol’Ag* (multilayer) + Pol"NOs’
(multilayer)

In this part, various PEs such as PAH, BPEI, PAA, and TA were used as the building

blocks for the multilayer film formation. The effects of Ag*™ or AuCls™ concentration,
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Ag* or AuCls absorption time and the number of PE layers on the amount, size and
aggregation of NPs were followed using UV-vis absorption spectroscopy. Moreover,
the enhancement of Raman signal of CV molecule on these multilayer substrates was
followed using Raman Spectrometer. The formation of NPs was monitored using
UV-vis absorption spectroscopy, and their presence was confirmed by the
characteristic SPR absorbance of metal NPs. The SPR, which results from the
collective oscillations of the conduction electrons of metals, is influenced by factors
such as particle shape, size, and aggregation of NPs.? In PAH/TA multilayer thin
films, the polyanion TA presents phenolate groups at the working pH (7.0) where
these groups are responsible for the electrostatic attraction with the protonated amine
groups of the PAH, forming ion pairs to build sequentially adsorbed multilayers in
the LbL assembly. Then, in situ photochemical reduction of the loaded Ag® in

multilayers to Ag NPs by photochemical reduction.

5.1  The Effect of Concentration of AgNO3s Solution on the Amount of Ag*
Loading into Multilayers

The aim of the following experiments was to study the effect of Ag* concentration
on the formation of NPs within PAH/TA multilayer films. AgNO3 solutions were
prepared at concentrations ranging from 0.10 M to 0.75 M. Twenty layers of
PAH/TA films were immersed into AgNO3 solution at varying concentrations. The
substrates were rinsed, dried and then exposed to light from Xe lamp. UV-vis
absorption spectra of Ag NPs formed within PAH/TA multilayers are shown in
Figure 5.1. SPR band of Ag NPs was observed at all concentrations of AgNOs
solution. The absorbance of the peak at 435 nm (Amax) was increased with the increase
in the concentration of Ag®". The increase in the width of the plasmon peak at
especially 0.10 M and 0.25 M concentrations suggests a wider NP size distribution.
Increasing concentration of silver ions might have resulted in loading greater
amounts of Ag* from the solution and resulted in an increase in the absorbance value

at Amax. TO Strengthen this argument, the amount of Ag* loaded within the multilayers
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was indirectly quantified through Inductively-coupled Plasma-Mass Spectrometry
(ICP-MS). Multilayers were immersed into AgNOs solution at various
concentrations for 6 h. Then, the films were removed from the solution and the
concentration of Ag remaining in the solution was determined using ICP-MS. The
difference in the concentration of Ag* ions in the solution before and after loading
was attributed to the amount of Ag* ions loaded into the multilayers. It was found
that the amount of Ag" ions loaded within the multilayers increased as the
concentration of AgNOs solution was increased up to 0.75 M. It was found that ~30-
40% of the total Ag™ ions were loaded into the multilayers at all concentrations and
the concentration of Ag® loaded into multilayers was found to increase with
increasing AgNOs concentration (Figure 5.2). These results were in good agreement
with the increasing absorbance value of the peak at 435 nm, obtained from Ag NP
containing multilayers from 0.10 to 0.50 M (Figure 5.1). On the other hand, spectra
of multilayers obtained with 0.50 M and 0.75 M loading solutions were not
significantly different from each other. At high salt concentrations, i.e. 0.75 M might
have resulted in disruption of electrostatic interactions between the oppositely
charged polymer layers. Segmented polymers (Pol'Pol*, representing positively or
negatively charged PE units in the multilayer) might provide additional loading of
Ag®, but possible instability to multilayers due to disruption of electrostatic
interactions which might be responsible from the decrease in absorbance value in
0.75 M AgNO3 compared to that measured in 0.5 M AgNO:s.
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Figure 5.1 UV-vis absorption spectra of Ag NPs grown within 20 layers of PAH/TA
multilayer films, prepared by immersion into 0.10, 0.25, 0.50 and 0.75 M AgNOs3

solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.2 Concentration of Ag" in the multilayers (ppm) as a function of
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Additionally, SER spectra of 1.0 x10° M CV drop-coated on these multilayers and
relative Raman intensity of the peak at 1176 cm™ with respect to concentration of
AgNO3 solution are shown in Figures 5.3 and 5.4, respectively. Even though it
seemed that there was a decreasing trend with increasing concentration values of
AgNO:s solution, SER signals statistically remained same from 0.10 M to 0.50 M
AgNOs-treated samples. Electrostatic attractions might have disrupted with using
high concentration of AgNO3 such as 0.75 M in this study, resulting in loading less
amount of Ag* and obtaining poorer SERS performance compared to 0.1, 0.25 and
0.50 M AgNOzs-treated samples. As mentioned in Section 1.2, smaller distance
between NPs resulted in more localized regions as indicated by stronger Raman
signals. Additionally, formation of highly localized regions is influenced by some
factors such as shape and size of NPs and roughness on the surface of substrate. NPs
show a characteristic surface plasmon resonance (SPR) absorbance that arises due to
the collective oscillations of conduction electrons in the metal. Spherical metal NPs
have strong single surface plasmon bands.?% Since only a single Amax is observed
from all substrates, shape of all NPs was spherical. Furthermore, an increase in the
width of the SPR at especially 0.10 M and 0.25 M AgNOs3 concentrations suggests a
wider range of particle sizes, which possibly led to Raman signal as high as the
substrate immersed into 0.50 M Ag NPs.
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Figure 5.3 SER spectra of 1.0 x 10° M CV on Ag NP grown within 20 layers of

PAH/TA multilayer films, prepared by immersion into 0.10, 0.25, 0.50 and 0.75 M
AgNO:s solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.4 Relative Raman intensity plot at 1176 cm™ of 1.0 x 10° M CV molecule
on Ag NPs embedded 20 layers of PAH/TA multilayer films as a function of AgNOs

concentration.
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Based on these results, 0.50 M AgNOs was selected for the following studies with
respect to minimum signal fluctuation for the same concentration of the CV molecule

at randomly selected regions on the same substrate.

5.2  The Effect of Deposition Time on the Amount of Ag* Loading into
Multilayers

The effect of deposition time on the amount of Ag* ions loaded into twenty layers of
PAH/TA multilayers was examined by immersing the LbL films into 0.50 M AgNO3
solution for 2, 4, 6 and 12 h, followed by rinsing, drying and exposure to Xe radiation
for 1 h. Absorbance values at 435 nm increased with increasing exposure time to
AgNOs solution (Figure 5.5). However, increase in background signals which
probably resulted from the increase in surface roughness with increasing deposition
time led to higher scattering from the substrates.

The amount of Ag* ions loaded in PE multilayer films as a function of time was
quantified through ICP-MS. As discussed earlier, the multilayers were immersed
into AgNOz solution and the concentration of Ag* in the multilayers was determined.
The difference in the concentration of Ag* ions in the solution before and after
loading was attributed to the concentration of Ag* ions loaded into the multilayers.
It was found that ~35-40% of the total Ag* ions were loaded into the multilayers at
all deposition times and the concentration increased slightly with increasing loading
time from 2 h to 12 h (Figure 5.6). These results were in good agreement with the
UV-vis absorption spectra of multilayers loaded with AgNOs with increasing

deposition times (Figure 5.5).
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Figure 5.5 UV-vis absorption spectra of Ag NPs grown within 20 layers of PAH/TA
multilayer films, prepared by immersion into 0.50 M AgNO3 solution for 2, 4, 6 and
12 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.6 Concentration of Ag*™ into multilayers (ppm) as a function of deposition
time of AgNO:s.
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SER signal would be expected to enhance with increasing growth time of NPs due
to possible decrease in gaps between adjacent NPs with a denser NP
distribution.?%3204 SER spectra of 1.0 x10° M CV on these multilayers and relative
Raman intensity of the peak at 1176 cm™ with respect to deposition time of AgNOs;
solution are shown in Figures 5.7 and 5.8, respectively. There were no significant
signal difference and enhancement between multilayers with increasing deposition
time of AgNOs from 2 h to 6 h. However, the signal enhanced by approximately 1.3
times when the deposition time was increased from 6 h to 12 h. This was not a
significant rise to wait two times more time for loading of Ag" within the films.
Therefore, 6 h deposition time of AgNOs was decided to be adequate for further
studies. Furthermore, multilayer films were found to be loaded with slightly higher
amount of Ag" at 6 h of deposition time compared to shorter deposition times.
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Figure 5.7 SER spectra of 1.0 x 10° M CV on Ag NP grown within 20 layers of
PAH/TA multilayer films, prepared by immersion into 0.50 M AgNOs solutions for
2,4,6and 12 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.8 Relative intensity plot at 1176 cm™ of 1.0 x 10° M CV on Ag NPs
embedded 20 layers of PAH/TA multilayer films as a function of deposition time of
AgNO:s.

5.3  The Effect of Layer Number on NP Formation

The influence of the number of PE layers in the LbL films on NP formation was
examined. 20, 30 and 40 PAH/TA layers were prepared and exposed to 0.50 M
AgNO:s solution, rinsed, dried and exposed to 1 h of Xe irradiation. The absorbance
at 435 nm associated with Ag NP increased with increasing layer number, suggesting
incorporation of higher amounts of Ag* ions and then Ag NPs within the multilayers
(Figure 5.9) Additionally, maximal wavelength position of the LSPR absorption
bands shifted by approximately 30 nm as going from 20 to 40 layers together with
an increase in FWHM of the SPR band. This showed that aggregation of Ag NPs
incorporated into multilayer films increased with increasing number of layers.14317
This increase in aggregation of NPs can be explained by increase in loaded amount
of Ag* with the increase in the layer number from 20 to 40 PAH/TA layers.
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Results of SER signals of 1.0x10° M CV drop-coated on Ag NPs on 20, 30, and 40
layers of films and evolution of Raman intensity at 1176 cm™ of 1.0 x 10° M CV as
a function of layer number are seen in Figures 5.10 and 5.11, respectively. There was
no change in the signal when the layer number increased from 20 to 30. The average
signal decreased by 1.3 times for 40-layer films. However, the signals of these three
multilayers were not statistically different from each other considering the range of
signals measured on the same substrate. As a result, deposition of twenty layers of

PAH and TA was chosen for further studies.
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Figure 5.9 UV-vis absorption spectra of Ag NPs grown within 20, 30 and 40 layers
of PAH/TA multilayer films, prepared by immersion into 0.50 M AgNOs solution
for 6 h, rinsed, dried and followed by 1 h of Xe radiation. Arrow shows increase of

absorption and red-shift of the plasmon resonance.
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Figure 5.10 SER spectra of 1.0 x 10° M CV on Ag NP grown within 20, 30 and 40
layers of PAH/TA multilayer films, prepared by immersion into 0.50 M AgNOs3
solution for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.11 Relative intensity plot at 1176 cm™ of 1.0 x 10° M CV on Ag NPs
embedded PAH/TA multilayer films as a function of layer number.
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5.4  The Effect of Light Exposure on NP Formation

Twenty layers of PAH/TA multilayers were exposed to 0.50 M AgNOs3 solution for
6 h, followed by rinsing, drying and exposing to Xe radiation for 30, 60 and 90 min.
UV-vis spectra of these films are shown in Figure 5.12. Although the characteristic
SPR band of Ag NPs with a maximum at 435 nm (Amax) Were obtained, no direct
relation between the absorbance values and exposure time of the lamp could be
revealed. Probably, Ag NPs are formed within 30 min of the exposure of Xe lamp
and further exposure time does not affect the composition of Ag NPs on the surface
of the film.

Figure 5.13 shows the SER spectra of CV molecule, drop coated onto twenty layers
of PAH/TA films, exposed to 0.50 M AgNOs solution, rinsed, dried and irradiated
using a Xe lamp for 30, 60 or 90 min. In Figure 5.14, Raman intensity at 1176 cm™
of 1.0 x 10° M CV as a function of Xe light exposure time is shown. The intensity
of Raman signals increased with increasing exposure time from 30 min to 60 min.
However, no significant difference in the signal was recorded when the exposure
time increased from 60 to 90 min. Therefore, 60 min Xe radiation exposure time was

selected for further studies.
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Figure 5.12 UV-vis absorption spectra of Ag NPs grown within 20 layers of PAH/TA

multilayer films, prepared by immersion into 0.50 M AgNO3 solutions for 6 h,

rinsed, dried and followed by 30, 60 and 90 min of Xe radiation.
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Figure 5.13 SER spectra of 1.0 x 10° M CV on Ag NP grown within 20 layers of
PAH/TA multilayer films, prepared by immersion into 0.50 M AgNO3 solutions for
6 h, followed by 30, 60 and 90 min of Xe radiation.
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Figure 5.14 Relative intensity plot at 1176 cm™ of Ag NPs embedded PAH/TA

multilayer films as a function of exposure time to Xe radiation.

55  The Effect of Light on the Stability of Tannic Acid

Before the discussion of stability of TA in both solution and film, pKa values and
aqueous solution behavior of the molecule identifying ionization of molecule
depending on pH were summarized. The acidity strength (pKa) of molecules depends
on the stability of conjugate bases of the molecules. Therefore, factors affecting the
stability of phenolic hydroxyl groups in TA molecule determines pKa of it. The pKa
value of TA has been varied from 2.5 to 8.5 in different literature sources. The
variation in pKa values is due to the usage of different sources of tannins.’%170.205
Haktaniyan and coworkers studied to examine the behavior of TA in aqueous
solutions at pH levels ranging from 2.0 to 9.5 using UV-visible spectroscopy.t”®
They observed that at pH 2.0, TA had two absorption peaks at 214 nm and 276 nm,
associated with the neutral form of TA. As the pH increased, the intensities of these
peaks decreased and two new peaks at 245 nm and 322 nm emerged. These new

peaks corresponded to the ionized form of TA, which were due to ionization of the
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phenolic hydroxyl groups on TA.170295-207 |n order to estimate pKa value associated
with phenolic hydroxyl groups of TA, the ratio of absorbance values at 322 nm to
276 nm was plotted. The ratio remained relatively constant between pH 2-4,
gradually increased between pH 4.0-7.0, and then sharply increased between pH 7.0-
9.5. By analyzing the second-order derivative of the absorbance ratio, they estimated
pKa values of 6.5 and 8.0 for the phenolic hydroxyl groups of TA.1° There are also
other studies reported different pKa values for TA in the literature.2%82% Lin and
Constadinnova with their coworkers reported two pKa values as varied between ~4.0-
5.0 and ~6.0-7.4 correlating them with the phenolic hydroxyl groups of TA.209210
However, there were incompatibilities in the interpretation of the pKa values in the
literature. Simon and coworkers associated the first pKa value with acidic groups
originating from digallic acids bound to the glucose core,?® while Lin and
Constadinnova an coworkers linked both pKa values to the phenolic hydroxyl groups
as mentioned above.?°%21% Furthermore, different pKa values reported for TA were
explained by variations in the composition of TA samples, because TA is a natural
product and may contain tannin molecules with different numbers of galloyl groups.
Although some studies also reported a single pKa value for TA varied between 2.5
to 8.5, all of them agreed that ionizable units on TA were due to phenolic hydroxyl

groups of TA, 71205206211

In this section, the stability of TA within the film was examined due to possible
degradation of TA during Xe lamp exposure of the films. The absorption band at 276
nm is corresponded to m — 7* transition in aromatic ring. This band can be used as
a way to determine percentages of aromatics by investigating absorbance values of
TA at 276 nm with increasing exposure time of the light. TA absorbs UV light due
to its phenolic groups suggesting that UV light has slight effect on its degradation.??
In order to show the efficiency of UV process on degradation of TA in wastewater,
Bensalah and coworkers used UV irradiation alone, H20, alone and UV/H,0;
combination for comparison in order to treat wastewaters contaminated with natural
organic compounds like TA.?*2 Use of H,0, together with UV light provides the
production of highly reactive radicals such as OH-and HO2 which are successfully
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used in wastewater treatment. Based on the results of variations of absorbance at 276
nm with time, only 10% of aromatics were depleted by UV light while removal of
aromatics was 55% by UV/H20, combination. The enhanced efficiency is due to the
generation of hydroxyl radicals during the UV treatment of H>O.. The large amount
of hydroxyl radicals is mainly resulted from photodecomposition of H2O2 while a
minor amount of the radicals is produced by using UV photolysis of water. As a
result of that, significant degradation of TA solution is not expected in this part of
this thesis. In this respect, stability of TA was investigated in solution phase firstly.
TA exhibited two peaks at 210 and 277 nm in 0.01 M phosphate buffer solution at
pH 7.0 as shown in Figure 5.15. In acidic aqueous solution of TA, these two peaks
were assigned to its neutral form as mentioned in the previous paragraph. Emergence
of new peaks and decrease of the absorption of the new peaks are expected at higher
pH levels such as pH 7.0 in this study, and these new peaks are attributed to
ionization of polyphenols.?** However, usage of different tannins and variations in
the sample compositions with different ionizable units of TA might affect the
aqueous behavior of TA solution at pH 7.0 in this study as compared to literature
sources. As a result of that, Figure 5.15 suggests that the stability TA in solution was
not affected by Xe radiation as indicated with no significant change of the peaks

belonged to TA in terms of both positions and intensities.

To assure multilayer stability, twenty layer of PAH/TA films were deposited onto
quartz slides and exposed to Xe radiation for 30, 60 and 90 min. Assembly of TA
with PAH resulted in shift of peak positions of TA through higher wavelengths (215
nm and 300 nm) compared to the peaks recorded when TA was in the solution form
(210 nm and 277 nm). The shift in the positions of the peaks in the multilayer spectra
can be attributed to the alteration of the distribution of charges in the enhanced
ionized TA molecules when they are conjugated with the amine groups of PAH.™
Figure 5.16 shows UV-vis absorption spectra of the films before and after exposure
to Xe radiation. The absorbance spectra of multilayers showed two peaks at 215 nm
and 300 nm before the radiation. The peak at 300 nm shifted to lower wavelength

(275 nm) upon exposure to Xe radiation. As a result, two absorption bands at 215

111



nm and 275 nm resembled to TA peaks obtained in the solution form (210 nm and
277 nm), suggesting that enhanced ionized TA molecules turned into neutral form
with the radiation. Additionally, the intensities of the absorption peaks were not
affected by the duration of radiation. As a result of all these findings, TA in
multilayers might be changed its ionization but the molecule kept its integrity in the

presence of Xe light for 1-h duration

1.4 = TA solution before Xe
== TA solution after 30 min Xe
12 == TA solution after 60 min Xe
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Figure 5.15 UV-vis absorption spectra of 0.01 mg/mL TA solution at pH 7.0
followed by 0, 30, 60 and 90 min of Xe radiation.
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Figure 5.16 UV-vis absorption spectra of 20 layers of PAH/TA multilayer films,
rinsed, dried and followed by 0, 30, 60 and 90 min of Xe radiation.

5.6  The Effect of Number of Loading/Reduction Cycles on NP Formation

Number of cycles can be repeated for in-situ growth of NPs in order to densify NPs
distribution on the surface, so that SERS-active spaces between adjacent NPs can be
increased.?%4214215 For this purpose, the loading/reduction (L/R) cycles were
repeated up to 4 times on the multilayer surface. The schematic representation of the

procedure of this part is given in the following Figure 5.17.

Z = —
% E—) ? > ? > ? E——) ? ) SER
ﬁ ’ Az NP measurement
Multilayer Xe lamp g CV drop

formation

Agt

Recycle (up
to 4 times)

Figure 5.17 The scheme for L/R cycles on LbL substrates for NP formation.
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UV-vis absorption spectra of these multilayer films are shown in Figure 5.18.
Applying 2 L/R cycle increased the amount of Ag NPs formed in the multilayers.
Further increasing L/R cycles did not result in a significant difference in the amount
of Ag NP. Moreover, broadening of the spectra with increasing cycle numbers

showed densified size distribution and aggregation of NPs within multilayers, 4371

No significant change in SER signals of 1.0x10° M CV was observed as shown in
Figures 5.19 and 5.20. As NP density and NP size on the surface increase, the gaps
between adjacent NPs decrease, leading to the formation of more nanoscale spaces
at the connection points of NPs.2* However, it might be possible that closely spaced
Ag NPs were densified not only on multilayer surface but also deep inside multilayer
films with increasing L/R cycles. Since the number of NPs and their distribution on
the substrate surface is critical for Raman signal enhancement, possible NPs inside
the multilayers might not have increased the signals as expected. As a result of that
1 cycle of loading/reduction was chosen to immobilize Ag ions in multilayer films

for further studies.
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Figure 5.18 UV-vis absorption spectra of Ag NPs grown within 20 layers of PAH/TA
multilayer films, prepared by immersion into 0.50 M AgNO3 solutions for 6 h,
rinsed, dried and followed by 1 h of Xe radiation with different number of

loading/reduction cycles.
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Figure 5.19 SER spectra of 1.0 x 10° M CV molecule on Ag NP grown within 20
layers of PAH/TA multilayer films, prepared by immersion into 0.50 M AgNOs3
solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation with different

number of loading/reduction cycles.
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Figure 5.20 Relative intensity plot at 1176 cm™ of 1.0 x 10° M CV on Ag NPs
embedded PAH/TA multilayer films as a function of L/R cycle number.

5.7  The Effect of Different Type of Lamps on NP Formation

The aim of the following experiments was to examine the effect of lamp type,
particularly Xe lamp (500 W) and UV lamp (254 nm, 6 W), on the formation of NPs
within PAH/TA multilayer films. As mentioned in Section 1.4.2, silver ion
photoreduction depends on intensity and wavelength of incident radiation promoting
electron transfer from water molecule to Ag* by the subsequent decomposition of
H,O* into H* and OH: radical.?!® Finally, Ag° associates to form Ag NPs. Machado
and coworkers compared photoreduction methods of Ag NPs with UV light (365
nm) with conventional fluorescent light in PAH/PAA multilayers.’®! Substrate
including PEM and silver ions was exposed to different amounts of light, when it
was illuminated with conventional fluorescent light. This implies that larger NPs
(ranging from 4-50 nm) can be obtained as compared to smaller NPs synthesized by
UV reduction (2-4 nm).*! Machado and coworkers claimed that size, concentration

and crystalline structure type of NPs were affected by choice of excitation light.
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Since fluorescent light was consisted of many wavelengths including visible and UV
light, reduction of NPs retarded so that larger NPs could be obtained.'®! Since UV
light used in this thesis has lower power as compared to Xe lamp, 5 h of irradiation
time was applied to assure formation and completeness of NP formation on the
surface. On the other hand, Xe light exposure was kept at 1 h due to its higher power
(500 W). When the exposure time was increased, the film surfaces heated because
of high power of the lamp. In order to minimize the danger of destroying film
surfaces with heat, light exposure was limited to 1 h in this study. UV-vis absorption
spectra of multilayer films obtained by these two light sources are shown in Figure
5.21. Accordingly, size distribution of NPs was comparable to each other as
understood from the spectra with width of spectral distribution. Additionally, the
higher background of the NPs formed by Xe radiation was the indications of higher

scattering of light from the surface as compared to the UV-photoinduced one.

SER spectra of CV recorded on these films are shown in Figure 5.22. This result is
in good agreement with UV-vis absorption spectra shown in Figure 5.21 suggesting
NPs with broader size distribution. The broader size distribution together with higher
scattering probability from the surface resulted in enhancement of the signal. S/N
ratio was better for multilayers exposed to Xe lamp for the reduction of Ag* ions

embedded into the films.
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Figure 5.21 UV-vis absorption spectra of Ag NPs grown within 20 layers of PAH/TA
multilayer films, prepared by immersion into 0.50 M AgNO3 solutions for 6 h,
rinsed, dried and followed by 1 h of Xe lamp or 5 h of UV lamp exposure.
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Figure 5.22 SER spectra of 1.0x10° M CV on Ag NP grown within 20 layers of
PAH/TA multilayer films, prepared by immersion into 0.50 M AgNOs solutions for
6 h, rinsed, dried and followed by 1 h of Xe lamp and 5 h of UV lamp.
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As an alternative to PAH/TA, PAH/PAA polyelectrolyte pair was also examined for
Ag NP formation with respect to Ag* concentration, deposition time, layer numbers
and different types of lamps. Veletanlic and Machado with their coworkers used
PAH/PAA multilayers to investigate for in situ synthesis of Ag NPs by UV light-
induced photoreduction. They showed that the size of the NPs varied between 2-5
nm, depending on the pH of the multilayer deposition and UV light used at 254 or
365 nm.1%%161 For the samples of PAH/PAA which were exposed to 0.50 M or 0.75
M AgNOssolution, Ag NPs distributed inhomogeneously by disassembling from the
surface of the films in this study. Therefore, 0.25 M AgNO3 was used for the rest of

the experiments of this part.

The optimization studies of experimental parameters mentioned above such as Ag*
concentration, deposition time, layer numbers and different types of lamps were not
provided significant enhancement for the Raman signal of CV molecule, deposited
onto PAH/PAA LbL films. As an example, UV-vis absorption spectra of Ag NPs
grown within twenty layers of PAH/PAA and PAH/TA multilayer films are
presented in Figure 5.23. Number of Ag NP on PAH/PAA multilayer is apparently
higher than PAH/TA multilayers based on higher absorbance spectrum obtained in
Figure 5.23. Moreover, narrower size distribution of PAH/PAA as compared to
PAH/TA was obtained due to sharper SPR band measured in PAH/PAA films
compared to PAH/TA films as shown in Figure 5.23. These findings found here is
consistent with literature results of photochemically prepared Ag NPs sizes on
PAH/PAA multilayers.1%61 Comparison of SER spectra of CV molecule on these
multilayers is shown in Figure 5.24. No signal could be obtained from the surface of
PAH/PAA multilayers suggesting that small-sized NPs could not lead to enhanced
electromagnetic field.* On the other hand, Ag NPs having wider size distribution at
PAH/TA multilayers (Figure 5.23) might result in higher SER signal as shown in
Figure 5.24.
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Figure 5.23 UV-vis absorption spectra of Ag NPs grown within 20 layers of

PAH/PAA and PAH/TA multilayer films, prepared by immersion into 0.25 M
AgNOs solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.24 SER spectra of 1.0x10° M CV on Ag NP grown within 20 layers of
PAH/PAA and PAH/TA multilayer films, prepared by immersion into 0.25 M
AgNO:s solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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5.8  Au NPs Containing PAH/TA Multilayers

Au NPs were also synthesized with photochemical reduction of AuCls anions in
PAH/TA multilayer films (post-loading structure). Optimization parameters
including concentration and deposition time of AuCls were studied for Au NPs

formation.

Au NPs show a characteristic surface plasmon resonance (SPR) absorbance (at ~550
nm) that arises due to the collective oscillations of conduction electrons in the metal.
Spherical metal NPs were formed in these experiments, evidenced by single
resonance peaks in UV-vis absorption spectra. Detectable absorption bands in the
spectra were attributed to NPs with confirmation of attachment of gold complex
anions to multilayers. The following experimental parameters were investigated for
in situ preparation of Au NPs in PAH/TA multilayers by photochemical reduction

method.

5.8.1 The Effect of Concentration on Au NP Formation

Association of AuCls anion within the multilayer films was affected by the
concentration of metal salt (NaAuCls). AuCls solutions with concentrations ranging
from 2.0 mM to 15.0 mM were prepared to investigate the effect of concentration of
AuClys solution on NP formation. Deposition concentration selection was based on
adequate binding of AuCls and reducing of Au NPs. In literature, loading
concentration values of AuCls™ into amine containing polymers was varied between
2.0 mM to 40.0 mM. 162163214 Njjneteen layers of PAH/TA films were immersed into
AuCly solution at varying concentrations. The substrates were rinsed, dried and
exposed to Xe radiation. UV-vis absorption spectra of Au NPs formed within
PAH/TA multilayers are shown in Figure 5.25. Characteristic absorbance spectra of
Au NPs were observed at all concentrations having very similar spectra for 2.0 and

5.0 mM with a Amax Value of ~550 nm. Higher baseline and larger width of the peaks
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for the multilayers which were immersed in 10.0 and 15.0 mM AuCls” showing larger

distribution of Au NPs sizes in these substrates.

SER spectra of 1.0 x10° M CV drop-coated on these multilayers and relative Raman
intensity of the peak at 1176 cm™ with respect to concentration of AuCls™ solution
are shown in Figures 5.26 and 5.27, respectively. SER signals statistically remained
same for 2.0 and 5.0 mM-treated samples with a little increase at higher
concentration values of AuCls". This could be attributed to having higher scattering
abilities of enlarged NPs with increasing concentration. However, irreproducible
SERS performance measured especially on 10.0 mM-treated sample, which might
be due to stacking of Au NPs on the surface. Since no remarkable difference between
the signals of four concentrations was recorded, 5.0 mM AuCls was selected to

continue for the following experiments.
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Figure 5.25 UV-vis absorption spectra of Au NPs grown within 19 layers of PAH/TA
multilayer films, prepared by immersion into 2.0, 5.0, 10.0 and 15.0 mM AuClys

solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.26 SER spectra of 1.0 x 10° M CV on Au NP grown within 19 layers of

PAH/TA multilayer films, prepared by immersion into 2.0, 5.0, 10.0 and 15.0 mM
AuCly solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.27 Relative intensity plot at 1176 cm™ of Au NPs embedded 19 layers of
PAH/TA multilayer films as a function of AuCls concentration.
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5.8.2 The Effect of Deposition Time on Au NP Formation

Au NPs distribution on the substrate was aimed to be densified with increasing
immersion time in AuCls solution. For this purpose, 19 layers of PAH/TA
multilayers was examined by immersing the LbL films into 5.0 mM AuCls solution
for 15 min, 30 min, 1 h, 2 h or 6 h, followed by rinsing, drying and exposure to Xe
radiation for 1 h. Absorbance values at 550 nm did not show an increasing trend
with increase in exposure time of AuCls ions as shown in Figure 5.28. For example,
Au NPs containing multilayers prepared with 1 and 6 h of deposition had almost the
same spectra. Deposition time of 15 min was shown to be adequate for the formation
of NPs at the surface with wider size distribution as evidenced from the peak width.
Increasing deposition time resulted in an increase in the number of NPs number at
30 min of immersion time, but further increasing of the immersion time led to a
decrease in Amax intensity which was related with the number of NPs at the surface.1®3
Binding of AuCls anions within the multilayers might have increased the number of
NPs to some limit (30 min), but longer deposition times might have resulted in
dislodging the anions from the substrates.

SER spectra of 1.0 x10° M CV on these multilayers and relative Raman intensity of
the peak at 1176 cm™ with respect to deposition time of AuCls™ solution are shown
in Figures 5.29 and 5.30, respectively. There were no significant signal differences
and enhancement between multilayers with increasing deposition time of AuCls
from 15 minto 6 h. Therefore, 15 min deposition time was selected for further studies

due to higher reproducibility on the same surface for in-situ formation of Au NPs.
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Figure 5.28 UV-vis absorption spectra of Au NPs grown within 19 layers of PAH/TA

multilayer films, prepared by immersion into 5.0 mM AuCls solutions for 15 min,
30 min, 1 h and 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.29 SER spectra of 1.0 x 10° M CV on Au NP grown within 19 layers of

PAH/TA multilayer films, prepared by immersion into 5.0 mM AuCls solutions for

15 min, 30 min, 1 h and 6 h, rinsed, dried and followed by 1 h of Xe radiation.
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Figure 5.30 Relative intensity plot at 1176 cm™ of Au NPs embedded 19 layers of
PAH/TA multilayer films as a function of deposition time of AuCly".

5.9 Overview of Bimetallic Structures

Au-Ag bimetallic nanostructures include alloys and core@shell NPs such as
(Ag@Au indicating Ag NP in the inner core and Au NP in the outer shell), and have
been employed in literature mostly as catalysts and SERS substrates.?’?18 As
mentioned in Section 1.10, they have received special interest due to their
exceptional optical, electrical, catalytic and magnetic properties.*?” Especially
core@shell and alloyed NPs have unique properties due to their sophisticated shape
and composition, as well as the combination of properties from each individual
element. However, both monometallic and bimetallic NPs in solution can aggregate
without using an appropriate support. Therefore, immobilization of these NPs onto
solid supports such as polymer matrices including polyelectrolyte multilayer were
used to prevent aggregation of NPs.?® Synthesis of bimetallic NPs as both
core@shell and alloy in polyelectrolyte multilayers was explored in literature

especially using thermal??%22* and chemical reduction methods.*2721%222 |n this part
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of the study, photochemical synthesis of bimetallic nanostructures (Au and Ag NPs)
on various types of multilayers and use of these polymer/bimetallic nanostructure
platforms as SERS substrates have been investigated. In this context, sandwich-like
structures consisting of sequential adsorption of PE multilayers and in-situ
photosynthesized Au and/or Ag NPs were constructed. SERS activities of these

multilayers have been studied.

59.1 The Effect of Film Architecture in Sandwich Structures Including
Bimetallic NPs on SERS Enhancement

In situ post-synthesis of NPs were applied on PAH/TA multilayer films. Briefly,
Ag*/AuCls ions were loaded into multilayer films and then these films were exposed
to Xe light for the formation of Ag/Au NPs. Different from in situ post-synthesis,
this part includes PAH/TA multilayer formation, loading of Ag*/AuCls ions,
exposure of the Ag*/AuCls-loaded films to Xe light for NP formation. After NP
formation, a sequential coating of PAH/TA multilayers was applied, followed by
loading of Ag* and AuCls ions onto the new multilayers. The films were once again
exposed to Xe light for NP formation on the same substrate, as illustrated in Figure
2.7. 0.5 M AgNOs and 5.0 mM AuCls were continued to use as deposition
concentration values for loading of these ions into the films such as explained in
Section 5.1 to obtain reproducible SER signal from different points of the same
substrate. Moreover, 6 h and 15 min deposition times were used as immersion
periods for Ag* and AuClys", respectively such as in Section 5.2. The experimental
design of the substrates is explained as follows. Briefly, 10 layers of PAH/TA were
immersed into 0.5 M AgNOs for 6 h and then,1 h Xe radiation was exposed to the
substrate (Substrate ‘a’- including only Ag NPs). An additional 9 layers of PAH/TA
was coated onto this substrate and then it was immersed into 5.0 mM AuCly
followed by 1 h Xe lamp radiation (Substrate ‘b’-including Au NPs onto Ag NPs).
Substrate ‘¢’ included only Au NPs on 9 layers of PAH/TA and substrate ‘d’
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corresponded to reverse order of substrate ‘b’. A summary of the components of the

substrates is shown in Table 5.1.

Prepared films loaded with NPs are denoted shortly as (PAH/TA)nAgm or
(PAH/TA)nAum, where n and m is the number of deposited PAH/TA layer number
and number of loading/reduction cycles for NP formation, respectively. Thereafter,

schematic representation of the substrates is given in Figure 5.31.

Table 5.1. List of multilayer PAH/TA substrates including in situ photosynthesized
Au and/or Ag NPs prepared in this part of the study.

Substrate a, (PAH/TA)10Ag1 10 L PAH/TA+ 6 h AgNOs+ 1 h Xe

Substrate b, 10 L PAH/TA+ 6 h AgNO3z + 1 h Xe +9 L
(PAH/TA)10Ag1/(PAHITA)9Au1 | PAH/TA+ 15 min AuCls+ 1 h Xe

Substrate ¢, (PAH/TA)sAu1 9 L PAH/TA+ 15 min AuCls+ 1 h Xe
Substrate d, 9 L PAH/TA+ 15 min AuCls + 1 h Xe +10 L

(PAH/TA)sAUL/(PAH/TA)10Ag: | PAH/TA+ 6 h AgNOs+ 1 h Xe
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Figure 5.31 Schematic representation of multilayer PAH/TA substrates including in
situ photosynthesized Au and/or Ag NPs.

Figure 5.32 shows UV-vis absorption spectra of the substrates listed in Table 5.1.
(PAH/TA)10Ag1 shows its characteristic surface plasmon peak of Ag NPs at around
420 nm. In Section 5.1, Ag NPs on twenty layers of PAH/TA was shown to have
surface plasmon resonance (SPR) at 435 nm (Figure 5.1). Therefore, decrease in
multilayer number resulted in ~15 nm blue shift in the spectra showing smaller size
of NP formation and lower amount of Ag NPs as understood from lower absorbance
values as shown in Figures 5.32 than Figure 5.1. On the other hand, broadening of
spectrum as compared to twenty layers of PAH/TA led to aggregated NPs.
Additional coating of (PAH/TA)10Ag: with 9 layers of PAH/TA and immersion of it
into AuCls dominated broad-sized Au NP formation. SPR peak related to Ag NPs
around 420 nm in this (PAH/TA)10Ag/(PAH/TA)eAu; substrate were not measured
in UV-vis absorption spectrum of this film (Figure 5.32). Moreover, substrate
(PAH/TA)9Au: included characteristic surface plasmon peak of Au NPs, and
additional coating of it with PAH/TA and immersion into AgNO3 resulted in
formation of Ag NPs together with  Au NPs in substrate
(PAH/TA)oAul/(PAH/TA)10Ag:. The spectrum of substrate ‘d’ in Figure 5.32
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displayed approximately double-peak spectral line shape, which a feature of AU@Ag
(core@shell) NPs and is indicative of their plasmonic properties.??>2?* The presence
of the new bands at around 410 nm and 540 nm might indicate the formation of Ag
shell on the Au core (Figure 5.32, d). The combined optical characteristics of the
bimetallic core-shell NPs might result in the emergence of both high-energy and low-
energy SPRs.*?” On the other hand, when creating NPs from a mixture of gold and
silver (Au—Ag alloy NPs), there is a single SPR band. The position of this band falls
between the plasmon positions of pure Au and Ag NPs with the exact location
depending on the composition of the alloy.??® Zhang and coworkers also reported
that impact of covering Au cores with Ag shells on the plasmon spectrum is visible
through a shift towards the blue end of the spectrum for the low-energy plasmon
resonance and the appearance of a new high-energy peak around 420 nm for
PDADMAC/PSS multilayers.*?’

SER spectra of substrate ‘a’, ‘b’, ‘c’ and ‘d” are shown in Figure 5.33. There were 3
times increase in SER signal as going from substrate ‘c’, (PAH/TA)sAu: to ‘d’,
(PAH/TA)oAul/(PAH/TA)10AQ: in Table 5.1. On the other hand, there was no
difference  between  signals of ‘a’, (PAH/TA).cAg: and  ‘b’,
(PAH/TA)10Ag/(PAH/TA)9Au:. Besides, reproducibility of SER signal on substrate
‘b’ was observed to be poor. In substrate ‘b’, effect of Ag NPs was seen on the
surface which could be related to penetration depth of laser through Ag NPs. Since
thickness of 10 layers of PAH/TA multilayer was found to be around ~10 nm, laser
might have the ability to reach to Ag NPs for SERS ability of the substrate ‘b’. Same
situation might be valid for substrate ‘d’, (PAH/TA)sAu/(PAH/TA)10Ag:. That
means laser can penetrate through Au NPs. However, plasmonically more active Ag
NPs on top of the substrate might have more contribution on the SER signal of
substrate ‘d’. SER signal intensities at 1176 cm™ of substrates a to d were shown in
Figure 5.34. Substrate ‘a’ was specified as a better SERS substrate in terms of larger
S/N and better RSD values, because Ag NPs were plasmonically more active than

Au NP due to proper electronic structure and dielectric function of Ag.?%
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Figure 5.32 UV-vis absorption spectra of substrate a, b, ¢ and d.
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Figure 5.33 SER spectra of 1.0 x 10° M CV molecule on substrate a, b, ¢ and d.
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Figure 5.34 Relative intensity column plot at 1176 cm™ of substrates a, b, ¢ and d.

In Section 5.6, increasing of loading/reduction cycles on top of twenty layers of
PAH/TA multilayer did not provide any additional enhancement in Raman signal
(Figure 5.19) despite the increasing number of NP layers within PE multilayers. In
this part of the study, instead of increasing of L/R cycle numbers on top of
multilayers, these cycle numbers were increased within PAH/TA bilayers. For this
purpose, PAH/TA bilayer were constructed on the glass slide and Ag* or AuCls ions
were loaded into the bilayer films and then these films were exposed to Xe light for
the formation of Ag or Au NPs. This corresponds to 1 cycle of L/R of Ag/Au NPs
and it is symbolized by 1c-Ag shown as ((PAH/TA)2Ag:) or 1 c-Au shown as
((PAH/TA)2AuU,) in the text. In the same manner, (including bilayer coating of
PAH/TA, loading of Ag*/AuCls ions and Xe exposure), these cycle numbers were
repeated up to 6 times on the same substrate. Summary of the structures is

represented in Table 5.2.
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Table 5.2. Multilayer PAH/TA substrates including in situ photosynthesized Au
and/or Ag NPs with 1, 2, 3, 4, 5 and 6 cycles of loading/reduction.

1c-Ag (PAH/TA)2AQ:

2 c-Ag [(PAHITA)2AQ1]2

3 c-Ag [(PAH/TA)2AQ1]3

4 c-Ag [(PAHITA)2AQ1]4

5 c-Ag [(PAHITA)2AQ1]s

6 c-Ag [(PAHITA)2Ag1]6

1c-Au (PAH/TA)2AuL

2 c-Au [(PAH/TA)AuU1]2

3c-Au [(PAHITA)2Au1]3

4 c-Au [(PAHI/TA)2AuUL]4

5 c-Au [(PAH/TA)AuU1]5

6 c-Au [(PAHI/TA)2Au1]6

3c-Aut 3 c-Ag | [(PAHITA)AUL]o/ [(PAHITA)Ag1]
3¢c-Ag+ 3 c-Au | [(PAHITA)AG1]o/ [(PAHITA)AuL]s

The schematic representation of 6¢-Ag, 6¢-Au, 3c-Au+3c-Ag and 3c-Ag+3c-Au was

demonstrated in Figure 5.35.

6¢c-Ag 6c-Au 3c-Au+3c-Ag 3c-Ag+3c-Au

Figure 5.35 Representation of multilayer PAH/TA substrates including in situ
photosynthesized Au and/or Ag NPs with 6 cycles of loading/reduction.
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Each substrate was analyzed after each L/R cycle was completed in order to observe
the effect of the cycle number on SER signals in these structures. UV-vis absorption
spectra of sandwich structures including 1 to 6 L/R cycles within bilayers of
PAH/TA are shown in Figure 5.36 (including only L/R cycles for formation of Ag
NPs) and Figure 5.37 (including only L/R cycles for formation of Au NPs).

Application of each L/R cycle increased the amount of Ag NPs formed at the
sandwich structures with red-shifting and broadening in SPR band of Ag NPs (Figure
5.36). Figure 5.37 also shows that the intensity of SPR band signatures of absorption
spectra are in accordance with the increase size of Ag NPs. It is obvious that with
the increase in L/R cycle and more Ag* are reduced, captured by LbL films and this
results in the increase size of Ag NPs. Furthermore, increased coverage of
immobilized NPs, the absorption band shifts towards longer wavelengths as the LbL
assembly continues.??” On the other hand, Au NP numbers were densified with
increasing cycles without affecting the maximum wavelength (Figure 5.37). This is
because the plasmon resonance of Au NPs within the size range of 3 to 40 nm is
observed nearly at the fixed wavelength.*?” Additionally, 6 L/R cycles including only
Au (6¢-Au) or only Ag NPs (6¢-Ag) and bimetallic NPs (3c-Au+3c-Ag and 3c-
Ag+3c-Au) in these sandwiches were compared to observe SPR band and SERS
characteristics of multilayers. These four multilayers include same number of
polyelectrolyte layers (PAH/TA), but they have different order and different
composition of NPs. Figure 5.38 shows the comparison of UV-vis absorption spectra
of 6¢-Ag, 6¢-Au, 3c-Ag+3c-Au and 3c-Ag+3c-Au substrates. Selected concentration
and deposition time in this study were 0.5 M and 6 h for AgNQ3, respectively based
on SER intensity and minimum fluctuation on the substrate. Negatively charged
phenolate groups in TA were used for attachment of Ag* cations. On the other hand,
positively charged amine groups were used as binding sites for AuCls~ complex
anions. Deposition concentration and time for AuCls™ were selected in this study as
5.0 mM and 15 min, respectively for adequate binding and reducing of NPs. In
literature, loading concentration values of AuCls into amine containing polymers

was varied between 2.0 mM to 40.0 mM 162163214 On the other hand, Velentanlic and
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coworkers used deposition concentration values of Ag* cations in polycarboxylic
acid films as high as 0.5 M. Therefore, deposition concentration values were
selected based on the literature experimental conditions for loading of the ions in
multilayer films. Thereafter, deposition time studies were continued.

When UV-vis absorption spectra of 6¢c-Ag and 6¢-Au substrates (Figure 5.38) were
compared, it was observed that more Ag" ions were held by negatively charged TA
molecules. As a result, more Ag NPs were formed on the surface as compared to
limited binding of gold complex ion to amine groups to form Au NPs. Additionally,
bimetallic NPs in between bilayers led to significant background increase and that
might be attributed to light scattering properties of the NP-dense substrates. When
observing 3c-Ag+3c-Au substrate, ([(PAH/TA)2Ag1]3/[(PAH/TA)2AuU1]3), Au NPs
were seen (Figure 5.38), but not as dominant as in the substrate of
(PAH/TA)10Ag1/(PAH/TA)9Au: (Figure 5.32). This could be attributed to lower
loading capacity of AuCls ions into thinner PAH/TA bilayers as compared to 9-
layers of PAH/TA. Moreover, there were also no SPR peak related with Ag NPs in
3c-Ag+3c-Au (Figure 5.38). The other bimetallic substrate in Figure 5.38
corresponded to (3c-Au+3c-Ag, [(PAH/TA)2AuL]s/[(PAH/TA)2AQg1]3). The amount
of NPs related with SPR peak intensities of 3c-Au+3c-Ag were higher than that of
3c-Ag+3c-Au substrate based on Figure 5.38. Since only one peak was observed as
SPR peaks (~550 nm and ~530 nm for 3c-Ag+3c-Au and 3c-Au+3c-Ag substrates,
respectively) and it was present in between only Ag and only Au NPs range for both
substrates, alloy NPs might be formed.??® Four substrates (6¢c-Ag, 6¢-Au, 3¢c-Ag+3c-
Au, 3c-Au+3c-Ag) are composed of same number of PAH/TA however, the
difference in NP composition and order of NPs might lead to difference in NP
amounts, NP arrangements and light scattering abilities from the surfaces of these

substrates.
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Figure 5.36 UV-vis absorption spectra of Ag NPs grown within bilayers of PAH/TA
multilayer films, prepared by immersion into 0.50 M AgNO3 solutions for 6 h,
rinsed, dried and followed by 1 h of Xe radiation with different number of

loading/reduction cycles. Arrow shows increase of absorption and red-shift of the

plasmon resonance.
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Figure 5.37 UV-vis absorption spectra of Au NPs grown within bilayers of PAH/TA
multilayer films, prepared by immersion into 5.0 mM AuCls solutions for 15 min,
rinsed, dried and followed by 1 h of Xe radiation with different number of

loading/reduction cycles.
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Figure 5.38 Comparison of UV-vis absorption spectra of only Ag or Au NPs grown
within bilayers of PAH/TA multilayer films with 6 loading/reduction cycles and
combination of Ag and Au NPs within bilayers of PAH/TA multilayer films with 6

total loading/reduction cycles.
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SER spectra of CV molecule on only Ag NPs (substrates from 1c-Ag to 6¢c-Ag,
shown in Figure 5.39), only Au NPs (substrates from 1c-Au to 6¢-Au, shown in
Figure 5.40) and bimetallic NPs (substrates of 3c-Ag+3c-Au and 3c-Au+3c-Ag) are
shown in Figure 5.41. Although both number and aggregation of Ag NPs increased
with each L/R cycles (Figure 5.36), intensity in SER signal increase was recorded
approximately 1.5 times from 1 to 4 cycles together with similar intensities for 2, 3
and 4 cycle numbers (Figure 5.39). Increase in L/R cycles might have resulted in
significant stacking of particles with relatively poor SERS performance. On the other
hand, increase of Au NPs resulted in important increase of SER signal only for 6
cycles of Au NPs between bilayers (Figure 5.40). Number of Au NPs were densified
with little broadening as shown in Figure 5.37, so loading of them without stacking
provided increase in SER signal. Since loading of AuCls™ was lower as compared to
AgNO:s for same cycle numbers, 6 cycles of L/R might be required for loading of
enough NPs for enhancement in SER signal. Bimetallic NPs in these bilayer
sandwich structures (3c-Ag+3c-Au and 3c-Au+3c-Ag) did not result in any
significant increase in SER signal as shown in Figure 5.41 and their corresponding
relative intensities at 1176 cm™ in Figure 5.42. Instead of using 6 cycles of possibly
aggregated Ag NPs (6¢c-Ag), 3 cycles of the Ag NPs with Au NPs (3c-Ag+ 3c-Au)
might become beneficial to increase SER signal as shown in Figure 5.41. Lower
amount of using Ag NPs with homogenous distribution might result in enhancement
of the signal. However, 6 cycles of Au NPs (6¢-Au) on the substrate were observed
as more homogenously distributed and better signal were obtained as compared to
other three substrates (Figure 5.42). Accordingly, hybrid system was seemed to have

no advantage also here for Raman signal enhancement.
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Figure 5.39 SER spectra of 1.0 x 10° M CV molecule on Ag NPs grown within
bilayers of PAH/TA multilayer films, prepared by immersion into 0.50 M AgNO3
solutions for 6 h, rinsed, dried and followed by 1 h of Xe radiation with different

number of loading/reduction cycles.
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Figure 5.40 SER spectra of 1.0 x 10° M CV molecule on Au NPs grown within

bilayers of PAH/TA multilayer films, prepared by immersion into 5.0 mM AuCly4

solutions for 15 min, rinsed, dried and followed by 1 h of Xe radiation with different

number of loading/reduction cycles.
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Figure 5.41 Comparison of SER spectra of 1.0 x 10> M CV molecule on only Ag or

Au NPs grown within bilayers of PAH/TA multilayer films with 6 loading/reduction

cycles and combination of Ag and Au NPs within bilayers of PAH/TA multilayer

films with 6 total loading/reduction cycles.
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Figure 5.42 Relative intensity column plot at 1176 cm™ of the substrates of only Ag
or Au NPs grown within bilayers of PAH/TA multilayer films with 6
loading/reduction cycles and combination of Ag and Au NPs within bilayers of

PAH/TA multilayer films with 6 total loading/reduction cycles.

59.2 The Effect of Chemical Nature of Polyelectrolytes Including
Monometallic and/or Bimetallic NPs on SERS Enhancement

The effect of film architecture including bimetallic NPs on SER intensities was
discussed for PAH/TA multilayers in Section 5.9.1. In this part, BPEI/TA pair was
studied as SERS substrate. BPEI is expected to have more ion binding capacity
resulting in higher loading of ions and reduction of more NPs.1®® Summary of the
components of the substrates is shown in Table 5.3.
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Table 5.3. Multilayer BPEI/TA substrates including in situ photosynthesized Au
and/or Ag NPs.

Substrate e, (BPEI/TA)10Ag1 10 L BPEI/TA+ 6 h AgNO3z+ 1 h Xe
Substrate f, 10 L BPEI/TA+ 6 h AgNO3z + 1 h Xe +9
(BPEI/TA)10Ag1/(BPEI/TA)sAu1 L BPEI/TA+ 15 min AuCls+ 1 h Xe
Substrate g, (BPEI/TA)sAu 9 L BPEI/TA+ 15 min AuCls+ 1 h Xe
Substrate h, 9 L BPEI/TA+ 15 min AuCls + 1 h Xe
(BPEI/TA)oAu1/(BPEI/TA)10A01 +10 L BPEI/TA+ 6 h AgNO3+ 1 h Xe

The schematic demonstration of these substrates was given in Figure 5.43.

o =

B Xy
&‘1 BPEI

([ ] Au NP

Ag NP

Figure 5.43 Schematic representation of multilayer BPEI/TA substrates including in
situ photosynthesized Au and/or Ag NPs.
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Figure 5.44 shows UV-vis absorption spectra of the 4 substrates including
(BPEITA)10Ag:,  (BPEI/TA)10AQ1/(BPEI/TA)sAu;,  (BPEI/TA)JAur  and
(BPEI/TA)sAu1/(BPEI/TA)10Ag:1. This system exhibited higher absorbance values
for 4 substrates as compared to PAH/TA system. This could be attributed to ability
of BPEI for higher ion binding capacity due to complexation of its amine groups
with transition metal cations.!%%22° Higher loading of ions as compared to PAH and
then reducing of the ions into NPs contributed increase of number of NPs on the
films. (BPEI/TA)10AQg: indicates its characteristic surface plasmon peak of Ag NPs
at around 420 nm. Additional coating of (BPEI/TA)10Ag: with BPEI/TA and
immersion into AuCls” formed (BPEI/TA)10Ag1/(BPEI/TA)oAuz substrate. Au NPs
formation was dominated and no SPR peaks belonged to Ag NPs could be seen just
like in (PAH/TA)10Agl/(PAH/TA)9Au: substrate (Figure 5.32). However, the
spectrum of (BPEI/TA)10Ag:/(BPEI/TA)eAui showed significant broadening and red
shifting compared to (BPEI/TA)sAus substrate (Figure 5.44), which only contained
Au NPs. This suggests that (BPEI/TA)10Ag:i/(BPEI/TA)sAu; was able to
accommodate a greater amount of Au NPs with a wider range of size distribution on
its surface. In addition, Au NPs might be in the shell in
(BPEI/TA)10Ag:/(BPEI/TA)9AuL as understood from the red-shifted and broadened
spectrum.!*? That means the possible core@shell structure of Ag@Au NPs
((BPEI/TA)10Ag1/(BPEI/TA)9Au1) shows an absorption band at 560 nm which is
characteristics of grown Au NPs. On the other hand, bare Au NPs on (BPEI/TA)sAu1
substrate exhibits the band at 540 nm (Figure 5.44). This 20 nm shifting through
longer wavelength with broadening might indicate the formation of Au NP shell
dominated core-shell structure. As the thickness of the Au NP shell becomes thick,
the intensity of Ag NP becomes broader, eventually reaching a point where it cannot
be differentiated anymore.?®® This situation might occur in the
(BPEI/TA)10Ag1/(BPEI/TA)9Au: substrate. Additional coating of (BPEI/TA)sAu:
substrate with BPEI/TA and immersion into AgNOs produced spectrum of
(BPEI/TA)9Au/(BPEI/TA)10Ag: (Figure 5.44). Since only one peak was observed
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for maximum wavelength and it was in between only Ag and only Au NPs range,

this might be interpreted as alloy NPs formation.??

Figure 5.45 shows SER spectra of these 4 sandwich multilayers including
(BPEI/TA)10Ag1,  (BPEI/TA)10AQ1/(BPEI/TA)JAU;,  (BPEI/TA)sAur  and
(BPEI/TA)9Au1/(BPEI/TA)10Ag:. Approximately 15 times increase in SER signal
was recorded as going from substrate (BPEI/TA)9Aur  to
(BPEI/TA)9Au1/(BPEI/TA)10Ag:. This can be explained by both a significant
increase in the loading amount of NPs and greater size distribution on the substrate.
This also agrees with greater SPR intensities and broadening of the spectrum
belonged to substrate (BPEI/TA)oAui/(BPEI/TA)10Ag: In comparison to
(BPEI/TA)oAus as seen in Figure 5.44. On the other hand, there were no significant
differences between SER signals of substrates of (BPEI/TA)10Ag: and
(BPEI/TA)10Ag1/(BPEI/TA)9Au, like in case of PAH/TA multilayers consisting of
similar multilayers. Although UV-vis absorption spectra of substrates of
(BPEI/TA)10Ag: and (BPEI/TA)10Ag1/(BPEI/TA)eAus are different from each other
(Figure 5.44), effect of Ag NPs could be observed on the surface related with
penetration depth of laser through Ag NPs which is plasmonically more active than
Au NPs.??® SER signal intensities of substrates at 1176 cm™ were summarized in
Figure 5.46. Accordingly, BPEI/TA including bimetallic system consisting of Ag
NPs on top of Au NPs ((BPEI/TA)sAu1/(BPEI/TA)10Ag1)) was seemed to be very
beneficial to use not only for signal enhancement but also for high reproducibility of
the SER signal on the same substrate. On the other hand, higher ion binding capacity
of BPEI as compared to PAH might have a dominant effect for this SER signal
increase in substrate of (BPEI/TA)eAui/(BPEI/TA)10Ag1) as compared to
(BPEI/TA)9Ag:. Therefore, 3-fold signal increase observed here was not accounted
for the substrate going from (PAH/TA)sAg: to ((PAH/TA)eAul/(PAH/TA)10Ag1).

145



06

= (BPEITA), Ag,-¢
= (BPEIITA), Ag,/(BPEIITA) Au,-f
— (BPEITA) AU,-g

0.5

=== (BPEI/TA),Au,/(BPEI/TA) Ag,-h

o 04
o
8
S 0.3
o
3 02
<

0.0

400 500 600 700 800

Wavelength (nm)

Figure 5.44 UV-vis absorption spectra of substrate e ((BPEI/TA)10AgQi), f
((BPEI/TA)10Ag1/(BPEI/TA)sAUL), g ((BPEI/TA)sAuU1) and h
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Figure 5.45 SER spectra of 1.0 x 10° M CV molecule on substrate e, f, g and h

substrates.
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Figure 5.46 Relative intensity column plot at 1176 cm™ of substrates ¢, f, g and h.

Of note, PAH/PSS and BPEI/PSS polyelectrolyte pairs with in-situ photoreduced
NPs were also studied as SERS substrates. However, CV molecule on these
substrates could not produce any SER signals. Therefore, further studies were not

conducted with these substrates.

Using a nanoreactor to create metal NPs, hydrogen-bonded LbL assembled films
might be a better option compared to electrostatic ones as they offer more uncharged
groups to bind to metal ions. % In order to investigate this effect on SER signal,
hydrogen-bonded multilayers with exponentially grown (PEO/TA) and linearly
grown (PVCL/TA) were studied for photochemical formation of NPs. UV-vis
absorption spectra of Ag and Au NPs including hydrogen-bonded (PEO/TA,
PVCL/TA) and electrostatically formed multilayers (PAH/TA, BPEI/TA) are shown
in Figures 5.47 and 5.48. The difference in internal film structures and loading
capacity for ions to multilayers might be the primary factor affecting SPR intensities.
Since PEO/TA films grow exponentially, higher Ag and Au loadings in thicker
multilayers were expected as shown in both Figures 5.47 and 5.48. Ag NPs on
PEO/TA multilayers were broader in size as compared to other multilayers as seen
in Figure 5.47. On the other hand, Ag NPs on PVCL/TA might not have spherical
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shape or size distribution of Ag NPs on the surface are distributed in two regions as
understood from two plasmon peaks of its spectrum. In this film system, PVCL and
PEO behaved as hydrogen acceptor while TA was hydrogen donor while loading of
Ag". While most of the hydrogens in TA groups are replaced by Ag* (seen in Figure
5.47), interaction of AuCl4 groups with PVCL groups was not successful for Au NP
formation on PVCL/TA substrate (Figure 5.48), because number of uncharged
PVCL groups at pH 2.0 might not be enough for loading of AuCls into linearly
grown and hydrophobically interacted PVCL/TA multilayers. Since exponentially
grown, rougher and thicker PEO/TA could offer more capability to immobilize
AuClys, Au NP formation on its surface could be seen. In addition, higher ion binding
capacity due to complexation of amine groups of BPEI with Ag™ might contribute to
obtain higher SPR intensities than that of PAH.®° As a result, absorption signals of
both NPs were higher in BPEI/TA than PAH/TA substrates.

SER signals of CV molecule on these 4 types of NP immobilized multilayers
(PEO/TA, PVCL/TA, PAH/TA and BPEI/TA) are illustrated in Figure 5.49 and
5.50. Signals of Ag NP including substrates were not significantly different from
each other (Figure 5.49). The signal belonged to (PVCL/TA)10Ag: might be
enhanced due to broad size distributed, Ag NPs as shown in Figure 5.47. Moreover,
Ag NPs on PAH/TA substrates were also significantly broadened, and this
contributed to the signal of (PAH/TA)10Ag:. Larger number of Ag NPs were loaded
on BPEI/TA compare to PAH/TA substrates, but smaller size distribution on
(BPEI/TA)10Ag: might limit the increase in SER signal. Higher number and broader
size distributed Ag NPs on the substrate (PEO/TA)10Ag: did not increase the signal
effectively as expected. This might be related to possibly excessive size of roughness
features as a result of exponential growth of the film. SER signals of CV molecule
on Au NP containing films (PAH/TA)eAu:, (BPEI/TA)eAu:, (PVCL/TA)sAuy,
(PEO/TA)9Au; substrates) did not enhance SER signals (Figure 5.50). This possibly
related to lower plasmonic activity of Au NPs as compared to Ag NPs. Moreover,

lower amount of Au NPs on the substrates might negatively affect the results.
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Figure 5.47 UV-vis absorption spectra of (PAH/TA)i10Ag:, (BPEI/TA)10AQ:,
(PVCL/TA)10Ag1, (PEO/TA)10Ag: substrates.
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Figure 5.48 UV-vis absorption spectra of (PAH/TA)sAui, (BPEI/TA)sAuL,
(PVCL/TA)9Au1, (PEO/TA)9AuL substrates.
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CHAPTER 6

CONCLUSION AND OUTLOOK

The main aim of this study was to develop sensitive and reproducible SERS
substrates in multilayers. Moreover, the relationship between these multiayers and
SER signals of the probe molecule in NP containing structures were aimed to be
understood. In this concept, SER signals were examined to enhance with both post-
loaded NPs and sandwich-model LbL structures, where chemically reduced Au NPs
(negatively or positively charged) were included. Additionally, LbL structures were
also investigated as in situ photochemical template for Ag and/or Au NP synthesis
for SERS enhancement. All LbL self-assembled films used in this thesis study
contributed homogenous distribution of NPs resulting in reproducible and repeatable

SER signals on the substrates.

In chapter 3, the effect of chemical nature of polyanion, surface morphology and film
architecture on SER signals were explored. The substrates were based on LbL
deposition of PAH using two polyacids, i.e. PAA and TA. Furthermore, water-
soluble complexes of PAH were prepared with either PAA or TA and LbL deposited
at the surface using PAA or TA to control the surface morphology. PAH and PAA
formed exponentially growing LbL films with smooth surface morphology, whereas
PAH and TA resulted in linearly growing films with highly rough surface
morphology. Both multilayers were post-loaded with chemically synthesized citrate-
capped Au NPs and compared with respect to SER signal intensity using CV as the
probe molecule. Au NPs containing PAH/TA multilayers provided 10 times higher
SER signal intensity as compared to PAH/PAA multilayers including Au NPs. The
EF of PAH/TA was calculated as 10°. The EF for PAH/TA films was found to be
~15 times larger than EF of PAH/PAA multilayers. The increased Raman signal
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obtained from PAH/TA films as SER substrates can be explained by the highly
localized electric field regions that are formed between the numerous neighboring
islands on rough surfaces. For PAH/TA multilayers, limit of detection was
determined as 1.0x10° M for CV molecule by signal to noise ratio of ~4.
Importantly, higher SER signal from CV molecule was obtained with Au NPs post-
loaded PAH and TA multilayers than with sandwich-like PAH/Au NPs. This was
possibly due to weaker signals with multiple deposition steps of Au NPs by red-
shifting of their plasmon bands (~650 nm) with exceeding excitation wavelengths of
the laser (633 nm). Moreover, rougher surface of post-loaded Au NPs of PAH/TA
multilayer (56 nm) contributed more enhanced signal as compared to smoother
surfaces of sandwich multilayers (~5 nm to 14 nm). Au NPs post-loaded PAH/TA
multilayers displayed acceptable reproducibility and homogeneity. The
reproducibility of SER signal was calculated as 12% and 18% RSD for point-to-
point and substrate-to-substrate variations, respectively. Of note, no significant
increase in roughness values were recorded with using polyelectrolyte complex
including films. As a result of that, critical SERS enhancement did not occur with

using them.

In Chapter 4, BPEI-capped (seed-mediated) Au NPs were synthesized to obtain
large-sized NPs in solution (~50-60 nm) before incorporating it into the films using
TA or PSS for SERS enhancement. Since size of NPs is one of the critical parameters
to be controlled for SER signal enhancement, this part was planned to optimize size
of NPs in solution. Although local electromagnetic field enhances with increase of
particle size, less absorption of light and less inelastic scattering by very large
particles result in decrease in SER signal. In this respect, the basic difference of this
chapter in terms of NP size from the Chapter 3 is getting large-sized NPs firstly in
solution in order to get better SER signals. Citrate-capped NPs size in solution were
relatively small (~10 nm) in Chapter 3. In Chapter 4, the function of BPEI was both
stabilizing and size-controlling reagent of NPs. In the seed growth step, the
concentrations of both BPEI and seed solutions affected the size of Au NPs and these

were investigated with UV-vis absorption spectroscopy and DLS measurements.
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Accordingly, decreased concentration of BPEI as compared to larger concentration
of seed particles at the final growth solution pH of 5.0 were proper in terms of
obtaining desired size and preventing aggregation. Depositing 1-layer of BPEI-
capped NPs onto the glass slides with varying deposition times resulted in
irreproducible SER signals attributed to low coverage of NPs on the surface. In order
to overcome irreproducibility of SER signals, LbL deposition of BPEI-capped Au
NPs with either TA or PSS was examined. Among two systems, 3 layers of BPEI-
capped NPs/TA and 9 layers of BPEI-capped NPs/PSS multilayers provided better
SER signal intensity as compared to other deposition layer numbers either thinner or
thicker films within their own LbL systems. The increase in SER intensity might be
attributed to possibly increasing density of highly localized regions accessible to the
adsorbed CV molecules between neighboring NPs. Moreover, LbL assembly
enabled to develop more reproducible SER signals from the film surfaces as

compared to 1-layer coated films.

In Chapter 5, PE films were used as templates for in situ photosynthesis of Ag and/or
Au NPs. Various PEs such as PAH, BPEI, PAA, and TA were used as the building
blocks for the multilayer film formation. Ag* or AuCls™ ions were loaded into LbL
films based on the proper electrostatic attraction and these films were exposed to Xe
radiation. The effects of Ag” or AuCls™ concentration, Ag* or AuCl4” absorption time,
the number of PE layers, loading/reduction cycle and exposure time of radiation on
the amount, size and aggregation of NPs were followed. Accordingly, twenty layers
of PAH/TA worked well for in situ synthesis of Ag NPs using Xe radiation. One
loading/reduction cycle on these multilayers was adequate to obtain reproducible
SER signals. However, deposition of Au NPs on top of PAH/TA layers could not
record any critical SER signal enhancement for CV molecule. Moreover, bimetallic
NPs in between bilayers and 10-layers of PAH/TA did not provide significant SERS
enhancement as compared to monometallic counterparts of PAH/TA multilayers. On
the other hand, using of bimetallic sandwich structures including BPEI/TA with Ag
NPs on the top of multilayer might be promising SER substrate for significant signal

enhancement. Higher ion binding capacity of BPEI in comparison to PAH might
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have a dominant effect for 3 times increase in SER signal of the substrate including
BPEI/TA with Ag NPs on the top of multilayer as compared to PAH/TA including

multilayer counterpart.

All in all, post-incorporated Au NPs included PAH/TA multilayers with enabling
high surface roughness was best suited system for SERS enhancement for Chapter
3. For Chapter 4, LbL system incorporating alternatively BPEI-capped NPs and TA
or PSS gave best SERS enhancement for this part with providing more homogenous
distribution of SER signal. For Chapter 5, in situ photoreduced Ag NPs in PAH/TA
multilayers gave best SER signals among monometallic NPs including multilayer
systems. Ag* deposition concentration, absorption time and exposure time of Xe
light were critical parameters to be controlled in this respect. Among bimetallic
systems, BPEI/TA multilayer films including Ag NPs at the top and Au NPs at the
middle of multilayer provide best SER signal.

Overall, this study generated fundamental knowledge on understanding structure-
property and SER signal relationship in LbL-assembled SERS substrates.
Considering the potential need of reproducible substrates in various SERS
applications, these results might form a basis for development of controlled
substrates. LbL-self assembly enabled homogenous and intense coating of NPs on
solid substrates, resulting in reproducible SER signals. On the other hand, it is still
difficult to control many parameters simultaneously (such as surface morphology,
number of NPs on the surface, aggregation, and distance between NPs and size of
NPs) for the formation of NPs. Yet, PAH/TA multilayer system incorporated with
Au NPs might be promising to further explore salt-induced aggregation and pH
variation of polyelectrolyte couple for more sensitive and reproducible SERS
platform production. For analytical purposes, the need for high sensitivity, efficiency
and reproducibility is obvious for SERS substrates. However, optimization studies
on the optical and chemical properties of substrates are crucial. In this respect, a close
collaboration between theoretical modeling and practical experimentation is

essential. This collaboration will be important for gaining a more profound
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comprehension of most relevant factors and achieving the successful adoption of

SERS as a common analytical technique.
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APPENDICES

A. The Intensity and Volume Particle Size Distribution of BPEI-capped Au
NPs Solution at pH 5.0
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B. The Change of Particle Size Distribution with Increasing pH of BPEI-
capped Au NPs solution
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