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Abstract
This dissertation is about fabrication and functionalization of metal nanoparticles for use in
plasmonic and nonlinear optical (NLO) applications. In the first two chapters, I describe a series of
experiments, where I combined silver nanoparticles fabricated by nanosphere lithography with
ionic self-assembled multilayer (ISAM) films, tuning the geometry of the particles to make their
plasmonic resonances overlap with the frequency of optical excitation. The designed hybrid
metallic/organic nanostructures exhibited large enhancements of the efficiency of second
harmonic generation (SHG) compared to conventional ISAM films, causing a modified film with
just 3 bilayers to be optically equivalent to a conventional 700-1000 bilayer film.
SHG responses from Ag nanoparticle-decorated hybrid-covalent ISAM (HCISAM) films were
investigated as the next logical step towards high-χ(2) ISAM films. I found that the plasmonic
enhancement primarily stems from interface SHG. Interface effects were characterized by direct
comparison of SHG signals from PAH/PCBS ISAM films and PAH/PB HCISAM films. Though
interface χ(2) is substantially smaller in PAH/PCBS than in PAH/PB, plasmonically enhanced
PAH/PCBS films exhibit stronger NLO response. I propose that the structure of PAH/PB film
makes its interface more susceptible to disruptions in the nanoparticle deposition process, which
explains our observations.

During the fabrication of monolayer crystals for nanosphere lithography, I developed a
variation of the technique of convective self-assembly, where the drying meniscus is restricted by
a straight-edge located approximately 100 μm above the substrate adjacent to the drying zone. This
technique can yield colloidal crystals at roughly twice the growth rate compared to the standard
technique. I attribute this to different evaporation rates in the thin wet films in the two cases. I also
found that the crystal growth rate depends strongly on the ambient relative humidity.
Finally, dithiocarbamate (DTC)-grafted polymers were synthesized and employed to
functionalize surfaces of Au nanopartciles. PAH-DTC shows greater stability in different
environments than PEI-DTC. I also investigated the stability of PAH-DTC coated particles in
suspensions with UV-Vis spectroscopy and autotitration. The covalently bonded PAH-DTC
enhances the colloidal stability of the Au nanoparticles and enables subsequent ISAM film
deposition onto the particles.
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Chapter 1 Introduction

Fabrication and functionalization of metal nanoparticles are of great importance to their wide
applications in photonics and optoelectronics. Their applications in nonlinear optics could yield
high performance optical components such as electro-optic modulators and optical switches,
which are essential components for the global telecommunication networks. However, the
implementation is not trivial and requires delicate design and diligent efforts to achieve optimum
performance. For example, 2nd order nonlinear optical effects require material structure has to be
globally non-centrosymmetric a criterion most structures do not satisfy. In addition, it is of great
significance to fabricate novel nanoparticles or nanostructures and subsequently modify their
surfaces with functional molecules, making them suitable for nonlinear applications. For this
reason, I devote this dissertation to addressing issues of integration and functionalization of
nanoparticles for nonlinear optical and other applications.
Accordingly, this dissertation is focused on studies of noble metal nanoparticles and their
applications in nonlinear optics, especially second harmonic generation (SHG). First, silver
nanoparticles were combined with second-order nonlinear optical (NLO) materials consisting of
ionic self-assembled multilayer (ISAM) films. Localized surface plasmon resonances (LSPRs)
associated with Ag nanoparticles were exploited to enhance the overall SHG responses of ISAM
films. The details of this study are the topics of Chapter 2&3.
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The silver nanoparticles were fabricated using nanosphere lithography, which makes use of a
monolayer of close-packed polystyrene latex nanospheres as sacrificial mask for subsequent silver
deposition. Initially, I used drop casting of nanosphere suspensions to obtain these monolayers. In
order to achieve large-sized monolayer efficiently, I later turned to the technique of convective
self-assembly1 and actually developed a new version of this technique, which is better to produce
colloidal crystals. A theoretical model was developed to explain the experimental results. The
details can be found in Chapter 4.
In another effort to fabricate ordered colloidal molecules, we plan to use a two-photon
fabrication technique to connect multiple nanoparticles into larger, well-defined and molecule-like
nanostructures. However, the metal nanoparticles must first be modified on the surfaces with the
appropriate functional molecules. The surface functionalization serves several purposes: To
stabilize the nanoparticles in suspensions, to provide bonding sites for intended applications and to
place optically active groups at proper distance from surfaces. In this effort, amine-functionalized
Au nanoparticles provide a versatile and easily modified starting point. But the realization of such
a functionalization is not trivial, which is both robust and sufficiently thin. In Chapter 5, I
introduce a simple and reliable method using dithiocarbamate grafted polymers to provide amine
surface modification on Au nanoparticle surfaces.
Next, I will give a basic introduction and literature review covering plasmonics, self-assembly
of colloidal nanoparticles and surface functionalization.

2

1.1 Plasmonics
Although noble metal (Au and Ag) nanoparticles have been used in ancient times, mostly to
stain glasses or in decorating artworks such as the Roman Lycurgus cup2, their great potentials and
values have not been recognized until recently. The development of nanofabrication techniques
such as electron beam lithography, focused ion beam (FIB) fabrication, self-assembly and wet
chemistry synthesis, together with the progress in nano-characterization methods such as
dark-field microscopy and near-field scanning optical microscopy (NSOM), has lead to a
resurgence of interests in this field, also known as plasmonics3-7. The emerging fabrication and
characterization techniques have enriched the family of nanoparticles with a wide variety of
shapes, such as spheres, rods8, prisms9, 10, cages11, 12, belts13, round disks14, hollow shells15, 16,
stars17, caps18, nano rice19, cubes11, rings20, and with numerous exciting applications8-11,

21-24

.

These applications become possible thanks to the unique optical property of metal nanoparticles,
which stems from the excitation of localized surface plasmon resonances (LSPRs) in the particles.
LSPRs are collective oscillations of conduction electrons across nanoparticles or
nanostructures. When light is incident on the particles, the oscillating electric field part of the
electromagnetic field excites a collective oscillation in the conduction electrons. This excited
resonance results in a strong enhancement of absorption and scattering of the electromagnetic field;
most of the applications of the nanoparticles are based on this phenomenon. In general, the spectral
positions of the LSPRs are dependent on the composition, shape and size of the nanoparticles as
well as the surrounding media and the presence of neighboring nanoparticles in the visible and
3

infrared wavelength range. Furthermore, changing the size and shape can also modify the
absorption and scattering properties of the nanoparticles25-27. A great number of applications such
as surface enhanced Raman sensing (SERS)28-30, biological imaging31, 32 and solar cell design33-35
have taken advantage of this facile tunability.
When excited, the nanoparticles can act like nano-antennae concentrating the incoming light
into nanoscale regions, often referred as “hot spots”, in the immediate vicinity of the particles.
These “hot spots” are primarily located around sharp corners or nanoscale gaps between
nanoparticles as shown in Fig. 1.1. A near field enhancement factor can be defined
as g = ( Elocal / E 0 ) 2 , where E0 is the amplitude of the incoming light. The value of the g factor can

reach up to 104 ~ 107 times36-38.
The plasmonic enhancement has already been successfully employed in surface enhanced
Raman spectroscopy (SERS)29, 39, 40 and even single molecule Raman spectroscopy30, 41. Raman
scattering is inherently a weak effect with typical cross section of 10-30~10-25 cm2 per molecule.

Fig. 1.1 Finite element simulation of the enhancement g on the top surface of a triangular prism
with side length of 200 nm. Light is incident normal to the figure and polarized vertically.
Reproduced with permission from Josh A. Conway from Aerospace Corporation.
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However, when the molecules are placed in the vicinity of nano-rough metal surfaces or
nanostructures, the excited plasmon resonances in the nanostructures lead to strongly enhanced
scattering signals from the molecules. In SERS, both the excitation and the scattering wavelength
can be in resonance with the surface plasmons, therefore the enhancement factor due to the
presence of plasmon resonances scales roughly with the fourth power of the local electromagnetic
fields42. Enhancement as high as on the order of 1014 has been observed in nanoparticles
aggregates or fractal structures, enabling single-molecule dectection.28, 43, 44
Similar to SERS, it is expected that properly fabricated metal nanoparticles can increase the
efficiency of nonlinear optical (NLO) effects such as second or third-harmonic generation (SHG or
THG). Since NLO effects are proportional to an integer power of the incident light intensity, the
strong field enhanced due to the excitation of surface plasmons is expected to yield much stronger
nonlinear signals than would result without plasmons. It is interesting to note that the existence of
enhanced fields in some regions, i.e. hot spots, of the nanoparticle certainly indicates reduced
fields in other regions. This is because the total incoming light energy is conserved. However, in
the case of nonlinear phenomena, the increase in the nonlinear response in these “hot spots” could
be large enough to offset the decreased response in other regions of the materials, resulting in a net
increase in the total nonlinear signal. Therefore, the overall NLO response can be improved with
the introduction of plasmon resonances.
Indeed, there are many reports making use of plasmonic enhancement for nonlinear
applications other than Raman spectroscopy45,46. Surface plasmon resonance has found
5

applications in optical third-harmonic generation47-49. Enhanced SHG signals from bare
nanoparticles or nanostructures have been observed in sharp metal tips50-53, random metal
nanostructures54,55, metal surface defects or nanostructures56-60, metallic nanoparticles,
nanoparticle aggregates or arrays61-70, Au core-Ag shell structure71. All of these studies used the
nanoparticles in a dual role – as concentrators of the electromagnetic field, and as the NLO media.
Since the χ(2) values of noble metals are very small, this gives rise to only modest non-linear
effects. In order to maximize the NLO efficiency, a better and more efficient method to construct a
2nd order NLO-active material is to couple nanoparticles with a different medium that has a large
NLO coefficient as proposed by Pendry et. al. 72. Previous studies used this approach to achieve
high third-order NLO susceptibilities, where simple mixing of the two components is sufficient to
obtain the enhancement48, 73. It is more difficult to implement this idea for second order NLO
effects, since the material is required to lack global inversion symmetry, which therefore means
that a random mixture will have χ(2) = 0. There are several reports addressing construction of
hybrid materials consisting of plasmonic nanoparticles and nonlinear materials. Clark et. al.74
fabricated core-shell structured Au nanoparticles with NLO organic chromophores in the shell.
They applied these nanoparticles to SHG imaging and observed 20-fold signal increase for the cell
imaging measurements. Tsuboi et. al.75 have investigated the NLO properties of surface
immobilized gold nanospheres (SIGNs) above a gold surface with nanoscale self-assembled
monolayers (SAMs) served as spacer and NLO active material. The large electric field in the
nanogap, due to the presence of LSPRs, enhanced the SHG intensity by a factor of 3x105. Fan et.
al.76 demonstrated SHG signals from GaAs located inside the gaps of Au coaxial arrays. Strong
6

electric fields in the vicinity of the apertures gave rise to SHG signals comparable to those from
z-cut LiNbO3 with a 100 times smaller interaction length. In a well-defined hybrid polymer
nanoassembly consisting of NLO polymer nanosheets and Au nanoparticles, Ishifuji et. al.77
experimentally and theoretically elucidated SHG enhancement from near field interlayer or
intralayer coupling between the LSPRs associated with Au nanoparticles. As detailed in Chapter
2&3, I observed an enhancement of SHG efficiency as large as 1600 times in a simple
configuration by depositing Ag nanoparticles on top of nonlinear ISAM films. Later, I found that
the plasmonic enhancement primarily stems from the interface SHG contribution.

1.2 Self-assembly of Colloidal Nanoparticles
Colloidal particles have been a subject of extensive research in the fields of chemistry,
materials science and optics78, 79. In particular, spherical colloidal particles have been the most
successful example in this family because they are ideal building blocks which could be readily
assembled into long-range periodical structures such as colloidal crystals80, 81. Interesting and
often useful optical properties arise when the colloidal particles are arranged in ordered
three-dimensional (3D) or two-dimensional (2D) structures. One typical and well-known example
is the formation of photonic crystals or photonic bandgap (PBG) structures82-84, which could lead
to more advanced optical elements for a variety of applications. In addition to the use as photonic
crystals, colloidal particles have also been widely used in antireflection coatings85, optical filters86,
87

, sensors88, 89, as lithographic masks90-92, porous membranes93-97 and in surface enhanced Raman

spectroscopy98, 99. A number of methods have been employed to fabricate 3D or 2D colloidal
7

crystals, including sedimentation in a force field100-103, repulsive electrostatic interactions104-106,
spin or drop casting90, 107-109, microfluidic packing82, 110, 111 and attractive capillary forces84, 112-114.
In this dissertation, I primarily focus on the capillary force method, often referred as
convective self-assembly or evaporation-induced self-assembly, which was originally developed
by Nagayama et. al.1,

115-118

. In a typical process, a liquid suspension of colloidal nano

(micro)-spheres spreads onto a solid substrate. As the solvent slowly evaporates, capillary forces
drive the spheres to form close-packed 2D or 3D periodic ordered structures. It was found that a
nucleus, i.e. closely situated particles, was first formed when the thickness of the liquid layer
containing colloidal particles becomes smaller than the particle diameter. Convective transport of
the particles towards the nucleus drives further growth of the ordered structures115, 118. Nagayama
et. al.1 used a computer-controlled stage to slowly withdraw the substrate from the immersion
cylindrical cells. Large-sized polycrystalline monolayer is formed on the substrate when the
withdrawal rate equals the ordered array formation rate. However, this method requires long
operation time and large volumes of colloidal suspensions. In light of rapid deposition and reduced
material consumption, Velev et. al.119 proposed to deposit monolayer or multi-layer of colloidal
particles by dragging a meniscus of microliter suspension trapped between two plates. Similar to
the experiments by Nagayama, dragging speed is set to equal to array formation speed for
continuous growth of the ordered colloidal crystals. However, the suspension here has a higher
concentration than that used in Nagayama’s experiments. Therefore, the withdrawal speed is larger
and the crystal deposition is much faster. During the fabrication of latex nanosphere monolayers, I
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found that this technique is much better in producing colloidal crystals when the suspension is
dragged in the opposite direction. A series of designed experiments suggest that the evaporation
rate in the thin wet film extended from the suspension accounts for the difference of performances
between my version of convective self-assembly and theirs.

1.3 Surface Functionalization
The unique optical properties of metal nanoparticles, arising from the excitation of localized
surface plasmon resonances (LSPRs), are of great interests to scientific and industrial communities.
However, it is controlled surface functionalization of nanoparticles with various materials which
makes them widely employed in the chemical engineering, pharmaceutical, biological and medical
fields. Considering the large surface/volume ratios of the nanoparticles, it is essential to modify
their surface properties for many applications. Besides the inclusion of functional molecules for
specific applications, the surface functionalization is also necessary for the colloidal stability of
the particles in addition to tuning the chemical and physical properties of the particles120-122. For
example, coating of a monolayer of strong polyelectrolyte on the nanoparticle increases the surface
charge density and hence the zeta potential, which increases the electrostatic repulsion between the
nanoparticles reducing the risk of aggregations or agglomerations. In addition, the coating also
changes the dielectric environments of metal particles and affects the plasmon resonances
associated with the metal core.
Surface functionalization of nanoparticles can be performed by either physisorption or
chemisorption. Physisorption is typically accomplished by physical adsorption of molecules such
9

as surfactants or polymers onto the surfaces of the particles123. In particular, a significant advance
in polymer coating of nanoparticle has been initiated by Caruso and co-workers applying the
layer-by-layer (LbL) technique on colloidal nanoparticles124-127. This approach enables sequential
coatings of particles with multiple layers of oppositely charged polyeletrolytes bound via
electrostatic interactions. They successfully demonstrated build-up of several polymer bilayers on
Au nanoparticles as small as ~ 7 nm in diameter128-130. Chemisorption, by contrast, entails
chemical bonding of molecules to the surface of nanoparticles. Due to the larger bonding energy,
chemisorption generally provides greater stability for the functional layer than physisorption. On
noble metal particles, thiol-based molecules are probably the most successful and prevalent
ligands for functionalization purposes131-137 as illustrated in Fig. 1.2 (a). The presence of a
thiol-based monolayer greatly enhances stability of Au nanoparticles both in solutions and in the
solid state, so that nanoparticles can be handled just as easily as stable chemical compounds.
However, the thiol monolayer can suffer degradations due to surfactant exchange138, 139, oxidative
and thermal desorption140, 141 or exposure to ultraviolet (UV) light142.
As an alternative to thiol-based protective surface functionalization, Alexander Wei and
co-workers proposed the implementation of dithiocarbamate-based monolayer to anchor
functionalizing ligands to Au surfaces143-146 as illustrated in Fig. 1.2 (b). The carbodithioate (-CS2)
group in dithiocarbamate (DTC) features an intramolecular S-S bond whose distance
approximately equals to that of the neighboring bonding sites on the Au surfaces, offering a
possible epitaxial adsorption147. Dithiocarbmate-anchored monolayers (DAMs) have been
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Fig. 1.2 Schematics of bonding of (a) thiol molecules and (b) dithiocarbamate molecules to Au
surfaces.

synthesized and self-assembled onto the surfaces of Au planar substrates or nanoparticles for
applications like surface-enhanced Raman spectroscopy (SERS) and biological imaging145, 148, 149,
suggesting successfully and strongly adsorbed ligands to the Au surfaces under various conditions.
In my experiments, I used DTC grafted PAH polymers to functionalize Au nanoparticle surfaces.
The surface functionalization improves the colloidal stability of the particles and enables further
modifications such as ISAM film deposition on the particles. Furthermore, DTC grafted PAH
provides an effective method to fabricate amine-functionalized nanoparticles, which are widely
used in biological and medical fields.

1.4 Thesis Outline
Chapter 1 Introduction

Chapter 1 gives an overview of the three research topics in this dissertation: plasmonics,
self-assembly of colloidal nanoparticles and surface functionalization, together with
corresponding literature reviews on each topic.
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Chapter 2 Plasmon Enhanced Second-Harmonic Generation from Ionic Self-Assembled
Multilayer Films

In this chapter, I demonstrate large enhancement of the effective second order non-linear
susceptibility (χ(2)) of ionic self-assembled multilayer (ISAM) films, causing a modified film with
just 3 bilayers to be optically equivalent to a conventional 700-1000 bilayer film. This was
accomplished by using nanosphere lithography to deposit silver nanoparticles on the ISAM film as
illustrated in Fig. 1.3, tuning the geometry of the particles to make their plasmonic resonances
overlap with the frequency of optical excitation. An enhancement in the efficiency of second
harmonic generation by as much as 1600 times was observed.

Fig. 1.3 Plamonically enhanced SHG from combination of Ag nanoparticles and NLO ISAM films.

Chapter 3 Interface Effects in Plasmon Enhanced Second Harmonic Generation from
Self-Assembled Multilayer Films

In chapter 3, a continuation from chapter 2, I study SHG responses from Ag nanoparticle decorated
hybrid covalent – ISAM (HCISAM) films as the next logical step towards high-χ(2) ISAM films.
However, contrary to expectation, the Ag NP-HCISAM films exhibit smaller SHG response than
NP-ISAM films even though the unmodified HCISAM films have larger χ(2) values than the
12

corresponding ISAM films. It was found that the plasmonic enhancement primarily stems from
interface χ(2). I propose that the structure of HCISAM film makes its interface more susceptible to
disruptions during the nanoparticle deposition process, even though its bulk properties are as
stable as the standard ISAM film.
Chapter 4 Restricted Meniscus Convective Self-Assembly

In this chapter, I present a variation of the technique of convective self-assembly, where the drying
meniscus is restricted by a straight-edge located approximately 100 μm above the substrate
adjacent to the drying zone as illustrated in Fig. 1.4. The movement of the top plate leaves a wet
thin film of colloidal particles behind. Evaporation drives particles from the suspension to the wet
film, enabling continuous growth of a thin colloidal crystal. This modified technique can yield
crystals at roughly twice the growth rate compared to the standard technique. I attribute this to
differing rates of diffusion of vapor from the drying crystal in the two cases. I also investigate the
crystal growth rate dependence on ambient relative humidity and find, contrary to some previous
reports, that the growth rate depends strongly on the humidity. A model was introduced which
explained our experimental results well.

Fig. 1.4 Schematic of restricted meniscus convective self-assembly.
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Chapter 5 Surface Functionalization of Metal Nanoparticles with Dithiocarbamate

In this chapter, I made use of the DTC grafted polymers to functionalize surfaces of Au
nanospheres. The main idea is illustrated in Fig. 1.5. DTC-decorated poly(allylamine
hydrochloride) (PAH) was synthesized by in-situ condensation with CS2. The stability of DTCs in
different environments such as in the air, in HCl, HNO3 or NaCl solutions is systematically
investigated. PAH-DTC shows greater stability under those conditions than an alternative polymer
and is employed to functionalize Au nanospheres. I investigate the stability of PAH-DTC coated
Au nanoparticles in suspensions using UV-Vis spectroscopy and autotitration and find that
PAH-DTC modified particles exhibit much better colloidal stability than PAH-coated or
unmodified nanospheres.

s
CS2
NH2

s

Au

NH2

Fig. 1.5 Schematic of synthesis of dithiocarbamate grafted PAH polymers and subsequent
adsorption on Au nanoparticle.
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Chapter 2 Plasmon Enhanced Second-Harmonic Generation
from Ionic Self-Assembled Multilayer Films
2.1 Introduction
Second-order nonlinear optical (NLO) materials are at the heart of telecommunications
devices such as electro-optic modulators and optical switches, and in lasers such as high power
green and blue solid state lasers and in optical parametric amplifiers150, 151.
Conventional NLO materials generally consist of inorganic crystals such as KTP, LiTaO3 and
LiNbO3152. While they are quite efficient, high quality crystals of sufficient size are expensive and
difficult to manufacture. Organic NLO materials provide an alternative with the potential to
provide high non-linear susceptibilities in an economical fabrication process153. NLO materials
based on ionic self-assembled multilayers (ISAM) films are particularly promising because of the
ease of tailoring noncentrosymmetric structures and their long-term stability154-156. These films are
made by alternately immersing a substrate in two solutions, respectively containing a polycation
and a polyanion. I will discuss the details of the fabrication process in the next section. ISAM films
may have substantial χ(2) values, comparable to those of lithium niobate156. Various methods have
been suggested to improve the effective χ(2) of these films by modifying their composition157, 158.
In this chapter, I demonstrate a new approach to enhancing the second-order NLO susceptibility by
creating hybrid structures from ISAM films and noble metal nanoparticles. An illustration of this
idea is shown in Fig. 2.1.
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Fig. 2.1 Plamonically enhanced SHG from combination of Ag nanoparticles and NLO ISAM
films. An overhead view of the structures is illustrated in the inset. The red spots
represent nanoscale regions with highly concentrated incoming light intensity (hot
spots).

As I have discussed in Chapter 1, localized surface plasmon resonance (LSPR) can be excited
in noble metal nanoparticles. Consequently, the excited nanoparticle can act like nano-antennae
concentrating incoming light into nanoscale regions with enhanced electromagnetic intensity. In
Chapter 1, I also reviewed a number of reports of applying LSPR in nonlinear optical (NLO)
studies especially in second harmonic generation (SHG), including several reports74-77
empathizing combination of nonlinear materials and plasmonic nanoparticles. In this chapter, I
demonstrate a dramatic increase in χ(2) using plasmonic enhancement of organic second-order
NLO materials, where we have taken special care to ensure inversion asymmetry. The inherently
strong asymmetry of ISAM films was used to extract maximum advantage of the field
concentrating properties of the LSPRs.
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2.2 ISAM Film Fabrication
The ISAM films are made by alternately immersing a substrate in polycation and polyanion
solutions. If the substrate initially carries negative surface charges, as is the case for the clean glass
microscope slides used in my experiments, dipping it in a polycation solution causes the
positively-charged polymer to self-assemble on the substrate due to electrostatic attraction,
yielding a positively charged substrate. The charge reversal on the substrate enables the formation
of a subsequent negatively-charged layer by dipping the substrate in a polyanion solution. The
surface is now negatively charged, ready for another step of polycation dipping. This process,
referred to as layer-by-layer (LbL) technique, can be repeated as many times as desired, building
up robust uniform films of arbitrary thickness with nanoscale precision. This procedure is carried
out at room temperature and ambient conditions without the need for special facilities. The
polymer materials used here are environmentally friendly and commercially available. The ISAM
films may have substantial χ(2) values if nonlinear chromophores are contained in the films and
oriented in a polar manner.
Standard glass microscope slides (Fisher Scientific) were used as substrates in the experiments.
The slides were cleaned using the RCA cleaning process159. First, the slides were left for 20 minute
in a bath at 65 ~ 75 °C consisting of a 1:4:5 mixture by volume NH4OH : 30% H2O2 : H2O solution.
Then the slides were rinsed thoroughly with copious amounts of DI water before they were left for
another 20 minutes at 65 ~ 75 °C in a 1:1:5 mixture by volume consisting of concentrated HCl :
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30% H2O2 : H2O. Again the slides were rinsed thoroughly with DI water and then stored in DI
water until used.
For the ISAM fabrication, 10 mM PAH (poly[allylamine hydrochloride]) solution was used
as

the

polycation

solution

and

10

mM

PCBS

(poly[carboxyhydroxyphenylazobenzenesulfonamidoethanediyl] sodium salt) solution as the
polyanion, which also contains the nonlinear chromophores. The molecular structures of two
polymers are displayed in Fig. 2.2.

PAH

PCBS

Fig. 2.2 The molecular structures of PAH (cation) and PCBS (anion) polymers used in ISAM
NLO film fabrication.

The ISAM films were made as described above. The pH value of the two solutions was chosen
to be around 7 so that the PAH molecules are positively charged (pKa of PAH is 8.7160) and
deposited onto the substrates in flat, train-like conformations, giving the thinnest layers and
highest χ(2) values. As detailed elsewhere154, 161, the layer-by-layer technique produced uniform
polyelectrolyte films. The film thickness is nearly linear in the number of polyelectrolyte layers
deposited onto the substrate, which is confirmed by the absorption spectra of the films shown in
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Fig.2.3. An absorption peak around 365 nm is observed due to the presence of the PCBS polymer.
As indicated in the inset, a good linear relationship is established between the absorbance and the
number of bilayers in the ISAM film.

Fig.2.3 The absorption spectra of PAH/PCBS ISAM films with different number of bilayers.
The inset shows a linear growth of the ISAM film as increasing number of bilayers.

2.3 Nanosphere Lithography
Arrays of silver nanoparticles were fabricated on top of the ISAM films by nanosphere
lithography (NSL)162. NSL is a powerful fabrication technique which inexpensively produces
nanoparticles with controlled shape, size and interparticle spacing. Fig. 2.4 illustrates the basic
procedure for fabrication of triangular silver nanoparticles. First, a clean substrate is prepared.

19

Fig. 2.4 Schematics of nanosphere lithography and a corresponding SEM image of the Ag
nanoparticle.

The substrate could be a clean blank glass slide or a slide coated with ISAM films. Then a 3.8%
(w/v) suspension of 720 nm polystyrene nanospheres (Invitrogen) is drop-cast onto the substrate
(In this chapter, 720 nm (diameter) nanospheres were used in all the experiments.). The substrate is
swirled around to spread out the nanosphere suspension, leaving a fairly uniform coverage on the
substrates. Afterwards, the drying process starts in the ambient air environment. The evaporation
of water in the suspension causes the spheres to self-assemble into close-packed monolayer,
bilayer or multilayer regions. The size and the configuration of the two dimensional monolayer are
fairly random on the slide surface. In Chapter 3, I employ a more controllable method – restricted
meniscus convective self-assembly to build up large-sized monolayers. Even though drop-casting
produces monolayers of only a few mm2 in size, they are good enough as sacrificial masks for my
experiments. Silver (International Advanced Materials, 99.999% pure) is then deposited onto the
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substrates by electron beam evaporation in a Thermonics VE-100 evaporator. The evaporated
silver is not only deposited on the latex nanospheres but also reaches the substrate through the gaps
between the nanospheres in the monolayer crystal. Finally, the latex nanospheres are removed
from the substrate using ultrasonication in dichloromethane (DCM) for about 10 seconds, leaving
triangular-shaped silver nanoparticles on the substrates as shown in the lower left portion of Fig.
2.4.
Fig.2.5 shows typical Scanned Electron Microscopy (SEM) images of the latex nanosphere
layers. Fig. 2.5 (a) shows a boundary between nanosphere monolayer (left side of the image) and
bilayer (right side of the image). The monolayer is polycrystalline consisting of many sub-domains
of different size such as the one enclosed by the red quadrilateral in Fig. 2.5(a), which shows that
the latex nanosphere monolayer is not a single crystal. Furthermore, defects such as dislocations
and nanosphere vacancies indicated by the green arrows are observed both in the monolayer and
bilayer regions. A fairly large high quality monolayer sub-domain is shown in Fig. 2.5 (b).
Fig. 2.6 displays SEM images of triangular-shaped silver nanoparticles fabricated by
nanosphere lithography. Fig. 2.6 (a) is a representative SEM image of the Ag nanoparticles made
in a large monolayer region. The dog-bone shaped nanoparticles are due to the dislocations in the
monolayers described above. The hexagonal shaped nanoparticle in the image is the result of a
latex nanosphere vacancy at that very position in the monolayer. Clearly-defined truncated Ag
tetrahedrons are shown in Fig. 2.6 (b) and (c). In Fig. 2.6 (c), the tiny nanoparticle fragments
around the tips of some Ag tetrahedrons are caused by the vigorous ultrasonication bath, which
21

(a)

(b)

Fig. 2.5 SEM images of latex nanosphere layers. (a) Boundary area between monolayer and
bilayer. The red quadrilateral is a sub-domain in the monolayer and the green arrows
indicate the defects in the layers and in (b) Image of a monolayer.
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damages the tips of the nanoparticles. Our tests indicate that the linear and non-linear properties of
the ISAM films are only marginally affected by this removal process. These tests results will be
described in detail later in this chapter.

(a)

(b)

(c)

Fig. 2.6 SEM image of typical array of silver nanoparticles with different magnification ((a) 10
KX; (b) 145 KX; (c) 99 KX). The Ag nanoparticles were fabricated with nanospheres
lithography, using 720 nm diameter spheres.
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2.4 Plasmon Resonance of the Ag Nanoparticles
The LSPRs of the nanoparticle arrays were characterized by measuring the extinction spectrum.
Transmission spectra of the samples were taken using an Ocean Optics model HD-2000
spectrometer. The extinction spectra of the Ag nanoparticles were calculated using the following
equation:
Extinction = − log10 ( I / I 0 )
where I is the transmitted light intensity and I0 is the incident light intensity. Extinction is defined
as the sum of absorption and scattering of the light from the nanoparticles.
Typical extinction spectra of 50 nm thick silver nanoparticles deposited on a bare glass
substrate are shown in Fig. 2.7. The Ag nanoparticles were fabricated by NSL using 720 nm size
latex nanospheres. Three resonance peaks (labeled 1, 2 and 3) are seen in the wavelength range
350~1080 nm. Traces a-d are extinction spectra of four different spots on the same sample where
latex nanosphere monolayer is formed. The intensity and positions of the peaks vary a little
between different spots on the same sample, which I ascribe to variations in the geometry of the
nanoparticles across the substrate as indicated in Fig. 2.6 (a). According to theoretical studies163, 164,
the three resonance bands can be attributed to the hybridization of dipole and quadruple modes,
polarized either in or out of the plane of the substrate. I tentatively ascribe the three peaks 1
(~970nm), 2 (~640nm) and 3 (~410nm) to out-of-plane dipole-like resonance, in-plane
quadrupole-like resonance and out-of-plane quadrupole-like resonance, respectively.
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Fig. 2.7 Extinction spectra of NSL-fabricated Ag nanoparticle arrays on a glass slide. Traces a-d
are taken at different spots on the same substrate. The Ag nanoparticles are 50 nm
thick. Peak 1 is a dipole-like plasmon resonance and peak 2&3 are quadrupole-like
plasmon resonances.

Fig. 2.8 shows the effect of the nanoparticle thickness on the resonance wavelength. It can be
seen that peak 1, the dominant resonance, blue-shifts strongly as the thickness increases, while the
other two peaks depend only weakly on the particle thickness. This is in agreement with the
theoretical calculations for these triangle-shaped silver nanoparticles163, as well as with previous
experimental observations165. I can exploit this tunability to make the dominant resonance (peak 1)
overlap with the laser wavelength used in the SHG experiments described below.
Fig. 2.9 illustrates the effect of depositing nanoparticles on ISAM films of varying thickness.
The presence of the ISAM film, which has a higher index of refraction (~1.6-1.7) than the glass
(~1.5) causes a red-shift of the LSPR wavelengths with a periodic modulation. This is reminiscent
of result recently reported by Murray et. al. 166. and earlier by Holland and Hall167. In these works,
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Fig. 2.8 Dependence of plasmon resonance wavelength on Ag nanoparticle thickness. The Ag
nanoparticles were fabricated by NSL using 720 nm size (in diameter) nanospheres.

the LSPR resonance frequency of metallic nanoparticles exhibited a similar modulation as a
function of the distance to a nearby dielectric or metallic interface. The phenomenon was
explained with a model due to Chance, Prock and Silbey168, where the interference between the
nanoparticles and their reflection off the interface leads to a periodic modulation in the resonance
frequency as a function of the thickness of the dielectric spacer. In our case, the modulation takes
place on a length scale (~10 nm) that appears to be too short for this model to be applicable. It is
therefore likely that a different model is needed to explain our data. Similar modulation of the
resonance wavelength can also be found in other sets of ISAM samples. In Chapter 3, ISAM films
made from PAH and Procion Brown (PB), a monomeric chromophore, were fabricated and Ag
nanoparticles were deposited on top of the films. An oscillation of plasmon resonance peak is
observed as well.
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Fig. 2.9 Resonance wavelengths of nanoparticles arrays deposited on ISAM films of varying
thickness. The nanoparticle thickness was 72nm in all cases and deposited on top of
ISAM films by NSL.

2.5 Plasmonically-enhanced Second Harmonic Generation (SHG)
Cemil Durak built the experimental setup and took part of the SHG measurements.
2.5.1 Experimental Setup

The second harmonic generation (SHG) experimental setup is schematically illustrated in Fig.
2.10. The SHG signal was measured in a forward-transmission configuration using 11 ns wide
pulses from a Spectra-Physics Q-switched 10 Hz Nd:YAG laser, with a fundamental wavelength
of 1064 nm. The laser was incident on the sample with a spot ~1 mm in diameter. The transmitted
light was filtered to remove the laser wavelength, and the remaining SHG light was detected by a
photomultiplier tube. Incident angles were varied by the rotation of the samples with a
computer-controlled rotation stage, and the incident intensity and polarization was controlled
using a pair of Glan-Taylor polarizers.
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Fig. 2.10 Schematics of the experimental setup of the SHG measurements. (PD:
photodetector. PMT: photomultiplier tube)

2.5.2 ISAM Film Stability in Ultrasonication Bath

Considering that the ISAM films are polymer films, it is conceivable that the latex nanosphere
removal process – ultrasonication in a dichloromethane (DCM) bath – could degrade the films. To
verify this, I measured the absorption and SHG responses of the films before and after the
ultrasonication bath.
A 5 bilayer PAH/PCBS ISAM film sample was prepared using the layer-by-layer technique
and then left in a DCM ultrasonication bath for about 1 minute. Transmission spectra were
measured before and after the ultrasonication bath as shown in Fig. 2.11, where traces a, b and c
are spectra taken before the ultrasonication and d, e, and f taken after. Clearly, there is no
measurable effect on the linear absorption, indicating that the film remains intact on the surface.
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Fig. 2.11 Transmission spectra of 5 bilayer PAH/PCBS film before (a, b, c) and after (d, e, f)
ultrasonication in DCM. The pits around 360 nm are caused by absorption of the
PCBS polymers.

SHG measurements were also made before and after the ultrasonication bath. Fig. 2.12 shows
the SHG signals versus incident angle with the incident pulse energy about 1000 μJ at P
polarization. The fringes are due to the interference between the SHG signals from films on the
front and back side of the glass slide. The SHG signal after ultrasonication is only slightly lower
than before the ultrasonication. The shift of the peak positions is probably due to the small
variations of the orientations of the sample slide each time it was placed in the sample holder.
Hence, the transmission and SHG measurements, corresponding to the linear and nonlinear
properties of the ISAM films, both indicate that the ISAM films are quite robust and largely
unaffected by the DCM ultrasonication bath.
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Fig. 2.12 SHG angle scan measurements of 5 bilayer PAH/PCBS film before (black rectangle)
and after (red rectangle) the ultrasonication bath.

However, hybrid-covalent ISAM film consisting of PAH and Procion Brown (PB) exhibits
different stability characteristics. Fig. 2.13 shows the transmission spectra of a 20-bilayer PAH/PB
film before and after ultrasonication in DCM for about one minute. It is evident that the linear
property of PAH/PB films is just slightly affected. On the other hand, the nonlinear property, i.e.
second harmonic generation (SHG), underwent severe degradation when the film was exposed to
ultrasonication as shown in Fig. 2.14, where a 50% loss in SHG signal is evident in the 20-bilayer
PAH/PB film. The vulnerability of PAH/PB films to external factors will be investigated in
Chapter3.
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Fig. 2.13 Transmission spectra of a 20-bilayer PAH/PB film before (black) and after (red)
one-minute ultrosonication in DCM.

Fig. 2.14 SHG intensity of a 20-bilayer PAH/PB film before (black rectangle) and after (red
rectangle) one-minute ultrasonication in DCM.
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2.5.3 SHG Angular Dependence

The angular dependence of the SHG signal from a hybrid ISAM-nanoparticle sample is plotted
in Fig. 2.15. The hybrid sample consists of 83 nm thick Ag nanoparticles deposited on top of a
40-bilayer PAH/PCBS ISAM film. As we have just seen, conventional ISAM films exhibit fringes
as shown in Fig. 2.12, due to angle-dependent phase matching between the two films on both sides
of the substrate. The fringes are superimposed on a single peaked envelope that has the same
functional form from one sample to the next. In the nanoparticle case, there are no fringes, because
the particles are deposited on only one side of the substrate. The SHG signal from that side is

Fig. 2.15 SHG angle scan measurements of a hybrid ISAM-nanoparticle sample. Graphs (a) and
(b) are SHG data from the same sample spot with P and S polarization, respectively; (c)
and (d) are SHG data from another spot with P and S polarization, respectively.
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much larger than the signal from the unmodified side of the substrate, so no fringes are seen. The
large scale structure of the peak is irregular, and multiple peaks that vary between samples and
between different spots on the same sample exist as indicated by comparison between Fig. 2.15 (a)
and (c). However, the overall SHG intensities of the two spots are of the same magnitude level as
long as the polarization (P or S) is maintained, which suggests the inherently good quality of the
Ag nanoparticles made by NSL. The difference in SHG intensity versus angle dependence
between measurements is due to variations in the local orientation and quality of the nanoparticle
arrays, so that the coupling of the laser to the LSPRs varies somewhat across the sample and as the
incident angle is varied. As a result, SHG conversion efficiency for the hybrid films has an
uncertainty of about a factor of two.

2.5.4 Plasmonic Enhancements of SHG

The plasmonic enhancements of SHG signals were first investigated and demonstrated by
directly comparing the SHG signals from three different samples: a sample consisting of 40
bilayers of unmodified PAH/PCBS ISAM film, a sample consisting of 72 nm thick Ag
nanoparticle (NP) deposited directly on a glass substrate and a Ag NP-ISAM sample consisting of
72 nm thick Ag nanoparticles deposited on top of the ISAM film. The energy-dependent SHG
signals are displayed in Fig. 2.16-2.18, which are the SHG data of the bare ISAM film sample, the
bare Ag nanoparticles and the hybrid ISAM-nanoparticles sample, respectively. SHG signals of
the plain ISAM sample were collected at an incident angle ~ 45.4°, where one of the fringe peaks is
located as shown in the inset of Fig. 2.16. The angle was set by the rotation stage with accuracy ~
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0.1°. The energy of the incident pulse increased from 10 μJ to 2200 μJ, which corresponds to the
“increasing” trace, and then decreased back to the starting point, which corresponds to the
“decreasing” traces as indicated in the figures. At each incident energy point, 500 collected data
were taken to an average value plotted in the figure. For plain ISAM film, the SHG intensity was
divided by 4 to remove the effect of the film on the back side of the substrate. The SHG signals
from the Ag nanoparticle sample and the NP-ISAM sample were obtained in a similar way except
that the laser was incident on the sample at 45°. The choice of angle was not critical here because
the samples with nanoparticles did not exhibit a regular angle dependence like the bare ISAM
samples.
In comparing the data in Fig. 2.16-2.18, a few points should be made:
First, the plain 40 bilayer PAH/PCBS ISAM film and the bare 72 nm thick Ag nanoparticles
exhibit the similar level of SHG responses. The SHG signals are on the order of 1000 counts when
the incident pulse energy is about 2000 μJ for the ISAM film or 1000 μJ for the Ag nanoparticles.
However, for the ISAM-Ag nanoparticle hybrid sample, a significantly lower excitation energy is
required to obtain comparable SHG intensity. In this case, about 800 counts of SHG signal are
collected when the laser pulse energy is just 120 μJ, which is a more than 40 times larger SHG
conversion efficiency than seen in either plain ISAM film or Ag nanoparticles alone. This
confirms the plasmonic enhancements of the χ(2) values that is associated with the Ag
nanoparticles. In addition, as the incident energy is increased in the NP-ISAM film sample, the
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sample is damaged and the characteristic absorption peak is lost, further illustrating the
field-concentrating property of the silver nanoparticles.
Second, in all three figures, the SHG intensity varies approximately as the square of the
excitation energy although with some variations from graph to graph. SHG is a 2nd order NLO
effect where the NLO response is proportional to the intensity squared. The bare ISAM film shows
a good quadratic incident energy dependence, which is ascribed to the molecule-level uniformity
of the ISAM film.

Fig. 2.16 SHG signals obtained from a conventional 40 bilayer PAH/PCBS film. The data was
taken at 45.4°.The inset shows Maker fringes under 500 μJ/pulse excitation. Angle
dependent phase matching between the front and back surface films generate a regular
fringe pattern.

35

Fig. 2.17 SHG signals from Ag nanoparticles deposited directly on a glass substrate. The
nanoparticle thickness was set to 72 nm. The inset displays the initial growth of the
SHG signals.

Fig. 2.18 SHG signals from the combination of Ag nanoparticles and PAH/PCBS ISAM film. The
nanoparticle thickness was set to 72 nm to ensure a sufficient overlap between the laser
excitation and the dominant LSPR. The data were taken at 45°. The inset is a Maker fringe
from the sample under 60 μJ/pulse excitation. SHG from only the front side (containing
the Ag nanoparticles) dominates and the effect of the back side can be neglected.
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Finally, there is a discrepancy between the “increasing” and “decreasing” traces as observed
both in Fig. 2.17 and Fig. 2.18, especially in the former. In Fig. 2.17, for Ag nanoparticles alone,
the SHG intensity starts out increasing with a larger rate compared with SHG data collected after
200 μJ. We attributed this phenomenon to the high field intensity around the triangular Ag
nanoparticles. The enhanced field intensity around the tips of the Ag nanoparticles could slightly
burn the nanoparticles even at low incident energy. However, the burning process could also create
complex nanostructures leading to larger SHG responses as indicated in the inset of Fig. 2.17.
Therefore, at each data point in the “increasing” trace, the incident laser pulses see different
nanostructures which evolve as the incident energy increase. As the incident energy increases, the
nanostructures are likely to become progressively more damaged and thus the overall SHG
responses no longer exhibit a quadratic growth. The “decreasing” data set shows a more
quadratic-like curve because the Ag nanostructures remain unchanged with diminishing pulse
energy. The differences between the “increasing” and “decreasing” data sets can also be found in
other Ag nanoparticles samples. Fig. 2.19 shows the SHG data for bare Ag nanoparticles which are
about 30 nm thick.
By contrast, conventional ISAM films show fairly good SHG repeatability. Fig. 2.20 displays
the SHG data collected at 46.4° of a 40 bilayer PAH/PCBS ISAM film. The ISAM film shows
excellent stability as the “increasing” trace almost perfectly overlaps with the “decreasing” trace,
which makes sense as the sample contains no nanoparticles that can suffer damages from the laser.
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Fig. 2.19 SHG intensity of 30 nm thick Ag nanoparticles. The signals were collected at 45°. The
inset is a reproduction of the data at low excitation energy.

Fig. 2.20 SHG intensity of 40 bilayer PAH/PCBS ISAM film collected at 46.4°.
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2.5.5 SHG from PAH/PCBS ISAM Films and Ag NP-ISAM Films

The LSPR modes from the nanoparticles are likely to penetrate only a few nm into the ISAM
film because of the short decay length of the plasmon resonance. Since each ISAM bilayer is
approximately 1.2 nm thick154, we can expect that the greatest enhancements in NLO properties
will occur for ISAM films that are only a few bilayers thick. To test this hypothesis, we prepared
conventional ISAM films with up to 300 bilayers as well as NP-ISAM films with up to 40 bilayers,
and measured SHG conversion efficiency as described above. The results are shown in Fig. 2.19.
Focusing first on the conventional films, one would normally expect the SHG conversion
efficiency to grow quadratically with film thickness or number of bilayers, which clearly is not the
case. The additional SHG signal seen for thin films can be attributed to interface effects, whose
role in the plasmonic enhancement is systematically studied for PAH/PCBS and PAH/PB films in
Chapter 3. The polarizability of the top and bottom bilayers, at glass-film and film-air interfaces, is
substantially higher than for those in the bulk of the film155, and a better model for the SHG
intensity is given by I 2ω = A[( N − 2) + 2 B]2 Iω2 , where N is the number of bilayers and A and B are
constants. The dashed line indicates a fit of this model to the data, with A = 7.06×10-8, B = 8.59.
For the NP-ISAM films, the SHG signal increases rapidly for the first three bilayers, and then
remains constant to within the uncertainty due to the variations in nanoparticles quality and
orientation discussed earlier (indicated by the gray band). The greatest enhancements in NLO
coefficients is seen for the three bilayer film, where the NP-ISAM films generates 1600 times
more SHG light than the conventional film, corresponding to an increase in χ(2) of 40 times. Even
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more impressively, because the NP-ISAM film takes maximum advantage of the interface
enhancement, a conventional film would have to be 700-1000 bilayers thick in order to be as
efficient as the three bilayer NP-ISAM film.

Fig. 2.21 Comparison of the SHG efficiencies in conventional and hybrid ISAM films of varying
thickness. The SHG intensity from the conventional film can be fitted to the model
discussed in the text, while the hybrid film SHG saturates at the level indicated by the
gray band when the film becomes thicker than the decay length of the LSPR mode.

2.6 Conclusion
It is clear that the combination of plasmonically active nanoparticles with second order NLO
materials can be very fruitful. In this chapter, I have investigated a very simple example of such a
material - NP-ISAM film where no efforts were made to optimize the structure of the particles or
the film. It is therefore anticipated that with more careful design of the films, further large
improvements of the NLO properties are possible. This would, for instance, entail using metallic
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nanostructures with stronger E-M field enhancing properties, and placing these more densely
throughout the film. The resulting materials could have χ(2) values well beyond those available
today, which in turn would enable optical switches and modulators of significantly smaller
dimensions than what is currently available, while at the same time substantially reducing the cost
of fabrication of electro-optic devices.
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Chapter 3 Interface Effects in Plasmon Enhanced Second
Harmonic Generation from Self-Assembled Multilayer Films
3.1 Introduction
This chapter is a continuation from chapter 2, which demonstrate and investigate plasmonic
enhancement in the combination of Ag nanoparticles and ionic self-assembled multilayer (ISAM)
films. The fabricated ISAM films consist of positively-charged poly(allylamine hydrochloride)
(PAH)

and

negatively-charged

nonlinear

chromorphore

-

poly(1-[p-(3’-carboxy-4’-hydroxyphenylazo) benzenesulonamido]-1, 2-ethandiyl, sodium salt)
(PCBS). In this chapter, I will focus on the interface effects in the plasmonic enhancement of
second-order nonlinear optical (NLO) effects.
ISAM films can exhibit high second-order susceptibility χ(2) values when properly designed
and fabricated through layer-by-layer (LbL) deposition154, 169-171, in which a charged substrate is
alternately immersed in solutions of oppositely charged polyelectrolytes. In Chapter 2, I have
already made use of the NLO properties of PAH/PCBS ISAM films, where PCBS with an
azobenzene chromophore side group results in an ISAM film with significant bulk χ(2), as
illustrated in Fig. 3.1(a). The kinetics of the LbL process causes the majority of the chromophores
to orient towards the surface, so that the film acquires the polar order necessary for a nonzero χ(2).
However, the order is far from perfect, with a significant number of chromophores oriented in the
opposite direction, which reduces the NLO efficiency of the film. To overcome this, Dr. Heflin’s
group has developed a method for depositing what is known as hybrid covalent ISAM (or
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HCISAM) film, which results in greater polar order and therefore significantly larger χ(2) values156.
Here, the polyanion is replaced by an NLO active monomer - Procion Brown (PB), which is
covalently rather than electrostatically bound to the underlying polycation layer which is PAH
layer in the experiments, as shown in Fig. 3.1(b). This also results in a charge reversal, so that the
following PAH layer can bind electrostatically to the ionic groups of the monomer exposed at the
surface171. Whether the bonding is electrostatic or covalent is determined by the pH or salt
concentration of the solutions, as will be detailed later in this chapter. The covalent bonding of

(a)

(b)

Fig. 3.1 Illustration of the structures of (a) ISAM films, where cationic and anionic
polyelectrolytes are arranged in a layered structure, and (b) HCISAM films, where the
cationic layer consists of monomers (in this case Procion Brown) that are covalently
bound to the underlying polycation (PAH).
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the dye molecules helps to improve the alignments of the chromophores towards the substrate.
(2)
of 50 ×10-9 esu and an electro-optic coefficient r33 of 14
Using the HCISAM approach, a χ zzz

pm/V have been achieved in films that exhibit stability at room temperature for more than four
years and 24 hours at 150 °C 170.
In Chapter 2, I introduce a novel way of increasing the second-order NLO response of ISAM
films by several orders of magnitude172, which is accomplished by plasmonic enhancement
achieved by depositing triangular Ag nanoparticles (NPs) on ISAM films using nanosphere
lithography (NSL)162, 165. I will denote these films as NP-ISAM films in this chapter. I show that
the second harmonic generation (SHG) conversion efficiency of a thin NLO active ISAM film
could be enhanced by as much as 1600 times due to the localized surface plasmon resonances
(LSPRs) associated with the Ag nanoparticles, which can concentrate incident light into nanoscale
regions with enhanced field intensity.
In this chapter, I will study the combination of plasmonic nanoparticles with HCISAM film as
the next logical step towards high-χ(2) ISAM film. Despite 25 times larger χ(2) values of the
HCISAM film, the SHG conversion efficiency is larger for plasmonically-enhanced ISAM films
than for plasmonically-enhanced HCISAM films. I posit that this occurs because the plasmonic
enhancement of χ(2) values is primarily an interface effect. The interface SHG of ISAM and
HCISAM films are thus investigated in detail.
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3.2 Experimental
Poly(allylamine hydrochloride) (PAH) (Mw ~70 kDa, Aldrich) was used as polycation in all the
samples.

Poly(1-[p-(3’-carboxy-4’-hydroxyphenylazo)benzenesulonamido]-1,2-ethandiyl,

sodium salt) (PCBS) purchased from Aldrich was used as polyanionic chromophore. Purified
Procion Brown (PB) was used as the reactive monomeric chromophore in the HCISAM films.
Poly(acrylic acid) (PAA) was used as polyanion in the NLO inactive buffer layers. The films were
deposited on glass microscope slides that were cleaned using the RCA cleaning procedure159 and
stored in de-ionized (DI) water until used. Silver pellets (99.99% pure) were purchased from Kurt
J. Lesker Company. Carboxyl functionalized polystyrene latex nanospheres (Invitrogen) with
diameter of 780 nm were used in the NSL by which the Ag NPs were fabricated172.
The ISAM films were deposited on glass slide substrates with a StratoSequence Mark VI
robotic deposition system (nanoStrata Inc.) (Akhilesh Garg made these films.). Table 1 displays
the deposition parameters for ISAM (PAH/PCBS) and HCISAM (PAH/PB) films. PB molecules
were deposited at pH ~ 10.5 because at this pH higher than the pKa value of PAH (~ 8.7160), the
amine groups of PAH polymers are totally unprotonated to ensure the covalent bonding between
the dichlorotriazine moiety in PB and the amino moiety in PAH. Then the deposition of PAH is
performed at pH of 7 which is lower than its pKa value. This enables electrostatic attraction
between the positively charged amine groups in PAH and negatively charged sulfonate groups in
PB. Therefore, all the PB dye molecules are positioned with the dichlorotriazine ends towards the
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substrates, producing a high degree of polar order and resulting in high χ(2) values for the PAH/PB
films.
It is known that increasing salt concentration and hence the ionic strength in solutions leads to
a decrease of the Debye screening length. Therefore, more charged polyelectrolytes can be
deposited onto the finite surface area, resulting in a higher chromophore density in each bilayer. It
was found that the presence of 0.5M NaCl in PB solutions gave rise to the highest χ(2) values of the
PAH/PB films156 and is therefore employed in our experiments.
Table 1 Deposition conditions for PAH/PCBS and PAH/PB ISAM films

PAH/PCBS Film

PAH/PB Film

PAH

PCBS

PAH

PB

concentration (monomer)

10mM

10mM

10mM

5mg/ml

pH

7

7

7

10.5

deposition time (minutes)

2

2

2

5

salts (NaCl)

0

0

0

0.5M

The Ag nanoparticles were deposited on top of the ISAM and HCISAM films using NSL with
the thickness (or height) of the nanoparticles at 50 nm. Convective self-assembly119 was used to
generate uniform coverage of nanospheres over large areas. The details of this technique are
thoroughly discussed in Chapter 4. A Varian Cary 5000 spectrometer was used to measure the
absorption spectra of the samples at normal incidence.
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The SHG measurements were made using a Spectra-Physics Q-switched 10 Hz Nd:YAG laser
with a fundamental wavelength of 1064 nm and pulse width of 11 ns. All the SHG data were taken
with a p-polarized incident beam and collected by a Hamamatsu R1924 photomultiplier tube
(PMT) in transmission geometry. SHG measurements were made at incident angles between 40°
and 50°. The SHG exhibits a relatively weak angular dependence172 for the NP-ISAM films while
regular fringes are observed from the ISAM and HCISAM films. The explanations of the choice of
incident angle and the SHG intensity angular dependence are detailed in Chapter 2.

3.3 Nanoparticle Resonance
To compare the effects of Ag NPs on ISAM and HCISAM films, four sets of samples were
fabricated. Each set consists of ten to twelve films where the thickness is varied between one and
forty bilayers. Two of the sets were fabricated by conventional LbL growth using PAH and PCBS
as the constituents. The other two sets consist of PAH/PB HCISAM films. In each material system,
one set of films was decorated with Ag nanoparticles formed by nanosphere lithography, while the
other was left unmodified.
Fig. 3.2 shows the absorption spectra of the NP-ISAM samples, consisting of PAH/PCBS
ISAM films with varying number of bilayers and 50 nm thick Ag nanoparticles. The absorption
spectra of the NP-HCISAM samples are shown in Fig. 3.3. Like the NP-ISAM samples, the
NP-HCISAM samples are made up of PAH/PB films and 50 nm thick Ag nanoparticles. Three
plasmon modes are excited in the nanoparticles in both sets of samples as evidenced by the three
major peaks in the spectra. As I stated in Chapter 2, the dipole-like mode is the dominant resonance
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Fig. 3.2 Absorption spectra of NP-ISAM samples with increasing number of bilayers up to 40.
The noise on the traces around 800 nm is due to the changes of detectors and gratings
inside the spectrometer. The numbers the right side of the figure indicate the number of
bilayers in the ISAM films.

Fig. 3.3 Absorption spectra of NP-HCISAM films with increasing number of bilayers up to 40.
The noise on the traces around 800 nm is due to the changes of detectors and gratings
inside the spectrometer. The numbers the right side of the figure indicate the number of
bilayers in the ISAM films.

48

with a peak around 1000-1100nm, which can be tuned by changing the thickness of the Ag
nanoparticle162, 165. By overlapping the plasmon resonance peak with the excitation wavelength, I
ensure the maximum enhancement in SHG efficiency. In this case, 50 nm is chosen to let the
dipole resonance overlap with the 1064 nm laser wavelength used in SHG measurements. The
spectral position of the dipole resonance peak varies from sample to sample, but always lies in the
980 nm ~ 1080 nm wavelength range, which provides a good overlap with the fundamental
excitation wavelength. Fig. 3.4 shows the oscillation of the dipole resonance peak with the
increasing number of bilayers in the films. This oscillation resembles to what I observed in
Chapter 2 and further investigation is needed. The overall redshift of the resonance peak with
film thickness is likely due to the higher refractive index of the polymer films.

Fig. 3.4 Plasmon resonance wavelength modulations in the NP-ISAM (red rectangle) and
NP-HCISAM (blue rectangle) samples with varying number of bilayers.
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3.4 SHG from Conventional ISAM/HCISAM Films and NP-ISAM/NP-HCISAM
Films
SHG data from all four sets of samples are plotted in Fig. 3.5. The SHG intensity from Ag
nanoparticles deposited directly on glass is also shown as a reference. There are several points
worthy of note in these data:
First, for the NP-PCBS films, an SHG efficiency enhancement of ~1400 times for a 3-bilayer
sample is obtained, consistent with the previous study in Chapter 2172.

Fig. 3.5 SHG intensity as a function of film thickness for conventional PAH/PCBS and PAH/PB
films (crossed circles and empty diamonds, respectively), and for the same films as
modified by Ag nanoparticles (solid circles and crossed diamonds). The dash-dotted
line indicates SHG intensity from Ag nanoparticles in the absence of an ISAM film.
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Second, one would generally expect the SHG signal from an ISAM film to increase as the
square of the film thickness, but this is not seen in these data. For the unmodified films, a quadratic
SHG intensity dependence does eventually obtain, but only for films thicker than 10 bilayers. Thin
PAH/PCBS films show an SHG signal which grows with thickness, but much slower than for
thicker films, while the SHG signal from thin PAH/PB films actually decreases with thickness for
the first 10 bilayers. These effects are due to the presence of significant SHG from the films’
interfaces, as will be discussed below. The amount of interface SHG does not depend on the film
thickness, so it can be neglected for thick ISAM films, even though it dominates for thin films. The
differences in behavior between the two material systems can be explained by differences in the
relative phase between the interface and bulk SHG. As shown below, in the PAH/PCBS films the
two are in phase, while in PAH/PB films they are opposite in phase. This leads to a near
cancellation of the SHG signal in PAH/PB films that are between 7 and 10 bilayers thick, but not in
the PAH/PCBS films.
For the nanoparticle decorated films, it is evident that the SHG signal is roughly constant for
films thicker than two bilayers. This is consistent with the results from Ag NP-PAH/PCBS films in
Chapter 2 and is owing to the same fact that the decay length of the plasmon resonance away from
the NPs is only a few nanometers, and consequently only the top few bilayers of the films benefit
from plasmonic enhancement. Therefore, increasing film thickness does not necessarily lead to an
increase in SHG intensity. Since the interface SHG is dominant in thin ISAM and HCISAM films,
I can conclude that plasmonic enhancement of the NLO response is primarily an interface effect,
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and bulk χ(2) is not necessarily a good indicator of how a film will respond when combined with
metal NPs.
Finally, the plasmonic enhancement for the 3-bilayer NP-PAH/PB film is only ~200 times, and
the film is actually a less efficient emitter of SHG radiation than the corresponding
NP-PAH/PCBS film despite the fact that at large bilayer numbers for the unmodified films, the
SHG intensity is much larger for PAH/PB than for PAH/PCBS due to its larger bulk χ(2) value.
Since the plasmon resonances primarily enhance the interface χ(2) of the films, we must consider
the differences in interface properties between the PAH/PB and PAH/PCBS films in order to
explain these observations. As explained in more detail below, it is likely that the PAH/PB-air
interface is more susceptible to disruption than the PAH/PCBS-air interface. The Ag nanoparticles
are deposited by electron-beam evaporation, which is a fairly severe process. The organic films are
impacted by hot, fast-moving metal atoms, easily capable of rearranging the chromophores at the
surface.

3.5 Interface Effects in Conventional ISAM and HCISAM Films
Since interface effects are critical to the NLO responses of plasmonically enhanced ISAM and
HCISAM films, a set of samples was fabricated with the purpose of separating the contributions of
each interface and the bulk to the total SHG signal (This work was done by Charles Brands). This
is accomplished by fabricating NLO-inactive buffer layer(s) above and/or below the NLO-active
film. Each buffer consists of 10 PAH/PAA bilayers and has similar dielectric and other properties
as the NLO-active films. The buffer films are considered NLO-inactive since they do not possess
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any of the conjugated bonds responsible for large nonlinearities in organic molecules. The buffer
films remove the majority of the interface dipoles, create a less sharp surface and thereby virtually
eliminate the SHG signals from the adjacent interface. This is demonstrated by the data in Fig. 3.6,
which plots the square root of the SHG intensity generated by a series of PAH/PCBS films,
fabricated with and without ten buffer layers, as a function of the number of NLO active bilayers.
The slopes of the curves are constant and identical in both cases, stemming from the bulk
contribution to SHG. The y-intercept of the series without buffer layers indicates the contribution
of the interfaces to SHG, and when buffer layers are added, this contribution goes to zero.

Fig. 3.6 Square root of the SHG intensity from PAH/PCBS ISAM films as function of thickness
with and without ten NLO-inactive PAH/PAA buffers. The addition of the buffers
eliminates the interface contribution (y-intercept) to the SHG signal. The lines are a
guide to the eye.
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Four combinations of buffers and NLO-active films were fabricated: film only, buffer-film (i.e.
the buffer is located below the film), film-buffer, and buffer-film-buffer, as is indicated in Fig. 3.7.
(Cemil Durak made these films and did the measurements.) The NLO active film was either one
or three bilayers thick, and consisted either of a PAH/PCBS ISAM film or a PAH/PB HCISAM
film, for a total of 16 different samples. Peak optical absorbance (at 365 nm for PCBS ISAM films
and 460 nm for PB HCISAM films) and SHG efficiency was measured for each sample, and the
data are shown in Fig. 3.8-3.10. In these cases, the SHG exhibits Maker-like fringes due to
interference between the films on opposite sides of the substrate170, and the peak intensity near an
incident angle of 45° is reported in the figure.

buffer
film

film

substrate

substrate
(b)

(a)

buffer

film

film

buffer

buffer

substrate

substrate

(c)

(d)

Fig. 3.7 Schemes of the four different configurations: (a) film only (b) film-buffer (c) buffer-film
(d) buffer-film-buffer. The films are NLO-active 1-bilayer or 3-bilayer PAH/PCBS or
PAH/PB films, while each buffer consists of a 10 bilayers of NLO-inactive PAH/PAA.
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Fig. 3.8 Linear optical properties (absorption) of films with or without buffer layers in the four
different film/buffer combinations. The NLO-inactive buffer layer consists of a
10-bilayer PAH/PAA ISAM film.

Fig. 3.9 Nonlinear optical properties (SHG) of films with or without buffer layers in the four
different film/buffer combinations.
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Fig. 3.10 Nonlinear optical properties (square root of normalized SHG) of films with or without
buffer layers in the four different film/buffer combinations. Square root of the SHG
intensity divided by absorption is used as a figure of merit of film performance.

As before, the SHG is used as a measure of the second order NLO properties (the square root of
SHG intensity is proportional to the χ(2) of the film, and is plotted in Fig. 3.9). The absorbance (Fig.
3.8) is proportional to the surface density of the NLO chromophore, which varies from sample to
sample. The square root of the SHG intensity divided by the absorbance is a figure of merit for the
films, indicating the NLO efficiency of the film per chromophore, and is plotted in Fig. 3.10.
Considering first the absorption data, I first note that the 3-bilayer films contain, not
surprisingly, more chromophores than the 1-bilayer films. More interestingly, the films that have a
buffer at the bottom (buffer-film and buffer-film-buffer) consistently have larger absorption than
those where the NLO active layers are fabricated directly on the glass substrate. This is true for all
samples, but particularly noticeable in the 1-bilayer PAH/PB film. This is likely so because the
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PAH/PAA buffer layer has a larger surface charge density than the bare glass surface and therefore
attracts a larger quantity of PAH for the first layer of the NLO-active film than the bare glass. The
differences in chromophore density are accounted for by normalizing the SHG data with
absorbance in order to compare the NLO characteristics of the different buffer/film configurations.
The 3-bilayer films exhibit stronger SHG signal than the 1-bilayer films and the PAH/PB films
exhibit stronger SHG than the PAH/PCBS films, as expected. Most of the remainder of this
discussion is based on Fig. 3.10.
First, interface SHG is indeed dominant in these films, as is evidenced by the much smaller
signal from the buffer-film-buffer samples compared to the film only samples. The reduction of
the square root of the SHG intensity is 62% and 47% in the 1- and 3-bilayer PAH/PCBS films, and
78% and 80% in the 1- and 3-bilayer PAH/PB films, respectively. It is interesting to note that the
reduction is greatest in the PB-based films, demonstrating that the interface is even more important
in these films than in conventional ISAM films.
Second, we can quantify the importance of the interface between film and air by comparing the
SHG signal from the film only samples to the corresponding film-buffer samples and also by
comparing the signal from the buffer-film samples to the buffer-film-buffer samples. In all cases,
removing the air interface results in a substantial reduction in the normalized SHG signal, ranging
from 23% to 86%. It appears that the air interface is the dominant contribution to the SHG signal in
most if not all cases studied here.
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Third, the NLO properties of the glass-film interface are responsible for the differences
between the film only and buffer-film samples and between the film-buffer and buffer-film-buffer
samples. In the PAH/PCBS films, these differences are small, and we conclude that the glass
interface does not contribute significantly to the NLO properties of these samples. The situation is
more complex for the PAH/PB films. There is a significant drop-off in signal from the film-buffer
to the buffer-film-buffer configurations, consistent with an important contribution to the SHG
from the glass interface. By contrast, the signal is actually larger in the buffer-film sample than in
the film only sample. This means that the SHG fields from the two interfaces must have opposite
phase, leading to a partial cancellation when they are both present. The bulk SHG is too weak for
us to be able to assign it a phase based on the results shown in Fig. 3.10, but the minimum in the
SHG intensity from the unmodified PAH/PB plot in Fig. 3.5 indicates that the bulk SHG must be
out of phase with the dominant interface SHG contribution from the air interface.
Based on the above discussion, we can extract approximate quantitative values for
interface-χ(2) for both kinds of films. The effective χ(2) value of each film can be modeled as

χ eff( 2 ) = g + a + γbl

(1)

where g and a are the interface χ(2) values of the glass and air interfaces, γ is the absorptivity of the
films at 365 nm for PCBS films and 460 nm for PB films, and b is a materials parameter chosen
such that γb is the bulk χ(2) of the film. l is the thickness of the film, taken to be 1.17 nm per bilayer
for the PAH/PCBS films170, and 0.57 nm per bilayer for the PAH/PB films169. The values for γ are
( 2)
values are proportional to the square root of the SHG
read from the data in Fig. 3.8, while the χ eff
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intensities given in Fig. 3.9. For each material system, the parameters a, g and b are found with a
least square fit to the data. All parameters are assumed positive, expect for the PAH/PB films
( 2)
are taken to be negative.
where the air interface is unbuffered, where both a and χ eff

Since systematic errors are likely to be fairly large, I use +100%/-50% as a normative error
rather than the smaller error produced by the least square fit. By comparing the data to the SHG
signal from a known reference, a 68 bilayer PS-119/PAH ISAM film that has maintained a
constant value of thickness and second order susceptibility over the past 10 years 154, the results of
the fit can be scaled to yield the values for interface and bulk χ(2) that are listed in Table 2. Note
that interface and bulk χ(2) have different dimensions, so the values given for each are not directly
comparable to each other.
The values obtain through the fit are consistent with the qualitative discussion above. For
example, g << a for the PAH/PCBS film, but not for the PAH/PB film. Bulk χ(2) is an order of
magnitude larger for PAH/PB compared to PAH/PCBS, while the total interface χ(2) is only about
three times as big.
Table 2 Effective χ(2) values for PAH/PCBS and PAH/PB films as derived by least-squared
fit from the data compared to bulk χ(2) values from a single ISAM bilayer.

PAH/PCBS Film

χ eff( 2 ) (esu)

PAH/PB Film

Air (a)

Glass (g)

Bulk (γb)

Air (a)

Glass (g)

Bulk (γb)

2.4 ×10-15

0.4 ×10-15

5 ×10-9

-14 ×10-15

5 ×10-15

34 ×10-9

* Note that dimension of bulk χ(2) is that of hyperpolarizibility per cm3, while interface χ(2) is measured in
hyperpolarizibility per cm2, so the values in the two cases are not directly comparable.
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As previously mentioned, the fact that NP-PAH/PB films have lower NLO efficiencies than
NP-PAH/PCBS could be explained by a greater fragility of the air interface in the PAH/PB films.
This notion is supported by the data plotted in Fig. 3.11, where SHG intensity is plotted as a
function of film thickness for freshly made PAH/PB films and for films that are a few months old.
The aged films show smaller NLO efficiencies for the thinnest films and attain the minimum in
SHG efficiency at a smaller film thickness, consistent with a lower value for interface χ(2) in the
older films. It is important to note that the difference between the fresh and aged films is largest for
the thinnest films and becomes increasingly negligible as the number of bilayers is increased. This
indicates that it is the interfaces that are undergoing change while the order of the bulk remains
quite stable. The greater sensitivity of the PAH/PB film interface is possibly related to the manner
it is fabricated. In the conventional PAH/PCBS films, the NLO chromophores are already present
as side groups on the polymer during the LbL adsorption process, and the chain can assume a
configuration that minimizes free energy including the contributions from the chromophores. For
PAH/PB films, the chromophores are grafted onto the PAH backbone after it has already been
assembled on the surface in a configuration that does not take into account the presence of the PB
chromophores. It is then reasonable that the PAH/PB surfaces are more susceptible to
rearrangement since they likely to be farther from an energetic minimum. This is also evidenced
by the distinctly different behaviors of PCBS and PB films in dichloromethane (DCM)
ultrasonication bath discussed in Chapter 2. While the linear and nonlinear properties of
PAH/PCBS films remain almost unchanged, SHG intensity of PAH/PB films suffer a 50% loss
after ultrasonication, indicating a large disruption of the polar order of the PB chromophores.
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In this context it is interesting to again note that the χ(2) of the PAH/PB surface has the opposite
sign of the bulk, which would seem to indicate that the topmost polymer layer undergoes
substantial rearrangement as subsequent layers are deposited. Further investigations are needed to
elucidate this process.

Fig. 3.11 Comparison of SHG signal from freshly made PAH/PB HCISAM film with the signal
from films that are several months old. For the aged films, the SHG intensity is smaller
from the thinnest films, and the minimum in the signal is shifted towards lower film
thickness. The lines are mainly guides to the eye, as no formal fitting have been
attempted to the data. However, the lines represent the expected functional dependence
of a constant interface SHG out of phase with a bulk SHG that varies as the square of
the number of bilayers.
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3.6 Conclusion
In investigating plasmonic enhancement of χ(2) values in thin ISAM and HCISAM films, I
have found that the enhancement primarily stems from interface χ(2). Thus, bulk χ(2) values cannot
be used to predict the NLO properties of a film enhanced by plasmonic nanoparticles for two
reasons. First, the NLO response of the interface is not necessarily related to the corresponding
bulk response. Second, the interfaces in different materials may be affected differently by the
addition of metallic nanoparticles. Our comparison of PAH/PCBS ISAM films with PAH/PB
HCISAM films is a good example of both effects. χ(2) values of the film-air interface have the
same sign as bulk χ(2) in PAH/PCBS, but opposite sign in PAH/PB. Even though interface χ(2) is
substantially smaller in PAH/PCBS than in PAH/PB, plasmonically enhanced PAH/PCBS films
exhibit the strongest NLO response. This may be because the structure of PAH/PB film makes its
interface more susceptible to disruption by the nanoparticle deposition process, even though its
bulk properties are as stable as the PAH/PCBS film.
The results suggest that the best route forward in plasmonic enhancement of NLO properties
may lie in direct attachment of nonlinear chromophores to the surface of metal nanoparticles.
Techniques for attaching molecules to noble metals by way of functional groups such as thiols173,
174

or dithiocarbamates (DTC)175, 176 are well developed and understood, so such an approach gives

the greatest possible control over all aspects of the interface, while completely eliminating the less
important bulk from the problem. In Chapter 5, DTC grafted PAH are used to surface functionalize
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Au nanoparticles, which provides possible bonding sites to attach nonlinear chromophores to the
surfaces of the particles.
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Chapter 4 Restricted Meniscus Convective Self-Assembly
4.1 Introduction
Coatings of colloidal particles, consisting of single or multiple layers of densely packed
nanoparticles, are of interest for applications such as antireflection coatings85, photonic
crystals177-180, optical filters181, 182, sensors89, 183, porous membranes93, 94, surface enhanced Raman
spectroscopy (SERS)98, fabrication of “patchy” nanoparticles184, and nanosphere lithography185.
They can be fabricated through a number of different methods186-188, including sedimentation189-192,
slow evaporation114, 177, spin or drop casting90, 107-109, microfluidic packing181, 193, electrostatic
assembly194, covalent attachment195, and Langmuir-Blodgett methods196. In Chapter 2, I applied
nanosphere lithography to the fabrication of triangular Ag nanoparticles, using drop casting to
obtain close-packed monolayers of latex nanospheres. In my experiments, the quality and size of
the monolayer regions are essential for the fabrication of Ag nanoparticles, whose shapes and
orientations directly determine the plasmonic enhancements in the materials. Large-sized
monolayers are preferred even though they are polycrystalline. Convective assembly, also known
as evaporation-induced self-assembly1, 119, 197-200, is probably the fastest and most convenient
technique to implement for my purpose. I used this technique in Chapter 3 to fabricate Ag
nanoparticles. In this chapter, I give more details about the technique.
In one standard version of this technique, illustrated in Fig. 4.1(a), a plate is placed at an acute
angle immediately above the substrate, and a small volume of nanoparticle suspension is placed in
the corner formed by the plate and substrate. The plate is then withdrawn at a velocity vw, dragging
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the suspension and a thin wetting film attached to the suspension with it. Evaporation from the film
induces a flow Jw of solvent toward its edge. Particles are pulled along with the flow, which drives
the growth of a thin colloidal crystal with one or more layers. Uniform films can be deposited on
multiple square centimeters in a few minutes with this technique.
In our version of the technique, illustrated in Fig. 4.1(b), the meniscus of the solvent is
restricted by placing a straight-edge above the substrate just before the drying zone of the film.
This can be accomplished simply by running the setup just described in reverse so that the upper
contact line of the fluid meniscus from which the film grows is attached along the bottom edge of
the angled plate. I will call this growth mode Restricted Meniscus Convective Self-Assembly
(RMCSA) to distinguish it from the conventional configuration, where the upper contact line is
free to attach anywhere along the flat side of the plate. Since both modes can be accommodated
with the same apparatus run in opposite directions, I will use negative withdrawal speeds (vw) to
denote RMCSA and positive for conventional CSA.
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Fig. 4.1 Captions (see next page)
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Fig. 4.1 (previous page) Illustration of
(a) Conventional convective self-assembly. The colloidal crystal forms from a meniscus where the
upper contact line is free to move along the flat surface of the angled plate. I denote this with
positive withdrawal velocities vw.
(b) Restricted meniscus convective self-assembly. The colloidal crystal grows from a meniscus
where the upper contact line is fixed at the lowest corner of the angled plate. I denote this mode
with negative withdrawal velocities. This mode grows crystals at roughly twice the rate of the
conventional approach.
(c) The drying zone of the colloidal crystal. A wetting film from the suspension extends into the
crystal from x = 0 to x = l. Water evaporates from the film at the rate je(x), which in steady state
is replaced by a flow JW from the suspension, pulling nanospheres toward the edge of the crystal,
causing it to grow.

(d) The far edge of the wetting film, which marks the boundary between the wet and dry
portions of the colloidal crystal, is likely fairly abrupt, as illustrated by the figure. The
boundary may move in discrete steps as it gets depinned from the last wet row of
nanospheres in a step-wise fashion. Some fluid may be left behind on the nominally dry
side of the boundary. If either the conditions required to initiate a depinning event or the
amount of fluid left behind after depinning depend on the withdrawal velocity vw, this
could change the scaling of the drying rate from the results expressed by equations 8 and
9.

4.2 Experimental
Au pellets (99.999% pure) and Ni pellets (99.98% pure) were obtained from Kurt J. Lesker
(Clairton, PA). Surfactant free white carboxyl polystyrene latex nanosphere suspension (784nm
diameter, 4.2 % w/v) was purchased from Invitrogen (Carlsbad, CA). Unless otherwise noted, the
nanospheres were concentrated by centrifugation to 21% w/v prior to use. Plain precleaned glass
slides and all chemicals were purchased from Fisher (Pittsburgh, PA).
Following Prevo and Velev119, the particle suspension was deposited between the substrate and
a metal plate mounted at a 22.5° angle above the horizontal. The plate was mounted on a vertical
positioning stage (Thorlabs p/n PT1A) so that the spacing between plate and substrate could be
67

controlled with μm precision. To ensure that the bottom edge of the plate was parallel to the
substrate, a goniometer stage (Thorlabs p/n GNL18) was also incorporated in the setup so that the
horizontal alignment of the plate across the substrate could be adjusted.
The substrates consisted of standard precleaned 1”×3” microscope slides which were first
cleaned by the RCA process201 as detailed in Chapter 2. The cleaned slides are stored in DI water
until used. Two metal contact strips, approximately 2-3 mm wide, were fabricated along both long
edges of each substrate. This was done by covering the center of the slide with a 20 mm wide strip
of aluminum foil, followed by e-beam vacuum deposition of 50 Å Ni and 1000 Å Au. Water
contact angle measurements indicated that the evaporation process rendered the surfaces less
hydrophilic than right after RCA cleaning. For this reason, the evaporated samples were briefly
ultrasonicated in a 1:1:6 - NH4OH: H2O2: H2O solution and then in a 1:1:5 - HCl: H2O2: H2O
solution, which restored the original hydrophilicity to the surface.
Just prior to use, each substrate was blow dried with dry nitrogen and mounted horizontally on
a computer controlled motion stage (Thorlabs p/n Z625B) just below the angled plate. The
orientation of the plate was adjusted with the goniometer stage so that lowering the plate to bring it
in contact with the substrate would cause the plate to make simultaneous electric contact with the
two contact strips on the substrate. The plate was then withdrawn to between 10 μm and 200 μm
from the substrate and kept at that distance throughout the deposition.
The entire setup was kept inside an airtight enclosure. Dishes filled with either warm water or
CaSO4 desiccant were placed inside the enclosure for whatever time was required to adjust the
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relative humidity to the desired value. The temperature in the laboratory was maintained at 21±1
°C. A few μl of concentrated nanosphere suspension was then placed between plate and substrate,
at which point the substrate was displaced either in the forward direction (Fig. 4.1(a)) for
conventional CSA, or the backward direction (Fig. 4.1(b)) for RMCSA. A photograph of the
trapped suspension between the substrate and angled plate is shown in Fig. 4.2.
Static contact angle measurements were performed on a FTA125 Contact Angle Analyzer
(First Ten Angstroms). All data were collected at room temperature.

trapped
colloidal
suspension

angled plate

substrate

Fig. 4.2 Microscopic view of nanosphere colloidal suspension trapped between two plates. The
image was taken using the microscope in the goniometer.

4.3 Theory
As explained by Dimitrov and Nagayama1, convective self-assembly occurs due to
evaporation from a wetting film that extends into the colloidal crystal from the three-phase contact
line between the suspension and the film as shown in Fig. 4.1(c). JE is the total evaporative flow

69

per unit width across the length of the film. In steady state, the evaporated water is replaced by a
flow of water JW0 = JE from the suspension. This flow carries a particle number flow
J N ∝ JW 0 along with it, which gets deposited at the leading edge of the colloidal crystal. If the
withdrawal speed is chosen appropriately, a uniform film with crystalline order is formed. For
example, a hexagonal closepacked monolayer forms if vw = vc(1) =

diameter of the nanoparticles. In general, then, we have that vw = (α

3 2
πd J N , where d is the
8
h0

) J W 0 , where α is a unitless

constant of proportionality that depends on the structure of the colloidal crystal and h0 is the
thickness of the wetting film at the growing edge of the crystal. The flow JW0 is driven by the
gradient of the pressure p(x) inside the wetting film, which can written as
p ( x) = Π + Ppc

(1)

where Π is the disjoining pressure between the air-liquid and liquid-solid interfaces in the wetting
film, and Ppc is the capillary pressure due to the menisci formed between the nanoparticles
submerged in the film. Both Π and Ppc depend on the average local thickness of the wetting film. I
denote x the distance from a point in the film to the three-phase contact line. At x = 0, the pressure
must equal the pressure in the nanoparticle suspension
p(0) = Pc + Ph

(2)

where Pc is the capillary pressure due to the meniscus between the angled plate and the substrate,
and Ph is the hydrostatic pressure at the level of the substrate.
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The lateral fluid flow JW(x) in the wetting film decreases with increasing x, and is related to the
local evaporation flux je(x) by
l

JW ( x) =  je (h( x))dx'

(3)

x

where l is the length of the wetting film in the growth direction. Elaborating on Dimitrov and
Nagayama’s model, I note that since I am dealing with low Reynolds number flow through a
porous medium, Darcy’s law is valid, and I can write

JW ( x) − h( x)vw = −h( x)

κ dp
μ dx

(4)

where κ is the permeability of the colloidal crystal to the wetting film, and μ is the dynamic
viscosity of the fluid. The h(x)vw term accounts for the global motion of the liquid suspension
relative to the colloidal crystal.
To proceed, I need to make some assumptions about the relationship between the pressure p(x)
and the film thickness h(x). This is a complex problem beyond the scope of this thesis, so I restrict
myself to examining two limiting cases which I will denote as the pressure driven and pressure
independent limits, respectively.
In the pressure driven limit, h is completely determined by p, and explicit dependencies on
other parameters can be neglected, so that h = h(p(x)). This means that the thinning of the wetting
film as we move into the film from the three-phase contact line occurs only in response to the
increasingly negative p required to maintain a non-zero liquid flow through the crystal. The length
71

l of the wetting film is then strongly dependent on JW0, and for the static case, where JW0 ≡ 0, l
goes to infinity. In the pressure driven limit, I can rewrite Eq. 4 to obtain:
l
κ dp d 2
αh l
−
(h ) =  je dx' −
je dx'
2 μ dh dx
h0 0
x

(5)

subject to the boundary conditions that h(0) = h0 and h(l) = 0. Solving this equation yields h(x),
which determines all other relevant quantities. As mentioned, doing so explicitly is beyond my
scope here, but I can still extract the scaling behavior of the solution by writing Eq. 5 in
dimensionless form. To do this, I make the substitutions
x = l ⋅ s,
h( x) = h0 ⋅ θ ( s ),
je (h) = j ⋅ ς (θ ),

(6)

 dp 
 κ [h] = −c ⋅ γ (θ )
 dh 
where j is the evaporation rate from a free liquid surface and c is chosen so that γ(θ) is
dimensionless and approximately ∈ [0,1] . Eq. 5 and its boundary conditions can then be written as
1
1
 ch02  d 2
ds
γ
(
θ
)
=
ς
'
−
αθ
 2
s
0 ςds';
 jl  ds
θ (0) = 1,θ (1) = 0

(7)

The quantity in the curly brackets is fixed by the boundary conditions, and therefore embodies the
scaling of the equation. Noting that JW 0 ∝ jl and that j ∝ (1 − RH ) , where RH is the ambient
relative humidity, I find that
vc(1) ∝ h0 c(1 − RH )
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(pressure driven limit)

(8)

In the pressure independent limit, p(x) has negligible effect on h(x), and the form of h(x) can be
found by energy minimization in the static case. The variation in p(x) that is required to sustain a
flow through the film is created by small changes in the configuration of the surface of the wetting
film that do not appreciably effect h(x). l is now a constant that is independent of JW0, and therefore
largely independent of the evaporation rate and the withdrawal velocity. I can therefore write that
vc(1) ∝ h0 (1 − RH )

(pressure independent limit)

(9)

So far, I have assumed that the wetting film height h varies only slowly with x. This is probably not
true at the far edge of the film (where h(l) = 0). More likely, the situation is closer to the sketch in
Fig 4.1(d), where the wetting film contact edge is pinned at a specific row of nanoparticles, and h
rapidly changes from a finite value to 0. Movement of the contact line to the left is impeded by the
energy barrier associated with dewetting the last line of nanospheres and moving the surrounding
fluid one particle diameter to the left. This occurs when the thickness of the wetting film reaches a
critical value hmin. In terms of the model this corresponds to replacing the boundary condition at x
= l with h(l) = hmin. At low withdrawal velocities, I expect hmin to be constant and independent of
vw. As a result, the scaling of vc(1) remains as announced in Eq. 8 and 9, even though I have to
slightly modify the model.
Another complication would occur if some amount of fluid were left behind on the uncovered
spheres during depinning, so that JW(l) ≠ 0. If this quantity is constant I have that JW (l ) ∝ vw , and
Eq. 8 and 9 still express the correct scaling, but if it varies with withdrawal speed, the scaling will
be affected.
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Before I present the experimental results, I will also note that in addition to parameters such as
withdrawal speed, humidity, surface tension, and substrate wettability, I am also able to modify the
pressure p(0) in the particle suspension by simply changing the volume V of the suspension placed
between the angled plate and the substrate. If I neglect Ph as well as the small effect the restricted
meniscus has on V, I can use a simpler configuration as shown in Fig. 4.3 to calculate Pc as follows.

R
β

β/2

θ'

a

l
β/2

α

θ
b

Fig. 4.3 A simplified illustration of the geometry of the trapped colloidal suspension (hatched
area). The dashed lines are to aid the calculations.

The cross-section of the trapped colloidal suspension can be written as

S=

1
1
1
ab sin α + R 2 sin β − R 2 β
2
2
2

(10)

where R is the radius of the cylindrical meniscus. Basic geometry gives that

β = π − α −θ −θ ',
β

l = 2 ⋅ R ⋅ sin( ),
2
l
a
b
=
=
.
sin α sin(θ + β ) sin(θ '+ β )
2
2

Then I can re-write equation 10 in terms of R, α, θ, and θ’ by substituting a, b and β
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(11)

β
β
1 l sin(θ + 2 ) l sin(θ '+ 2 )
1
1
S=
⋅
⋅ sin α + R 2 sin β − R 2 β
2
sin α
sin α
2
2
α +θ +θ'
α + θ '−θ
α +θ −θ'
4 R 2 ⋅ cos 2 (
) ⋅ cos(
) ⋅ cos(
)
1
1
2
2
2
=
+ R 2 sin(π − α − θ − θ ' )
2
sin α
2
1
− R 2 (π − α − θ − θ ' )
2
1
[1 + cos(α + θ + θ ' )] ⋅ [cos(θ − θ ' ) + cos α ] 1 2
= R2
+ R sin(α + θ + θ ' )
(12)
2
sin α
2
1
− R 2 (π − α − θ − θ ' )
2
1
[1 + cos(α + θ + θ ' )] ⋅ [cos(θ − θ ' ) + cos α ]
= R 2{
+ sin(α + θ + θ ' ) + α + θ + θ '−π }
2
sin α
1
= R 2 g (α , θ , θ ' ),
2
where
g (α ,θ ,θ ' ) =

(1 + cos(α + θ + θ ' ) ) ⋅ (cosα + cos(θ − θ ' ) + α + θ + θ '+ sin(α + θ + θ ' ) − π
sin α

(13)

is a geometric factor that depends on the angle α between the angled plate and the substrate, and on
the upper (θ’) and lower (θ) meniscus contact angles.
The volume of the colloidal suspension V = S ⋅ w =

1 2
R g (α , θ , θ ' ) ⋅ w , where w is the width of
2

the substrate. Therefore the radius R is

R=

2V
w ⋅ g (α , θ , θ ' )

(12)

Applying Young-Laplace equations, I can obtain the capillary pressure Pc as:

Pc =

γ
R

=γ ⋅

w
g (α , θ , θ ' )
2V

where γ is the surface tension. For my setup, g (α , θ , θ ' ) = g (22.5 ,11 ,31 ) = 5.85 .
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(13)

4.4 Results and Discussion
Justin Bandgerter did part of the relative humidity dependence experiments and Stefan
Stoianov did the additive dependence experiments.
The results from a number of RMCSA and conventional CSA experiments all carried out with
the same nanoparticles but at varying vw and relative humidity are shown in Fig. 4.4. For each
value of the humidity, there is a critical withdrawal speed vc(1) above which only submonolayer
colloidal films form, but below which the films will consist of one or more close-packed
monolayers. For uniform monolayer films, free of inclusions of thicker or thinner films, vw must lie
within a few percent of vc(1) . Similar critical withdrawal speeds exist for two- and three-monolayer
films119, but this region of phase space was not explored in this work. Fig. 4.5 shows micrographs
of several films fabricated with vw values near vc(1) . If vw is appreciably larger than vc(1) , small
submonolayer patches are included in the close-packed monolayer film, but if vw is too small,
bands of bilayer film appear.
From the data in Fig. 4.4, I can make several observations. First, RMCSA is about twice as fast
as conventional CSA for fabrication of single monolayer close-packed colloidal films. Second,
both CSA and RMCSA growth rates depend fairly strongly on ambient humidity, displaying linear
scaling in 1-RH, consistent with the pressure independent limit. This is at variance with the work
by Prevo and Velev119, 199 who reported only weak dependence of the growth rate on humidity. It is
possible that they were working closer to the pressure driven limit, which would lead to a fairly
weak dependence of vc(1) on humidity for RH below 50%.
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Fig. 4.4 Plot of vc(1) , the withdrawal speed for generating uniform closepacked monolayer
crystals with CSA as a function of relative humidity for conventional CSA and
RMCSA. The dotted lines are approximate fits of the data to Eq. 9.
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Fig. 4.5 Micrographs of colloidal crystal films fabricated with withdrawal speeds near vc(1) . The
close-packed monolayer regions appear as iridescent purple, bilayer regions are white, while
submonolayer regions are dark. Deviating more than a few percent from the ideal
withdrawal speed leads to submonolayer or bilayer inclusions into the crystalline film.
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The notion that I am operating close to the pressure independent limit is also supported by the
data shown in Fig. 4.6 (a). Here, vc(1) was measured as a function of relative humidity for three
suspensions with varying amount of the surfactant Triton X-100 added. The surfactant improves
the wetting properties of the suspension, making it easier to fabricate uniform colloidal crystals
over multiple square centimeters.1 Without the surfactant, the high surface tension of the wetting
film has a tendency to break it up into stripes as the assembly proceeds, as is shown in Fig. 4.7.
Adding surfactant also makes the substrate cleaning process much less critical for crystal growth.
Parenthetically, it is worth mentioning that the Triton-X surfactant slowly softens the polystyrene
nanospheres, so a suspension should be used within a few days of the addition of the surfactant, or
the spheres may deform into hexagons during the convective self-assembly. I measured the surface
tension of the suspensions using the pendant drop method as shown in Fig. 4.8, and found 65.2
mN/m, 31.7 mN/m and 31.0 mN/m for the 0 mM, 1 mM and 10 mM Triton X-100 suspensions
respectively, which is consistent with values in the literature 202. From Fig. 4.6(a) it is seen that the
addition of the surfactant has only a slight effect on vc(1) , even though it strongly affects the surface
tension. This indicates that h(x) and therefore l are largely unaffected by capillary forces.
Since Triton X-100 is a nonionic surfactant, it is not clear that its presence changes the
disjoining pressure Π much. It is also conceivable that the flow through the wetting film is
predominantly driven by variations in Π and that Ppc plays only a minor role. For this reason, I also
measured vc(1) vs RH for a suspension containing 5 mM of NaCl. The salt strongly reduces the
electrostatic component of Π 203, which is likely to dominate at the length scales that are relevant in
the colloidal crystal. The only visible effect of the salt on the crystal formation is to reduce the size
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Fig. 4.6 Plots of vc(1) versus relative humidity for RMCSA using (a) nanoparticle suspensions
with additives designed to lower capillary pressure (Triton-X 100) and the electrostatic
portion of the disjoining pressure (NaCl). (b) substrates with different degrees of
wettability. Substrate A has a 29° water contact angle, while substrate B has a 11° water
contact angle.
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Fig. 4.7 Photographs of colloidal crystals (a) of high quality, (b) containing bare stripes. The
addition of a surfactant such as Triton-X 100 to the suspension reduces the probability
of stripes appearing. The horizontal white stripes are places where the withdrawal was
stopped for a few seconds in order to create a recognizable boundary between regions
grown with different withdrawal speeds.
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(a)

(b)

(c)
Fig. 4.8 Effects of surfactant TX-100 on surface tensions of colloid suspensions measured by
pendent drop technique. (a) Stock colloid without surfactants; (b) Colloid with 1 mM
surfactant TX-100; (c) Colloid with 10 mM surfactant TX-100.

of the submonolayer patches when vw is larger than vc(1) , but as can be seen in Fig. 4.6(a), it has no
measurable effect on the value of vc(1) itself.
It is clear that the parameters that determine p(x) have only minor influences on vc(1) , as one
would expect if we are operating in the pressure independent limit. By contrast, changing the
wettability of the substrate has a strong impact. Fig. 4.6 (b) plots measurements of vc(1) vs RH on
two glass substrates with different surface preparation. Substrate B was subjected to the standard
cleaning procedure described above, rendering it quite hydrophilic (11° water contact angle). For
substrate A, the cleaning steps after contact evaporation were omitted, which resulted in a less
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hydrophilic surface (29° water contact angle). This corresponds to a 12% increase in the surface
free energy of wetting, much smaller than the change in surface tension due to the addition of
surfactant, but nonetheless resulting in a reduction in vc(1) on the order of 40%.
I will now attempt to explain the difference in self-assembly speed between conventional CSA
and RMCSA. I first note that the details of the flow depend only on what happens in the wetting
film and its immediate vicinity. It is therefore expected that the dynamics of the film growth is
largely independent of the distance H between the angled plate and the substrate. This is indeed
observed experimentally, as is shown in Fig. 4.9 (a). Similarly, the film pressure p(x) can, as I have
already noted, be shifted by changing the volume V of the particle suspension placed between the
angled plate and the substrate. I varied V between 2 μl and 30 μl, which, using Eqs 10 and 11 and γ
= 65.2 mN/m, corresponds to Pc values between 0.10 kPa and 0.40 kPa. Ph is negligibly small in
this regime. As can be seen in Fig. 4.9 (b), this had no impact on vc(1) .
These results tell us that the difference in growth rates between CSA and RMCSA cannot be
due to any difference in Pc between the growth modes (for instance due to different advancing and
receding contact angles changing the radius of the unrestricted meniscus). Nor is it likely due to
any constriction in the flow inside the suspension caused by the presence of the angled plate. With
these factors excluded, the only remaining explanation for our observations is a difference in
evaporation rate je between the two cases. Even if the relative humidity far from the film is the
same in both modes, the shapes of the spaces through which the evaporated water must diffuse
after it leaves the wetting film are quite different. Since the RMCSA configuration is more open
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toward the environment, the humidity at the wetting film surface is likely to be closer to the
humidity far away from the film than in the case of conventional CSA. The evaporation rate je is
therefore higher for RMCSA, and as I have already established, this means that the colloidal film
growth rate also must be higher for RMCSA.

(a)

Fig. 4.9 Plots of vc(1) versus (a) the height H of the angled plate above the substrate and (b) the
capillary pressure in the suspension as controlled by the volume of liquid.

4.5 Conclusion
I have compared the crystal growth rates of two different forms of convective self-assembly,
which differ only in the attachment of the upper contact line of the meniscus from which the crystal
is grown. Contrary to expectations, it is found that the growth rates of the two modes differ by as
much as a factor of two. After excluding other explanations, I attribute this to different evaporation
rates from the wetting films in the two cases, which in turn is due to the difference in shape
between the spaces through which vapor must diffuse away from the films.
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I have also examined colloidal crystal formation as a function of ambient relative humidity for
nanoparticle suspension with different amount of surfactant and salt added. The results indicate
that the profile and length of the wetting film permeating the growing crystal is largely
independent of the pressure inside the film and thereby also of parameters such as ambient
humidity, surface tension and ionic strength. However, the size and type of nanoparticles used as
well as the wettability of the substrate are quite important. As a results of this behavior, the growth
speed of a close-packed monolayer colloidal crystal scales approximately as 1-RH where RH is the
ambient relative humidity.
The result underscores the complexity of the physics of convective self-assembly, and how
phenomena on multiple length scale must be considered in order to properly describe it. The
simple model presented here partially explains the humidity dependence of the growth rates, but
more detailed studies, both experimental and theoretical, are needed if a more complete
understanding is to emerge.
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Chapter 5 Surface Functionalization of Metal Nanoparticles
with Dithiocarbamate
5.1 Introduction
Noble metal nanoparticles are attracting a great deal of interests because of their unique optical
properties, which make them the potential candidates for a wide variety of applications204.
Stemming from the excitation of surface plasmon resonances on the nanoparticles, these properties
can be effectively tailored via a large number of protocols and strategies, for example, by changing
the size or composition of the nanoparticle or modifying its surface configuration. Surface
functionalization of the nanoparticle enables a broad spectrum of applications in fields such as
chemical engineering, biology and medicine. There are many reports on nanoparticle surface
modification with bio-molecules, including DNA205 and proteins206-209, as well as inorganic210-212
and organic materials129, 130, 136, 213-216.
Polymer coated nanoparticles can be used as the fundamental elements to build complex
materials or for other applications. The organic ligands can be attached to the particles by either
polymerization at the surfaces or adsorption to the nanoparticles, forming protective monolayer or
multilayers around the nanoparticles. Frank Caruso et. al.126,

128-130, 217

have extensively

investigated the mechanism of polyelectrolyte films coated on the surfaces of micro/nano particles,
where multilayers of polyelectrolyte were deposited onto metal or latex particles via a
layer-by-layer (LbL) technique218. For monolayer coating, the most prevailing and successful
example is probably the chemisorption of thiols on gold136, 137, providing tunable physical and
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chemical properties for the Au nanoparticles. Although the thiol-based self-assembled monolayer
(SAM) is widely applied in surface modification of Au substrates, the monolayer can undergo
degradation due to diffusions on surfaces or other factors such as surfactant exchange138, 139,
oxidative and thermal desorption140, 141 or exposure to ultraviolet (UV) light142.
In search of a simple and reliable surface functionalization method for Au surfaces, Alexander
Wei and co-workers proposed the implementation of dithiocarbamate-based monolayer as an
alternative coating ligands to the Au surfaces143-146. The carbodithioate (-CS2) group in
dithiocarbamates (DTCs) features an intramolecular S-S bond whose distance approximately
equals the distance between neighboring bonding sites on the Au surfaces, offering a route to
stable epitaxial adsorption147. Dithiocarbamate-anchored monolayers (DAMs) have been
synthesized and self-assembled onto the surfaces of planar Au substrates or nanoparticles for
applications like surface-enhanced Raman spectroscopy (SERS) and biological imaging145, 148, 149,
suggesting successfully and strongly adsorbed ligands to the Au surfaces in various types of
environments.
It is well known that amine groups can conjugate to carboxyl groups in the presence of
crosslinking agents such as (N-hydroxysuccinimide) (NHS)219. With this conjugation and other
reactions, amine-functionalized metal nanoparticles have been recently applied in many
innovative applications such as serving as targeting or contrast agents in cancer cell detection220-224.
The excitation of surface plasmon resonances in the nanoparticles greatly enhances the optical
absorption and scattering cross-sections of the particles and thus improves the quality of cell
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imaging. In general, the amine groups are attached to the nanoparticle surfaces with thiol ligands.
As I discussed above, DTC ligands provide much better bonding to the Au surfaces. However, the
formation of DTC-bonded amine functionalization is not trivial since CS2 reacts with any available
amine groups during the synthesis of DTC ligands. Hence, to find a simple and effective method to
accomplish DTC-bonded amine functionalization, I made use of DTC grafting onto PAH
polymers where a fraction of the amine groups on the polymers are converted to DTC groups. The
object of this chapter is to produce stable amine functionalized Au nanoparticles using DTC
grafted polymers.
DTC-decorated poly(allylamine hydrochloride) (PAH) was synthesized by condensation with
CS2. The stability of the DTCs in different environments such as open to air, in HCl, HNO3 or
NaCl solutions was systematically investigated. As a comparison, linear poly(ethylenimine) (PEI)
was also used in DTC formation and the stability test experiments. Previous reports indicate that
secondary amines yield more stable DTC molecules than primary amines146. Therefore, DTC
grafted linear PEI, which has only secondary amines, is expected to be more stable than DTC
grafted PAH, which has only primary amines. Contrary to expectation, the PAH-DTC shows
greater stability under various environmental stresses. Thus, I chose PAH-DTC to functionalize
the surfaces of Au nanoparticles. UV-Vis spectroscopy and autotitration tests confirmed the
greater stability of PAH-DTC coated Au nanoparticles compared to PAH-coated or unmodified
Au nanoparticles, demonstrating the feasibility of fabricating highly colloidal stable
amine-functionalized Au nanoparticles with PAH-DTC.
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5.2 Experimental
Poly(allylamine hydrochloride) (PAH) (Mw.~ 15,000, Sigma-Aldrich) and

linear

poly(ethylenimine) (PEI) (Mw. ~2,500, Polysciences, Inc.) (Fig. 5.1 (d)) were prepared as 100 mM
solutions on a monomer basis. CS2 and triethylamine (Et3N) were obtained from Fisher Scientific
and dissolved in ethanol to make 1 M stock solutions. An aqueous suspension of 20 nm Au
nanospheres (Ted Pella) was stored in a 20 ml precleaned sealed vial to minimize the possible
degradation caused by air exposure. A syringe was used to draw the desired amount of suspension
from the vial. Gold nanospheres 100 nm in diameter (Ted Pella) were stored in the bottle as
received. Citric acid (Fig.5.1 (a)) was obtained from Acros Organics. 4-(N-Boc-amino)piperidine
(Fig5.1 (b)) and poly(acrylic acid) (Fig. 5.1 (e)) were obtained from Sigma. Trifluoroacetic acid
(Fig. 5.1 (c)) was obtained from Alfa Aesar. Other chemicals including NaCl, HCl and HNO3 were
all obtained from Fisher.

R
R

(b)

(a)

(c)

(e)

(d)

Fig. 5.1 Chemical structures of (a) citric acid; (b) 4-(N-Boc-amino)piperidine; (c) trifluoroacetic
acid (TFA); (d) linear poly(ethylenimine); and (e) poly(acrylic acid).
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Following the synthetic protocols for DTC ligand formation under basic conditions146, the pH
value of the PAH solution was raised up to ~ 8.8 via addition of NaOH stock solutions to create a
basic environment, which is required for the reaction to take place. It was found that addition of
more Et3N or raising pH to ~ 8 caused the PEI to fall out of the solution. Therefore, for PEI
solution, Et3N was used to serve as base in a mole ratio 1:2.5 with PEI molecules. In a typical DTC
synthesis experiment, 1 ml 100 mM PAH (or PEI) solution in a 4 ml vial, which was sealed by a
black cap with silicone septum (Fisherbrand), was degassed for about 5~10 minutes with argon
and then treated with one tenth equivalent of CS2 (10 μl 1 M CS2 in ethanol), agitated on a vortex
mixer for about 30s, and then left to be stirred at room temperature in the capped vial. The injection
or withdrawal of chemicals was accomplished using a syringe (SGE Analytical Science). After
four hours, 200 μl of the solution was added to 1 ml Au stock suspension to functionalize the
nanospheres. Surface functionalization with physisorbed PAH was accomplished by adding 200 μl
100 mM PAH solution to 1 ml Au stock suspension. The mixtures were then stirred for about 2
hours to ensure successful polymer coating.
UV-Vis spectroscopy was performed in a PerkinElmer spectrometer Model LAMDATM 25
with two quartz cuvettes (Hitachi), one of which was filled with DI water to serve as reference. The
cell path length was 1 centimeter.
Centrifugation was performed in a benchtop centrifuge (Fisher Scientific accuSpin Micro).
The microcentrifuge tubes (Fisherbrand) were 1.5 ml nonsterile polypropylene graduated tubes.
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Dynamic light scattering (DLS) size measurement and zeta potential measurement were
performed on a Malvern Instrument Nano-ZS. 1 M HCl, 1 M and 0.1 M NaOH were used as
titrants in the autotitration process. All the measurements were done at room temperature (~ 25°C).

5.3 PAH-DTC and PEI-DTC Formation and Stability
5.3.1 DTC ligands Formation

The DTC formation kinetics was monitored by measuring the absorption spectra in samples
taken from the reaction vessels at regular time intervals. In a typical measurement, 20 μl of the
liquid was extracted from the capped vial with a syringe, and then diluted with 2 ml DI water
before the absorption measurements. This observation continued for almost three weeks.
Representative absorption spectra of PAH-DTC and PEI-DTC formation kinetics are displayed in
Fig. 5.2 and 5.3, respectively.
It is well known that in absorption, DTCs have two signature peaks at 260 and 290 nm225. As
displayed in Fig. 5.2 and 5.3, both peaks are observed as expected. The evolution of the 290 nm
signature peak was monitored and the results are plotted in Fig. 5.4. Generally speaking, DTC
formation requires about 4 hours, both for PAH-DTC and PEI-DTC, to reach saturation under our
experimental conditions as indicated in the inset in Fig. 5.4. However, after that point, these two
DTC-grafted polymers show different behaviors. The PAH-DTC exhibits remarkable stability
across the whole time span. After more than 19 days, the peak intensity decreases to ~ 0.6 from a
maximum value of 0.77, only a 22% loss, and the shape of the peaks remain intact as shown in Fig.
5.2. During the kinetics study, the vials containing the DTC solutions were only degassed with
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Fig. 5.2 Representative absorption spectra of PAH-DTC. The time in hours in the legends indicates
when the data was taken after the initiation of DTC formation. The two peaks are the
characteristic peaks at 260 nm and 290 nm of DTC molecules.

Fig. 5.3 Representative absorption spectra of PEI-DTC. The time in hours in the legends indicates
when the data was taken after the initiation of DTC formation. The two peaks at 260 nm
and 290 nm are the characteristic peaks of DTC molecules. The emerging peak at 240 nm
is caused by the decomposition of PEI-DTC.
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argon twice: once at the beginning of the experiments and once 3 hours after addition of CS2. Each
time the vials were flushed for ~ 5 minutes. However, the 290 nm peak of PEI-DTC underwent an
exponential-like decay just 6 ~ 8 hours after the start of DTC synthesis. After about 8 days, the
PEI-DTC was almost completely decomposed as evidenced by the drop of the 290 nm absorption
peak from maximum 0.6 to ~0.1, an 83% loss. The disintegration of PEI-DTC is also signaled by
the emerging of the extra peak at 240 nm and disappearance of the characteristic 260 nm peak in
Fig. 5.3. The formation mechanism and identity of the new peak at 240 nm deserve more analysis
and examinations.

Fig. 5.4 PAH-DTC (red line-rectangle) and PEI-DTC (blue line-circle) formation kinetics plotting
absorptions of the 290 nm peak. The inset shows the peak intensity for the first few
hours of the DTC formation. It takes about 4 hours for DTC formation to complete.
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5.3.2 Stability in air, acid or salt solutions

The DTC stability experiments started when the intensities of the DTC peaks showed that the
reaction had run to completion. 20 μl DTC solutions (PAH-DTC or PEI-DTC) were taken from the
sealed reaction vials and diluted into 2 ml 1mM HCl (HNO3, NaCl) solution or 2 ml DI water in 4
ml vials. There were a total of 8 samples. The mixed solutions were kept in vials which were not
degassed with argon and that were open to air. Absorption measurements were performed in these
2 ml mixed solutions and the absorptivity at 290 nm was registered as an indicator of the amounts
of DTC ligand left in the solutions. Since the vials containing HCl (HNO3, NaCl) were open to air,
degradation of DTCs was the joint result from the presences of air and acid or salts.
Normalized 290 nm peak absorption values of the PAH-DTC and PEI-DTC solutions under
these conditions are shown in Fig. 5.5 and 5.6, respectively.
PAH-DTC suffered a continuous loss when exposed to air. After 5 days of air exposure, the
290 nm peak intensity diminished to 50% of its initial value. It is even more susceptible to acid or
salt solutions, showing a 65% loss in 1mM HNO3 and 88% loss in 1mM NaCl solutions after 5
days. It appears that the PAH-DTC is more vulnerable in NaCl solution. It is also interesting to
note that the decay of DTC under these conditions appears to be a two-step process. Decay is slow
during the first 30 hours, and then assumes a faster pace, which is especially distinct in the case of
1mM NaCl solution.
The PEI-DTC shows simple exponential decay in all four environments and is significantly
more sensitive to the acid solutions as shown in Fig. 5.5. The 290 nm peak intensity dropped off to
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~ 20% of the original value after only 8 hours in both 1 mM HCl and HNO3 solutions. However, in
air exposure or 1 mM NaCl solution, it took almost 3 days for the PEI-DTC to decline to the same
level.
Comparing Fig. 5.5 and 5.6, it is clear that the PAH-DTC is more stable than the PEI-DTC
under a variety of conditions, which is consistent with data of the DTC formation kinetics
displayed in Fig. 5.4. Therefore, in the following surface functionalization experiments, I use
PAH-DTC as the adsorbent to modify the surfaces of nanoparticles.

Fig. 5.5 Stability test of the PAH-DTC. DTC solutions of 20 μl were diluted in 2 ml solutions
(black rectangle: DI water; blue star: 1mM HNO3; green diamond: 1mM HCl; red
circle: 1mM NaCl). The absorption values of the 290 nm peak were normalized and
plotted in the figure. The DTC molecules in argon (orange triangle) are also plotted as
a reference.
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Fig. 5.6 Stability test of the PEI-DTC. DTC solutions of 20 μl were diluted in 2 ml solutions
(black rectangle: DI water; blue star: 1mM HNO3; green diamond: 1mM HCl; red
circle: 1mM NaCl). The absorption values of the 290 nm peak were normalized and
plotted in the figure. The DTC molecules in argon (orange triangle) are also plotted as
a reference.

It is worth noting that all the stability tests here were performed on free DTC ligands in
solutions. It is anticipated that the DTC molecules should be significantly more stable when it is
bound to a metal surface.

5.3.3 Degradation due to reaction with carboxyls

As detailed in the above experiments, DTC molecules undergo mild or severe degradation in
harsh environments like in acid or salts solutions. Furthermore, I have found that DTC ligands also
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can suffer losses due to reactions with other chemicals as demonstrated in the following two
separate experiments.
In the first experiment, 20 μL PAH-DTC solution was added to 2 ml 15 mM citric acid buffer
(at pH ~ 3.0) to exam the stability of PAH-DTC. The data are shown in Fig. 5.7, which
demonstrates the vulnerability of PAH-DTC to the citric acid buffer. In less than 24 hours after the
PAH-DTC was mixed with the buffer, the absorptivity of the 290 nm peak dropped to 0.18, a 75%
loss. A possible explanation for this vulnerability is that the DTC ligands can actually react with
the carboxylic group in citric acid, causing the degradation of the DTC grafted PAH polymers.

Fig. 5.7 The degradation of PAH-DTC after adding to 15 mM citric acid buffer. The time in
hours indicates when the spectrum was taken after the addition of citric acid buffer.
The inset shows the exponential decay of the absorptivity of the 290 nm peak. The
dotted line serves as guide to the eye.
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In another experiment, 4-(N-Boc-amino) piperidine (4NBaP)-DTC was synthesized and was
found very sensitive to the presence of trifluoroacetic acid (TFA). The structures of 4NBaP and
TFA are shown in Fig. 5.1. The boc group protects the secondary amine in the side group so that
CS2 will react with the secondary amine in the ring only. Addition of TFA will then remove the
boc group, resulting in DTC molecule with a primary amine group. This could provide an alternate
way to achieve amine-functionalized Au nanoparticles.
In the experiment, ~ 6 mg 4NBaP (~ 30 μmole) was dissolved in 1 ml ethanol and mixed with
30 μL 1M Et3N. The mixture was degassed for ~ 5 minutes with argon before 25 μL 1M CS2 was
added. The solution was vortex mixed for ~ 1 minute and left stirred for 2 hours. An absorption
spectrum was then taken and is shown in Fig. 5.8 as “no TFA”. However, one hour after 30 μL 1M
TFA was added, the absorptivity of the characteristic DTC peak dropped about 86% as indicated in
Fig. 5.8. A very small increase at the two-hour mark is probably due to measurement variation or
possible ongoing DTC synthesis, but the two characteristic DTC peaks almost completely
vanished 7 hours after TFA was added. Although TFA can be used to remove the boc group, it
clearly also cause degradation of DTC so that boc-based deprotection chemistry is likely
incompatible with DTC based surface functionalization.
In these two experiments, different DTC molecules were used. However, the similarity
between Fig. 5.6 and 5.7 suggests the same degradation mechanism in both cases. The
characteristic peaks, especially the high energy peak at 260 nm, simply decrease without any
spectral shift or emergence of an extra peak. This clearly shows the degradation here is
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Fig. 5.8 Sensitivity of 4NBaP-DTC to presence of TFA. TFA is effective to remove protective boc
groups. However, TFA is not compatible with DTC ligands. The addition of TFA caused
a dramatic loss of DTC ligands.

different from those caused by the exposures of DTC ligands to air, acid or salts. The loss of DTC
in these two experiments is possibly due to the reactions between DTC and carboxylic groups in
citric acid and TFA. When DTCs are exposed to acid or salt solutions, the degradation is likely
caused by oxidation or decomposition of the DTC ligands, which results in the emergence of an
extra peak at ~ 240 nm.

5.4 Surface Functionalization of Au Nanoparticles with PAH-DTC
5.4.1 PAH-DTC and PAH modification

Due to its greater stability in various environments, DTC grafted PAH was employed to
functionalize surfaces of Au nanoparticles, leaving amine groups on the surfaces for subsequent
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experiments. To verify the stability of the DTC anchored functional coating, poly(acrylic acid)
(PAA)/PAH ISAM films were deposited onto DTC modified Au particles. For the purpose of
comparison, Au nanospheres coated with a physisorbed layer of PAH were also prepared and
subjected to the same PAA/PAH ISAM film deposition. The absorption spectra of PAH-coated
and PAH-DTC coated Au nanospheres are shown in Fig. 5.9 (b) & (c), respectively.
Before PAH/PAA deposition, ~1.2 ml of Au nanoparticle (NP) - PAH (or PAH-DTC) mixture
was centrifuged three times to remove excess polymers in the solutions. The centrifuge was
performed at speed of 13,000 round per minute (RPM), which is corresponding to a 16060 g
relative centrifugal force (RCF), for 20 minutes each time. After each centrifugation, the
supernatant was carefully removed with ~10-20 μl of suspension left in the microcentrifuge tube.
The nanoparticles were then redispersed in DI water each time except the last, after which the
particles were instead dispersed in PAA adsorption solution. The absorption spectra before and
after centrifugations are shown in Fig. 5.9. A stock Au NP suspension was also subject to the same
centrifugation process and the corresponding absorption spectra are shown in Fig. 5.9 (a). Before
centrifugation, a single absorption peak at 532 nm is observed. It is the surface plasmon absorption
peak for 20 nm Au nanospheres25. However, after the first round of centrifugation, the appearance
of a major peak at 700 nm in the spectra indicates large-sized aggregates of Au nanospheres are
present in the suspension. The aggregation is less pronounced when the Au nanospheres are coated
with PAH or PAH-DTC. For PAH-coated particles, the majority of the particles survive three
rounds of centrifugation as indicated by minor intensity changes of the 532 nm peak in Fig. 5.9 (b),
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even though small aggregates of PAH-coated Au NPs are formed in the suspension. The slight
shoulder around 640 nm beside the 530 nm peak suggests some Au nanospheres flocculate into
small aggregates. The best results come from PAH-DTC coated Au nanospheres, as we expected.
As shown in Fig. 5.9 (c), PAH-DTC-coated Au NPs display good stability with a simple
clearly-defined single peak through the centrifugation process, in which only a small loss of Au
nanospheres is observed estimated from the small decrement of 532 nm peak intensity. In this
experiment, I used UV-Vis spectroscopy to monitor the degree of aggregation in the Au
nanosphere suspensions. In the absorption spectrum, the emergence of an extra peak (large
aggregations) or shoulder (small aggregations) in the longer wavelength of the plasmon absorption
peak is clearly a sign of aggregation in the suspensions. In contrast, it is not easy to detect
aggregation using DLS size measurements. With the uncertainty in the measurement, aggregation
is apparent only when large increase of the size measurement occurs. Therefore, spectroscopy is
more sensitive to aggregations than DLS.
5.4.2 PAA/PAH ISAM film deposition on Au nanoparticles

After successful centrifugations, PAA/PAH ISAM layers were deposited onto the particles
using a Layer-by-Layer (LbL) technique217. The PAA and PAH solutions (1mg/ml) were adjusted
to pH 9 and 5, respectively, using HCl or NaOH. Such pH values were chosen because PAA and
PAH are highly charged under these conditions (pKa of PAA = 4.5226 and pKa of PAH = 8.7160).
The salt (NaCl) concentration of the polyelectrolyte (PAA or PAH) solutions was 0.2 M following
procedures in the literature217. A 2 mM NaCl solution was used instead of DI water to redisperse
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the particles after each centrifugation step. In each PAA or PAH adsorption step, the Au
nanospheres were left in the solutions for 30 minutes to ensure good polymer coating on the
particles. Then the suspensions were centrifuged three times at 13,000 RPM to remove excess
polymers in the suspensions. After the first centrifugation, supernatants of the suspensions were
removed, and the nanoparticles were redispersed in water with 2 mM NaCl. After the second
centrifugation, the nanoparticles were redispersed in 1 ml DI water with no salts. Absorption and
zeta potential measurements were then performed on the nanoparticles. After the third
centrifugation, the nanoparticles were redispersed in polyelectrolyte solution, ready for the
deposition of the next polyelectrolyte layer. Ultrasonication (Cole-Parmer 8890) was applied to
the nanoparticle suspension if needed to help redispersion of the particles. The microcentrifuge
tube was immersed in the ultrasonication water bath for less than 30 seconds each time. This
process was repeated to deposit the subsequent polyelectrolyte layers. The deposition process was
terminated when the majority of the nanoparticles were lost due to aggregations as indicated by the
absorption spectra.
Absorption spectra of PAH and PAH-DTC coated Au suspensions are shown in Fig. 5.9 (b)
and (c), respectively, following each monolayer deposition. For PAH-coated Au NPs, the first
PAA monolayer coating leads to a considerable loss of Au nanospheres as the 532 nm peak
intensity drops from 0.84 to 0.58. The subsequent coating of the 2nd PAH layer terminates the
ISAM film adsorption process as the surface plasmon absorption peak of the particles disappears
almost completely. This is possibly due to that the polycation/polyanion electrostatic attraction is
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(a)

(b)

(c)

Fig. 5.9 Absorption spectra of (a) Au nanosphere stock suspension; (b) PAH-coated and (c)
PAH-DTC coated Au nanospheres (20 nm in diameter) in ISAM film deposition process.
Stock Au colloid served as comparison. In graph (b) & (c), the legends indicate the ISAM
film structures on the nanoparticles and the spectra were taken after 2nd centrifugation
except the fist monolayer (PAH in (b) and PAH-DTC in (c)).
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stronger than that between the positive-charged PAH and the surface of the Au nanosphere
(negatively charged by PAA)129. In contrast, a five-layer ISAM film including the anchored DTC
layer was successfully deposited onto the Au nanospheres, although the colloidal suspension
suffered a continuous loss of nanospheres during the process. The final peak intensity is 0.17, a
significant drop from the initial value of 0.9 of DTC-coated suspension. Furthermore, the
absorption peak shows a small red-shift from 532 nm to the 550~570 nm range, indicating that
some slight aggregation occurred in the suspension. It is interesting to note that loss of Au
nanospheres only occurred after PAH monolayer deposition steps as can be seen in Fig. 5.9 (c).
The peak absorption drops from ~0.8 to ~0.4 with the deposition of the 2nd PAH layer (I consider
the PAH-DTC coating as the 1st PAH layer) and subsequently to ~0.17 when the 3rd PAH layer is
deposited. In contrast, the depositions of the PAA layers cause virtually no loss of Au nanospheres
as is demonstrated by the almost unchanged absorption spectra before and after these deposition
steps. This PAH deposition-induced loss of Au nanospheres is likely due to the relatively larger
molecular weight of PAH (~15,000) compared to PAA (~5,000), which may induce flocculation
through bridging by long polymer chains.
The success of coating the PAH-DTC functionalized nanospheres was also confirmed by the
zeta potential measurements. Fig. 5.10 shows the zeta potentials of the nanoparticles as a function
of the number of ISAM layers deposited. The nanospheres were dispersed in 1 ml DI water for the
measurements. The zeta potentials of the ISAM coated nanoparticles alternated between + 40 mV
and – 40 mV depending on whether the outmost layer consisted of PAH or PAA. The reversals in
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Fig. 5.10 Zeta potential of ISAM film coated Au nanospheres (20 nm in diameter) as a function of
layer number. Red squares represent DTC-PAH modified Au nanospheres and black
diamonds represent normal PAH/PAA coated particles. Only two layers of PAH/PAA
were able to be deposited on the Au nanospheres before severe aggregations occurred.

the signs of the zeta potential are characteristic of oppositely-charged polyelectrolyte multilayers
formed on particles, suggesting successful PAH or PAA monolayer deposition in each step. The
functionalizaton with PAH-DTC enables the deposition of 5-layer ISAM film on the Au
nanoparticles. By contrast, only two layers of PAH/PAA film could be deposited on unmodified
particles. This is consistent with previously reported results129.
5.4.3 Autotitration experiments

Autotitration was also preformed to investigate the stability of PAH-DTC coated 20 nm
diameter Au nanospheres. Zeta potential and mean size (also called Z-average size) of the
nanosphere were measured under different pH conditions using the integrated autotitrator MPT-1
in the Malvern Nano-ZS. For reference, PAH-coated nanospheres and unmodified stock
suspensions were also titrated using 1 M HCl, 1 M NaOH and 0.1 M NaOH solutions. After
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centrifugations (three times at 13000 RPM) to remove excess polymers, 1 ml PAH-DTC coated
and 1 ml PAH-coated Au colloidal suspensions were redispersed in 6 ml water, respectively. The
pH of the water was adjusted to ~3 using HCl before the particles were added, which is the start pH
value of the autotitration, by adding HCl to the water. One ml Au nanosphere stock suspension was
directly diluted into 6 ml of pH ~3 HCl solution for the titration. Zeta potential and size of the
nanospheres were monitored as a function of pH and are shown in Fig. 5.11.
In Fig. 5.11, the solid and empty symbols represent the zeta potential and size data,
respectively. The Au nanosphere stock suspension shows negative zeta potentials from -4.8 mV to
-40.2 mV as pH values increases from 3 to 11. The negative zeta potentials are due to the fact that
the particles are stabilized with citrate and therefore show a net negative surface charge227. For
PAH or PAH-DTC coated particles, in the pH range 3~5, the amine groups on the particle surface
are highly charged and a positive zeta potential is expected. In fact, positive zeta potentials are
observed for PAH and PAH-DTC modified Au nanospheres as indicated in Fig. 5.11, implying
successful surface functionalization with amine groups. Furthermore, PAH-coated and PAH-DTC
coated Au nanospheres show similar trends in the zeta potentials except that the PAH-DTC coated
nanospheres exhibit consistently larger zeta potentials than PAH-coated nanospheres over the
whole pH range. This is likely due to a higher surface density of amines on PAH-DTC modified
nanospheres than PAH modified ones. For PAH-coated nanosphere, the PAH polyelectrolytes are
electrostatically bound to the particle surface. The already-deposited PAH polymers on the surface
are likely to repel the PAH in the solutions away from the particle through electrostatic repulsions,
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preventing additional deposition of PAH well before a complete monolayer has formed. However,
the DTC grafted PAH polymers are covalently attached to the particle surface through the
DTC-Au bond. Therefore, as long as there are bonding sites available on the surface, more
PAH-DTC polymers can be deposited on the Au nanoparticle, yielding larger surface charge
density and thus larger zeta potential on the particle surface. In addition, the isoelectric points (pI)
are ~8.2 and 9.1 for PAH and PAH-DTC coated particles, respectively. The pI of a molecule is the
pH at which the molecule carries no net charge and thus often has minimum stability. Therefore, a
higher pI value of PAH-DTC modified Au nanospheres simply means they are stable over a larger
pH range than PAH modified particles, demonstrating the robustness of particles functionalized
with this technique.
The corresponding size measurements further demonstrate the greater stability of PAH-DTC
modified Au nanospheres. Aggregations occur when pH is larger than 5.2 for PAH-coated Au
particles, which is signaled by the onset of increase of Z-average size of the particles as indicated
by the empty circles in the Fig. 5.11. PAH-DTC coated nanospheres show much better colloidal
stability and remain unaggregated at pH up to ~7.5 as the Z-average size of the particles stays
about 60 nm. The flocculation of PAH-DTC coated particles starts at pH values higher than 7.5.
For both PAH and PAH-DTC coated Au nanospheres, it appears that the colloidal suspensions are
stable when the zeta potentials are larger than 20 mV. When the zeta potentials fall below the
critical value of 20 mV, it appears that the electrostatic repulsions between the Au nanospheres are
insufficient to prevent flocculation. As a comparison, the Au stock suspension starts to flocculate
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Fig. 5.11 Autotitration results (zeta potential (filled symbols) and size measurements (empty
symbols) of Au nanospheres (20 nm in diameter): PAH-DTC monolayer coated Au NP
(squares); PAH monolayer coated Au NP (circles) and unmodified Au NP stock
suspension (triangles).

in the very beginning of the autotitration as indicated by the empty triangles in Fig. 5.11, even
though the size of the aggregate is relatively small, which is possibly due to addition of salts and
lack of polymers in the suspension. If polymers were present, this could cause bridging of
aggregates and create larger clusters. Additionally, the continuously increasing magnitudes of the
zeta potentials of the Au stock colloid with pH also prevent formation of large aggregates.
I also performed autotitration tests on 100 nm diameter PAH and PAH-DTC coated Au
nanospheres as well as the Au stock suspension. The samples were prepared differently in this case
in that PAH or PAH-DTC coated Au nanospheres were redispersed in DI water (pH 5~6) after
centrifugation instead of HCl solutions with pH ~3. The measurements were taken at a pH step of
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0.3 and the results are shown in Fig. 5.12. Both PAH and PAH-DTC coated Au nanospheres show
a similar zeta potential dependency on pH, as was observed in Fig. 5.11 for 20 nm nanospheres.
However, the Au stock suspension displays positive zeta potentials in the beginning of titration
and has a pI value of ~5.7 whereas the 20 nm Au stock suspension exhibits negative zeta potentials
over the whole pH range 3~11. This is likely caused by the unfavorable oxidation or fouling of the
suspension, which was not air sealed during storage. Instead, the cap was removed each time
suspension was drawn from the bottle with pipette.
The size measurement results are represented by the empty symbols in Fig. 5.12. Similar to 20
nm Au nanosphere stock suspension, 100 nm nanosphere stock suspension show aggregations
from the start of the autotitration, even though the aggregates are smaller compared with
aggregations in PAH or PAH-DTC coated Au nanospheres. Unlike 20 nm PAH-coated
nanospheres, 100 nm PAH-coated nanospheres shows flocculations at the start of the autotitration.
The size of fllocculates decreases to about 130 nm at pH ~ 7 and stays at this magnitude before
dramatic aggregation occurs at pH ~9. It can be seen that 130 nm is the mean size of a single
nanosphere as indicated by the size measurement data traces of Au stock nanospheres and
PAH-DTC coated nanospheres at low pH values. The initial flocculation of PAH-coated
nanospheres is possibly caused by the redispersion in water with pH 5-6 instead of in water with
pH ~3 as in the case of 20 nm nanospheres. The fact that larger size nanospheres are stabilized at
higher pH228also suggests that PAH polymer may be attached more firmly to the surface at pH 7-9.
In contrast, PAH-DTC modified Au nanospheres shows remarkable stability over the entire pH
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3-9 range with mean size on the level of 130 nm before severe aggregations takes place at pH
above 9.

Fig. 5.12 Autotitration results (zeta potential and size measurements) of Au nanospheres (100 nm in
diameter): PAH-DTC monolayer coated Au NP (squares); PAH monolayer coated Au NP
(circles) and unmodified Au NP stock suspension (triangles).

5.5 Conclusion
In this chapter, I have described the synthesis of DTC grafted PAH polymers and their use in
functionalizing surfaces of Au nanospheres. The synthesis and stability of PAH-DTC were
explored in detail. As a comparison, PEI-DTC was also synthesized. In general, the DTC
formation requires at least 4 hours under current experimental conditions. Contrary to expectations,
PAH-DTC shows greater stability than PEI-DTC under various conditions such as in acid and salt
solutions. Therefore, DTC grafted PAH was used for modification of Au nanospheres. Both
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UV-Vis spectroscopy and autotitration tests demonstrated that PAH-DTC coated Au nanospheres
are significantly more stable than PAH coated or unmodified Au nanospheres, which is attributed
to the strong covalent DTC-Au bond and higher surface coverage of PAH-DTC on the particles.
Successful ISAM film deposition onto PAH-DTC coated nanospheres also demonstrated the
robustness of anchored DTC ligands to the Au surfaces. Thus, amine-functionalized Au
nanoparticles with great colloidal stability are achieved.

5.6 Future Work
I observed the synthetic process of PAH-DTC and PEI-DTC by measuring their absorption
spectra at regular intervals. However, the accuracy of the analysis is compromised by the
availability of limited data points. A real time intensity measurement is believed to provide more
insights about the formation reaction of DTC ligands. Since DTC formation requires anaerobic
conditions, special cuvettes that enable degassing and injections of reagents while collecting
absorption data are needed.
During the decay of PAH-DTC, a two step process was observed, especially in NaCl solutions.
The decay was initially slow and then assumed a faster pace. I also observed the emergence of an
extra peak at 240 nm during the decay of PEI-DTC. Further analysis and experiments are needed to
fully understand the mechanism of these phenomena, which could give clues in synthesizing more
stable DTC molecules and employing them under appropriate conditions. Furthermore, the
decomposition of DTC by possible reaction with carboxylic groups is in need of experimental
verifications.
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DTC-grafted PAH was synthesized and showed good stability in various environments. Au
nanospheres were then coated with PAH-DTC, showing much greater colloidal stability than
particles coated with ungrafted PAH or stock suspension. Several bilayers of PAA/PAH ISAM
films were deposited onto PAH-DTC modified Au nanospheres while the ISAM deposition on
unmodified nanospheres was unsuccessful. Up to 5 layers (including PAH-DTC) were
successfully deposited on the particles before severe loss of Au nanoparticles due to aggregation
took place. It is expected that more layers can be adsorbed onto Au nanoparticles by using strong
polyelectrolytes whose dissociations are not dependent of the pH values of the solutions.
Therefore, a good electrostatic repulsion force is always present between nanoparticles
maintaining colloidal stability of the suspension. Strong polyelectrolytes such as sodium
ploy(styrenesulfonate) (PSS) and poly(diallyldimethylammonium chloride) (PDDA) , shown in
Fig. 5.13, can be employed to fabricate such ISAM films. Furthermore, as suggested in Chapter 3,
nonlinear chromophores could be incorporated into ISAM films such that the chromophores are
very close to the surfaces of nanoparticles. Since the decay length of localized surface plasmon

(a)

(b)

Fig. 5.13 Chemical structures of strong polyelectrolytes: (a) PSS and (b) PDDA.
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resonance is just a few nanometers, direct attachment of nonlinear chromophores to the
nanoparticles surfaces would take full advantage of the localized enhanced electromagnetic field
intensity. Highly efficient second harmonic generation (SHG) emitters could be achieved with
deliberate design of nanoparticle structures using this approach.
Au nanoparticles coated with a monolayer of DTC grafted PAH polymers show great colloidal
stability over a large pH range, producing amine-capped particles. However, the polymers can
cause aggregations of nanoparticles by the bridging of their long chains. There exists a better
amine surface functinalization using DTC-base small molecules. Small molecules instead of
polymers could be more efficient for functionalizing surfaces with larger amine group density and
possible higher colloidal stability. I have tried a small molecule - 4-(N-Boc-amino) piperidine for
this purpose. Unfortunately, the boc deprotection chemistry is not compatible with DTC ligands,
which prevents the possibility of surface functionalization with this molecule. However, there
exist other molecules like the ortho-nitrobenzyl based photocleavable compounds229, 230, which
could be used for DTC formation and subsequent deprotection of amines with UV exposure
instead of chemical reactions.
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