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Synthesis of Metal Nanoparticles in Diblock Copolymer
Micelles and Their Surfaced-Enhanced Raman Scattering

Maulida Zakia

Department of Polymer Engineering,
The Graduate School

Pukyong National University

Abstract

Superstructures assembled from diblock copolymer micelles and metal
nanoparticles (NPs) are continue to grow owing to their precise control of the NPs
placement within the micelles. Moreover, the interaction between NPs also have the
potential to reveal new properties different from single NPs. In this study, we
assemble PS-PAA micelles containing Au nanoparticles in the core, which further
develop as building block for the second-level assembling process. The cluster-like
formation of Au NPs can be controlled by variation of temperature, solvent, and salt
concentration. On the other hand, heterogeneous metal nanoparticles assemblies
consisting of Au and Ag nanoparticles are also interesting because both component
NPs exhibit localized surface plasmon resonance (LSPR) in visible region. By
utilizing different domains in micellar structure, we arrange Au and Ag NPs in
separate location to induce the plasmonic coupling. Here, the surface of Au NPs
was modified by Raman active ligand, which was surrounded by Ag NPs in the
assemblies. Notably, the SERS signal from heterogeneous metal assembly are
dramatically increased in comparison to individual constituent NPs. To studied

ix



further, we evaluated the SERS activity by controlling the physical dimension of Au
NPs. This result demonstrate that superstructures micellar hybrid provides an

interesting opportunity for SERS application.
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Chapter I. Introduction

I-1. Metal Nanoparticles

Nanoparticles defined as particles of any shape with a size between 1 and 100 nm.
Therefore nanoparticles possess distinctively different properties compared to those
of bulk materials. They also strongly depend on the size and shape of the particles
[1,2]. The ability to influence the properties of such nanostructures by controlling
their geometry made this field very attractive and was one of the main reasons why
the number of research projects focused around this topic was dramatically increased

within the last decades [3-5].
I-1.1 Localized Surface Plasmon Resonance

When a small spherical metal nanoparticle is irradiated by light, it produces a strong
interaction between the incident electric field and the free conduction electrons of the
metal NPs [6-11]. When the frequency of the free electron oscillation is the same as
that of the incident light, constructive interference results in the strongest possible
oscillation as well as localized field strength. This phenomenon is defined as the
localized surface plasmon resonance (LSPR) and dominates the optical response of
the nanostructure. The LSPR of metal NPs is strongly dependent on the dielectric
constant of the metal and the surrounding material as well as the size and shape of the

NPs [11]. Hence, it is possible to modify the LSPR of metal NPs simply by
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Figure 1. Schematic diagram of a localized surface plasmon resonance (LSPR)

induced by an external electrical field.



I-1.2 Plasmonics Coupling

When two or more NPs are in close vicinity, the localized particle plasmons of
the individual NPs interact with each other via their optical near fields, creating
coupled LSPR modes [11]. This is known as plasmonic coupling and results in
new hybridized plasmon modes. As seen in Figure 2, the spectral position of
coupled NPs depend strongly on the interparticle distance and configuration,
showing large spectral shift with respect to the localized plasmons of the
individual NPs and red-shift significantly when the distance between the
particles is reduces. Utilization of plasmonic coupling is hence a powerful way

to tune the plasmon frequency.

Plasmonic coupling between closely spaced metal nanostructures generates
large near-field enhancement in the gap between the particles, usually called
“hot spots”. These hot spots are especially interesting for SERS, where the large
field strengths can be used to increase the Raman scattering signals from

specific molecules placed inside the enhanced near-fields [12].
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Figure 2. Plasmonic coupling (A, B) Near field enhancement distribution
produced by a silver spherical NP with D = 25 nm and by a pair of spherical
NPs of the same diameter separated by 5 nm, respectively. (C) Spectra of the
single spherical NP and the NP pair shown in Aand B [11].



I-2. Surface-Enhanced Raman Scattering (SERS)

I-2.1 Raman Scattering

In 1928, the Indian physicist C.V Raman discovered that when light was scattered
from the molecules, scattering process results two types of scattered light, one of
which had the same energy as the incident light and the second one, small fraction of
scattered light had different energy of when the molecules were responsible for the
scattering [13]. When molecules are irradiated by electromagnetic radiation of a
single frequency, the molecule can be excited into one of the infinite virtual states.
When the molecule return to the ground state, a photon may be reemitted. If the
photon emitted is of the same frequency, the scattering is termed elastic and this
phenomenon is called Rayleigh scattering (Figure 3). In contrast, Raman scattering is
inelastic because the photon reemitted has a different frequency, described as Stokes
scattering if the new photon is at a lower frequency than the original and anti-Stokes
scattering if it is at a higher frequency than the original. Usually, Stokes scattering is
followed in Raman Spectroscopy since anti-Stokes scattering is less intense. The
energy difference between the incident and scattered light is called Raman shift and
is calculated in wavenumbers through equation (1), in which AE is Raman shift in
wavenumbers, Aincident 1S the wavelength of incident light in nm and Ascaterea 1 the

wavelength of scattered light in nm.

1 1
AE =

Aincident Ascattered

-6 -
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Figure 3. Schematic of the Rayleigh and Raman scattering processes.



I-2.2 Surface-Enhanced Raman Scattering (SERS)

The enhanced Raman signal of pyridine adsorbed on roughened
electrochemical silver electrode, observed by Fleischmann et. Al in 1974 [14],
is considered to be the first observation of the SERS effect. Surface enhanced
Raman spectroscopy (SERS) is a variant of Raman spectroscopy that exploits
nanoscale phenomena. The discovery of SERS has opened a promising way to
overcome the traditionally low sensitivity problem in Raman spectroscopy [15].
Raman signal are normally very weak and can only be used for bulk samples
or concentrated solutions. SERS is all about amplifying Raman signals, almost
exclusively from molecules, by several orders of magnitude. Metal NPs
(typically gold and silver) could tremendously enhance the Raman cross-
section of the sample molecules that are in a certain proximity of the metal

surface due to the large electromagnetic field induced by LSPR [16].

SERS enhancements are mainly attributed to the electromagnetic (EM) and
chemical (CE) effects [17]. In theory, EM enhancement is caused by the surface
plasmon resonance generated on the metal surface while CE involves changes
to the adsorbate electronic states due to chemisorption of the analyte. There is
still a degree of uncertainty regarding the level of enhancement from each
mechanism. This uncertainty comes from a difficulty of the SERS experiments
since samples are random in nature. It is difficult to quantify where the SERS

signal comes from.



I-2.3 Electromagnetic Enhancement

According to the EM model, the increase in the Raman intensity is caused by
extremely high local electromagnetic fields that arise from localized surface
plasmon resonance (LSPR), where it is called “hot-spots”. Typical metals that
support surface plasmons are silver, gold and copper. Generally, silver
generates more surface plasmon than other metals due to its large negativity of
dielectric constant. Resonance occurs when an electric field (laser light) at a
certain incident wavelength excites the localized surface plasmons in strong
light scattering, resulting in the appearance of intense surface plasmon
absorption bands and an enhancement of the local electromagnetic fields. The
frequency and intensity of the surface plasmon absorption bands depend on the
type of metal, nanostructure size, size distribution, and shape, as well as the
environments which surround them. Generally, electromagnetic enhancement
relies on Raman-active molecules being confined within these electromagnetic

fields.

1-2.4 Chemical Enhancement

The EM mechanism can not account for all the enhancement phenomena
observed in SERS experiments [15,17]. The chemical enhancement mechanism
is due to a charge transfer between the metal and the adsorbed molecules.
According to the chemical theories, the polarizability of the molecule-metal

system should be studied under conditions of adsorption, since Raman

-9-



scattering from an isolated molecule is a result of the modulation of the
electronic polarizability of the molecule, consequently, new excited states will
appear due to the possibility if charge transfer and local changes in the electron
charge density near the surface because of chemical bonding or tunneling of
electrons from the metal to the molecule. Chemical mechanism exist when the
distance between the molecule and the metal is in the order of the atomic size.
The chemical nature of the molecules and the adsorption sites of the surface are
the major factors determining Raman scattering enhancement, the observed
SERS spectra can differ significantly from the corresponding Raman spectra if

non-adsorbed molecules.

I-2.5 Plasmonic Nanostructures for SERS Application

Surface-enhanced Raman spectroscopy (SERS) has become a useful analytical
tool for improvement of chemical analysis and biology sensors. Raman
enhancement occurs when the molecules attach to the surface of metal NPs.
There are “hot spots” existing at the surface owing to the localized surface
plasmon resonance. Design of maximum hot spots of metal NPs is an important
principle for SERS design. Recently, there are a lot of designs of SERS
substrates that have been reported through controlling the shape and size of
metal nanostructures [18-24]. The size and shape of plasmonic nanostructures

are two big factors strongly influencing the enhancement.

- 10 -



I-3. Self-Assembly of Block Copolymer

Block copolymers are a unique class of materials well-known for their ability to self-
assemble into well-ordered nanometer scale microdomains. In a block copolymer,
two or more chemically incompatible polymer chains are covalently linked and this
linkage prevents macrophase separation [25,27]. However, due to the unfavorable
interactions between the different blocks, phase separation still occurs on nanometer
scale and this process is called microphase separation. The theory of BCs self-
assembly is well-developed and successfully predicts the phase diagram of the
equilibrium morphology of BCs, as shown in Figure 4. The self-assembly process of
block copolymers is determined by three experimentally controllable factors : the
degree of polymerization (), the volume fraction of component blocks (f), and the
Flory-Huggins interaction parameter (). By manipulating these factors various

morphologies (spheres, cylinders, gyroid, lamellae) have been revealed [26-27].

11 -
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hexagonal (hex) and body-centered cubic (BCC) phases are indicated. Adapted from
reference [26-27].
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I-3.1 Block Copolymer Micelles

Block copolymers self-assemble to form micelles when dispersed in a selective
solvent for one of the blocks. Micellization is an enthalphic process of reduction of
free-energy. The unfavorable enthalphic interaction between the hydrophobic block
and the solvent are avoided with the formation of micelles. The soluble block will be
oriented towards the solvent medium and become the ‘corona’ of the micelle forms,
whereas the insoluble part will be shielded from the solvent in the ‘core’ of the
structure. Moreover, different sizes of blocks lead to specific architectures of micelles.
If the soluble block is larger than the insoluble one, the micelles formed consist of a
small core and a very large corona, and are thus called ‘star micelles’. By contrast,
micelles having a large insoluble segment with a short soluble corona are referred to

as ‘crew-cut micelles’.

Micelle formation is generally observed above a critical micelle concentration (CMC)
and critical micelle temperature (CMT), which can be defined as the concentration
and temperature at which micelles become detectable. Below CMC and CMT, self-
assembly will not occur, and the BCs will behave in the solution as a unimer. Due to
their ability to self-assemble into various nanoscaled structures, BCs have been
widely used as building blocks that can further assemble into complex hierarchical

structures by chemically or physically binding these assemblies together [28-35].

- 13 -
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Figure 5. Schematic representation of : (a) star micelle, (b) crew-cut micelle
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Chapter 1II. Clustered Assembly of Au
Nanoparticles from  Spherical  Diblock
Copolymer  Micelles  Encapsulating Au

Nanoparticle [36]

I1-1. Introduction

In a selective solvent, diblock copolymers self-associate into micelles consisting of
solvated coronas and insoluble cores [37-39]. Core and corona structures of micelles
have been widely utilized for the stabilization and solubilization of inorganic
nanoparticles (NPs) which are otherwise insoluble a given solvent [24,29-31,34,40-
52]. For instance, Taton’s group utilized PS=PAA diblock copolymers to encapsulate
hydrophobic Au NPs into the PS core of micelles in an aqueous solution [29,42]. In
their report, Au NPs having diameter smaller than 10 nm primarily behave as solute.
Therefore, those NPs can be concurrently encapsulated into the same core of micelles,
resulting in multiple NP encapsulation [42]. On the other hands, when large Au NPs
(diameter > 10 nm) have been employed, single NP was mostly placed in the center
of micelles because the large NPs behave as surface, onto which polymer chains can
be adsorbed [42]. After their pioneering reports, many research groups published

interesting encapsulating methods of metal, semiconductor, and oxide NPs into

- 15 -



micellar structure with controllable arrangement [34,43-52]. Here, this kind of NP
assembly is quite attractive because the specific arrangement of inorganic NPs with
the micellar structure can reveal interesting opportunities in photonic, sensing,

catalytic, and biological applications [24,34,40,41,45-47].

In the micellar hybrids, the distribution or arrangement of NPs could be regulated by
a number of methods. For instance, the local position of NPs can be regulated by the
micellar structure without specific structural transformation [29,34,42-44]. In this
approach, the surface chemistry of NPs is often modified by various ligands to
engineer specific interactions with constituent blocks of copolymers, which can allow
a direct positioning of NPs in the core, corona, and interfaces of micelles [30,43,44].
In another set of experiments, specific NP arrangement is pre-determined in a solution
state and then fixed by micelles [31,48]. For instance, it has been reported that many
inorganic NPs can be re-arranged into one-dimensional chains. In this regard, Chen
et al studied salt-induced linear assembly of Au NPs in DMF solution [31]. In
particular, they found that the growth of NP chain can be terminated by the addition
of PS—PAA copolymers and water. Since water is a selective solvent for PS block,
PS—PAA copolymers spontaneously formed a cylindrical micelle which surrounds
the linear assembly of Au NPs. Alternatively, Liz-Marzan et al. utilized hydrophobic
interaction to produce three-dimensional cluster-like NP assembly [48]. In their study,
they first prepared stable dispersion of polystyrene—coated Au NPs (PS—Au NPs) in
THEF solution. Subsequently, an aggregation of PS—Au NPs has been initiated upon

the addition of water, i.e., a poor solvent for polystyrene. They discussed that the

- 16 -



growth of NP aggregation increases with incubation time but can be quenched by the
addition of PS—PAA copolymers, resulting in the sequestration of NP clusters inside

the PS—PAA micelles.

Interestingly, it has been recently reported that micelles containing NPs can be further
utilized as a building block for the second-level assembling process; this can produce
multiple colloidal superstructures with more variability and complexity in the NP
arrangements [49-52]. For instance, Chen et al. reported that Au NP encapsulated by
PS-PAA micelles (Au@PS—PAA micelle) in DMF/water solvent could behave quite
analogous to monomers, and can be polymerized into long chains by the addition of
salt. They discussed that the attachment of free Au@PS—PAA micelle to the end of
growing chain is more energetically favorable, resulting in the formation of
cylindrical NP assembly inside micelles [49]. In attempt to produce more complex
structure, Mottitt et al. prepared micelle-encapsulated NPs, at which the outer corona
is composed of both hydrophobic and hydrophilic chains [52]. By adding polar
solvent that can only dissolve the hydrophilic blocks, the micellar structures could be
re-organized into janus-type conformation, which is subject to form more complex
superstructures. In fact, this kind of methods is quite attractive because not only the
arrangement of NPs can be in-situ controlled by the structural change of block
copolymer micelles, but also the resulting NP patterns can exhibit collective
properties beyond the function of individual constituent NPs. However, there is still

limited number of publications toward this research direction.
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In this perspective, we report a feasible approach to produce cluster-like assemblies
of Au NPs by structural re-organization of spherical Au@PS—PAA micelles. Here,
we first prepared Au@PS—PAA micelles in an aqueous solution, which were then re-
dispersed into a mixed solvent of H,O/DMF. By adding HCI into the solution of
Au@PS—PAA micelles, the overall equilibrium condition for given Au@PS—PAA
micelles has been altered to initiate clustering of Au NPs in the core of micelles. The
resulting clustered NPs in the micellar assembly exhibited red-shifted UV-Vis
spectrum, which was strongly correlated with the collective interaction among NPs

in the core of micelle.

I1I-2. Experimental Section

I1-2.1. Material

Gold (IIT) chloride trihydrate (HAuCl4, 99.9%), 2-naphtalenthiol (99%), sodium
citrate tribasic dehydrate (99%), N,N-Dimethylformamide anhydrous (DMF, 99.8%)
were purchased from Sigma-Aldrich and were used as received. Hydrochloric Acid
(HCl, 35%) was obtained from Junsei. Polystyrene-block-poly(acrylic acid),
PS—PAA, diblock copolymer was obtained from ATRP Solution Inc. The degree of
polymerization of PS and PAA in the PS-PAA copolymers was 198 and 55,
respectively, with a polydispersity index of 1.12. Dialysis membrane having
molecular weight cut off of 3.5 KDa (Spectra/ Por 7) was purchased from Spectrum

Laboratories Inc.
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11-2.2. Procedure

I1-2.2.1. Synthesis of Gold Nanoparticles

Au NPs were synthesized by citrate reduction method. Briefly, 500 mL aqueous
solution of HAuCl4-3H20 (0.5 mM) was heated until boiling, and 25 mL of sodium
citrate solution (0.5 g in 25 mL) was added to the boiling solution. The mixture was

further boiled for 15 min with vigorous stirring and then cooled to room temperature.

I1-2.2.2. Surface Modification of Gold Nanoparticles

The surfaces of Au NPs were modified by ligand exchange reaction using 2-
naphthalenethiol, a hydrophobic ligand. To this end, the as-prepared Au NPs were
centrifuged (9000 rpm, 40 min) and then redispersed into N,N-dimethylformamide
(DMF). Subsequently, 2-naphthalenethiol (180 pL, 1.0 wt % in DMF) was added to
the purified Au NP solution (18 mL), which was further incubated at 60 °C for 1 h to

complete surface modification.

11-2.2.3. Encapsulation of Au NPs inside PS—PAA core

PS—PAA micelles containing Au NPs in the core were prepared according to a
literature method with slight modification. First, independently prepared DMF
solutions of 2-naphthalenethiol- modified Au NPs (4.5 mL) and PS—PAA copolymers
(4.5 mL, 0.1 wt % in DMF) were mixed together. Second, deionized water (2 mL)
was added to the solution mixture such that the H»O concentration in the total solution

becomes ~18 vol %. Third, the mixture was heated to 110 °C for 2 h and then slowly
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cooled to room temperature. Next, the solution was dialyzed against H,O to remove
DMF and residual reagents. In a typical dialysis process, the mixture solution (30 mL)
was added to a dialysis membrane. After clamping, the dialysis membrane was placed
in a large beaker filled with H,O, which was then gently stirred at room temperature.

Deionized water was exchanged for each 12 h at least two times.

11-2.2.4. Synthesis of Cluster-like Au NPs

In this set of experiment, first, Au@PS—PAA micelles in an aqueous solution (2.0
mL) have been precipitated at the bottom of Eppendorf tube by centrifugation (9000
rpm, 90 min). Subsequently, the supernatant was cautiously removed by micro-
pipette and the volume of the resulting precipitates was adjusted as approximately 50
mL. Next, the precipitates were transferred to a glass vial, onto which a mixed solvent
consisting of deionized H,O and N,N-dimethylformamide (DMF) (typically, 5% v/v
of H,O) was added until the absorbance of Au NPs at 535 nm became 0.5 when
measured by UV-Vis spectroscope with a cuvette having a path length of 1.0 cm.
Finally, an aqueous solution of HCI (typically 10 mM) was further added to the
solution, and the resulting mixture was incubated without stirring at room temperature
and then transferred to oil bath at 60 °C. After a certain period of time, the solution

was dipped in the ice-cold water to quench the assembling process.

11-2.3. Measurement

UV—Vis absorbance data were recorded on a JASCO V-670 spectrophotometer.
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Dynamic light scattering (DLS) and zeta-potential measurements were performed on
a Zetasizer Nano ZS-90 (Malvern Instruments). Transmission electron microscopy

(TEM) images were recorded on a Hitachi H-7500 instrument operating at 80 kV.

I1-3. Results and Discussion

I1-3.1. Encapsulation of Au NP in Diblock Copolymer Micelles

In an aqueous solution, PS=PAA diblock copolymers spontaneously aggregate into
micelles consisting of PS cores and PAA coronas [30,37,40,41,53,54]. Initially, we
encapsulated 2-naphthalenethiol modified Au NPs in the PS core of PS-PAA micelles
as described in the experimental section. In this step, even though the hydrophobic
ligand (2-naphthalenethiol) does not have compatibility with PS block, 2-
naphthalenethiol modified Au NPs can be inserted into PS core of micelles to avoid
unfavorable contact with HO. As shown in the TEM image of Figure 6a, the as-
prepared Au NPs have spherical shape and an average diameter was evaluated as 12
nm. After the encapsulating process (Figure 6b), the surface of Au NPs was uniformly
coated by polymer shell that can be clearly distinguishable in the TEM images by the
contrast difference with Au NP in the core. Noticeably, single NP is placed at the
center of each micelle because Au NPs larger than 10 nm can primarily behaves as
surface, onto which PS block of PS—PAA copolymers can be adsorbed during
micellization [42]. In parallel, the extinction maxima of Au NPs before and after

encapsulation process were found at 518 nm (dashed line in Figure 6¢) and 535 nm
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(solid line in Figure 6¢), respectively. Since extinction position of metal NPs is
proportional to the refractive index of local environment, the red-shifted UV-Vis
spectrum after the encapsulation step further confirmed the formation of
Au@PS—PAA micelles (Note, the refractive indices are 1.59 for PS block and 1.33

for water, respectively)
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Figure 6. (a, b) TEM images of (a) Au NPs and (b) Au@PS—PAA micelles with Au
NP in the core. (¢) UV-Vis spectra of pure Au NPs (dashed line) and PS—-PAA

micelles with the Au NP in the core (solid line).
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I1-3.2. Clustered Assembly of Au Nanoparticles

Next, we turned our attention on the morphological transition of the Au@PS-PAA
micelles. At the beginning, it would be instructive to note that the micellization is
mainly driven by the unfavorable contact between the core-forming block and solvent.
In this regard, an increase in the micellar size is thermodynamically favorable because
the total interfacial energy between the core and solvent can be decreased with the
core size [30,53,54]. However, an increase in the micellar core involves the stretching
of core-forming blocks as well as the strengthened repulsion among corona-forming
blocks, which has an adverse effect on the stabilization [30,53,54]. Therefore, these
three factors usually compete with each other to determine the equilibrium
morphology of block copolymer micelles. In this regard, we added HCI (aq) to the
micellar solution in attempt to adjust the degree of protonation of carboxylic acid in
corona-forming PAA block. Note, this process reduces the strength of repulsion
among negatively-charged corona blocks, which could be counterbalanced by
additional increase in the core; hence, the overall equilibrium condition for given
micelles can be simultaneously adjusted to induce morphological transition. However,
it must be noted that a structural change of Au@PS—PAA micelles would not be
allowed by simple addition of HCI (aq) because the Au@PS—PAA micelles in Figure
6 are kinetically frozen state by the glassy PS cores in water. In this reason, Au@PS—
PA A micelles in an aqueous solution were first precipitated by centrifugation and then
re-dispersed into a mixed solvent of HO/DMF. Here, DMF is a good solvent for both

blocks, and therefore core-forming PS block can be substantially swollen by the DMF

- 24 -



and attain substantial chain mobility in a solution state. It would be worthwhile to
note that our method is quite analogous to those reported from literature, at which
morphological transformation of ionic micelles (with and without NPs) has been

studied by the addition of salt or change of pH [51,53,54].

In the first set of experiment, we re-dispersed Au@PS—PAA micelles in 4 mL of
H,O/DMF solvent (5% v/v H,0O), onto which 50 pL of HCI (10 mM) was further
added. Subsequently, in attempt to get the overall structural information, UV-Vis
spectra of the solution were monitored in different periods of time as shown in Figure
7a. When Au@PS—PAA micelles were initially re-dispersed in HO/DMF solvent, the
extinction peak of Au NPs was basically maintained as depicted in black line (Figure
7a), which can be ascribed to the localized surface plasmon resonance (LSPR) of
isolated Au NPs. Even after the addition of HCI (aq), the UV-Vis spectrum remained
nearly the same (not shown); this might suggest that no significant structural changes
of micelles had been occurred upon the protonation of carboxylic acid of PAA corona,
which appears to contradict the initial anticipation. As a matter of fact, it turns out
that the morphological change of Au@PS—PAA micelles was very slow at room
temperature. For instance, after 4 days of incubation at room temperature, a structural
transformation starts to be appeared as shown in Figure 7b, in which two or three NPs

are merged together in the same core of micelles.

In this reason, we elevated the temperature of the solution up to 60°C to speed up the

overall kinetics. In the elevated temperature, the morphological changes was

- 25 -



dramatically accelerated. Just after 3 min incubation, pink color of the original
solution was slightly changed to violet, which had been accompanied with the red-
shifted extinction peak of Au NPs to ~547 nm (blue line in Figure 7a). In general,
when metal NPs are placed in a close proximity with each other, LSPR of adjacent
NPs couples together, resulting in a peak shift to a longer wavelength direction
[48,50,55,56]. In this regard, the red-shifted plasmonic peak of Au NPs with a color
change in the solution could be a strong indication of the structural change of
Au@PS-PAA micelles because the direct plasmonic coupling of Au NPs was initially
inhibited by the micellar coating on each NP. As confirmed from Figure 7c, Au@PS—
PAA micelles were transformed into larger micellar assemblies with clustered NPs in
the center. In the TEM image, Au NPs are closely positioned with each other, but their
direct contact appears to be avoided; this should be responsible for the plamonic
coupling in the UV-Vis spectrum. Interestingly, after the initial formation of clustered
NP assembly within 3 min, the growth of micellar NP assemblies only marginally
increased with the incubation time, as shown in Figure 7d — 7f. This is further
supported by the limited spectral shift in UV-Vis spectra of Figure 7a with incubation
time. Note, a significant increase in the number of NPs in the assemblies entails
additional plamonic coupling, which has to be detected by more extensive red-shifts

in UV-Vis spectrum.
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Figure 7. (a) UV-Vis spectra of Au@PS—PAA micelles after being re-
dispersed in HO/DMF solvent (black), heated for 3 min (blue), 10 min
(green), 30 min (pink), and 60 min (dark yellow). The heating was followed
by the addition of HCI (aq). (b — f) TEM images of clustered NPs in micelles
corresponding to different incubation condition: (b) room temperature for 4

days; (c — f) after being heated for 3 min (d), 10 min (d), 30 min (e), and 60



I1-3.3. Effects of Temperature on the Growth of Clustered Assembly of Au
Nanoparticles

The experimental observation in Figure 7 further suggested that the kinetics of
clustering formation could be strongly affected by temperature. In this regard, we
further studied the effect of temperature on the growth of micellar assemblies. In
particular, considering the rapid rise in the number of NPs at the early stage of
incubation, we focused on the TEM observation on the assembled structures after 10
min of incubation. As shown in Figure 8, it is clear that the number of NPs in the
micellar assemblies gradually increases with increasing temperature from room
temperature (Figure 8a), 30°C (Figure 8b) and to 50°C (Figure 8c), respectively,
which clearly demonstrated the temperature effect on accelerating the assembling

kinetics.
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Figure 8. TEM images of clustered NPs in micelles after being incubated

for 10 min at different temperature: (a) room temperature, (b) 30°C, (c) 50°C.
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I1-3.4. The Growth Pattern of Clustered Assembly of Au Nanoparticles

To better analyze the growth of micellar NP assemblies with incubation time, we
evaluated the number of NPs in each micellar assemblies as well as the thickness of
polymer coating surrounding the NPs from the TEM images of Figure 7. On
examining the results, it would be worthwhile to note that the superstructures of
micellar NP assemblies showed a certain distribution at each preparation time. Hence,
the statistical results in Figure 9, which have been collected from four independent
TEM measurements, contain relatively broad distribution. Nevertheless, one can
clearly monitor the growth pattern of the assemblies with incubation time. For
instance, after 3 min of incubation, the average number of NPs in the micellar
assembly was determined as 6 with a standard deviation of 3.4. This value was
slightly increased with incubation time as to 9 + 5.1 (for 10 min), 12 + 6.7 (for 30
min), and 14 + 8.1 (for 60 min), respectively, as shown in Figure 9a. However, further
increase in the incubation time (up to 24 hr) did not noticeably raise the NP numbers.
Instead, the structure of micellar assemblies became more or less deteriorated, which
restricted further analysis. At the same time course, the change of thickness of
polymer coating surrounding the clustered NPs has been analyzed. Initially, the
thickness of polymer coating on Au@PS-PAA micelles before assembling process
was determined as 11.5 = 1.0 nm from Figure 6b. This value was increased to 17.3 +
3.4 nm just after 3 min of incubation, and then maintained without noticeable changes,

as shown in Figure 9Db.
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Figure 9. Changes of the number of NPs in the center of assemblies (a) and the

thickness of polymer coating on the NPs (b) with incubation time. The results were

collected and then averaged from four independent measurements.
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The formation of clustered NP assemblies from Au@PS—PAA micelles would be
understood as follows. Initially, the addition of HCI (aq) to the micellar solution
reduces the electrical double layer repulsion among Au@PS—PAA micelles by
protonating carboxylic acids in PAA block. This in turn increases possible collisions
among Au@PS—PAA micelles. At the same time, the protonated PAA block with
reduced electrostatic repulsion could induce the increase in the core diameter as
discussed earlier [54]. Therefore, upon collision, PS-PAA copolymers tend to re-
organize into more large micelles, which would be assisted by the swollen PS (as well
as PAA) blocks in the mixed solvent. Along with the chain re-organization, 2-
naphthalenethiol modified Au NPs tend to be phase-separated from PS blocks owing
to their incompatibility, and therefore, they are subject to form clustered NPs in the
center of micellar assemblies. The limited growth of NP assemblies in Figure 9 could
be understood from the view point of polymer adsorption on the curved surface
[42,57,58]. Note, the inclusion of many NPs in the same center of micelles
alternatively decrease the surface curvature, which could increase inter-chain
repulsions among tethered polymer chains. Hence, in order to alleviate the repulsion,
the polymer chains tend to increase the end-to-end distance, resulting in the increased
thickness of polymer layers [42,57,58]. Therefore, the more inclusion of NPs must
entail further increase in the thickness of polymer coating, which would result in
the enlarged entropic penalty by chain stretching of copolymers beyond the enthalpic
gain by the protonation of PAA blocks. As a result, the growth of micellar NP

assemblies would be terminated at the early stage of incubation without further
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increasing NP numbers and the thickness of polymer coating, as discussed in Figure
7 and 9.

In this regard, the adjustment of experimental parameters such as the amount of H,O
in the mixed solvent and the concentration of HCI (aq) did not produce larger
assemblies having increased number of NPs. Rather, these control induced either
inhibited or uncontrolled growth of the assemblies. For instance, we prepared the
micellar NP assemblies with the same preparation method but changed water content
in mixed solvent. In this experimental set-up, we re-dispersed Au@PS—PAA micelles
into HO/DMF solvent having a reduced H,O (3.0 % v/v) to intentionally enhance
the chain mobility of PS-PAA copolymers. Under this condition, TEM images
showed comparable clustered NP assemblies in Figure 10b. However, UV-Vis
spectrum (Figure 10a) exhibited red shift in the LSPR peak in a greater degree,
indicating more extensive plasmonic coupling. On the other hand, when the water
content was increased to 10.0 % v/v H>O in the mixed solvent, both UV-Vis spectrum
(Figure 10c) and TEM image (10d) were not much altered in comparison with pure
Au@PS-PAA micelle. Indeed, this observation can be ascribed to the restricted chain
mobility in the high water content, which inhibited the re-organization of Au@PS—
PAA micelles. In the next experiment, we increased the concentration of HCI (aq)
from 0.01 M to 0.1 M under the same condition. Here, it can be anticipated that the
greater protonation of PAA block would lead to more frequent collisions and reduced
repulsion among the PAA blocks in the corona region, which could provide more

favorable condition for the structural transformation. In this case, we observed
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extensive red shift in UV-Vis spectrum (Figure 10e). However, the assembled
structures mainly exhibited uncontrolled agglomeration of NPs (Figure 10f), which

supports the aforementioned discussion.
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Figure 10. UV-Vis spectra and TEM images at different conditions: (a, b) HCI =
0.01 M, H,O/DMF = 3.0 %; (c, d) HC1 = 0.01 M, HO/DMF = 10.0 %; (e, f) HCl =
0.1 M, H,O/DMF = 5.0 %. In UV-Vis spectra were collected after re-dispersing

Au@PS-PAA micelles in H2O/DMF solvent (dashed line), and heating for 60 min
(solid line).

- 35 -



At last, it would be also interesting to compare the results in Figure 7 — 10 with the
ones previous reported. In ref [51], Chen et al. reported a chain-growth
polymerization mode of Au@PS—PAA micelles in acidic condition, at which a few
active monomeric Au@PS—PAA micelle merged and transformed to long chains,
while most of the monomeric micelles remains intact. Their chain-growth
polymerization mode of Au@PS—PAA micelles appears to be controlled by kinetic
reason, while thermodynamics also plays an important role. In particular, the
attachment of monomeric Au@PS—PAA micelles was only allowed to the end of a
growing chain by the reduced electrostatic repulsion at the highly curved chain end.
Since the long chains only constituted a small population in the solution, they could
not monitor the assembling behavior by UV-Vis spectroscope. On the other hand, the
transformation of Au@PS—PAA micelles into clustered NP assembly in this study
could be directly monitored by UV-Vis spectrum. Also, no individual Au@PS—PAA
micelles were present in the TEM observation after the assembling process. This

difference would be probably correlated with the small water content (typically 5%)

in our condition, compared to that of Chen’s report (as high as 30%). Owing to the

enhanced chain mobility by the small water content, re-organization of Au@PS—PAA
micelles into spherical assemblies would be preferred at each successive collisions
(Figure 7), which is quite different to the maintained cylindrical shape in ref [51]. As
a result, the kinetic aspects on the end-on growth, which is only important to
cylindrical assemblies, would not be crucial, but isotropic collision among micelles

could mainly contribute to the morphological evolution.
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Overall, this result clearly demonstrates that Au@PS-PAA micelles can be utilized as
a building block for the second-level assembling process in creating colloidal
superstructures. In this regard, it would be also worthwhile to note that step-wise
assembling methods have been applied to thin film of block copolymers [59-60]. For
instance, we reported bimodal assemblies of two different-sized spherical micelles by
successive coating process [59]. In the study, a mono-layer film of large micelles
having hexagonal order was initially fabricated as a pre-defined pattern, onto which
small micelles were additionally deposited to form hierarchical nanostructures. While
the experimental methods are different in each case, one may appreciate and compare
the usefulness of step-wise assembling techniques in solution and thin film states for

producing more complex and variable superstructures.

I1-4. Conclusion

In this study, we investigate a simple method to prepare clustered assemblies of Au
NPs, which has been achieved by second-level assembling process of Au@PS—PAA
micelles. The addition of HCI to the solution of Au@PS—PAA micelles protonated
the carboxylic acid in PAA corona, which subsequently affected not only the
equilibrium condition of given micellar structures but also the effective collision
among Au@PS—PAA micelles. As a result, individual Au@PS—PAA micelles could
be merged together to form more large micelles with inclusion of multiple NPs in the
core. However, the gradual growth of the assembled structure was inhibited

presumably by the entropic penalty associated with PS stretching. Considering that
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the assembling process has been accompanied with red shifts in plasmonic peak of
Au NPs, a relevant future work can be suggested as a systematic control on the
diameter of Au NPs, which could reveal interesting properties of clustered NP
assemblies from the view point of plasmonic coupling. In addition, the prospects of
this result could be also assessed from the plasmonic coupling of given metal NPs in
the assembled structure. For instance, metal NPs have been well known to enhance
Raman signal of given analytes attached on their surface. Since this effect, known as
surface-enhanced Raman scattering (SERS), could be dramatically enhanced at the
gap region between adjacent metal NPs, the clustered NPs with plamonic coupling in
the cores could provide gap plasmon to enhance SERS signals and therefore find

opportunities in sensing applications.

* This part of thesis has been published at Journal of Applied Polymer Science and
resemble the accepted versions of reviewed journal with minor modifications and

collaborate with Kim Jang Hwan.
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Chapter I11. Heterogeneous Metal Nanoparticles

Assemblies in Diblock Copolymer Micelles

I11-1. Introduction

Noble metal nanoparticles (NPs), especially those of gold and silver, have been
studied intensively owing to their unique properties associated with their localized
surface plasmon resonance (LSPR), which are coherent oscillation of the metal
electrons in resonance with light of certain frequency [6,7-9-11,55,61-63]. The LSPR
is highly sensitive to the size and shape as well as interparticle spacing of the NPs.
Recent advances has enabled us to control those parameter to further exploited the
LSPR properties of NPs. However, in most cases only a single kind of metal NPs was
employed.  Nanoparticle assembly composed of two different metal NPs are
interesting due to potential unique properties that are absent in their corresponding
single metal NPs. It is expected that this kind of arrangement could exhibit not only
the combination of the properties related to the presence of two different metal NPs,
but also new properties due to a synergy between two metals.

On the other hand, diblock copolymers (BCs) in solution can self-associate into a
variety of morphologies with features on the nanometer length scale [37-39]. In
solvent selective for one block, micelle formation consist of insoluble core
surrounded by a soluble corona is observed. These morphologies enable the precise

organization of nanoparticle in specific positions within the micellar structures
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[34,43-52]. In this context, we synthesize two different metal nanoparticles, i.e. Au
and Ag NPs, in micellar system to precisely localized NPs in different locations as a
strategy to induce plasmonic coupling between two different metal NPs. Here, we
encapsulate Au NPs modified with Raman active ligand inside polystyrene-block-
poly(acrylic acid), PS-PAA micelles. Ag NPs were then synthesized in PAA corona
by adding AgNOs as precursor and hydroquinone, a selective reduction agent. The
resulting assembly is consist of Au NP core surrounded by Ag NPs.

It is well-known that the LSPR have contribution to surface-enhanced Raman
scattering (SERS) allowing gigantic enhancement of Raman signals of analytes
adsorbed on a metal surface, particularly at interparticle junction called “hot spots”
[7,12,24,64,65,68]. Hence, the SERS properties of the resulting assembly was
characterized using 785 nm laser. Moreover, the LSPR properties are strongly size
dependent, thereby we tuned the physical dimension of Au NPs core to observed their
effect on SERS intensity. Since heterogeneous metal NPs can amplified the SERS
intensity, this assembly may provides a promising pathway for the development of

ultrasensitive sensors with low limit of detection.

III-2. Experimental Section

I11-2.1. Material
Gold (IIT) chloride trihydrate (HAuCl4, 99.9%), 2-naphtalenthiol (99%), sodium

citrate tribasic dehydrate (99%), hydroquinone (99%), and silver nitrate (= 99%) were
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purchased from Sigma-Aldrich and were used as received. N,N-Dimethylformamide
(DMF, 99.8%) was obtained from Junsei. Polystyrene-block-poly(acrylic acid),
PS—PAA, diblock copolymer was obtained from ATRP Solution Inc. The degree of
polymerization of PS and PAA in the PS-PAA copolymers was 198 and 55,
respectively, with a polydispersity index of 1.12. Dialysis membrane having
molecular weight cut off of 3.5 KDa (Spectra/ Por 7) was purchased from Spectrum

Laboratories Inc.

1I1-2.2. Procedure

I11-2.2.1. Synthesis of Gold Nanoparticles

Au NPs were synthesized by citrate reduction method. An aliquot of HAuCl, solution
In a typical process, 500 mL aqueous solution of HAuCls-3H,0 (0.5 mM) was heated
to boiling with vigorous stirring, and 25 mL of sodium citrate solution (0.5 g in 25
mL) was immediately added. The mixture was further boiled for 15 min and then

cooled to room temperature.

I11-2.2.2. Synthesis of Gold Nanoparticles up to 50 nm in diameter

Au NPs up to 50 nm in diameter were synthesized by kinetically controlled seeded
growth method. Gold seeds were prepared by adding 1 ml HAuCls-3H,O (25 mM)
into 150 ml sodium citrate (2.2 mM) at 100°C. Once the synthesis was finished the
solution was cooled down until the temperature of the solution reached 90°C and 1

ml of HAuCls-3H>0 (25 mM) was injected. After 30 min the reaction was finished.
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This process was repeated twice. After that, the sample was diluted by extracting 55
ml of sample and adding 53 ml of deionized water and 2 ml of sodium citrate (60

mM). This solution was then used as seed solution and the process was repeated again.

I11-2.2.3. Surface Modification of Gold Nanoparticles

The surfaces of Au NPs were modified by ligand exchange reaction using 2-
naphthalenethiol, a hydrophobic ligand. To this end, the as-prepared Au NPs were
centrifuged (9000 rpm, 40 min) and then redispersed into N,N-dimethylformamide
(DMF). Subsequently, 2-naphthalenethiol (180 pL, 1.0 wt % in DMF) was added to
the purified Au NP solution (18 mL), which was further incubated at 60°C for 1 h to

complete surface modification.

I11-2.2.4. Encapsulation of Au NPs inside PS-PAA core

PS—PAA micelles containing Au NPs in the core micelles (will be denoted as
Au@PS—PAA micelles hereafter) were prepared according to a literature method with
slight modification. First, independently prepared DMF solutions of 2-
naphthalenethiol-modified Au NPs (4.5 mL) and PS—PAA copolymers (4.5 mL, 0.05
wt % in DMF) were mixed together. Second, deionized water (2 mL) was added to
the solution mixture such that the HO concentration in the total solution becomes
~18 vol %. Third, the mixture was heated to 110°C for 2 h and then slowly cooled to
room temperature. Next, the solution was dialyzed against H>O to remove DMF and

residual reagents. In a typical dialysis process, the mixture solution (28 mL) was
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added to a dialysis membrane. After clamping, the dialysis membrane was placed in
a large beaker filled with H,O, which was then gently stirred at room temperature.

Deionized water was exchanged for each 12 h at least two times.

I11-2.2.5. Synthesis of Heterogeneous Metal Nanoparticle Assemblies

The heterogeneous metal NP assemblies were prepared as follows : Au@PS—PAA in
an aqueous solution (2.0 mL) were precipitated at the bottom of Eppendorf tube by
centrifugation (9000 rpm, 90 min). Subsequently, the supernatant was cautiously
removed by micro-pipette. This removal process was repeated by twice. Next,
deionized water was added until the absorbance of PS—PAA micelles with the Au NPs
at 535 nm became 1.0 when measured by UV-vis spectroscope with a cuvette having
a path length of 1.0 cm. To further synthesize Ag NPs in the PAA corona, an aliquot
of an aqueous AgNOs solution (30 pL, 0.01 M) was added to 2 mL of Au@PS—PAA
solution in a quartz cuvette and exposed to UV light (~254 nm) using a conventional
UV lamp (6 W, Vilber Lourmat) in a dark container for 3 h at 40°C followed by

addition of hydroquinone solution (30 pnL, 0.01 M).

1I1-2.3. Measurement

UV—Vis absorbance data were recorded on a JASCO V-670 spectrophotometer.
Dynamic light scattering (DLS) and zeta-potential measurements were performed on
a Zetasizer Nano ZS-90 (Malvern Instruments). Transmission electron microscopy

(TEM) images were recorded on a Hitachi H-7500 instrument operating at 80 kV.
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Samples for TEM were prepared by placing a drop of mixture solution onto a carbon-
coated copper grid and dried at ambient temperature. Raman spectra were collected
from sample solution on LSI Dimension-P1 Raman Spectrometer using a red LED

laser (A = 785 nm) with an exposure duration of 10 s.

I11-3. Results and Discussion

I1I-3.1. Synthesis of Heterogeneous Metal Nanoparticles

In selective solvent PS—PAA diblock copolymers spontaneously self-associate into
spherical micelles, which consist of a soluble PAA corona and insoluble PS core.
These PS-PAA micelles can be used to incorporate NPs in different location. In this
regard, we arrange two different metal NP, Au NPs and Ag NPs, in separate location
by employing PS-PAA micellar structure to induce the plasmonic coupling between
two different NPs. Here, Au NPs were chosen due to their easier preparation and the
uniformity of particle size. While Ag NPs are superior in term of the plasmonic
efficiency. The schematic of Figure 11 presents the overview of our system that will

be discussed throughout this study.

As discussed in previous chapter, PS—PAA micelles contain a single Au NP in the
core has been successfully prepared (Figure 6). To functionalize the PAA corona, we
synthesized Ag NPs in PAA corona by utilizing AgNO3 and hydroquinone as
described in the experimental section. Hydroquinone (HQ) is a selective reduction

agent which has unique properties where it only able to reduce silver ions in the
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presence of pre-formed seed particles [72-74]. The UV-Vis spectra of unseeded
solution in Figure 12a shows that if HQ is added into an aqueous solution of AgNO3
without PS—PAA micelles, it is unable to react with silver ions on its own, there is no
change in the plasmon peak (blue line). Therefore, we employed photoreduction
strategies by exposing the micellar solution to UV light having a wavelength of 254
nm in attempt to generate silver seeds. Here, an aqueous AgNOs (10 mM) solution
was added to the micellar solution followed by UV irradiation for 3 h. In this
circumstance, the carboxylate anions in the PAA block will coordinate with Ag”ions
to generate silver seeds. A new extinction peak of Ag NPs appears at ~410 nm, which
indicates the formation of Ag NPs as depicted in blue line (Figure 12b). Subsequently,
HQ (10 mM) was added into the mixture contained seed particles and the reaction
rate increases significantly, as confirmed by further increase of extinction peak at
~410 nm (green line in Figure 12b). The system was then held for several hours until
the extinction peak saturated, which implies the complete reaction of Ag’. The
absorbance value of the final assembly typically saturated after overnight. It needs to
be noted that the absorbance of Ag NPs has a tail on the longer wavelength side,
which overlaps the absorbance of Au NPs. Hence, the growth of Ag NPs leads to the
gradual increase in both Ag and Au peaks in the UV spectrum. In addition, the peak
position of Ag NPs and Au NPs remain the same through out the reactions. Thus
indicates that plasmon hybridization phenomena, which can be observed by spectral
shift in the extinction, is certainly not found and the two heterogeneous NPs in the

assembly do not interact because an NP—NP interaction.
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The formation of a heterogeneous NP assembly in the PS-PAA micelle was further
confirmed by TEM and SEM analysis. TEM image in Figure 12c showed that the two
different NPs did not grow in the same location. A single Au NP is located in the
center of micelle and surrounded by small-sized Ag NPs in the PAA corona. Similar
structure also observed from SEM image (Figure 12d), in which Ag NPs form
uniform shell surrounding the Au NP. It needs to be noted that the core and corona
structures are not distinguishable in the TEM and SEM images because of the low
contrast between PS and PAA blocks. However, from the molecular weight
composition, it is reasonable to consider that PS-PAA micelles in this study form

crew-cut micelles consisting of a bulky PS core with a thin PAA corona.

Based on this information, we considered that the unchanged extinction peaks in the
Figure 12b can be attributed to this separation of the Au NP and Ag NPs in the
micellar structures. Moreover, it also implies that Ag NPs mostly get larger on the
corona region. If Ag NPs were allowed to grow toward the core, it will induce a Au-
Ag coupling effect, resulting in a spectral shift. However, in this experiments, a
spectral change was not observed in the UV-Vis spectra. Hence, the heterogeneous
NP assemblies with micellar structure in Figure 12c will be denoted as

Au@PS—PAA@Ag hereafter.
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Figure 11. Schematic of heterogeneous metal NP assemblies.
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Figure 12. (a,b) UV—Vis spectra of (a) AgNOs solution upon UV irradiation
(red) and added hydroquinone (blue) (b) Au@PS—PAA micelles (red)
Au@PS-PAA@Ag micelles after UV irradiation (blue) and added
hydroquinone (green) (c¢) TEM image of Au@PS—PAA@Ag micelles (d)
SEM image of Au@PS—PAA@Ag micelles.
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I11-3.2. Surface-Enhanced Raman Scattering (SERS) Properties of

Heterogeneous Metal Nanoparticles

Metal nanoparticles have been well known to amplify Raman signal of analytes that
are in a certain proximity of the metal surface due to the large electromagnetic field
induced by LSPR. In this context, we attempted to measure the SERS activity of the
heterogeneous metal NP assembly by exposing the reaction mixtures containing
Au@PS—PAA@Ag micelles to 785 nm diode laser. Note, the core particles in this
assemblies were modified by Raman active ligand, 2-napthalenthiol (2-NP). Herein,

the 2-NP were selected because its Raman spectra are well-known [68-70].

The characteristic Raman spectra of Au@PS—PAA@Ag assemblies can be seen in
Figure 13. For comparison purpose, the SERS activity of Au@PS—PAA micelles were
also observed, the result of which is depicted in red line. The SERS intensity increase
as we introduce Ag NPs into the micellar hybrid system (blue line in Figure 13). Thus,
the dramatically different intensity of Raman signal detected is result from pairs of
directly adjacent metal NPs. The gap between heterogeneous metal NPs contains ‘hot
spots’ or region of intense electromagnetic fields that give rise to the enormous
enhancement of SERS activity. Raman-active ligand trapped in these hot spots
generate SERS signals when illuminate with light exciting the hot spots. Moreover,
SERS spectra obtained from this assembly display most prominent Raman signals at
1067, 1381, 1580 and 1622 cm™, which correspond to the C—H bend and ring stretch

vibrations of 2-NP, respectively (Figure 13).
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Figure 13. Raman spectra of Au@PS—PAA micelles (red) and Au@PS—PAA@Ag

micelles (blue) excited with 785 nm laser lines.
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To investigate the growth of Ag NPs in the micellar hybrid and the SERS activity
more closely, UV-Vis and Raman spectra were obtained at different period of HQ
reaction from two independent mixture solution. As evidence from Figure 14a-b, it is
found that the plasmon extinction peak at ~410 nm increased as more Ag" was
reduced, which results in the intense SERS signals. The above observations further
verified that in presence of Ag NPs the SERS activity of the assembly is greatly

amplified.

In addition, we have employed the most intense peak at 1067 cm™ to investigate the
growth of SERS intensity by plotting the SERS intensity as a function of time (Figure
l4c). For instance, after 30 min of HQ addition, the SERS signal of
Au@PS—-PAA@Ag assemblies was greatly increased. This value was further increase

with the reaction time.
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intensity at 1067 cm'
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II1-3.3. Core Size Effect

It has been shown that the LSPR could be altered by changing the physical dimension
of NPs [6,7-9-11,55,61-63]. In typical case, the initial Au NPs used were 12.0 nm in
diameter. Hence, we grew Au NPs having distinct size differences using kinetically
controlled seeded growth method to examine how physical dimension of Au NP core
affects the heterogeneous metal NPs properties. The dynamic light scattering results
and TEM images of Au NPs with different particle size are depicted in Figure 15.
DLS result shows that the particles synthesized presented excellent morphology and
narrow size distributions. As shown in TEM image, the particle size of the Au NPs
increased from 26.0 nm to 40.0 nm and 50.0 nm after different growth step.

At this point, the resultant Au NPs were used as core for Ag NPs synthesize. The Ag
NPs prepared as describes in experimental section.

Evidence of the formation of Au@PS—PAA@Ag assemblies can be seen from the
UV-Vis data (Figure 16). Here, an increase in plasmon band at ~410 nm attributes to
Ag NPs after AgNO; and HQ added can be observed. The final morphology of the
assemblies were further confirmed by TEM analysis (Figure 16), where it shows that

the synthesized Ag NPs were located in the PAA region of the micellar structure.
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Figure 15. DLS results and TEM images of Au NPs having different size : (a,b) 12
nm, (c,d) 26 nm (e,f) 40 nm (g,h) 50 nm.
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Figure 16. UV-Vis spectra and TEM images of heterogeneous metal NP with
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Next, we focus our attention toward the SERS properties of the heterogeneous metal
NP assemblies with different Au core size. The SERS activity of heterogeneous metal
NPs was evaluated by calibrating the concentration of the micellar hybrid solution
using the equation reported by Liu and coworkers [75]. Where € is extinction
coefficient in M'cm™, D is the core diameter of the NPs, k = 3.32111, and a =

10.80505.

Ine=kInD +a

Subsequently we calculate the absorbance of the mixture according to Lambert-Beer
law, where A4 is absorbance, € is extinction coefficient in M'em™, b is path length of
the beam of light through the nanoparticle solution in cm, and C is molar

concentration of nanoparticle solution in mol L™

A=¢ebC

The SERS response from the assemblies were plotted in Figure 17. It is assumed that
all NPs in the assemblies contribute to the observed SERS signals. Furthermore, it
shows a consistent increase in the signal intensity, due to the increase of physical
dimension of Au NPs in the core from 12 nm (black line) to 26 nm (red line) to 40
nm (blue line) and 50 nm (green line).

Thus, one can conclude that increase in the size of the Au NPs leads to an increase in
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the SERS intensity and in order to improve SERS sensitivity one has to use large Au

NPs because the ability of Au NPs to amplify SERS signal is size-dependent.
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Figure 17. Raman spectra of heterogeneous metal NP with different Au NP core size
after calibrated. Each color represents different core size : (black) 12 nm, (red) 26 nm,

(blue) 40 nm, (green) 50 nm.
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I1I-3.4. SERS Enhancement Factor

Estimation of the experimental enhancement factors is important for characterizing
the SERS effect. The SERS enhancement factor (EF) ratio is calculated for a selected
vibrational frequency (1067 cm™).

Assuming that the orientation of Raman active ligand (2-NP) are parallel to the
surface of Au NP, we calculate the analytical enhancement factor of the
heterogeneous metal NP assemblies under identical experimental conditions using the

following equation [76].

ISERS /C
EF = SERS

1
RS /CRs

Where Ispps is SERS signal from the Au@PS—PAA@Ag sample, csgrs is the
concentration of the 2-NP on the gold surface, Irs denote Raman spectral intensities
under non-SERS conditions, cpg is concentration of 2-NP. Summary of the

calculation of the analytical enhancement factor was showed in Table 1.
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Table 1. Summary of the analytical enhancement factor

Core size, Isgrs /e Igs /e EF
D (nm) SERS RS
12 9.66 x 10° 6.23 x 10° 1.55 x 10°
26 1.56 x 10’ 6.23 x 10° 2.50 x 10°
40 1.14 x 10° 6.23 x 10° 1.83 x 10°
50 1.18 x 10° 6.23 x 10° 1.89 x 10°

Our measured and calculated maximum enhancement factors are of the order of 10,
These results suggest the gap plasmon in the NP assembly contribute significantly to
the observed enhancement. However, this range is somewhat smaller than that
generally quoted for SERS, 10°-10%. There may be several reasons for this difference.
For instance, it was observed that there is a fine partitioning between Au and Ag NPs
in the micellar structure, which inhibited the interaction between the two different
metal NPs. Hence, it is possible to increase the enhancement factor by reducing the
distance between Au and Ag NPs in the assembled structure for the future

development.

I11-4. Conclusion

In this study, we have demonstrated a strategy for arranging heterogeneous
metal nanoparticles in micellar structure. The self-segregating properties of PS—PAA
micelles enabled the nanoscale arrangement of heterogeneous metal NPs, in which
Au NP in the core is surrounded by Ag NPs in the corona. In addition, we prepared

the heterogeneous metal NP assembly with different core sizes. Since metal NPs have
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been well known to enhance Raman signal of analytes attached on their surface, we
further investigate the SERS property of the heterogeneous metal NP assembly. As a
result, the produces assemblies shows greatly enhanced SERS activity compare to
their corresponding single metal NPs. The SERS properties of assembly can be tuned
by simply changing the core Au NP size. The SERS intensity gradually increased
with increasing Au NP sizes. Based on this results, the heterogeneous metal NP can

be further developed as a way to improve the detection limit of the sensors.
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