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Two different strategies for producing hierarchical polymer/nanoparticle (NP)
patterned structures are presented in this work. The first strategy combines self-assembly
of amphiphilic block copolymers at the air-water interface with microscale template
assembly of the resulting aggregates on chemically-patterned substrates. Aggregates are
formed via interfacial self-assembly of 141k polystyrene-block-poly (ethylene oxide)
(PS-b-PEO, M,=141 k) or a blend of PS-b-PEO (M,=185 k) and PS-coated CdS (PS-
CdS) quantum dots (QDs), to form aggregates of copolymer or copolymer/NP. Using
Langmuir-Blodgett (LB) technique, the formed aggregates are then transferred to
patterned substrates with alternating hydrophilic/hydrophobic stripes, obtained by
microcontact printing (UCP) octadecyltrichlorosilane (OTS) on glass. The effect of
different parameters including surface pressure, orientation of the patterned substrate
respect to the air-water interface, and withdrawal speed was studied. Successful
aggregate transfer to the hydrophilic domains of the patterned hydrophilic/hydrophobic
substrate is achieved when patterned stripes are oriented perpendicular to the water
surface during LB transfer and when substrates are withdrawn at low speed and low

compression pressure.
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The second strategy combines the phase-separation of immiscible polymer blends

during spin-coating with pCP. We show the surface-directed patterning of a phase-
separating polymer blend on optically-transparent (OTS)-patterned glass substrate
obtained via PCP. First, morphologies and pattern registration of thin spin-coated films
of PS (M,=131 Kk)/ poly(methyl methacrylate) (PMMA, Mw= 120 k) blends on patterned
glass with alternating hydrophilic/hydrophobic stripes is studied for a range of
experimental conditions including polymer concentration, blend composition, solvent,
and spin rate. Good registration of polar PMMA to hydrophilic glass surface and non-
polar PS to hydrophobic OTS lines is found under conditions, where polymer domain
sizes are commensurate with the pattern periodicity. Next, we apply this method to
pattern NPs using blends of PMMA and PS-CdS QDs via spin-coating onto OTS-
patterned glass. Ultimately the method was extended to simultaneously pattern multi-NP
functional assemblies using PS-CdS and a sample of PMMA-coated silver NP (PMMA-
Ag). The specific interest in patterns of Ag NPs and CdS QDs is to provide a suitable
proof-of-concept system for simultaneous multi-NP patterning. However, this system
also has some interesting optical behaviour as a result of QD-surface plasmon
interactions that is investigated in details. The challenge in PS-CdS/PMMA-Ag NPs
patterning is the gelation as the solvent evaporates during spin-coating that restricts the
NPs mobility and constraints their phase-separation.  We show that adding
homopolymers to the NPs blends prevents the overlap of approaching NP brushes and
prevents the resulting gelation. Feature sizes were then fine-tuned by changing solution
concentration and spin rate, in order to obtain NPs domains which can be surface-directed

on OTS-patterned glass substrates.
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Chapter 1. GENERAL INTRODUCTION



1.1. Introduction

Controlled assemblies of semiconductor and metal nanoparticles (NPs) into
ordered structures have applications in micro- and nanoscale devices with specific
functions. The self-assembly of polymers provides new paths for controlling the spatial

organization of NPs.'*®

Polymers also offer additional benefits such as providing a
matrix with tunable mechanical, optical and electronic properties for the resulting
composite structures.  Directing NP/polymer self-assemblies externally by using
chemical-or topographical features of lithographically-patterned surfaces further
improves the ordering and organization of nanostructures, which is the main objective of
this work and will be discussed extensively in this thesis.

Quantum dots (QDs) are semiconductor NPs with optical and electronic
properties that are intermediate between those of bulk semiconductors and discrete
molecules. This is due to quantum effects arising from the confinement of electron-hole
pairs, or excitons, in the material.***An electron-hole pair is bound on a characteristic
length scale known as the Bohr-radius. When the Bohr radius is comparable to the size
of the NP, excitons are confined in all three spatial dimensions, increasing their energy
relative to the bulk material and giving rise to size-tunable optical properties (e.g.
absorbance and fluorescence). QDs have a wide range of possible applications in the
fields of quantum computing,®*photovoltaics,® electronics® and biological imaging®’ due
to their interesting and size-tunable optical properties.

Metallic nanocrystals are another group of NPs which have interesting optical

properties mainly due to their broad and strong absorptions in the visible and near

infrared spectral regions associated with surface plasmon (SP) excitations.®3* SP
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excitations are attributed to coherent oscillations of conduction electrons upon resonant

interaction with incident light.?® The position, width, and intensity of SP bands depend
on parameters such as the nature of the metal, the charge, size, geometry and size
dispersity of the NPs, as well as the refractive index of the material at the NP surface.?®**
Since the oscillations occur at the boundary of the metal and the surrounding medium,
SPs are very sensitive to any change in the surroundings; for instance, the adsorption of
any molecule on the metal surface shifts the position of SP band. This high spectral
sensitivity makes metal NPs good candidates for various applications in the fields of
sensing.*>*" Metal NPs also have applications in electronics and optics.*** They have the
ability to modify the optical properties of luminescent materials; for example, they can
couple with the fluorescent emission of chromophores, such as QDs, and effect either the
enhancement or quenching of the emission.*>*° The relative importance of these effects
can be controlled by adjusting the distance between metal NPs and QDs or other
chromophores.*®

An important challenge in the field of nanotechnology is to control the spatial
distribution of inorganic NPs and to organize them into specific device-oriented
structures. The primary difficulty is that semiconductor QDs and metallic NPs, discussed
above, are generally insoluble in organic media such as solvents and polymers, which
leads to poor dispersal and uncontrolled phase-separation.? Therefore, in order to counter

"00r polymers® **"*have been used as

this dispersal problem, organic small molecules
ligands on the surfaces of NPs to improve their solubility as well as their stability and
processability. The properties of surface-functionalized inorganic colloids depend on the

stabilizer that is used on their surfaces; the presence of polymer layers on the surface of
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NPs offers the advantage of increasing their compatibility with an external polymeric

matrix as well as providing a medium with desirable mechanical properties, which is
required for many NP-based devices; appropriate polymer layer can also results in
controlled assemblies of NPs due to interactions between surface polymer chains and the
surrounding environment.”®2

In general, there are two fundamental assembly approaches: bottom-up and top-
down. Bottom-up assemblies are naturally driven by intermolecular forces while for top-
down assemblies molecules are manipulated by external forces. For polymers, two
examples among many bottom-up self-assemblies include polymer/polymer phase-
separation or block copolymer microphase-separation. Top-down techniques on the other
hand are those for which the assemblies are directed. Examples for top-down method
include using chemical-or topographical features of lithographically-patterned surfaces
for organizing self-assemblies; this allows fabrication of more complex and engineered
structures. The combination of bottom-up and top-down approaches can be utilized to
organize assemblies such as the self-assemblies of polymer-stabilized metal and
semiconductor NPs® into patterned structure, as will be demonstrated in the thesis;®*®
this provides a high level of spatial controllability because the self-assembled structures
are guided by lithographically-defined features on the surface.3*%°

The main goal in this thesis is to provide new routes for combining these two
assembly approaches in order to organize polymers and NPs assemblies in to ordered and
device-oriented structures. Self-assembly of block copolymers at the air-water interface®’

and phase-separation of the immiscible polymer blends are the two bottom-up processes,

which are combined with a soft lithographic, microcontact printing (UCP), top-down
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approach to direct the assemblies of polymers and QDs in the earlier parts of the work

(Chapter 3 and 4, respectively). Then in chapter 6 we demonstrate a new methodology to
simultaneously pattern multi NP types into patterned structures; this is shown for the
blend of QDs and metallic NPs.

The remainder of the present chapter is divided into eight sections. Section 1.2
provides a general introduction to polymers and block copolymers, including a
description of polymer-polymer phase-separation, which is a process relevant to Chapter
4-6 of this work. Section 1.3 is devoted to an introduction to semiconductor NPs and
Section 1.4 is on metallic NPs. Section 1.5 provides background information on
Langmuir-Blodgett (LB) films, including a description of the formation of Langmuir
monolayers at the air-water interface and their transfer to solid substrates using the LB
technique that is applicable to Chapter 3. In section 1.6, a detailed review of related
works on surface-directed assembly of phase-separating polymer blends and block
copolymers is presented. Section 1.7 describes important conceptual and technical
details on the main instrumental techniques employed in this thesis, including atomic
force microscopy (AFM), laser scanning confocal fluorescence microscopy (LSCFM),
static and dynamic light scattering (SLS and DLS), and absorption and fluorescence
spectroscopies. Finally, section 1.8 provides a summary of the content of the remaining

chapters of the thesis.



1.2. General Background to Polymers and Block Copolymers

1.2.1. Polymer Terminology and Definitions

A polymer is a large molecule made up of many smaller molecules called

monomers which are covalently bonded together.®®

Once they are incorporated into a
polymer, monomers are generally referred to as repeat units, with the size of the polymer
being described by the number of repeat units, which is called the degree of
polymerization. Depending on the bonding arrangement of monomers in the polymer,
different polymer architectures, such as linear, branched, or interconnected networks can
be achieved. When a polymer is built up from only one type of monomer the product is
called a homopolymer. If more than one type of monomer is used, then the product is a
copolymer, which can be further classified based on the relative arrangements of the
different types of repeat units.®® The four main classifications of copolymers are depicted
in Figure 1.1, where A and B represent two chemically-different repeat units covalently
bonded to neighboring repeat units. A random copolymer contains an essentially
random, or statistical, distribution of A and B repeat units along the copolymer chain. In
an alternating copolymer, repeat units A and B are incorporated in an alternating fashion
along the chain. When sequences, or blocks, of A repeat units are connected by covalent
bond sequences, or blocks, of B repeat units in a linear chain, the resulting copolymer is
called a block copolymer. Depending on the number of blocks making up the copolymer
chains, diblock (two blocks), triblock (three blocks), tetrablock (four blocks) or polyblock
(many blocks) copolymers can be formed. Finally, copolymers in which blocks of one

repeat unit are grafted as branches along a backbone of another repeat unit are known as

graft copolymers.



Fandom copolvmer AABAAAABBEBAABABABAABA
Altemnating copolvmer ABABABAABABABAEAEBAEBAEBA
Block copolvmer AAAAAAAAAMAABEEEEBEEEEB
Graft copolyvmer AAAAAAAAAAAAAA
B B
B B
B B
B

Figure 1.1. Types of copolymers synthesized from monomers A and B.

Unlike small organic molecules, which can be characterized by a single, well-
defined molecular weight, the statistical nature of most polymerization reactions leads to

a molecular weight distribution for a given sample (Figure 1.2).%

Mn

\Aw

Amount of polymer

Molecular Weight

Figure 1.2. An example of a typical molecular weight distribution for a theoretical polymer

sample, highlighting the positions of defined molecular weight averages.90
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For a given molecular weight distribution, different types of molecular weight

averages with different numeric values (Fig. 1.2) can be determined, depending on the

method of characterization. The number-average molecular weight, M, is defined as:

ZNiMi ZWi
- Izi:Ni :iZ(IWi/Mi)

M

(1.1)

where N; is the number of molecules of species i with molecular weight M;, and w; is the
total weight of all molecules of species i. Based upon this definition, the M, value is
sensitive to the number of molecules of each species i present in the system, and M, is
therefore the average value determined by techniques that measure colligative properties
of polymer solutions (e.g. osmometry, which measures solution osmotic pressure).

Another quantity which is commonly reported for polymers is the weight-average

molecular weight, M,,, defined as:

ZWiMi ZNiI\/Ii2
) IZ:Wi :IZNiMi

My

(1.2)

As expressed in Equation 1.2, M,, is sensitive to the weight of molecules of each
species i present in the system. The main characterization technique that measures M,
values is static light scattering (SLS), in which the contribution of each molecule or chain

to the light scattering intensity increases with its size. As illustrated in Fig. 1.2, M,, is
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more strongly weighted toward the higher end of the molecular weight distribution than

Mh.
The molecular weight distribution width for a polymer sample can be described

using the ratio of M,, to M, which is known as the polydispersity index (PI):

Pl = (1.3)

If all chains in a polymer sample are exactly the same molecular weight, then Pl=
1 and we refer to the sample as being monodisperse. However, typical Pl values for
synthetic polymers are closer to 2, with minimum values as low as 1.05 being achievable
using specialized “living” polymerization methods such as anionic polymerization.90

Dividing the average molecular weight of a polymer sample by the molecular
weight of an individual repeat unit, My, gives an average number of repeat units per
chain, or the degree of polymerization. Each of the above molecular weight averages can

be used to calculate a degree of polymerization. For example, the number-average

degree of polymerization (xy) is defined as:

n (1.4)

1.2.2. Polymer-Polymer Phase-separation

Immiscible polymer blends have a tendency to phase-separate below a critical

temperature in order to minimize the extent of enthalpically-unfavourable contacts.
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This is the opposite process of mixing. The tendency of polymers to mix or demix

depends on the change in the Gibbs free energy of the mixing process (AGnix); a

positive AGnix leads to spontaneous demixing, as defined by equation 1-5: °*

AG mix = AH mix — TAS mix (1-5)

Where AHnix is the change in enthalpy, T is the absolute temperature and ASpix is the
change in entropy. The sign of AGpix is determined by the competition between AHpmix
and ASmix. AHnix is usually a positive value because there is usually stronger attraction
between similar molecules (for example x and x or y and y) than between dissimiliar
molecules (x and y). For polymer blends, these two terms can be written based on Flory-
Huggins (FH) theory; FH is a mathemathical model describing the thermodynamic of
polymer solutions using a lattice model for calculating the entropy change based on
statistical calculation of the number of ways that the molecules of polymer and solvent
can be arranged on the lattice.”

AHmix and ASmix can be described as equation 1.6 and 1.7, respectively: ™ %

ASmix = -R (@1/['1 In @1"' @2/ Iy In Qz) (16)

where @; is the volume fraction of the component i, r; is the number of segments in
polymer i, T is the absolute temperature, R is the gas constant, and y is the FH parameter

which describes the interaction between the two components (a high positive y indicates


http://en.wikipedia.org/wiki/Thermodynamic_temperature
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repulsive interactions and a negative y indicates attractive interactions). By substituting
equations 1.6 and 1.7 into 1.5, for polymer blends composed of polymer 1 and 2, AGnix

(based on FH theory) can be written as belowsy:

AGnix=RT (Qlll’l In @1+ By ryIn Qz) + RT @1@2}(12 (18)

AGnix = RT (@1/[’1 In @1+ By roln B, + @1@2}{12) (19)

as for most polymer pairs is positive indicating unfavorable interaction between
dissimilar chains (relative to interaction between similar chains), unless there are specific
interactions such as H-bonding between the dissimilar chains; this results in a positive
AHpmix. ASmix, Which is the combinatorial entropy of mixing for polymer blends, is
defined by the number of ways that the chain segments of A and B can be arranged in a
lattice model. In a mixing process ASpix IS increasing; therefore, ASyix is a positive value
and the term -TASpix in equation 1.5, is negative; however, for high M,, polymers this
contribution is small because ASnix for polymers is insignificant compared to that of
small molecules solutions as polymers are chains of covalently bonded repeating units;
ASmix for n small molecules of A or B is ASmix=2nkIn2 but for polymers composed of x
monomers, the number of ways that chains can be arranged on the lattice model is x time
(x usually large number) smaller (ASmix=2xnkIn2) than that of small molecules. As the
result, AGnix for polymer blends is generally a positive value resulting in demixing of
polymer blends.®* %2

Plotting AGnix against composition (X) for a polymer blend yields in a curve

similar to the one shown in Figure 1.3 a. Tangential line to the curve meets the curve at
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two points (shown as B) representing the binodal points; the inflection points on the

curve (shown as S) are representing the spinodal point. Region between two S points is
called spinodal region and two regions between S and B points are called binodal regions.
Lowest AGpix for compositions in region in between two B points (including both
spinodal and bimodal regions) is obtained when the blend decomposes into two phases
with composition of B points; therefore, in these regions phase-separation occurs. In
spinodal region, the blend is unstable to small fluctuations in composition and
decomposes by a mechanism called spinodal decomposition, where first different regions
with compositions close to points B are forming and then by further diffusion between
the regions the compositions are reaching the B points. In binodal region, the blend is
metastable meaning that large fluctuations result in the decomposition, called binodal
decomposition, which occurs via nucleation of droplets with composition of one of the
points B and then growth of these droplets via diffusion. Binodal and spinodal regions

are shown on the phase diagram (plot of temperature against X) in Figure 1.3 b **
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Figure 1.3. Typical (a) AGix against X plot and (b) the phase diagram for polymer blends

displaying binodal and spinodal regimes.**

1.3. Semiconductor Nanoparticles or Quantum Dots (QDs)

Since the late 1980s, semiconductor nanoparticles, also known as QDs, have
attracted significant attention in the field of material science. These NPs, which have
diameters in the range of 1 to 10 nm, are a class of materials with behaviour that falls in
between that of the molecular and bulk solid. QDs exhibit unique physical properties that
give rise to many potential applications in biology, computing, photovoltaic and light
emitting devices.?*?" %% Two fundamental factors, both related to the size of the
nanocrystal, are responsible for the unique size-dependent properties of QDs: the first is
the large surface-to-volume ratio of the particles compared to bulk materials; the second
factor is their different electronic structure due to the quantum confinement effect.

Optical and electronic properties of QDs are highly dependent on their size; thissize-
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dependence is attributed to the quantum confinement effect, which isdescribed in the

following section.

1.3.1. The Quantum Confinement Effect

In bulk semiconductors, energy levels of electronic states are so closely spaced
that they form virtually continuous energy bands.”® Valence bands (formed from filled
atomic bands) and conduction bands (formed from unfilled atomic bands) are separated
by an energy band gap (Eg), which is characteristic of the material. Given enough energy
(= Eg), an electron in a valence band can be elevated into the conduction band, leaving a
positive hole behind; the resulting electron-hole pair is described as an exciton. *

For nanocrystals because the size of particle is smaller than or comparable to the
size of the Bohr exciton radius, the delocalized band structure becomes quantized and the
energy of the exciton increases. Many theoretical and experimental studies have been
carried out to describe this phenomenon.**? " Among them is Brus®’ with his particle-
in-a-box model, where the exciton is considered the particle which is confined in a box
(the spherical nanoparticle). In his model, the infinitely high potential at the surface of
the nanoparticle confines the exciton. Using a quantum mechanical solution, Brus

calculated the energy of the first exciton (E*) in this spherical box of radius R to be: ¥’

2_2 2
E*= Eg+ 7'[2 i+i _lge +...
2RZ|m, m, | R

c

(1.10)
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where E* is the energy of the exciton, E; is the bandgap energy of the bulk

semiconductor, R is the radius of the particle, me and my, are the masses of electrons and
holes in the lattice, e is the charge of an electron and ¢ is the permittivity. As the above
equation implies, the positive second term, which is the confinement term is inversely
proportional to the square of the radius. Hence, a decrease in the particle size increases
the confinement term and consequently increases the exciton energy. The negative third
term is the Columbic term describing the attractive electron-hole -electrostatic
interactions. This term is smaller than the confinement term and is proportional to the
inverse of the distance between the electron and the hole, and therefore, decreases the
energy of exciton for smaller radius sizes. Overall, this model predicts an increase in the
energy of the exciton by a decrease in the particle size.*’

The quantum confinement effect can be seen in the absorption spectra of a series
of semiconductor NPs of different mean sizes. As shown in Figure 1.4 for cadmium
sulfide (CdS) QDs, the absorption peak blue shifts as the size decreases. For bulk CdS,
the exciton Bohr radius is ~ 5.8 nm; therefore, particles much larger than this have
electronic and optical properties identical to the bulk material, whereas NPs with smaller

sizes exhibit greater exciton energies.*
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Figure 1.4. UV -Vis absorption spectra of CdS nanoparticles of different average particle sizes.**

1.4. Metallic Nanoparticles

Studying noble metal NPs is a fast expanding area due to the various applications
of these NPs in the fields of catalysis, biosensing, *>*' electronics and optics.®*** Their
optical properties can be attributed to their broad and strong absorption in the visible
spectral region associated with the excitation of collective electron oscillations in the
metal referred to as surface plasmons (SPs).?**

There are different factors affecting the position, width, and the intensity of SP
bands, including the dielectric constant of the surrounding media, the electronic
interactions between the stabilizer (ligand attached to the NP cores) and the NP core, the

electronic interactions between NPs, particle surface charge, size, geometry and

28-34

polydispersity.
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The dielectric constant of the surrounding media affects both the position and the

intensity of the SP band;? it has been shown %%

that by increasing the dielectric constant
a red shift occurs. The position and bandwidth of SP bands are also strongly affected by
the size of metallic NPs; it has been demonstrated *' that an increase in the size causes a
red shift and broadens the SP band.*

There are several methods for the synthesis of metallic NPs including chemical

9 100-102

reduction,®® photochemical reduction,® reverse micelle process, micelle assisted
techniques™® and electrochemical synthesis.’®**% Generally the synthesis of a stabilized
metal NP starts with the reduction of a metallic salt by a mild reducing agent in the
presence of the desired colloidal stabilizer.®*%®

Metallic NPs have the ability to modify the optical properties of luminescent
materials. This has been shown for QDs, quantum wells, semiconductor nanowires and
Si nanocrystals.'®** Theoretical®'?® and experimental studies attribute this to the SPs
of metallic nanostructures. It has been shown that*®*#* %% |ocalized electric fields near
the surface of the metals that are induced by SPs, can couple with the excitation field and
intensify the radiation. SPs can also enhance the emission by coupling with the emitted
light from the radiative decay of the emitter (energy transfers from the emitter into the

dipole mode of Sp)_47-48, 116-120

One of the most important parameters affecting the
interaction between SP of metals and PL of QDs is the distance: enhancement effect
occurs when the separation between the metal and emitter is small because the field
induced by SP is highly localized at the metal surface and decays rapidly away from it

but putting the molecules too close to each other (reported in the range of 5-10 nm)*?° can

result in luminescence quenching due to non-radiative energy transfer between the
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excited emitter and metal when the distance is too small; in other word non-radiative

dipole-dipole coupling dissipates the energy and quenches the PL.

1.5. Langmuir-Blodgett Transfer (LB)

In Chapter 3, the transfer of polymer/NP assemblies from the air-water interface
to chemically-patterned glass substrates using the LB technique is described. Therefore,
a brief introduction to the LB method is presented in this section. Some general
information is also provided on the behaviour and orientation of amphiphilic molecules at
the air-water interface, the formation of Langmuir monolayers, and the characterization

of surface pressure-area isotherms.

1.5.1. Amphiphilic Molecules at the Air-Water Interface

Liquids have the tendency to contract their surfaces to a minimal exposed surface
area. This property of liquid surfaces is known as surface tension (), and is caused by
the force imbalance between the molecules in the bulk and at the surface.”*® In bulk,
molecules of liquid are pulled equally in every direction by neighboring like molecules
which results in a zero net force, whereas at the surface there is an inward non-zero net
force on the molecules that creates internal pressure.”®*® There are many different
methods available to measure the surface tension of liquids.”**™** Among them is the
Wilhelmy plate technique, in which a thin plate is used to measure the equilibrium
surface tension at an air-liquid interface.™®" As illustrated in Figure 1.5, the Wilhelmy
plate is oriented perpendicular to the interface and is partially immersed in the liquid.

The Wilhelmy plate is generally made of glass or platinum which is roughened for
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complete wetting and has a width much greater than its thickness. The force exerted on

the plate due to yof the liquid can be measured by a microbalance attached to the plate.
The force applied on the Wilhelmy plate (F) is the result of liquid wetting the plate and

can be written as equation 1.11:**

F =2(wp + ty)ycosé (1.11)

Where 2(w, + t,) is the perimeter of the wetted plate and @ is the contact angle between
the liquid and the plate along the three-phase junction (contact line between the liquid
subphase, air, and the solid plate). Since liquid fully wets the surface of the Wilhelmy
plate, &= 0 and cosd = 1; also, since the thickness of the plate is negligible compared to
its width (t,<<w,), we get F= 2w,y. This describes the relation between the measured

force, the dimensions of the plate and the surface tension of the liquid subphase.

A

Wp

Figure 1.5. Side and front view illustration of a Wilhelmy plate submerged in a liquid subphase.*®

As described above, surface tension is a property of liquids that is caused by
cohesive forces between like molecules. A more general property describing the

adhesive force between any two substances is the interfacial tension, where the two
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10151 fact, one may think of the surface

substances may be solids, liquids or gases.
tension of a liquid as a special case of an interfacial tension between the liquid and the air
above it. Emulsification and phase-separation in heterogeneous systems are examples of
processes caused mainly by the interfacial forces.**

Both interfacial and surface forces play an important role in the behaviour of
amphiphiles at the air-water interface.”** Amphiphile is originally a Greek word
composed from “amphis” meaning “both” and “philia” meaning “love”. It describes the
molecules which have both hydrophilic (water-loving) and lipophilic (fat-loving, or
hydrophobic) properties. Long chain fatty acids are examples of amphiphilic molecules
with an acid-functionalized head and a fatty tail. It is well established that amphiphiles
form monolayers at the air-water interface with the hydrophilic head oriented into the

137-138 these

water and the hydrophobic tail oriented away from the water toward the air;
floating monolayers are known as Langmuir films.

In a Langmuir film when surface molecules are far apart from each other, the
surface density (/) is small, and molecules move freely at the surface with minimum
intermolecular interactions. These films are said to be in a gaseous state, due to the
analogy with a three-dimensional (3D) gas.*** Increasing 7~ (for example, by compressing
the film using two moveable barriers) brings the molecules closer together, giving rise to
the formation of a two-dimensional (2D) liquid state. Further increase in 7 results in the
formation of a solid state, where the molecules are tightly packed and their lateral

movement at the surface is highly constrained.*** These three states are depicted in Figure

1.6.
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gas liquid solid

Figure 1.6. Three states of Langmuir films at various 7.

The presence of amphiphilic molecules on the surface of the liquid disrupts the
cohesive energy of the surface liquid molecules and thus lowers the surface tension. The
difference between the surface tension of the monolayer film () and that of the air-water

interface (jo) is referred to as the surface pressure (7z):***

=Y~y (1.12)

The surface pressure is usually determined by measuring changes in surface
tensions relative to the clean liquid surface, using a Wilhelmy plate as described
earlier.*® Monitoring the surface pressure as a function of the area of the water surface
available to each molecule, known as mean molecular surface area (A), during
compression of the film at a constant rate and temperature provides insight into
conformational changes of the molecules at the interface as they undergo transitions
between above-mentioned states upon film compression; the output of such a
measurement is a plot called a 7— A isotherm.*%

A typical 7 — A isotherm, which illustrates sections corresponding to each state
(represented in Fig. 1.6) is shown in Fig. 1.7."*® At large total surface areas, molecules
are in their gaseous state and decreasing the area at this state causes a very little increase

in the surface pressure; compression of the monolayer decreases A and brings the
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molecules close enough to each other to interact. At A corresponding to the beginning of

the liquid-gas plateau in Figure 1.7 the liquid-gas transition occurs; after completion of
this transition all molecules are in liquid state and as illustrated in Figure 1.7, for this
phase there is a stronger increase in 7 with decreasing the A until the second transition
(liquid-solid) takes place. In the solid phase, molecules are closely packed and

decreasing the A increases the zdramatically up to the point that the 2D monolayer

136-138

collapses into a 3D structure.

I
(mN-m) Liguid

Liguid -Gas

AU‘S AO.L AO.IS
Mean molecular area

Figure 1.7. Simplified 7 — A isotherm illustrating the gas-, the liquid — gas phase transition
plateau, the liquid-, and the solid- like phases. A, | and Ay sare the limiting mean molecular areas

of the liquid and solid states respectively.

Three important parameters that can be determined from an isotherm for a
particular molecule at the water surface are the critical mean molecular area of the gas,
liquid and solid (Aog, Ao and Ag, respectively), which can be measured by extrapolating

the isotherm to 7= 0, as shown in Figure 1.7.33 3% The monolayer compressibility

(Cr), which depends on intermolecular forces and is a characteristic of the monolayer,
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can also be determined from the isotherm; using the same analogy that describes the

compressibility of bulk materials in 3D, Cy, of a monolayer in 2D can be expressed as the

area change relative to a pressure change at a constant temperature.**

C, :_—1(%) (1.13)
A\or )t

In Chapter 3 of this thesis, Langmuir monolayers of amphiphilic block
copolymers are prepared and studied at the air-water interface. Amphiphilic block
copolymers have a hydrophilic and a hydrophobic block;® their Langmuir films form as
a result of the interplay of repulsive interactions between the hydrophobic blocks and
water and attractive interactions between the hydrophilic block and water. As a result,
hydrophobic chains form nanoscale aggregates of various morphologies at the water
surface as a result of spreading and solvent evaporation at zero surface pressure,
surrounded by peripheral chains of the hydrophilic block. Depending on the type,
composition and concentration of the block copolymer, different aggregate morphologies
can be obtained at the air-water interface including dots, spaghettis, continents, ring and

chai nS.78' 142-144

1.5.2. Langmuir-Blodgett (LB) Films

Langmuir films formed at the air-water interface can be transferred to a solid
substrate to form a LB film by vertical withdrawal of an immersed substrate from the

water subphase with a floating Langmuir monolayer at its surface.!*® Transferring the
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Langmuir films to a solid substrate is advantageous for characterization, optical,

electrical, and biological studies and applications.**>**® During the course of LB transfer,
the surface pressure is held constant at a desired transfer pressure, by two moveable
paddles which are electronically controlled through a feedback loop. In order to
characterize the efficiency of a transfer process, a term called transfer ratio (TR) is used
which is the ratio of the monolayer transfer from the interface on to the solid surface. TR
is defined by equation 1.14 using the change in trough area during transfer (AAr) and the
total surface area of the withdrawn substrate (As). TR should be around 1.0 for an

optimized transfer.*®

TR= 24 (1.14)
As

1.6. Surface-Directed Polymer Assemblies on Patterned Surfaces

Patterning polymers is advantageous for the fast growing field of nanomaterials
mainly because they open up new paths toward controlling NP organization on a
combination of length scales; such patterned structures offer vast potential applications
for optical and electronic devices.

As mentioned earlier, there are two general approaches to assemble polymers and
other molecular building blocks: 1. “bottom-up” (self-assembly) and 2. “top-down”
(directed assembly). Bottom-up assemblies are naturally driven as the result of

d .84—86

intermolecular forces while top-down assemblies are externally directe For

polymers, as described earlier (in section 1.2), spontaneous polymer-polymer phase-
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separation”™ and block copolymer microphase-separation®” are examples of bottom-up

self-assembly. These self- assemblies can be combined with an externally directed
approach for example use of lithographically-defined features of a surface for an
improved ordering and spatial controllability over the formed structures. %

A wide range of lithographic techniques have been used to fabricate patterned
surfaces by creating topographical or chemical features on the substrates. These pre-
patterned surfaces can be used to improve ordering and to direct the placement and

orientation of the bottom-up assemblies of phase-separating polymer blends’**® or

157-179

microphase-separating block copolymers. Topographically-patterned  surfaces

promote ordering by imposing a topographic constraint on assembling polymer chains

that laterally confines them during self-assembly®*®'%7*"

Chemically-patterned
substrates direct the placement of self-assembled structures by offering regions with
different surface energies which direct the placement of selective chemical components
of polymer blends or block copolymers based on their preferential wetting.#"°>17-166 |
the remaining part of this section, surface pattern-directed phase-separation of polymers
and surface pattern-directed microphase-separation of block copolymers are each

discussed individually.

1.6.1. Surface-Directed Phase-separation of Polymer Blends on
Patterned Surfaces
On chemically patterned surfaces, which are chemically-heterogeneous with

regions of various surface energies, the morphology of demixed polymer domains is

influenced by both processes of spinodal decomposition within the film (described in
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section 1.2.2) and preferential wetting of demixed components in different regions of the

chemically-heterogenous substrate. Therefore, in a blend of two chemically-different
polymers, following phase-separation the more polar polymer component will wet the
high-surface energy areas of the patterned substrate, while the less polar polymer will be
directed to the low-surface energy regions. An example for this is illustrated in Figure
1.8, which shows how demixed polymer domains are addressed to different regions of a
chemically-patterned surface based on their preferential wetting to form a patterned

polymer film.*>*

AP NP

2R
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Figure 1.8. Polystyrene (PS)/ Polyvinylpyrrolidone (PVP) polymer blend on a chemically-

300} === PVP + PS=——= PS

height/nm
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patterned substrate prepared by UCP 7-octenyltrichlorosilane self-assembled monolayer on to the
silicon substrtae with 4 mm period square arrays pattern of 2 mm diameter circles; (a) AFM
image and (b) cross-section (along the white line in image a) of the patterned polymers.***

Surface pattern replication in polymer films is affected by many parameters,
which will be discussed fully in chapter 4, including film thickness'*®, composition
matching between the blend volume ratio and the area ratio of the patterned surface,**®
>%and length scale matching between the pattern periodicity () and the inherent size of
148,153-154d

demixed polymer domains (characteristic length scale of phase-separation) (d).

can be quantified by fast Fourier transforms (FFT) on morphological features in AFM
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images as the correlation lengths of the surface morphologies (4y,),determined based on

the dominant wave vectors, gnm, (from a Gaussian fit to the main scattering peak) of FFT-
AFM power spectra(plots of intensity I(q) vs. scattering vector), as2z/qn.>*

Polymer blend films are commonly prepared using spin-coating technique on a
substrate that is rotating at high speed. During spin-coating there are two forces acting on
the liquid: centrifugal and viscous forces.™ Centrifugal forces are directly proportional
to the spinning rate (w) and viscous forces are proportional to the polymer solution
concentration (Cp); therefore, film thickness (h) can be adjusted by changing these two
parameters: h increases by decreasing o and increasing C,. > *** ¥ The size of phase-
separated domains (d) is also affected by C, and w; the empirical scaling law describing
thisis d ~ C, / w % , 1% 153182 that expresses a direct proportionality between d and
Cp, and a inverse proportionality between d and w*?; Therefore, R can be adjusted to

match the periodicity of the underlying pattern in order to obtain a well ordered patterned

156 148-155

morphology on both topographically™” and chemically patterned surfaces.

1.6.2. Surface-Directed Microphase-separation of Block Copolymers on

Patterned Surfaces

The difference between the phase-separation of copolymers with that of the
polymer blend, discussed in previous section, is that the phase-separation of block
copolymers cannot proceed to macroscopic extents, because the immiscible blocks are
covalently-bonded; therefore, microphase-separation occurs which leads to the formation
of nanoscale domains of various morphologies such as: spherical, lamellae, and

cylindrical structures (shown in Figure 1.9).2898* These structures are determined by the
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volume fraction of polymer segments A and B in the diblock copolymer. When the

volume fraction of block A is less than 20% of the total volume of the copolymer,
spheres rich in chains of A are formed in the matrix of B. When the volume fraction of A
IS increased up to 40%, cylinders are formed in a matrix of B. Up to 60% A, lamellae of
alternating A and B bilayers are formed. Above that, cylinders are formed in a matrix of

A and above 80% A, spheres of B are formed.

Frrelw

A Spheres
0-20% A 20-40% A 40-64% A 64-84% A >84% A

Figure 1.9. TEM images of microphase-separated diblock copolymers at various volume
fractions of A.*®

168-173,176-179 157-159

As mentioned earlier, both topographic and chemical patterns

have been utilized to guide the placement, orientation and ordering of block copolymer
microdomains. For cylindrical microdomains, the orientation of cylinders can be

controlled when the block copolymer is allowed to self-assemble on a chemically- or

168-171

topographically-patterned substrate (an example is shown in Figure 1.10 a).

Patterning spherical microdomains is also shown to increase the ordering of spheres into

170,176-179

hexagonally-packed structures (Figure 1.10 b and c). It is shown that ordering

in block copolymer microdomains is achieved when the periodicity of the
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lithographically defined pattern (A) is in the same order as the natural length scale of the

microdomain structure (L).?081704157159
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Figure 1.10. Examples for patterned block copolymer microdomains: TEM images of (a)

patterned cylindrical polystyrene-block-poly (ethylene-alt-propylene) (PS-b-PEP) diblock

169

copolymers on a topographically-patterned silicon nitride substrate;™ cylinders align themselves

along the edges of the channel , (b) angled-view and (c) top-view of patterned polystyrene-block-
poly (2-vinylpyridine) (PS-b-PVP) spherical microdomains on topographically-patterned grooved

silicone wafer.!"

1.7. Instrumentation

The focus of this thesis is the patterning of polymer/NP assemblies. In order to
characterize the patterned films, the primary technique utilized is atomic force
microscopy (AFM), which allows topographic imaging of non-conductive samples; this
is the case for most of our samples, which consist of non-conductive polymers (PS, PEO,
PMMA) on non-conductive substrates (OTS/glass). However, AFM only probes the
surface topology of the films whereas for the NP-containing polymer films, an imaging

technique that reveals the presence of the embedded NPs within a polymer phase is of
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interest. For this matter, laser scanning confocal fluorescence microscopy (LSCFM) was

employed which probes embedded QDs. LSCFM is a diffraction-limited technique and
thus, does not resolve individual QDs. However, it is useful in probing the distribution of
QDs since they are photoluminescent and are localized in micron-scale domains within
the films that can be resolved relative to the non-fluorescent background. A brief
description of AFM and LSCFM imaging techniques is provided below. Other main
characterization techniques employed in this work include laser light scattering (LS) for
characterization of the synthesized silver (Ag) NPs (Chapter 5), and absorption and
photoluminescence spectroscopies for optical characterization of CdS and Ag NPs

blends, for the work presented in chapter 5.

1.7.1. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM)
with resolution in the order of nanometers. In AFM microscopy, similar to other types of
SPM techniques, information is collected by scanning the surface with a mechanical
probe. AFM can be operated in two primary scanning modes: contact and non-contact
(tapping) modes.*®® For most of this work, contact mode imaging was carried out except
for chapter 3 in which tapping mode AFM was utilized.

In AFM imaging, the surface of the sample is scanned by a probing tip made of
silicon or silicon nitride, which is mounted on a cantilever. When the tip is sufficiently
close to the sample surface, interactions between the tip and the sample result in a
repulsive net force and consequently cause the cantilever to deflect off from the surface

according to Hooke’s law. In contact mode imaging, these forces are mechanical due to
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the physical contact between the tip and the topographic features of the sample. In

contact mode the force between the tip and the sample is maintained constant during the
course of imaging by a feedback mechanism which adjusts the tip-to-sample distance. In
tapping mode, intermolecular van der Waals forces, and other attractive forces, cause
deflection of the oscillating cantilever. In tapping mode imaging, the parameter that is
maintained constant via the feedback loop is the amplitude or the frequency of cantilever
oscillation.™®®

AFM scans the surface line by line through precisely controlled movements of a
cantilever which is controlled by a piezoelectric ceramic scanner. To obtain the
topographic micrograph of the sample, the cantilever deflection is measured using a laser
spot focused on the tip that reflects from the back of the mirrored cantilever into an array
of four-quadrant photodiodes via a second mirror (Figure 1.11). The change in the
intensity of the light falling into different quadrants of the photodetector is used for
measuring the amount of cantilever deflection. The intensity detected by the detector is
then translated into the topographic map of the sample.

AFM is a vibration-sensitive technique and it should be well shielded from
outside vibration sources such as air current and sound waves. This is usually done by

isolating the instrument in a vibration dampening shield.'®



32
LASER

PHOTODETECTOR
MIRROR

------------ :

CANTILEVER

% INTEGRA TED

SAMPLE TIP

Figure 1.11. Schematic illustration of atomic force microscopy (AFM).*%

1.7.2. Laser Scanning Confocal Fluorescence Microscopy (LSCFM)

Laser scanning confocal fluorescence microscopy (LSCFM) was employed in this
work for detecting fluorescence from QD-containing polymer films. In general,
fluorescence microscopy is a type of optical microscopy in which contrast is provided by
fluorescence emission from fluorophores localized within a non-fluorescent background
of the sample.™®” Similar to all optical microscopies, the resolution is governed by the
diffraction limit of visible light, meaning that feature sizes below the 250 nm cannot be
resolved due to the optical diffraction. In confocal microscopy, an adjustable pinhole
before the detector only permits in-focus light from a thin focal plane to reach the
detector resulting in an improved resolution.*®”*® By adjusting the focus to different
focal planes and compiling the resulting set of data (called a z-stack) a three-dimensional

(3D) image of the sample can be generated.*®’
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LSCFM combines fluorescence microscopy with the 3D imaging capabilities of

confocal optics and point-by-point scanning of the laser.*®’

A typical diagram of an
LSCFM is shown in Figure 1.12. To image the specimen, a laser beam is directed to the
sample through an objective lens; this excites the photoluminescent species (e.g. an
organic dye or a QD) within the sample. The fluorescent light emitted from the sample
together with the reflected or scattered laser light are then focused back through the
objective lens and pinhole aperture to the detector; a beam splitter then separates different
wavelength components, and blocks the light at the original excitation wavelength while
allowing the emitted fluorescent wavelengths to pass through to a photo detector, usually

a photomultiplier tube (PMT). The point-by-point signals then are reconstructed into an

image by a computer.*®’

Gy Photomultiplier
\ (/'

Pinhole

Beam Splitter

Z Control

Figure 1.12. A typical diagram of LSCFM.®®



34
1.7.3. Laser Light Scattering (LS)

LS is a common technique used to determine the size and molecular weight of
polymers and colloidal particles dispersed in solution. In laser light scattering, a high
intensity laser is passed through the solution and causes scattering from the particles.
The scattered light is then collected by a detector at a single or multiple angles (angle
between the detector and incident laser beam). Two main types of light scattering
techniques are static light scattering (SLS) and dynamic light scattering (DLS), which are

described below in more detail.

1.7.3.1. Dynamic Light Scattering (DLS)

DLS measures dynamic properties of a polymer or colloidal particles by
measuring the scattering light at a single angle and recording the autocorrelation of the
scattered intensity during the experiment. DLS characterizes fluctuations in the intensity
of scattered light which are due to the brownian motion of the particles. These
movements change the interparticle distances and consequently the intensity of the
scattered light; because smaller particles move more rapidly, the intensity changes can be
related to the size of the particles;"®® DLS measures the diffusion coefficient (D) of
particles to determine the hydrodynamic radius (R) from the Stokes-Einstein relation, as

below:

Rn = kT/67nDy (1.15)
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where Ry, is the effective size of a particle in a solution including any solvent molecules

that surround the particle, k is the Boltzmann constant, T is the temperature and # is the

viscosity of the solvent and Dy is diffusion coefficient at infinite dilution.'®

1.7.3.2. Static Light Scattering (SLS)

SLS measures the intensity of the scattered light to obtain three useful physical
values including the weight average molecular weight (My,), the radius of gyration (Rg),
which is the root mean square distance of the atoms of a particle, a micelle, or a polymer
chain from its center of gravity, and also the second virial coefficient (Az), which is a
thermodynamic term describing the characteristic of the interaction between species in
the system.’® SLS measurement is usually performed for multiple angles and solution
concentrations by measuring the scattering intensity for different solution concentrations
and at different angles between the incident beam and the detector. Measured data can be
plotted as Kc/R, versus Sin%6/2 + k¢, which results in a grid-like plot, called Zimm plot.

that is based on Zimm equation, as below: ***

Kc/Rg= 1My, [1 + (167° Sin*(0/2) s) / 32%] (1.16)
where k" is a system constant, ¢ is the concentration, 6 is the measurement angle, <s>'/2
is the Ry, A is the particle size, and Ry is the Rayleigh ratio, which describes the reduced
intensity of the scattered light respect to the incident beam at 4 angle .
A typical Zimm plot is shown in Figure 1.13; M,, can be determined by double

extrapolating the plot to zero angle and zero concentration, as illustrated in Figure 1.13.


http://en.wikipedia.org/wiki/Root_mean_square
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For double extrapolation a straight line is passed through equal concentration points

and then extrapolated to zero angle. Another straight line is then drawn through all
points measured at the same angle and then extrapolated to zero concentration. Joining
the extrapolated points, results in #=0 and c=0 lines, which are then extrapolated to the
axis, where they intersect at a point corresponding to 1/ M,,. A, and Ry are determined

from the slope of 9=0, and the slope of ¢=0 lines, respectively."****
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Figure 1.13. Typical Zimm plot, 1/M,, point is shown on the plot, where =0 and c=0 lines

intersect on the axis.**

1.7.4. Absorption and Photoluminescence (PL) Spectroscopy

Absorption and PL spectroscopy are powerful techniques used to characterize the

optical properties of a material.***The type of spectroscopy utilized is determined by the
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energy corresponding to the involved transition. In our case we concentrated on the

electronic states of our materials with energies in UV-visible portion of the
electromagnetic spectrum (300 - 700 nm).  Absorption and photoluminescence

measurements were performed to determine the energy level structures and PL lifetimes.

1.7.4.1. Absorption Spectroscopy

Absorption spectroscopy measures the change in the intensity of the radiation
passing through the sample; the intensity is generally decreasing compared with a
reference due to the absorption of the sample. This is expressed as the absorbance or
molar extinction coefficient described by equation 1.15. ****%  This equation expresses
the absorbance (A) as the ratio between the intensity of the beam after going through the

sample (I) and the intensity of the incident beam (lo).

A = - log /1, (1.17)

1.7.4.2. Photoluminescence (PL) Spectroscopy

PL spectroscopy measures the radiation emission generated through a transition
from an initial high energy to a lower energy state. Photoluminescence spectroscopy in
general can be divided in two categories: fluorescence and phosphorescence.!®®
Fluorescence denotes transitions between two singlet states, while in phosphorescence
the excited electron undergoes an intersystem crossing to a triplet state. Phosphorescence

is characterized by longer lifetimes.*®
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The fluorescence process is illustrated in the Jablonski diagram shown in Figure

1.14; the vertical axis of this diagram is the energy and the horizontal axis is the nuclear
coordinate. The electron in the excited state decays through the vibrational states to the
bottom of the excited electronic states (via vibrational relaxation) and then it decays to

the ground state emitting a photon via fluorescence emission.
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Figure 1.14. Simple Jablonski diagram illustrating absorption and fluorescence emission.™’

In this work, PL from QDs is measured using PL spectroscopy. For QDs, band-
edge emission is usually a sharp band corresponds to the recombination from band-edge
or near band-edge states. **?* The presence of stabilizing molecules on the surface of
QDs often generates traps states, causing another emission band at lower energy known
as trap state emission.

Two types of static PL experiments can be carried out: emission and excitation
spectroscopies. For an emission spectrum, samples are excited at a fixed excitation

wavelength while the emission range is scanned. For excitation spectra the detector
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measures photon counts at a fixed emission wavelength as the excitation wavelength is

scanned. This identifies the structure of the excited states that are leading to a particular
emission transition.

Dynamics of PL can be investigated by measuring the lifetime of the excited
states using pulsed excitation source, allowing the system to decay, and single photon
counting; in single photon counting the detector counts the number of photons collected
per unit of time. The intensity which is given by the instrument as an output is normally
determined by the current generated in the photomultiplier and is expressed in counts per
second; this is proportional to the number of photons detected in a second. Output of
lifetime measurement is a decay profile which is fitted to a suitable multi-exponential

model to determine life time of the excited states.

1.8. Content of the Thesis

The remainder of this thesis consists of five chapters; the content of these five
chapters is as follows: Chapter 2 focuses on the pCP technique to chemically pattern
glass substrates by printing octadecyltrichlorosilane (OTS) using an elastomeric stamp
with a patterned topology consist of microscale stripes. The challenge in this patterning
is the sensitivity of the process to the ambient condition, due to high reactivity of OTS
with water vapor; therefore, the exposure of OTS to humid air has to be minimized
during the course of patterning; hence, the OTS solution is prepared and dried under N,
gas and immediately used for patterning. Different experimental parameters, which
influence the patterning, are studied to develop a protocol for preparing OTS patterned

films on glass surfaces.
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In Chapter 3 the top-down technique of uCP, optimized in Chapter 2, is combined

with the bottom-up assemblies of polystyrene-block-polyethylene oxide (PS-b-PEO)
copolymers at the air-water interface. This is a new methodology that we develop for
patterning copolymer monolayers by transferring their Langmuir films to a patterned
surface. We also demonstrate that this method can be used for patterning NPs; for this, a
Langmuir film of a blend of PS-b-PEO and PS-stabilized CdS QDs (PS-CdS) prepared
and transferred to an OTS-patterned glass substrate to form patterned structures of
polymers/NPs.

Chapter 4 demonstrates another example for combining the top-down and bottom-
up assemblies. In this part, OTS-patterned substrates were used to direct a different self-
assembly process: polymer/polymer phase-separation. First, surface-directed phase-
separation of PS and poly (methyl methacrylate) (PMMA) homopolymers are obtained
on patterned surfaces based on their different surface energies. The methodology is then
extended to patterning polymer/NPs by replacing the PS homopolymer of the blend with
a PS-coated NP. Spin-coating a blend of PS-CdS and PMMA on an OTS-patterned glass
substrate result in the formation of photoluminescent array of QDs.

Final chapter of this thesis is devoted to develop a methodology for simultaneous
patterning of two types of NPs via their surface energies. Our strategy to do this is to use
NPs which are polymer-coated by the same polymers studied in Chapter 4 to behave
similarly to the PS/PMMA blend. For this study, PS-CdS QDs and a sample of PMMA-
coated silver NPs (PMMA-AgQ) are used. The reason for choosing such blend is the
interesting optical interactions between metallic NPs and QDs, which may result in the

PL enhancement of QDs. Chapter 5 is entirely devoted to optical characterization of NPs
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blend films and in this part we report a strong enhancement in PL of QDs for the closely

interacting blends.

In chapter 6 the morphology of phase-separating “PS-like” QDs and “PMMA-
like” Ag NPs are studied. Gelation is occurring in the NPs blend films as they get
concentrated by solvent evaporation that is preventing the phase-separation. Chapter 6
focuses on overcoming this challenge in order to obtain domain morphologies, which can

be patterned using OTS-patterned substrates.
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2.1. Introduction

Many new and innovative fields in nanotechnology require materials with specific
micro- and nanoscale patterned structures. A variety of patterning techniques have been
used for fabrication of such structures. Optical lithography is a method that has been
widely utilized for patterning;' an example is the fabrication of integrated circuits.?
However, optical methods are diffraction limited meaning that feature sizes below the
250 nm barrier cannot be obtained due to the optical diffraction. This limit is slightly
improved in some advanced optical lithographic techniques such as deep ultraviolet
(DUV) lithography,®* excimer laser lithography® and soft X-ray lithography.® Some non-
optical methods such as electron beam lithography,”® focused ion beam (FIB) writing®°
and scanning probe lithography™ are also developed for the fabrication of patterned
features on the order of a few nanometers; however these techniques are quite expensive
in both cost and time to use. An alternative patterning technique is soft-lithography
which is a non-optical method developed by Whitesides and coworkers.*?*3

Soft lithographic techniques are fast and efficient patterning methods that can be
used for patterning a wide variety of materials such as polymers, colloids, metals and
semiconductor NPs.***° All soft lithographic techniques have the use of a patterned
elastomer in common; either as a stamp, mold or mask. Poly (dimethylsiloxane) (PDMS)
elastomer is the most common elastomer used in soft lithography; it has a low glass
transition temperature (Tg) and therefore, is usually liquid at room temperature and
readily solidifies by cross-linking.?°
19, 21-

Although there are multiple different soft lithographic patterning techniques,

2% microcontact printing (LCP) is the soft lithography technique exploited in this work. In
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this technique, a topological relief pattern on the surface of a PDMS stamp is used to

transfer self-assembled monolayer (SAM)-forming molecules (the “ink™) onto various
surfaces selectively in regions where the stamp makes contact with the surface. There are
many parameters influencing the fidelity and the quality of the patterns obtained by pCP;
among those, the parameters that influence the mass transport during printing such as
concentration of the “ink” solution and the printing time (PDMS-glass contact time) are

shown to be the most important,'#!319%

It has been previously demonstrated that the
quality of the transferred SAM improves (in terms of packing and chain orientation) by
increasing the printing time® and it starts to decrease above a certain time due to the
diffusion and/or transport of the “ink” to non-contact regions.’® *? The effect of the “ink”
solution has been also investigated; Jeon et al.*? showed that increasing the concentration
results in an increase in the thickness of the film and also in increased defects due to
increased diffusion rates between contact and non-contact regions (for the same reasons
provided above).

d, 22" sjlver® and

UCP has been widely used to pattern alkanethiol SAMs on gol
copper® surfaces. It has also been utilized for patterning alkylsilane monolayers on
hydroxyl-terminated surfaces such as Al/Al,Os, glass, mica, and plasma-treated polymers

and mainly Si/Si0,.** It has been shown that 323374

patterning alkylsilanes SAMSs on
glass and silicone substrates is highly sensitive to the reaction conditions and is a very
moisture-sensitive process due to high reactivity of silane molecules, thus the patterning
has to be performed with minimal air exposure. Patterning alkylsilanes SAMs is less

common compared with alkanethiols due to the high sensitivity of the process to many

experimental conditions and also because of the lack in ordering of SAMs. However,
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fabricating patterned films on Si/SiO, or glass surfaces is advantageous for many

applications since Si/SiO; has applications in semiconducting industry and glass surfaces
have applications in optical devices due to their transparency.*”*° Works reported on this
are mainly focused on patterning octadecyltrichlorosilane (OTS) on Si:** patterning
docosyltrichlorosilane (DTS) on Si has been also reported.®

In this chapter, different procedures for uCP OTS on glass surfaces are
investigated; high sensitivity of the process to many experimental parameters makes it
difficult to find optimal conditions from the literature and therefore, the parameters have
to be optimized by individuals working on the experiment in a given lab. Specifically,
we investigate the effects of OTS concentration and printing time on the coverage and
uniformity of the pattern as well as on the chemical heterogeneity of the films. To
produce the topological pattern of the PDMS elastomeric stamp, the relief pattern of a
commercial compact disc (CD) was used as the master. The stamp was then utilized to
transfer OTS to piranha-treated hydrophilic glass surfaces (Figure 2.1) to form alternating
micron scale stripes of hydroxyl-terminated hydrophilic regions and hydrophobic areas.
Hydrophobicity of alternating stripes is the result of the chemical reaction between OTS

molecules and hydroxyl functional groups of the piranha-treated glass, as demonstrated in

Figure 2.2.
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Figure 2.1. Microcontact printing OTS on hydrophilic glass substrate and resulted chemically

heterogeneous substrate.
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Figure 2.2. Piranha-treated hydrophilic surface of glass transforms to hydrophobic surface by the

chemical reaction between hydroxyl groups with OTS.

Patterned OTS surfaces will be used in following parts of this thesis to direct
SAMs of block copolymers formed at the air-water interface in Chapter 3, and the phase
evolution of phase-separating polymer blend films in Chapter 4. In Chapter 6, they are
used to simultaneously direct two types of polymer-stabilized nanoparticles into patterned

polymer/nanoparticle films with structural hierarchy.
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2.2. Experimental

2.2.1. Preparation of Polydimethylsiloxane (PDMS) Stamps for

Microcontact Printing

Masters with microscale periodic stripe patterns were obtained using commercial
compact discs (CDs). A CD consists of a 120 mm-diameter, 2 mm-thick disk of
polycarbonate (PC) with spiral grooves with the depth of approximately 150 nm that
starts at 46 mm from the center of the disc to the edge. Layers on top of the PC include a
reflective metal layer, a clear lacquer coating and finally the label.**After removing all
three top layers, the exposed PC pattern containing micron scale feature sizes can be used
as the master for uCP. To remove the top layers, first the protective layer of a CD was
removed by scoring with a scalpel and vigorously rinsing with deionized (DI) water.
Then, the metallic layer and thin lacquer coat were removed via a quick rinse with
methanol and subsequent sonication ina 1 : 4 (v : v) methanol/DI water solution for 2 h,
followed by a final methanol rinse, revealing the underlying PC layer with the desired
topographic features. The PC was cut into square pieces ~ 2 cm x 2 cm. Prepolymer and
curing agent for PDMS (Dow Corning: Sylgard 184 DC-184 A and DC 184-B) were
mixed in a 10 : 1 (v : v) ratio, then poured over a polycarbonate master, followed by 4 h
curing at 80°C. The PDMS was then carefully peeled from the master in the direction of
the CD grooves, at a steady rate of ~ 1 cm/s. The topology of the resulting PDMS stamps
consisted of periodic raised stripes corresponding to the troughs of the PC masters;
topographic AFM images of the master and the stamp are provided in Figure 2.4. The
PDMS stamps were sonicated ina 1 : 2 (v : v) solution of ethanol/DI water immediately

prior to use, in order to remove possible dust or unpolymerized PDMS, followed by
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drying with a stream of ultra-high purity (UHP) N, (g). To avoid build-up of siloxane

deposits from OTS “ink”, PDMS stamps were used only once.

2.2.2. Microcontact Printing Glass Substrates with

Octadecyltrichlorosilane (OTS)

Glass cover slips (VWR scientific, 18 x 18 mm) were cleaned by sonication for
10 min in 95% ethanol, followed by 10 min sonication in DI water. To introduce a layer
of hydroxyl groups on the glass surface, the cover slips were submerged in a piranha
solution at 70°C for 30 min. Piranha solution consists of a 3 : 1 (v : v) mixture of
concentrated H,SO,4 and 30% H,0,. Treated, hydrophilic slides were then rinsed with DI
water followed by methanol. The resulting hydrophilic glass substrates were dried with a
UHP N, (g) stream and used immediately for microcontact printing (uCP). One of these
piranaha treated substrates was used as a uniformly hydrophilic control slide. The ink for
nCP was prepared by dissolving OTS (Aldrich) in anhydrous hexane (> 99%, Aldrich)
under UHP N (g) to obtain 5, 10 and 20 mM solutions. The uniformly hydrophobic
control for the uCP process was obtained by immersing the clean piranaha-treated glass
in OTS solution under UHP N, for 30 min,resulting in a substrate completely
functionalized with reacted OTS. To form patterned films with alternating micron-scale
hydrophilic/hydrophobic stripes, PDMS stamps were inked by first depositing a single
drop of OTS solution from a pasteur pipette onto the centre of a 2 x 2 cm? piece of lens
paper; a stamp was then brought into contact with the inked paper for 10 s. To carry out

uCP, an inked PDMS stamp was then immediately brought into contact with a
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hydrophilic glass cover slip for either 30 or 60s (the printing time) under a 200 g weight.

The resulting substrates were characterized to determine the quality and uniformity of the

pattern.

2.2.3. Characterizing the films

Patterned films were all characterized using optical microscopy (OM) with and
without DI water (details provided in the following sections), atomic force microscopy

(AFM) and contact angle measurement.

2.2.3.1. Optical microscopy

Optical microscopy of patterned OTS films on glass was performed in order to
determine the coverage and uniformity of the pattern. To demonstrate the microscale
patterning of surface energies on the resulting surface, we deposited a large drop of DI
water on the substrate and monitored the evaporation of water over time by OM. For
this, a 60 ul drop of DI water was placed on the centre of a patterned film and allowed to
evaporate in a covered petri dish on the bench top for 40 min at room temperature.
Images of drying water droplets after various evaporation times were collected using a

CCD camera attached to the OM.
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2.2.3.2. Atomic force microscopy (AFM)

Contact mode AFM was performed using a ThermoMicroscope Explorer (Veeco
Instruments) equipped with a Veeco silicon nitride tip (MLCT-EXMT-A). Each sample
was imaged several times at different locations on the substrate to assess the OTS pattern
over the entire film. For each film, a total of at least 80 features (stripes) were measured
to determine the mean dimensions, with reported errors representing a single standard

deviation unit.

2.2.3.3. Contact angle measurement

A drop of DI water (~ 10 ul) was deposited on the horizontal substrate using a
Hamilton microsyringe. Side view images of the drop on the substrate were taken by a
fixed focal length telescope (VZM 1000i imaging lens) with the lens positioned at the
level of the glass slide. Advancing contact angles were measured on these images at both
sides of each drop for four drops at four different regions of the film. A mean contact

angle and standard deviation were thus determined from the resulting measurements.

2.3. Results and Discussion

2.3.1. Fabrication and Characterization of PDMS Stamps

In uCP, a stamp with striped topology was used to selectively transfer OTS to
hydrophilic glass in areas of contact between the stamp and the substrate; a chemical

reaction between OTS and hydroxyl groups on the piranha-treated glass surface resulted
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in a chemically-heterogeneous surface with an alternating pattern of

hydrophilic/hydrophobic stripes with microscale periodicity.

One technical challenge in this technique is the distortion of the elastomeric stamp
during printing. This occurs when the aspect ratio (h/w) of the features on the PDMS
stamp is too high or too low. Specifically, when the height of the features (h) is much
greater than the width (w) (h » w), they collapse during printing, and pairing between the
neighboring features occurs, as depicted in Figure 2.3 a. For the case of w » h, sagging of
the flat areas of the stamp in between the raised features (Figure 2.3 b) causes defects. It
has been experimentally shown by Whitesides and coworkers'® showed when the
dimension of the stamp features are such that the aspect ratio (h/w) is in the range of 0.1-
0.4, no stamp distortion takes place during printing. This is confirmed theoretically by
Kenneth et al.** and Hui et al.*? in their studies on the mechanical properties of PDMS

stamps.

PDMS Stamp b PDMS Stamp

Substrate

Substrate

Figure 2.3. Stamp distortion when feature aspect ratio (h/w) is (a) too high or (b) too low. The
first type of distortion is known as pairing between neighboring features and the second type is

called sagging.

An AFM image of the PC master obtained from a commercial CD is illustrated in
Figure 2.4 a, which shows the microscale striped topology (small portion of the spiral

pattern appear as parallel stripes). From topology data in several regions of the substrate,
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the PC trenches have a mean FWHM of 0.5 + 0.1 pm, a centre-to-centre distance of 1.5 +

0.2 pm, and a depth of 178 = 8 nm. A sample height profile is provided in Figure 2.4 b.
The PDMS stamp prepared using this master contains the negative topology of the
master, with raised stripes that correspond to trenches in the master. This is shown in
AFM image of the resulting PDMS stamp (Figure 2.4 c). Mean dimensions of PDMS
raised stripe features are: FWHM width, w = 0.6 + 0.1 pum, centre-to-centre distance
between adjacent stripes (periodicity), A = 1.4 + 0.3 um, and height, h = 182 £ 6 nm. The
lateral topology of the stamp is illustrated in Figure 2.4 d. The aspect ratio of these
PDMS features (h/w = 0.3) fit in the recommended range provided by Whitesides and
coworkers*? (described above), and no evidence of stamp distortion was observed in our

patterned OTS films.
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Figure 2.4. (a, ¢) AFM images and (b, d) height profiles along the dashed white lines on AFM
micrographs for (a, b) the PC master and (c, d) the PDMS stamp.

2.3.2. Optical Microscopy Characterization of OTS Patterned Films on

Glass Substrates

The PDMS stamps described in the previous section were employed to transfer a
striped pattern of hydrophobic OTS onto the hydrophilic glass substrates. Two important
parameters affecting the patterning were investigated here: the concentration of the OTS
“ink” solution and the printing time. Three different OTS concentrations of 5, 10 and 20

mM and two different printing times of 30 s and 60 s were investigated.
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First, optical microscopy (OM) imaging was employed for characterization of the

resulting patterned OTS films (Figure 2.5). OM images show the stripe pattern for all
cases; the contrast is increasing for higher contact time (60 s) for all three cases of 5, 10
and 20 mM OTS-patterned films suggesting the formation of thicker films. Effect of
concentration is more evident for films prepared via longer printing time (Figure 2.5 b, d,
f) and less so in films prepared via shorter printing time (Figure 2.5 a, c, e). For films
prepared using high concentration of OTS, clusters are forming above the striped pattern
that are observed as superimposed features in OM images (Figure 2.5 d and f); this
suggests the possibility of OTS clustering. Similar observation has been previously

.3 and can be attributed to the large amount of transferred OTS and

reported by Jeon et a
consequent diffusion of molecules from printed stripes to non-printed glass regions
forming a layer of OTS with no pattern. Another possibility is that concentrated OTS

fills the trenches in the stamp and therefore, is transferred uniformly on glass.



Figure 2.5. OM images of the 5 mM (a, b), 10 mM (c, d) and 20 mM (e, f) OTS patterned films
prepared at 30 s (a, ¢, ), and 60 s (b, d, f) printing times (scale bar shows 10 um).

To demonstrate the patterning of surface energies, OM was also used to monitor
the drying process of an evaporating DI water drop on the patterned OTS surfaces.
Representative OM images of the various OTS films with evaporating water droplets are
shown in Figure 2.6. As water evaporates during drying process, the drop breaks into

droplets via dewetting from hydrophobic regions that occurs due to Rayleigh instabilities



69

*- % resulting in rupture and the formation of droplets. OM images of

of the liquid film
the patterned films at an intermediate stage of drying/dewetting reveal that DI water
droplets are oriented along parallel stripes on the micron scale, confirming the localized
hydrophilicity of these regions. The size of the formed patches is increasing with
increasing the OTS concentration because on more hydrophobic substrates with higher
water contact angle, which will be discussed in the consequent section, destabilization

and dewetting occurs earlier and before the film gets thin.
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Figure 2.6. OM images of evaporating DI water droplets on the 5 mM (a, b), 10 mM (c, d) and

20 mM (e, f) OTS patterned films prepared at 30 s (a, ¢, €), and 60 s (b, d, f) printing times (scale

bar shows 10 mm).

2.3.3. Contact Angle Measurements

In order to investigate the average surface energies of the patterned OTS films, water
contact angle measurements were performed. The contact angle is defined as the angle
between the liquid/gas interface and the solid/liquid interface when three phases are in
equilibrium (portrayed on Figure 2.7 a).* Young’s equation describes this angle based

on interfacial tensions between three phases of liquid, solid, and gas, as below:*

756 = yis + yeL Cost (2.1)

where @ is the equilibrium contact angle on a flat surface, ysg, yLs, and ysL are the solid-
gas, liquid-solid, and gas-liquid interfacial energies, respectively. If the liquid is strongly
attracted to the solid surface droplet spreads out and wets the surface (8 ~ 0°); an example
for this is a water drop on a hydrophilic surface. As the surface energy decreases, water
does not wet the solid and contact angles increase.

There are different measured contact angles: advancing (the angle measure when
drop is advancing), and receding (the angle measure when drop is receding); neither are
the same as the thermodynamically defined contact angle.*® However, comparison
between different surfaces can be made by comparing advancing contact angles,
obtainable by imaging the droplet as it advances over the surface (i.e. as a water drop is

pushed onto the surface via a syringe). Telescopic images of a DI water drop, which
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were used to measure advancing contact angles, on patterned and non-patterned OTS

films are shown in figure 2.7-2.9.

VLG

(— f—
VsG

Figure 2.7. Single droplet of DI water on (a) 5 mM OTS non-patterned glass substrate, on 5 mM
OTS patterned prepared by (b) 30 s, and (c) 60 s printing time. Interfacial energies between three

phases and the contact angle are displayed on a.
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Figure 2.8. Single droplet of DI water on (a) 10 mM OTS non-patterned glass substrate, on 10
mM OTS patterned prepared by (b) 30 s, and (c) 60 s printing time.



73

Figure 2.9. Single droplet of DI water on (a) 20 mM OTS non-patterned glass substrate, on 20
mM OTS patterned prepared by (b) 30 s, and (c) 60 s printing time.

The values for advancing water contact angles are listed in Table 2.1. The contact
angle for the hydrophilic control film, which is uniformly treated with piranha solution, is
close to zero (images not shown here). For the hydrophobic control films, contact angles
are greater than 100° for all three different concentrations of OTS, as listed in Table 2.1.
For patterned films, the contact angles are in between those of uniform hydrophilic (~ 0°)
and uniform hydrophobic substrates (around 120°); for instance the contact angle for both
10 mM OTS patterned film is ~ 60°, which is in between the value for the uniform
hydrophilic control (~ 0° and the uniform hydrophobic film prepared using the same

OTS concentration (~ 120°). Intermediate contact angles for patterned films are
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explained by the existence of both microscale hydrophilic and hydrophobic stripes on

each surface. In addition, the contact angles increase as the concentration of OTS
solution and the printing time increases. This is due to the formed clusters shown in
Figure 2.5 d and f that increases the surface roughness of the film and consequently
increases the contact angle. The increasing trend in contact angle can be also attributed
to more extensive surface coverage (fewer regions with no transferred OTS) when films

are prepared using high concentration of OTS.

Table 2.1. Results of advancing water contact angle measurement

5mM OTS 10 mM OTS 20 MM OTS
Solution Solution Solution
Uniform OTS Film 0=115+6" 120+ 20° 120 + 14°
30 s contact time 0=48+4° 60 £ 20° 70 +18°
60 s contact time 0=50+9° 70+ 18° 80+ 13°

2.3.4. AFM Characterization of OTS Patterned Films on Glass Substrates

AFM imaging reveals the topology of the patterned OTS films; dimensions of the
features including w, A and h of OTS stripes were determined by height analysis on AFM
micrographs. AFM images, which were obtained for patterned OTS films at 5, 10 and 20

mM OTS solution concentration and 30 s, 60 s contact time are shown in Figure 2.10.
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Figure 2.10. 20-20 pm AFM images of the 5 mM (a, b), 10 mM (c, d) and 20 mM (e, f) OTS
patterned films prepared at 30 s (a, ¢, €) and 60 s (b, d, f) printing times.

Height analysis on AFM images provides information on the height of OTS
lines, which demonstrates that the h of the patterned OTS film is increasing by increasing
the solution concentration and printing time. Height analysis shows that in films
prepared using 5 mM OTS, mean OTS stripe dimensions are w = 1.2 £ 0.2 pum with A =

1.6 £0.1 um, and h =64 £ 8 nm. Atincreased OTS concentration of 10 mM, dimensions
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are: w=12+%04 pum, L = 1.8 £ 0.3 um, and h = 180 = 18 nm. Finally for the most

concentrated OTS solution (20 mM), mean dimensions are w = 0.9 £ 0.4 um, A = 2.0 +
0.2 um, and h = 220 £ 10 nm. Results demonstrate a dramatic change in the height of
OTS stripes and a relatively small change in the width and the periodicity by increasing
the solution concentration.  Height of the transferred OTS, even for the lowest OTS
concentration, is larger than the theoretical molecular length of OTS which is 2.65 nm;*
this indicates the transfer of OTS multilayers during printing. However, there is a good
surface energy contrast between the adjacent stripes (based on OM studies with water and
contact angle measurements), which is the main requirement for our work since these
patterned surfaces will be used in next chapters to direct polymers and polymers/NPs
self-assemblies based on their preferential wettings at different regions of the patterned

substrate.

2.4. Conclusion

In order to fabricate chemically patterned surfaces, p.CP method was employed
to transfer OTS to piranha-treated hydrophilic glass substrate. A general experimental
protocol for this was developed in this chapter and the effect of parameters such as OTS
solution concentration and printing time, were studied. It was shown that the amount of
transferred OTS molecules during printing increases by an increase in the OTS solution
concentration and the printing time. Types of non-uniformity defects observed in
patterned films as the result of low and high transferred OTS were demonstrated in OM

and AFM studies.



77
Contact angle and OM monitoring of a drying DI water droplet confirmed the

chemical heterogeneity of such patterned films. These films with alternating micron
scale hydrophilic/hydrophobic stripes will be used in the next parts of the work to direct
the bottom-up assemblies of polymers and nanoparticles into patterned structures. In
Chapter 3, the 5 mM OTS solution concentration and 30 s ptinting time are used for
patterned OTS film preparation because these conditions resulted in more uniform
patterned film with less clustering defects. However, following the development of a
general procedure for fCP OTS on glass in this chapter, the specific experimental details
were modified somewhat throughout the thesis to accommodate specific self-assembly
applications in the various chapters. For example, we observed that an excess of piranha
solution remaining on patterned surfaces adversely affected Langmuir-Blodgett transfer
due to apparent chemical reaction with the transferred polymer layers. Therefore, in
chapter 3, extra sonicating and washing steps were applied. In later chapters, the
uniformity of the patterned OTS films became an additional consideration, requiring a
further experimental modification in chapters 4, 5 and 6 to avoid transfer of excess OTS.
The specific details for these various experimental protocols for pCP OTS on glass are

decribed in the respective chapters.
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Chapter 3. PATTERNING BLOCK COPOLYMER
AGGREGATES VIA LANGMUIR-BLODGETT TRANSFER TO
MICROCONTACT-PRINTED SUBSTRATES
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3.1. Introduction

The self-assembly of polymers provides many important routes for controlling the
spatial organization of organic and inorganic functional elements on surfaces.'® For
example, the incorporation of metal and semiconductor nanoparticles into microphase-

14-16 results

separated diblock copolymers,**® or phase-separated blends of homopolymers,
in controlled arrangement of nanoparticles via selective incorporation within specific

polymer phases. Increased complexity and improved long-range order for the self-

17-23 24-27

assembly of block copolymers and polymer blends has been achieved on
chemically- or topographically-patterned substrates produced via various lithographic
techniques. This combination of top-down lithography with bottom-up self-assembly
offers new opportunities for the fast and efficient organization of nanoparticles into

device-oriented structures.?®

A widely-studied strategy for obtaining nanopatterned polymer surfaces is the
self-assembly of amphiphilic block copolymers at the air-water interface, which gives
rise to tunable nanoscale aggregates that can be transferred to solid substrates via the
Langmuir-Blodgett (LB) method.?***A large number of tunable aggregate morphologies,
including dots, strands (spaghetti-like), networks of strands, continents, chains, and rings,

have been observed by varying several experimental parameters, including the block

29-31 39-41

copolymer composition, the spreading concentration, and the surface pressure.*
For example, aggregate formation on the surface of water has been investigated for
polystyrene-block-poly(ethylene  oxide) (PS-b-PEO) copolymers consisting of
hydrophobic PS and hydrophilic PEO blocks.***! More recently,** * PS-b-PEO self-

assembly has been used to direct the organization of PS-coated cadmium sulfide (CdS)
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nanoparticles into strands, rings and cables at the air-water interface; in that work,

nanoparticle ordering occurred via preferential interactions between PS blocks of PS-b-
PEO and the external PS layer of the polymer-coated CdS nanoparticles (designated PS-
CdS).** ** Despite demonstrated tunability of block copolymer aggregate morphologies
via self-assembly at the air-water interface, the ability to control the spatial distribution
and ordering of the aggregates upon LB transfer to solid substrates is extremely limited.
Although circular aggregates have been shown to form well-ordered hexagonal arrays

32, 36, 37

upon compression at the water surface, other interesting aggregate morphologies,

including strands, are generally highly disordered and randomly distributed within LB
films.34' 39-41

Several recent examples of nonlithographic patterning of LB films have
highlighted the importance of substrate surface energies for controlling monolayer
transfer from the air-water interface.***® For example, Yang and coworkers have shown
that LB transfer of nanoparticles to highly wettable (i.e. hydrophilic) substrates will form
continuous monolayer films; however, the addition of polymer to the subphase induces
fingering instabilities, which template nanoparticle stripes perpendicular to the contact
line.* On the other hand, the same group has found that for LB transfer to partially
wettable (i.e. hydrophobic) substrates, wetting instabilities induce a “stick and slip”
motion of the retreating meniscus, forming regular arrays of nanoparticle lines parallel to
the contact line.* In addition to such non-lithographic approaches, LB transfer to
topographically-patterned substrates has recently been applied to direct the placement of

colloidal crystals on surfaces.*” As well, several research efforts have applied chemically-

patterned substrates with microscopically-heterogeneous surface energies to control two-
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dimensional organization within liquid and colloid films via selective dewetting

processes.*#>2

In this work, we combine the concepts LB patterning and selective dewetting to
control the spatial distribution of block copolymer aggregates formed at the air-water
interface on substrates with chemically-patterned heterogeneities in surface energy.
Specifically, we first use microcontact printing to produce hydrophilic/hydrophobic
arrays with microscale periodicities, consisting of octadecyltrichlorosilane (OTS) stripes
patterned onto glass surfaces. Strand-like aggregates of a PS-b-PEO block copolymer
formed via self-assembly at the air-water interface are then transferred to these patterned
substrates via the LB method. We show that under specific conditions of surface
pressure, withdrawal speed, and substrate orientation, the transferred aggregates are
selectively positioned within the hydrophilic stripes due to selective dewetting along the
three-phase contact line. We also apply this method to control the transfer of self-
assembled PS-b-PEO strands with incorporated CdS nanoparticles, producing microscale
photoluminescent nanoparticle/polymer stripes with an internal strand-like structure. To
our knowledge, the current work represents the first use of microscopically-patterned
surface energies to control the patterning of LB films on solid substrates. These results
highlight the immense potential of combining facile top-down patterning with efficient
bottom-up self-assembly, in order to increase the regularity, complexity, and

functionality of hierarchical polymer and polymer-nanoparticle architectures.
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3.2. Experimental

3.2.1. Materials

The two different PS-b-PEO copolymers used in this work were obtained from
Polymer Source Ltd. Both copolymers have PS blocks much longer than their respective
PEO blocks. The first copolymer, designated 141k, has a number-average molecular
weight of M, = 141 k and a PEO content of 11.4 wt%; the second copolymer, designated
185k, has a number-average molecular weight of M, = 185 k and a PEO content of 18.9
wt%. Both copolymers were stored at -9 °C to prevent decomposition of the PEO block.™
The block copolymer-stabilized CdS nanoparticles used in this study (PS-CdS) were
synthesized via templated growth of CdS in the cores of reverse micelles consisting of the
polystyrene-block-polyacrylic acid copolymer PS(130)-b-PAA(20), where numbers in
brackets indicate number-average degrees of polymerization for each block. The detailed
characterization of the PS-CdS sample employed here are described in refs 42 and 43. In
summary, each PS-CdS unit consists of a core of a ~4 nm CdS nanoparticle (determined

> %5 with a poly(cadmium

from UV-vis and using Henglein’s empirical relationship),
acrylate) (PACd) layer at the CdS surface, covalently-attached to a solubilized external
PS brush layer. Based on DLS results in chloroform, the overall hydrodynamic diameter

of PS-CdS is ~28 nm.**** Further details on the synthesis of PS-CdS can be found in

references 55 and 56.
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3.2.2. Preparation of Polydimethylsiloxane (PDMS) Stamps for

Microcontact Printing

Masters with microscale periodic stripe patterns were obtained using commercial
compact discs (CDs). First, the protective layer of a CD was removed by scoring with a
scalpel and vigorously rinsing with deionized (DI) water. Then, the metallic layer and
thin lacquer coat were removed via a quick rinse with methanol and subsequent
sonication in a 1 : 4 (v : v) methanol/DI water solution for 2 h, followed by a final
methanol rinse, revealing the underlying polycarbonate layer with the desired
topographic features. The polycarbonate was cut into square pieces ~2 cm X 2 cm.
Prepolymer and curing agent for polydimethylsiloxane (PDMS) (Dow Corning: Sylgard
184 DC-184 A and DC 184-B) were mixed in a 10:1 (v:v) ratio, then poured over a
polycarbonate master, followed by 4 h curing at 80°C. The PDMS was then carefully
peeled from the master in the direction tangential to the CD grooves, at a steady rate of
~1 cm/s. The topology of the resulting PDMS stamps consisted of periodic raised stripes
corresponding to the troughs of the polycarbonate masters. The PDMS stamps were
sonicated ina 1 : 2 (v : v) solution of ethanol/DI water immediately prior to use, in order
to remove possible dust or unpolymerized PDMS, followed by drying with a stream of
ultra-high purity (UHP) N2 (g). To avoid build-up of siloxane deposits, PDMS stamps

were used only once.
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3.2.3. Microcontact Printing Glass Substrates with

Octadecyltrichlorosilane (OTS)

Glass cover slips (VWR scientific, 18 x 18 mm) were cleaned by sonication for
10 min in 95% ethanol, followed by 10 min sonication in DI water. To introduce a layer
of hydroxyl groups on the glass surface, the cover slips were submerged in a piranha
solution at 70°C for 30 min. Piranha solution consists of a 3 : 1 (v : v) mixture of
concentrated H,SO,4 and 30% H,0,. Following piranha treatment, the cover slips were
sonicated in DI water for 10 min then rinsed with methanol, followed by two further
repetitions of the sonication/rinsing process. The resulting hydrophilic glass substrates
were dried with a UHP N; (g) stream and used immediately for microcontact printing
(uCP). The ink for uCP was prepared by dissolving octadecytrichlorosilane (OTS,
Aldrich) in anhydrous hexane (>99%, Aldrich) under UHP N, (g) to obtain a 5 mM
solution. PDMS stamps were inked by first depositing a single drop of the resulting OTS
solution from a Pasteur pipette on the centre of a 2 cm x 2 cm piece of lens paper; a stamp
was then brought into contact with the inked paper for 10 s. To carry out uCP, an inked
PDMS stamp was brought into contact with one half of a hydrophilic glass cover slip for
30 s under a 200-g weight, such that the OTS stripe pattern was transferred to half of the
coverslip, with the remaining unpatterned hydrophilic half serving as the control. The
resulting substrates were used for LB experiments by submersion in the aqueous
subphase of the LB trough immediately following uCP. In order to characterize the
structure of chemically-patterned substrates without LB deposition, microcontact-printed
substrates were submerged immediately in the aqueous subphase of the LB trough

without polymer deposition for 65 min (equivalent to the substrate submersion time for



88
LB deposition), followed by vertical withdrawal at a rate of 1 mm/min and air-drying in

an identical manner to LB film experiments. To confirm that the transferred patterns were
due to reacted OTS, and not due to dust or unpolymerized PDMS, an identical inking and
stamping process was also carried out using pure anhydrous hexane as the inking

solution.

3.2.4. Contact Angle Measurements

For contact angle measurements, microcontact-printed substrates were immersed
in DI water for 65 min immediately after uCP (equivalent to the substrate submersion
time for LB deposition). Immediately following removal of the OTS-patterned glass from
water, a drop of DI water (~10ul) was deposited on the horizontal substrate using a
microsyringe. Images of the drop on the substrate were taken by a fixed focal length
telescope (VZM 1000i imaging lens) with the lens positioned at the level of glass slide.
Advancing contact angles were measured for drops in three different regions of the slide
and using both sides of each drop. A mean contact angle and standard deviation were thus

determined from the resulting 6 measurements.

3.2.5. Preparation of PS-b-PEO (141 k) and PS-CdS/PS-b-PEO (185 k)
Solutions

Both 141k and 185k copolymers were dried overnight in a dark vacuum oven at
room temperature prior to use. To prepare the 141k copolymer solution, the copolymer

was dissolved in spectroscopic grade chloroform (>99.8%, Aldrich) to a concentration of
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2.0 mg/mL; the stock solution was allowed to equilibrate overnight, then diluted to 1.0

mg/mL by addition of chloroform followed by 4 h stirring. To prepare the PS-CdS/185k
blend solution, 2.0 mg/mL solutions of both PS-CdS and 185k copolymer were first
prepared separately in spectroscopic grade chloroform and allowed to equilibrate
overnight. Both stock solutions were then diluted to 1.0 mg/mL by addition of
chloroform followed by 4 h stirring. Finally, the diluted PS-CdS and 185k solutions were
mixed to give a blend solution with blend composition f (weight PS-CdS / total polymer
weight) = 0.75 and a total polymer concentration of 1.0 mg/mL. The blended solution

was stirred for at least 4 h prior to use.

3.2.6. Surface Pressure-Area Compression Isotherms of 141k and PS-

CdS/185k Langmuir Films

Surface pressure versus area (z-A) isotherms and LB films transfer were
performed with a KSV 3000 Langmuir trough (KSV Instruments Ltd.) secured in a dust
shield. The water subphase in the trough has a 150 x 515 mm? surface area and ~ 1L
volume. For isotherm experiments, 0.10 mg solid was deposited on the water surface
from 1.0 mg/mL spreading solutions in chloroform; 100 uL solution (~ 10 drops) was
added drop-wise and symmetrically (~5 drops on each side) to the subphase surface using
a Hamilton microsyringe. After a 30 min period for solvent evaporation, compression
isotherms were obtained via controlled symmetric movement of two computer-controlled
hydrophobic paddles at 10 mm/min toward the centre of the trough; accompanying

changes in surface pressure were simultaneously monitored using a roughened platinum
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Wilhelmy plate. DI water (Barnstead NANOpure Diamond, 18.2 m{/cm) was used as the

subphase and was maintained at 21 + 0.5 °C for all experiments. Trough and paddles
were cleaned three times with ethanol and DI water prior to use. Prior to compression
experiments, the surface of the subphase was cleaned by aspirating off any debris, such

that the surface pressure remained < 0.20 mN/m over a full compression.

3.2.7. Langmuir-Blodgett Film Transfer to Patterned and Unpatterned

Substrates

The initial steps for preparing LB films were analogous to those used for
preparing Langmuir films for isotherm measurements; however, for LB experiments,
only 0.05 mg of solid (half the mass used to obtain isotherms) was deposited at the air-
water interface. After 30 min solvent evaporation, the film was compressed at a rate of 10
mm/min until the target surface pressure (z =5 or 10 mN/m) was reached. This 7 was
maintained for another 30 min before transfer of the LB film. Following this equilibration
time, the LB films were transferred to the half-patterned glass by a vertical withdraw of
the submerged cover slips, generally at a rate of 1 mm/min and with the
hydrophilic/hydrophobic stripes oriented perpendicular to the air-water interface, unless
otherwise stated in the text. The resulting films were dried vertically under ambient
conditions for at least 12 h before imaging. All LB experiments resulted in transfer ratios

close to one (0.8-1.0) unless otherwise noted.
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3.2.8. Atomic Force Microscopy (AFM)

AFM in tapping mode was performed on a MFP-3D atomic force microscope
from Asylum Research with 300 kHz-resonance frequency Si tips (spring constants 40 to
70 N/m) from Vistaprobe. Contact mode AFM was performed using a
ThermoMicroscope Explorer (Veeco Instruments) equipped with a Veeco silicon nitride
tip (MLCT-EXMT-A). Each sample was imaged several times at different locations on
the substrate to determine the regularity of the film structure. All images presented in this
chapter were scanned over a 10 um x 10 um area at a scan rate of 0.5 Hz and represent
typical images of each LB film. For each LB film, statistical analysis of feature widths
and heights were carried out from three 10 um x 10 um images obtained in three different
regions of the film; a total of at least 80 features were measured to determine mean

dimensions, with reported errors representing a single standard deviation unit.

3.2.9. Photoluminescence Spectroscopy of PS-CdS

Photoluminescence measurements of PS-CdS in chloroform were recorded with
an Edinburg Instruments FLS 920 fluorimeter. The excitation source was a 450 W Xe arc
lamp, the detector employed was an R928P Hamamatsu PMT, and the spectral resolution
was 1 nm. An excitation spectrum was recorded by setting Aem = 610 nm and an
emission spectrum was recorded by setting Ae = 300 nm. Both excitation and emission
spectra were collected without using a filter. Reported spectra were obtained by

subtracting a solvent background from the raw data.
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3.2.10. Laser Scanning Confocal Fluorescence Microscopy (LSCFM)

LSCFM measurements of photoluminescent PS-CdS/185k LB films were carried
out on a Zeiss LSM 410 with Ar/Kr laser. Films were excited at A = 488 nm, using a
band pass 485 £ 20 nm line selection filter and a FT 510 dichroic beam splitter. A long-
pass 610 nm emission filter only allowed light above 610 nm to reach the PMT detector.
A Zeiss Plane-Aprochromat 63x oil-immersion objective lens was used for imaging. The
pinhole diameter was set to 1.2 Airy units. To prepare samples for LSCFM
measurements, an LB-containing glass coverslip was taped to a glass microscope slide,
such that the film was sandwiched between the slide and coverslip. Zeiss Immersionsoel
518 C oil was deposited between the objective and the coverslip in order to provide a
constant-refractive index media between the objective and the glass. Both halves of the
glass substrate (OTS-patterned and unpatterned) were scanned for comparison. As a
control, one of the 141k LB films, without CdS nanoparticles, was also scanned under the
same conditions, resulting in no observed signal; this confirmed that the observed bright
regions in the LSCFM images of PS-CdS/185k films were due to photoluminescence

from CdS nanoparticles.

3.3. Results and Discussion

The general strategy for the controlled transfer of block copolymer aggregates

from the air-water interface to chemically-patterned substrates combines well-established

36-43

procedures for uCP°"° and interfacial block copolymer self-assembly,**** as illustrated

in Figure 3.1. First (Figure 3.1a), a PDMS stamp with striped topology was employed to
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selectively transfer OTS to piranha-treated glass in areas of contact between the stamp

and the substrate; chemical reaction between OTS and hydroxyl groups on the glass
surface resulted in a chemically-heterogeneous surface with an alternating pattern of
hydrophilic/hydrophobic stripes with microscale periodicity. Next (Figure 3.1b), a
solution 141k PS-b-PEO block copolymer (or blend of 185k PS-b-PEO block copolymer
and PS-CdS nanoparticles) in chloroform was spread on the water surface of an LB
trough; subsequent solvent evaporation induced block copolymer self-assembly at the air-
water interface due to the interplay of attractive PEO-water interactions and repulsive PS-
water and PS-PEO interactions.***® As portrayed in Figure 3.1b, the resulting low-density
aggregates of PS-b-PEO consist of hydrophobic PS cores surrounded by peripheral PEO
chains in a 2D pancake conformation at the air-water interface;***® Cox et al. have
further suggested that additional PEO chains form a buffer layer between the PS cores
and the water surface.*” Finally (Figure 3.1c), following compression of the aggregates to
a specified surface pressure (x), the chemically-patterned substrate (with a non-patterned
hydrophilic half serving as a control) was lifted vertically at constant z through the air-
water interface, effecting transfer of the aggregates to the substrate. As illustrated in
Figure 3.1c, the substrate stripe pattern was typically oriented perpendicular to the air-
water interface during LB transfer, although LB transfer with parallel pattern orientation
was also investigated, as described in the text; other experimental variables for LB
transfer were the surface pressure (z = 5 and 10 mN/m) and withdrawal speed (1 and 5

mm/min).

The chemically-patterned substrates without LB film deposition were first

characterized following WCP, submersion in deionized water for 65 min, vertical
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withdrawal at 1 mm/min, and air drying. The water submersion, vertical withdrawal, and

air-drying steps were carried out to match corresponding LB experiments and to account
for any effects of OTS swelling by water on the morphology and surface properties of the
OTS film. An optical microscopy (OM) image of the resulting patterned surface (Figure
3.2a) shows the periodic stripe pattern of OTS on glass imposed by the topology of the
PDMS stamp used for pCP. From OM, the periodicity of the dark OTS stripes is 1.4 um
+ 0.1, consistent with the periodicity of peaks on the PDMS stamps, as measured by
AFM (1.4 um % 0.3). To demonstrate the microscale patterning of surface energies on the
resulting surface, we deposited a large drop of water on the substrate shown in Figure
3.2a, and monitored the evaporation of water over time by OM. As evaporating water
droplets decreased to sizes on the order of the pattern periodicity, they were found to
segregate in the hydrophilic regions between the OTS stripes, forming oriented water
patches with an approximately rectangular shape. In the inset to Figure 3.2a, four such
water patches (outlined with white dotted lines) can be seen, each localized within a
hydrophilic domain between the periodic OTS lines (highlighted with black dotted lines).
The drying behavior of water droplets thus confirms the microscale surface energy
heterogeneities on the patterned substrates, which consist of arrays of alternating
hydrophilic/hydrophobic stripes. Advancing water contact angle measurements of the
heterogeneous surface gave a mean value of 40° £ 10° compared to a near-zero contact
angle determined for the hydrophilic glass surface used as a control substrate in this

study.
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Figure 3.1. Schematic illustrations (not to scale) of the various steps applied in the current
method: a) microcontact printing of OTS on hydrophilic glass to obtain substrates with a
hydrophilic/hydrophobic stripe pattern; b) self-assembly of PS-b-PEO copolymer at the air-water
interface via solution spreading and chloroform evaporation; ¢) LB transfer of copolymer
aggregates from the air-water interface to OTS substrates consisting of a patterned

hydrophilic/hydrophobic region and a hydrophilic control region.

Further structural details of the patterned OTS-glass surfaces were determined by

AFM and accompanying topology profiles (Figure 3.2b). Control AFM images of glass
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slides produced using PDMS stamps inked with pure anhydrous hexane (no OTYS)

showed no stripe pattern transferred to the glass, confirming that the observed raised
regions in Figure 3.2b are chemically-bonded OTS (Supporting Information). The
observed double-stripe topology in Figure 3.2b indicates that each OTS domain is thicker
at the outside edges than in the middle. This observed topology is probably a
manifestation of the well-known “coffee ring” effect,” in which evaporation-driven flow
within drying patches of transferred ink gives rise to a higher concentration of OTS at the
periphery of the hydrophobic domains. From AFM, the periodicity of the stripe pattern is
1.4 £ 0.1 um, consistent with OM results, and the widths of the hydrophobic OTS and
hydrophilic glass domains are 0.4 + 0.1 um and 1.0 £ 0.1 um, respectively. The mean
OTS film height determined at the raised edges of the OTS domains is 4 + 1 nm, which is
slightly greater than previously-determined OTS monolayer heights of ~2.5 nm,®

suggesting some cross-polymerization in these concentrated regions.
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Figure 3.2. (a) OM and b) AFM images of the patterned substrate consisting of OTS stripes
transferred to glass. Following pUCP, the substrate was immersed in water for 65 min (without
copolymer deposition at the water surface) then withdrawn vertically at 1 mm/min, in order to
replicate the conditions of LB transfer experiments. The inset to a) shows localization of drying
water patches (outlined with white dotted lines) within hydrophilic domains between the periodic
OTS stripes (highlighted with black dotted lines), confirming the microscale patterning of surface
energies on the substrate. The white line in b) indicates region in which accompanying height
profile (b, below) was taken. Scale bars in a) and inset indicate 5 um and scale bar in b) indicates

1pum.
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Before their transfer to chemically-patterned substrates, the behaviors of the self-

assembled copolymer and blend films were compared at the air-water interface via
Langmuir compression isotherms (Figure 3.3). The obtained z-A isotherm for the pure
141k copolymer (red curve) is typical of PS-b-PEO aggregates at the air-water interface
upon compression, showing an initial gradual increase in z accompanied by a fast
decrease in A (liquid expanded state), followed by sharp increase in 7 beginning at ~10
mN/m (condensed state). The transition between these two compression regions is
generally correlated with the submersion of peripherial PEO chains into the aqueous
subphase (pancake-to-brush transition) resulting in close-packing of aggregate cores.***"
%287 In contrast, the PS-CdS/185k isotherm (blue curve) does not show the initial soft
compression region with accompanying fast decrease in A. Instead, z increases (and A
decreases) steadily from the beginning of the compression. The isothermal behavior of
the blend therefore suggests a decreased contribution from the overlap and
conformational transition of PEO chains surrounding the aggregate cores, due to the
increased PS content of the blend, as we have reported previously.*

Consistent with our previous studies of this copolymer at the same spreading

concentration, 0438

the LB film of pure 141k transferred to non-patterned hydrophilic
glass at # = 5 mN/m reveals mainly strandlike branched and interconnected aggregates
(Figure 3.4a). AFM scans in other regions of the same LB film also show the presence of
occasional small circular aggregates (dots). Topology profiles of the strands reveal a
mean width of ~100 nm and a mean height of 11 £ 2 nm, consistent with a monolayer of

PS-b-PEO chains.*® We observed a generally uniform distribution of aggregates across

the non-patterned glass. As well, it was found that the strandlike aggregates were
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randomly oriented, as indicated in Figure 3.4a. This indicates that transfer of the

aggregates from the air-water interface to the non-patterned glass has minimal influence

on the lateral placement and orientation of the aggregates in the final LB film.
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Figure 3.3. Compression isotherms obtained for pure 141k copolymer (red curve) and the PS-
CdS/185k blend (blue curve). The two different surface pressures used for LB transfer

experiments, 7 =5 mN/m and = = 10 mN/m, are indicated with dotted lines.

In contrast, Figure 3.4b shows the LB film of the 141k copolymer transferred at =
=5 mN/m to the chemically-patterned substrate, with the hydrophilic/hydrophobic stripes
oriented along the direction of vertical withdrawal, perpendicular to the air-water
interface. The resulting film clearly matches the underlying pattern of the substrate,
showing a stripe array with periodicity 1.3 + 0.1 um, nearly identical to that determined

for the OTS pattern described in Figure 3.2 (1.4 £ 0.1 um). The mean widths of the raised

and lower regions of the LB film, 1.0 £ 0.1 um and 0.4 + 0.1 pm, respectively,
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correspond to the widths of the hydrophilic glass and hydrophobic OTS regions on the

chemically-patterned substrate. The film structure therefore indicates that LB deposition
under these conditions resulted in selective positioning of copolymer aggregates within
the hydrophilic regions of the substrate. Within most regions of the stripes, the overlap of
multiple aggregates made it impossible to resolve individual dots or strands from the
topographic images. However, near the top of the LB films, where the film thickness was
thinner than the average value, contact mode AFM of individual stripes revealed an
internal structure of dots and strands (Figure 3.4b, inset) with lateral dimensions
consistent with those of the aggregates observed on the non-patterned substrate. This
result indicates that the aggregates retained their structural integrity upon transfer to the
patterned substrate, and suggests that the film in Figure 3.4b contains a similar mixture of
dots and strandlike aggregates as the film in Figure 3.4a, only with a different surface
density and spatial distribution. The resilience of aggregate morphologies during LB
patterning is not unexpected, considering that the PS cores will be below their glass
transition temperature following evaporation of the spreading solvent.*®3"4%3  These
results suggest a building up of structural hierarchy via nanoscale self-assembly at the
air-water interface followed by substrate-directed organization into microscale arrays.
From AFM topographic profiles, the mean height of the aggregate-containing regions
(Figure 3.4b) is 32 + 6 nm, approximately 3x the height of individual aggregates
transferred to non-patterned glass (Figure 3.4a), indicating a stacking of aggregates in

most of the hydrophilic regions of the structured surface.
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Figure 3.4. AFM images of LB films obtained by transfer of pure 141k copolymer from the air-
water interface to non-patterned hydrophilic glass (a), and to patterned OTS substrates (b, ¢) with
hydrophilic/hydrophobic stripes oriented perpendicular (b) or parallel (c) to the water surface
during vertical withdrawal. In all cases, LB transfer was carried out at a surface pressure of =5
mN/m and using a withdrawal speed of 1 mm/min. The inset to b) shows a contact mode AFM
image of strandlike aggregates assembled within a single hydrophilic stripe, with dotted lines

indicating the boundaries of the hydrophilic domain. All scale bars indicate 1 pm.

The LB patterning of aggregates observed in Figure 3.4b is explained by surface-

directed selective dewetting along the water-substrate contact line as the substrate is
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withdrawn with hydrophilic/hydrophobic stripes perpendicular to the air-water interface

(Figure 3.5a,b). First, copolymer aggregates deposit on the patterned substrate along the
contact line (Figure 3.5a). Then, the drying of the deposited thin film induces a selective
dewetting process, directed by the microscale heterogeneities in surface energies along
the drying front. As a result, the drying water film accumulates in the hydrophilic stripes,
effecting rearrangement of the monolayer as copolymer aggregates are carried with the
water due to surface tension. As the patterned substrate is pulled through the air-water
interface, continuation of this process results in the templated assembly of nanoscale
aggregates into microscale stripes registered with the underlying hydrophilic regions
(Figure 3.5b). In a related previous study,* nonlithographic LB patterning of nanoparticle
stripes oriented perpendicular to the air-water interface was achieved via dewetting-
induced segregation along the contact line; however, in that case, particle segregation was
due to “fingering instabilities” of the drying front rather than underlying surface
heterogeneities, resulting in stripe periodicities an order of magnitude longer than that
shown in Figure 3.4b. Therefore, the current strategy of LB patterning via surface-
directed dewetting offers a complimentary approach in which the length scale and
organization of LB films can be controlled for specific applications using simple and

well-established uCP methods.
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Figure 3.5. Schematic illustration of the principle of templated aggregate assembly during LB
transfer to microscale stripes of alternating surface energies. For stripes oriented perpendicular to
the water surface (a, b), copolymer aggregates first deposit wet at the contact line (a); then, film
drying induces a selective dewetting process, directed by the alternating surface energies along
the drying front, resulting in segregation of aggregates in the hydrophilic stripes (a, inset). As the
patterned substrate is pulled through the air-water interface (b), continuation of this process forms
microscale stripes of aggregates registered with the underlying hydrophilic regions. In contrast,
for stripes oriented parallel to the water surface (c, d), a wet film of aggregates deposited along

the contact line experiences the same underlying surface energy along its entire length (c), such
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that the film dries without dewetting-induced segregation of aggregates (c, inset); therefore

substrate withdrawal (d) results in a uniform monolayer with no registration to the underlying

surface pattern.

According to the above mechanism, the presence of heterogeneities in surface
energy along the contact line is of critical importance for surface-directed LB patterning.
This was confirmed by carrying out LB transfer at the same surface pressure and
withdrawal speed and wusing an identical patterned substrate, but with the
hydrophilic/hydrophobic stripes oriented parallel to the air-water interface. The result of
this experiment (Figure 3.4c) shows a monolayer of aggregates very similar to that found
on the unpatterned substrate (Figure 3.4a), exhibiting no effect of the underlying surface
pattern on the spatial distribution of aggregates. This situation is described in Figure
3.5¢,d. Here, for a given position of the substrate, the contact line experiences the same
underlying surface energy along its entire length (Figure 3.5¢). Therefore, no dewetting-
induced segregation of the water subphase occurs at the moving drying front, resulting in
uniform monolayer transfer as the substrate is pulled through the air-water interface
(Figure 3.5d). It is expected that as the parallel stripes of alternating wettabilities move
through the air-water interface, the meniscus height will fluctuate over time, due to
periodic changes in the surface energy at the contact line. However, these time-dependent
fluctuations do not appear to strongly influence the transfer of the aggregate monolayers,
as evinced by the similarity between Figure 3.4c and the non-patterned substrate case

(Figure 3.4a).

Next, we investigated the effect of surface pressure on the transfer of PS-b-PEO

aggregates to the patterned substrate. Figure 3.6 shows AFM images of the 141k
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copolymer transferred to non-patterned (Figure 3.6a,b) and patterned (Figure 3.6c,d)

substrates, at two different surface pressures: 7 = 5 mN/m (Figure 3.6a,c) and = = 10
mN/m (Figure 3.6b,d). The LB film transferred at z = 5 mN/m to the non-patterned
substrate (Figure 3.6a) shows a monolayer consisting of both dots and strandlike
aggregates, as discussed previously. When the surface pressure is increased to = = 10
mN/m for transfer to the non-patterned substrate (Figure 3.6b), a similar mixture of
aggregate morphologies is observed, although the surface density of the monolayer has
increased markedly compared to the lower-z case. In contrast to Figure 3.6a, the denser
packing of aggregates in Figure 3.6b results in close contact between most of the
neighboring PS cores; this is consistent with the sharp increase in surface pressure
beginning at ~10 mN/m in the compression isotherm of the monolayer (Figure 3.3, red
curve), associated with the overlap of relatively incompressible PS blocks. Interestingly,
the two different surface pressures result in significantly different transfer behavior to the
patterned substrates. As shown previously, transfer to the patterned substrate at 7 = 5
mN/m results in templated assembly of aggregates within the hydrophilic regions,
forming a stripe pattern registered with the chemical pattern of the solid surface (Figure
3.6¢). In contrast, transfer of aggregates to the patterned surface at increased surface
pressure (zr = 10 mN/m) results in a monolayer of aggregates with no selective

positioning relative to the underlying stripes (Figure 3.6d).
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Figure 3.6. Effect of surface pressure on LB transfer of pure 141k copolymer to non-patterned
hydrophilic glass (a, b) and to patterned OTS substrates (c, d). AFM images show LB films
obtained by transfer at surface pressures of z =5 mN/m (a, ¢) and = = 10 mN/m (c, d) using a
withdrawal speed of 1 mm/min. For the LB films transferred to patterned substrates (c, d), the
hydrophilic/hydrophobic stripes were oriented perpendicular to the water surface during vertical
withdrawal (the orientation of both images with respect to the underlying stripes is the same); the
white lines in ¢) and d) indicate regions in which accompanying height profiles (c, d, below) were

taken. All scale bars indicate 1 um.
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The observed dependence of surface pressure on LB transfer to patterned

substrates can be understood in terms of the effect of compression on the packing of
copolymer aggregates at the air-water interface. As represented in Figure 3.7a (top), at
= 5 mN/m, the aggregates exist in the liquid expanded state at the water surface, with
PEO chains in the pancake conformation between neighboring cores. In this low-density
state, the aggregates possess a relatively large degree of freedom at the air-water
interface, allowing them to rearrange upon transfer to the patterned substrate by
accumulating with the water in the hydrophilic domains (Figure 3.7a, bottom). However,
when the aggregates are compressed to = = 10 mN/m, a dramatic increase in the
aggregate density occurs, as evinced by the large decrease in surface area in the
compression isotherm (Figure 3.3, red curve). In the resulting high-density state (Figure
3.7b, top), the intervening PEO chains have submerged into the water, and the cores have
become close-packed, introducing significant constraints on their translational motion.
Therefore, the aggregates do not possess sufficient translational freedom to accumulate in
the hydrophilic stripes when the underlying water dewets from the substrate. As a result,
the LB film is transferred as a cohesive monolayer across both the hydrophobic and

hydrophilic stripes (Figure 3.7b, bottom).
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b)

=10 mN/m

Figure 3.7. Schematic illustrations (not to scale) showing the effect of surface pressure on the
transfer of strandlike aggregates of 141k to patterned OTS substrates. At z = 5 mN/m, the
aggregates exist in the liquid expanded at the water surface (a, top). In this state, the aggregates
possess sufficient translational freedom to rearrange and accumulate in the hydrophilic domains
upon transfer to the patterned substrate (a, bottom). In contrast, at 7 = 10 mN/m, the aggregates
exist in a condensed state the water surface (b, top). As a result of packing constraints on
translational motion, the aggregates cannot segregate within the hydrophilic stripes upon transfer
to the patterned substrate (b, bottom).

Next, we used this methodology to pattern copolymer aggregates containing
photoluminescent CdS nanoparticles on solid surfaces, introducing optical functionality
and another length scale of organization within the resulting hierarchical arrays. As

demonstrated in our previous work,***3

when a blend of polystyrene-functionalized CdS
nanoparticles (PS-CdS) and PS-b-PEO copolymer is spread in chloroform solution at the
air-water interface, evaporation-induced self-assembly gives rise to strandlike aggregates

with the nanoparticles distributed within the PS cores (Figure 3.8a). The excitation and
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emission spectra of the constituent PS-CdS nanoparticles dispersed in chloroform

solution are shown in Figure 3.8b, demonstrating their photoluminescent properties. The
emission spectrum shows two peaks: an intrinsic bandedge emission peak centered at

~450 nm and a broad trap-state emission peak centered at ~610 nm.
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Figure 3.8. (a) Schematic showing the formation of strandlike copolymer-nanoparticle aggregates
via self-assembly of the PS-CdS/185k blend at the air-water interface, as described previously in
references 42 and 43. b) Photoluminescence properties of the PS-CdS nanoparticles dispersed in
chloroform, showing excitation (blue curve) and emission (red curve) spectra. Both excitation and
emission spectra were collected without using a filter. Reported spectra were obtained by

subtracting a solvent background.
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Figure 3.9 shows AFM images of the blend PS-CdS/185k transferred to non-

patterned (Figure 3.9a,b) and patterned (Figure 3.9¢,d) substrates at surface pressures of z
=5 mN/m (Figure 3.9a,c) and = = 10 mN/m (Figure 3.9b,d). The LB films transferred at
7 =5 mN/m and = = 10 mN/m to unpatterned substrates (Figure 3.9a,b) both show highly
branched, strandlike aggregates with heights ~30 nm and widths ~300 nm that are taller
and wider than the strands formed from the pure 141k copolymer. We note that the
difference in the surface densities of aggregates at the two different surface pressures,
based on comparison of the AFM images in Figure 3.9a and 9b, is much less significant
than that found in the pure 141k case (Figure 3.6a and 6b). Thus, we find a less efficient
packing of aggregates at the higher surface pressure for the blend (Figure 3.9b) compared
to pure 141k (Figure 3.6b). These AFM results are consistent with the compression
isotherms, which show only a small decrease in surface area (and increase in density) for
the blend upon compression from z =5 mN/m to z = 10 mN/m (Figure 3.3, blue curve),
compared to a dramatic decrease in area (and increase in density) for pure 141k (Figure

3.3, red curve).
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Figure 3.9. Effect of surface pressure on LB transfer of the PS-CdS/185k blend to non-patterned
hydrophilic glass (a, b) and to patterned OTS substrates (¢, d). AFM images show LB films
obtained by transfer at surface pressures of z = 5 mN/m (a, ¢) and z = 10 mN/m (c, d) using a
withdrawal speed of 1 mm/min. For the LB films transferred to patterned substrates (c, d), the
hydrophilic/hydrophobic stripes were oriented perpendicular to the water surface during vertical
withdrawal; the white lines in ¢) and d) indicate regions in which accompanying height profiles

(c, d, below) were taken. All scale bars indicate 1 um.
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The relatively low packing density of the blend aggregates at # = 10 mN/m

compared to the pure 141k copolymer means that they are not subject to the same
constraints in translational motion. Therefore, unlike the 141k case, we find that
templated assembly of blend aggregates on the patterned substrates occurs at both the
higher and lower surface pressures (Figure 3.9c and 9d, respectively); however, the
resulting film thicknesses depend strongly on the transfer surface pressure. For transfer at
7 =5 mN/m, AFM and accompanying topology profiles (Figure 3.9c) reveal a mean film
height of 60 = 10 nm in the hydrophilic regions. Also, the LB film is found to be
significantly thicker at the edges of the hydrophilic stripes, likely due to convective flow
of aggregates during drying of localized water patches; in general, the elevated regions at
the stripe edges show widths consistent with individual strandlike aggregates, suggesting
a tendency for strands to orient along the stripe direction. When the surface pressure is
increased to = = 10 mN/m, transfer of blend aggregates to the stripe pattern results in a
more uniform filling of the hydrophilic domains compared to the z = 5 mN/m case, with
the topology profile revealing uniform heights (mean height = 340 + 50 nm) across the

elevated stripes (Figure 3.9d).

To demonstrate the photoluminescence of the patterned and non-patterned strands
due to the embedded CdS nanoparticles, laser scanning confocal fluorescence microscopy
(LSCFM) imaging was also carried out for blend films transferred at 7 = 10 mN/m, with
excitation and emission filters selected according to the photoluminescence properties of
PS-CdS (Figure 3.8b). In Figure 3.10a we see the result for the non-patterned substrate:
submicron strandlike photoluminescent aggregates uniformly distributed over the entire

surface, consistent with AFM results. Figure 3.10b shows localized CdS emission from
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the microscale photoluminescent stripe array, formed via transfer of the strandlike

aggregates to the chemically-patterned surface.

Figure 3.10. LSCFM images showing photoluminescence of PS-CdS/185k aggregates transferred
to non-patterned hydrophilic glass (a) and to the patterned OTS substrate (b) at a surface pressure
7 =10 mN/m and using a withdrawal speed of 1 mm/min. For the LB film transferred to the
patterned substrate (b), the hydrophilic/hydrophobic stripes were oriented perpendicular to the

water surface during vertical withdrawal. Both scale bars indicate 1 pm.
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Finally, it was of interest to investigate the effect of increasing the substrate

withdrawal speed on LB deposition to chemically-patterned surfaces, since the slow rate
of LB film transfer is generally viewed as a critical limitation for its application to device
fabrication. For this experiment, a withdrawal speed of 5 mm/min was applied to transfer
blend aggregates at 7 = 10 mN/m to the half-patterned cover slip, and comparison was
made with the analogous experiment at 1 mm/min described in Figure 3.9b and 9d. The
resulting transfer ratio of 0.410 was less than half the value (~1) obtained at the slower
withdrawal speed. The unpatterned half of the cover slip (Figure 3.11a) possessed a
monolayer of strandlike aggregates indistinguishable from the analogous film prepared at
1 mm/min (Figure 3.9b). However, the patterned surface following LB deposition (Figure
3.11b) resembled a patterned OTS film without copolymer transfer (Figure 3.2b). This
combination of AFM and transfer ratio data indicates that, at a withdrawal speed of
5 mm/min, efficient transfer of aggregates to the unpatterned half of the cover slip was
achieved, whereas no detectable aggregates were transferred to the patterned surface,
compared to their efficient transfer and patterning at the slower withdrawal speed of
1 mm/min. The lack of aggregate transfer to the patterned region at the faster withdrawal
speed may be attributed to insufficient drying time. Another possible contribution is the
presence of downward viscous drag forces imposed by the transferred subphase film,
which have been shown to increase with increasing withdrawal speed.*’ The large
difference in the transfer efficiencies to unpatterned and patterned surfaces at the faster
withdrawal speed is probably a result of the difference in contact angles between the
unpatterned hydrophilic glass (~0°) and the patterned OTS surface (~40°).%% Clearly, the

present method of transfer and selective positioning of aggregates relies on the complex
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interplay of several time-dependent processes, including substrate pulling, copolymer and

water transfer to the substrate, water evaporation, and dewetting, imposing the

operational requirement of a sufficiently slow substrate withdrawal.
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Figure 3.11. Effect of increased substrate withdrawal speed on LB transfer of the PS-CdS/185k
blend to unpatterned hydrophilic glass (a) and to the patterned OTS substrate (b). AFM images
show LB films obtained by transfer at a surface pressure of z = 10 mN/m using a withdrawal
speed of 5 mm/min. For the LB film transferred to the patterned substrate (b), the
hydrophilic/hydrophobic stripes were oriented perpendicular to the water surface during vertical
withdrawal. The white line in b) indicates region in which accompanying height profiles (b,
below) was taken. Both scale bars indicate 1 pm.
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3.4. Conclusions

A methodology has been developed which combines nanoscale self-assembly of
amphiphilic block copolymers at the air-water interface with microscale templated
assembly of the resulting aggregates via LB transfer to chemically-patterned surfaces.
The selective positioning of copolymer aggregates within the hydrophilic stripes of a
hydrophilic/hydrophobic stripe pattern of OTS on glass is the result of surface-directed
dewetting of the subphase during the slow vertical withdrawal of the substrate through
the water surface. The LB patterning of aggregates depends on surface energy
heterogeneities along the subphase-substrate contact line: this was confirmed by
comparing LB transfer of aggregates with hydrophilic/hydrophobic stripes oriented
perpendicular and parallel to the air-water interface, which resulted in selective
positioning of aggregates only in the former case. The effect of surface pressure on LB
patterning was also studied, revealing that packing constraints imposed by compression
of aggregates to high surface densities prevents the formation of patterned LB films. The
method was also extended to include patterning of hierarchical photoluminescent strands
formed via self-assembly of polymer-coated CdS nanoparticles and an amphiphilic block
copolymer at the air-water interface. We believe this combination of uCP with block
copolymer self-assembly at the air-water interface provides a versatile approach for
fabricating hierarchical polymer and polymer-nanoparticle architectures with a broad

range of potential functionality.
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Chapter 4. PATTERNING PHASE-SEPARATED
POLYMER/POLYMER BLENDS ON MICROCONTACT-
PRINTED GLASS SUBSTRATES
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4.1. Introduction

Bottom-up self-assembly of polymers has been an area of intensive research over
the past several decades mainly because of the routes it provides for organizing organic
and inorganic functional elements on surfaces.*” It has been shown that controlled

arrangement of nanoparticles (NPs) can be obtained by their incorporation into a specific

polymer phase of a phase-separated blend of immiscible homopolymers™*’ or a

microphase-separated diblock copolymer.***  Bottom-up self-assemblies can be
combined with a top-down lithographic technique to obtain complex device-oriented

structures with improved long-range structural ordering. This has been demonstrated for

18-30 15,26,44

block copolymers, polymer blends,*** and polymer/NP blends, where

assemblies are directed on chemically- or topographically-patterned substrates. Various

lithographic techniques can be used to generate such patterns on surfaces.*“® For

47-54

instance, microcontact printing is a fast and efficient soft lithographic method for

making chemically-patterned substrates with micro- or nanoscale heterogeneous surface

energies.**8

Phase-separation of immiscible polymer blends by spin-coating from a common
solvent is a well-established method for obtaining microscale structures of polymer
domains on surfaces.”>® Structured blend films have a variety of applications in

electronics and optoelectronic devices;™® for example, high-efficiency polymeric

61,63 63-65

photovoltaic devices, and organic light emitting diodes (OLEDs) utilize the

structures obtained by blends of conjugated polymers. The morphology of polymer
structures, the size and orientation of the domains, affects the operation and efficiency of

such devices.5%
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The phase-separation in spin-coated polymer blend films has been experimentally

investigated® "?and theoretically modeled.”* Among polymer blends, polystyrene/poly
(methyl methacrylate) (PS/PMMA) polymer blends have been a system of particular
interest in fundamental studies; the phase-separation for this blend has been widely
studied both in bulk’ and in thin films® 2. Heriot et al®” used time-resolved small-angle
light scattering to monitor the evolution of PS and PMMA domains in real time during
spin-coating; they showed that the early stage of the phase-separation process is
described by the development of a two-layer film with a PS-rich layer with lower surface
energy on top and a PMMA-rich layer weting the glass surface. As the solvent further
evaporates, an instability of the PS/PMMA interface caused by solvent concentration
gradients generates capillary waves that disrupt the stratified film structure. The
amplitude of the wave increases leading to the formation of the phase-separated
structures observed in spin-coated films.

The morphology of polymer domains is influenced by both spinodal
decomposition and by preferential wetting of the blend components at the boundary
surfaces. Therefore, spin-coating polymer blends onto chemically heterogeneous pre-
patterned substrates, possessing regions of various surface energies, can deliver polymer
patterns to the films. This method was originally demonstrated by Boltau et al.** for a
blend of PS and polyvinylpyridine (PVP) on a gold surface patterned by self-assembled
monolayers of alkanethiols. Since then the methodology has been applied for patterning
variety of polymer blends into different pattern types.*>*33". 341 However, to the best
of our knowledge our work is the first report on patterning PS/PMMA blend on OTS-

patterned glass surfaces.
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34,31, 39, 4lthat surface-directed patterning of polymer blends can

It has been shown
be obtained on such pre-patterned surfaces when the characteristic length scale of the
phase-separation is on the order of the pattern periodicity of the substrate; this size
matching is commonly referred to as length scale commensuration.®* 3" ** “Matching
between the area fractions of the patterned surface and the volume fraction of the blend

32, 39

composition, known as composition commensuration,* * as well as the film thickness**

87,4143 are also shown to influence the patterning of polymer blend films.

In this work, we apply polymer/polymer phase-separation on pre-patterned
substrates for patterning PS/PMMA blends on OTS-patterned glass. For this purpose,
first microcontact printing (LCP) is employed using the procedure developed in chapter
2, to produce a microscale pattern of hydrophilic and hydrophobic arrays, corresponding
to octadecyltrichlorosilane (OTS) stripes and piranaha-treated glass, respectively. We
study the effect of spin-coating rate, polymer solution concentration, composition, and
solvent on the structure of the resulting films in order to determine the conditions in
which polymer domains are directed by the underlying pattern. We also apply this
method to pattern the phase-separating blend of PMMA and PS-stabilized cadmium
sulfide (PS-CdS) quantum dots (QDs), producing microscale photoluminescent
nanoparticle/polymer stripes. These results demonstrate a successful example for
combining facile top-down patterning with efficient bottom-up self-assembly, in order to

increase the complexity and ordering of hierarchical polymer and polymer-NP

architectures.
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4.2. Experimental

4.2.1. Material

The polystyrene (PS) homopolymer employed in this chapter with
M,=131 000 g/mol was previously synthesized in our group by anionic polymerization.
Poly (methyl methacrylate) (PMMA) homopolymer with M,=120 000 g/mol was

purchased from Aldrich.

4.2.2. Preparation of Polydimethylsiloxane (PDMS) Stamps for
Microcontact Printing

Masters with microscale periodic stripe patterns were obtained using commercial
compact discs (CDs). First, the protective layer of a CD was removed by scoring with a
scalpel and vigorously rinsing with deionized (DI) water. Then, the metallic layer and
thin lacquer coat were removed via a quick rinse with methanol and subsequent
sonication ina 1 : 4 (v : v) methanol/deionized water solution for 2 h, followed by a final
methanol rinse, revealing the underlying polycarbonate layer with the desired
topographic features. The polycarbonate was cut into square pieces ~2 cm X 2 cm.
Prepolymer and curing agent for polydimethylsiloxane (PDMS) (Dow Corning: Sylgard
184 DC-184 A and DC 184-B) were mixed ina 10 : 1 (v : v) ratio, then poured over a
polycarbonate master, followed by 4 h curing at 80°C. The PDMS was then carefully
peeled from the master in the direction tangential to the CD grooves, at a steady rate of ~
1 cm/s. PDMS stamps consist of periodic raised stripes corresponding to the troughs of

the polycarbonate masters; topographic micrographs of the master and the stamp are
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illustrated in chapter 2 (Figure 2.4). Stamps were sonicated ina 1 : 2 (v : v) solution of

ethanol/deionized water immediately prior to use, followed by drying with a stream of
ultra-high purity (UHP) N2 (g). More detailed description of the procedure is provided in

section 2.2.1.

4.2.3. Microcontact Printing (1LCP) Glass Substrates with

Octadecyltrichlorosilane (OTS)

Glass cover slips (VWR scientific, 18 x 18 mm) were cleaned by sonication for
10 min in 95% ethanol, followed by 10 min sonication in DI water. To introduce a layer
of hydroxyl groups on the glass surface, the cover slips were submerged in a piranha
solution at 70°C for 30 min. Piranha solution consists of a 3 : 1 (v : v) mixture of
concentrated H,SO,4 and 30% H,0,. Following piranha treatment, the cover slips were
sonicated in DI water for 10 min then rinsed with methanol, followed by two further
repetitions of the sonication/rinsing process. The resulting hydrophilic glass substrates
were dried with a UHP N, (g) stream and used immediately for uCP. The ink for uCP
was prepared by dissolving octadecytrichlorosilane (OTS, Aldrich) in anhydrous hexane
(> 99%, Aldrich) under UHP N, (g) to obtain a 5 mM solution.

For inking the PDMS stamp, a non-patterned smooth block of PDMS was used as
ink pad (instead of using an inked paper, which was used for chapter 2 and 3, as
described in section 2.2.1). One drop of the ink solution was spin-coated on the pad at
3000 rpm for 30 s followed by 20 s drying by UHP N, (g). A PDMS stamp was then
brought into contact with the inked pad for 10 s. The inked PDMS stamp was brought

into contact with a hydrophilic glass cover slip for 30 s under a 200-g weight so that the
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OTS stripe pattern was transferred to the coverslip. Microcontact-printed substrates were

then used immediately as substrates for spin-coating PS/PMMA or PS-CdS/PMMA blend
films. The method of using a rubber pad, spin-coating the ink on the pad, and drying the
inked stamp before printing yields in a more uniform pattern of double-stripe OTS lines.
In previous technique, which was employed in Chapters 2 and 3, both OTS double-stripe
and single-stripes are observed in different regions of the patterned film. For this work,
the uniformity is an essential and therefore, we modified the technique as above to
transfer less OTS to the glass surface via printing in order to obtain double-stripe OTS

pattern uniformly throughout the film.

4.2.4. Preparation of PS/PMMA Blend Solutions

Appropriate quantities of PS and PMMA components were each dissolved
individually in spectroscopic grade of toluene, THF or MEK (Aldrich) to a polymer
concentration of 2.0 wt%. The solutions were stirred for 4 h and allowed to equilibrate
overnight in the dark. 20/80, 30/70 and 50/50 (w/w) PS/IPMMA solutions were prepared
by mixing appropriate amount of each solution followed by stirring for 4 h. The resulting
blend solutions were then allowed to equilibrate overnight in the dark. Finally, blend
solutions of the various PS/PMMA compositions were diluted gravimetrically with

filtered solvent to prepare blend solutions with 0.5 and 1.0 wt% total polymer
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4.2.5. Preparation of PS/PMMA Blend Films

The blend films were prepared by spin-coating one drop of each blend solution
onto clean 18 x 18 mm glass coverslips at 9000 rpm spinning rate for 60s. The drop was
applied after the substrate reached a rate of 9000 rpm and it was deposited onto the centre
of the spinning substrate using a microsyringe. Spin-coated film looks uniformly clear

and it was dried overnight under vacuum prior to characterization

4.2.6. Preparation of PS-CdS/PMMA Blend Films

The polystyrene-stabilized cadmium sulfide (PS-CdS) QDs used in this study
were previously synthesized in our group via templated growth of CdS in the cores of
reverse micelles consisting of the poly (styrene)-block-poly (acrylic acid) copolymer
PS(226)-b-PAA(22), where numbers in brackets indicate number-average degrees of
polymerization for each block. The detailed characterization of the PS-CdS sample
employed here, which is the same sample used in chapter 3, is described in reference 14.
In summary, each PS-CdS unit consists of a core of a ~ 5 nm CdS NP (determined from
UV-Vis and using Henglein’s empirical relationship),* with a poly (cadmium acrylate)
(PACd) layer at the CdS surface, covalently-attached to external PS brush
layer'*(schematic shown in chapter 3, Figure 3.8a). The fluorescence characterization of
the PS-CdS sample is presented in chapter 3 (Figure 3.8 b); the emission spectrum shows
two peaks: an intrinsic bandedge emission peak centered at ~ 450 nm and a broad trap-
state emission peak centered at ~ 610 nm.

Appropriate quantities of PS-CdS and PMMA were each dissolved individually in

spectroscopic grade of toluene (Aldrich) to a polymer concentration of 1.0 wt%. The
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solutions were stirred for 4 h and allowed to equilibrate overnight in the dark. A blend

solution of 30/70 (w/w) PS-CdS/IPMMA with total polymer concentration of 1.0 wt %
was prepared by mixing appropriate amounts of each solution and was stirred for 4 h.
Solution was allowed to equilibrate overnight in the dark and then spin-coated onto clean
(non-patterned) and onto OTS-patterned 18 x 18 mm glass coverslips at 9000 rpm

spinning rate for 60s.

4.2.7. Selective Removal of Components of the Blend Films

In order to investigate the lateral distribution of polymer phases within the
blend film, selective etching of the components by their selective solvents was
performed. PMMA removal was carried out by placing the films in a petri dish
containing acetic acid (glacial grade from Aldrich), which is a good solvent for PMMA
and a poor solvent for PS, with a stir bar and stirring for 20 min. The films were then
removed and further rinsed with fresh acetic acid followed by 4 h air drying and then
further drying under active vacuum at room temperature overnight. For selective etching
of PS domains, cyclohexane (anhydrous grade from Aldrich), a good solvent for PS and a
poor solvent for PMMA, was used as the selective solvent and the same etching and

drying procedure as above was applied to the films.

4.2.8. Atomic Force Microscopy (AFM)

AFM in contact mode was performed on a MFP-3D atomic force microscope

from Asylum Research with non-conductive silicon nitride cantilevers from Veeco
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(model: NP-10). The cantilevers are 0.4 - 0.7 um thick and their resonance frequency

ranges from 12-75 kHz with spring constants ranging from 0.06-0.58 N/m. Each sample
was imaged several times at different locations on the substrate to determine the
regularity of the film structure. All images presented in this paper were scanned over a
10 um x 10 pum area at a scan rate of 0.5 Hz and represent typical images of each film.
Statistical analysis of feature dimensions was carried out on the AFM images of spin-
coated and selectively-etched films. A total of at least 60 features were measured to

determine mean dimensions with reported errors.

4.2.9. Laser Scanning Confocal Fluorescence Microscopy (LSCFM)

LSCFM measurements of 30/70 (w/w) PS-CdS/PMMA blend films on non-
patterned and on OTS-patterned glass substrates were carried out on a Zeiss LSM 700
with a diode laser. Films were excited at 1ex = 405 nm and the emitted light was directed
to the photomultiplier tubes (PMT) detector by a variable dichroic filter. A Zeiss 63x oil-
immersion objective lens (NA=1.3) was used for imaging. The pinhole diameter was set
to 2.4 Airy units; multiple sections at different depths of the films were obtained for
constructing the image. To prepare samples for LSCFM measurements, a blend film-
containing glass coverslip was taped to a glass microscope slide, such that the film was
sandwiched between the slide and coverslip. Zeiss Immersionsoel 518 C oil was
deposited between the objective and the coverslip in order to provide a constant-

refractive index media between the objective and the glass.
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4.3. Result and Discussion

The general strategy utilized in this work for the surface-directed patterning of the
polymer blends onto chemically-patterned substrates combines the well-established
procedure for pCP*"* with the phenomenon of polymer phase-separation.®”"> As
illustrated in Figure 4.1a, a PDMS stamp with a striped pattern was employed to
selectively transfer OTS to piranha-treated glass in areas of contact between the stamp
and the substrate (similar to Chapter 2 and 3); the resulting drying process and chemical
reaction between OTS and hydroxyl groups on the piranaha-treated glass substrate results
in a chemically-heterogeneous surface with a double-stripe pattern of OTS. From AFM
of the resulting patterns (Figure 4.1b), the average height of the OTS lines is 3 £ 1 nm
and the periodicity () is 1.4 £ 0.1 um (indicated in Figure 4.1b). Figure 4.1b shows the
double-striped pattern due to solution drying; within each double-stripe repeat unit, the
average short and long distances (ws and w,, respectively) between OTS lines are 0.4 +
0.1 um and 1.0 £ 0.1 um, respectively (illustrated in Figure 4.1c). These patterned OTS

films were used to direct the phase-separation of spin-coated PS/PMMA blends.
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Figure 4.1. (a) uCP OTS on a hydrophilic (hydroxyl-terminated) glass surface by a
PDMS stamp generating alternating striped pattern on the surface; drying accumulates OTS at the
edges and results in a double stripe pattern, (b) 10-10 um AFM image of the OTS patterned film,
(c) height profile along the white line on the AFM image (c) zooming into a region of the AFM

image to illustrateo A, ws and w;.



135
Before studying the morphology of phase-separated PS/PMMA domains on

patterned surfaces, the morphologies obtained by spin-coating on clean, non-patterned
glass were investigated. For this, a 1.0 wt% blend solution of 30/70 PS/PMMA was spin-
coated onto glass surface and characterized by contact-mode AFM, which reveals the
topology of the PS- and PMMA- rich phases. A difference in the relative heights of PS
and PMMA in phase-separated films has been observed previously as a result of the
difference in the relative solubilities of the two polymers in the casting solvent.>%% 6768
Toluene is a better solvent for PS than for PMMA; therefore, the PMMA phase will
contain less solvent than the PS phase during spin-coating such that it solidifies at an
earlier stage of the solvent evaporation. Further evaporation eventually leads to collapse
of the solvent-swollen PS below the level of the already solidified PMMA domains.
Hence, the elevated islands observed in the AFM image of this blend (shown in Figure
4.2a) are expected to be the PMMA-rich domains. However, AFM images do not
provide us with direct information on the identity of the polymer phases; therefore,
selective removal of the domains using selective solvents was performed: PS domains
were removed by cyclohexane and PMMA by acetic acid. Results shown in Figure 4.2b
and c, confirm the distribution proposed above: PS removal etches the matrix away and
leaves behind discrete domains of PMMA (Figure 4.2b). PMMA removal takes away the
elevated islands leaving holes behind in the PS film (Figure 4.2c).

As pointed out earlier, beside polymer/polymer interactions which cause the
phase-separation, the other parameter affecting the morphology of the phase-separated
films is polymer/substrate interaction.>*® For example if one of the polymer components

has preferential affinity to the surface (due to attractive intermolecular forces), it
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accumulates at the surface and forms a wetting layer. In the control film shown in Figure

4.2, both polymers appear to exhibit similar affinity to the glass surface, since no wetting
layer is formed and both laterally-separated PS and PMMA domains extend down to the
glass surface. This is also concluded from the selective etching experiments because both
phases can be removed independent of the other (Figure 4.2 b and c). FFT analysis of
PMMA domains after PS etching was carried out that is illustrated as the inset of Figure
4.2 b, resulting in depr value of 0.2 + 0.1 um. dger is determined from AFM images
converted to receprical space (refer to 1.6.1). Structures of polymer blend films on non-
patterned substrates, as shown in Figure 4.2, are generally isotropic; however, non-
isotropic structures can be obtained on chemically-patterned surfaces, where the blend
components have preferential affinity to different regions of the patterned substrate.**?
Therefore, for a blend of two chemically-different polymers, such as PS/PMMA blend,
on a patterned substrate the more polar polymer (PMMA) is expected to wet the high-

surface energy glass while the less-polar polymer (PS) is expected to wet the low-surface

energy OTS lines.
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Figure 4.2. 10-10 pm AFM images of ¢, = 1.0 wt% 30/70 PS/PMMA film (a) as spin-
coated, (b) after PS-removal, and (c) after PMMA-removal. FFT analysis of PMMA features are

shown as the inset of b.

The replication of the pattern of underlying substrate to the phase-separated

polymer film is affected by many parameters, including the composition matching®***

between the blend volume ratio and the area ratio of the patterned surface, film
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34374143 and length scale matching between the pattern periodicity (L) and the

thickness,
characteristic length scale of the phase-separation (d).***"3**'43As described in section
1.2.2, d will be determined by the extent of domain coarsening arising from spinodal
decomposition and will vary for spin-coated films depending on the polymer solution
concentration (c,) and the spinning rate (w).** The empirical scaling law describing

this is:

d ~ cyo'® (5.1)

Equation 5.1 expresses a direct proportionality between d and c,, and an inverse
proportionality between d and «?; therefore, d can be tuned by adjusting Cp and w to
match A, in order to obtain a patterned morphology of polymers on chemically-patterned
surfaces. ¥°*%" 3943 py s also influenced by these two parameters (c, and w) because the
two forces defining the h of the spin-coated films are the viscous and centrifugal

forces 32,74-75

that are influenced by ¢, and w, respectively. Centrifugal forces are directly
proportional to o and viscous forces are directly proportional to c,; therefore, h can also
be adjusted by changing these two parameters: h increases by decreasing » and

increasing c,.% It has been shown that>**"4+43

pattern replication in polymer blend films
occurs when the films are thin (h in the same order as d). Hence, a high @ (= 9000 rpm)
was utilized for spin-coating our polymer blends. h and d are related as for thick films

(large h), solvent evaporation takes longer giving rise to a more extensive coarsening and

therefore a large d.
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4.3.1. Effect of the Polymer Blend Solution Concentration on

Pattern Replication

To investigate the effect of cp, blend solutions of 30/70 PS/PMMA at three
different concentrations of 0.5, 1.0 and 2.0 wt% were spin-coated onto OTS-patterned
glass substrates at 9000 rpm. AFM images of the blend films on patterned substrates are
shown in Figure 4.3 a, b, and ¢ for 0.5, 1.0 and 2.0 wt% concentrations. For the 0.5 wt%
blend film (Figure 4.3a), the film is composed of elevated regions with internal height
fluctuations of small PS/PMMA domains in between trenches corresponding to OTS
lines. For the 1.0 wt% case on the other hand, the phase-separated domains are registered
more closely with the underlying stripe pattern, resulting in an approximately alternating
PS/PMMA stripe pattern (Figure 4.3b).  However, for the 2.0 wt% solution
concentration, the morphology resembles the morphology of the blend film on a non-
patterned substrate (Figure 4.2 a). FFT analysis performed on AFM images as described
in section 1.6.1, for ¢, = 0.5, 1.0 and 2.0 wt% films was carried out resulting in deer
values of 0.1 + 0.1 pm, 0.4 £ 0.1 um, and 0.6 + 0.2 pm, respectively. For ¢, = 1.0 wt%
FFT analysis result in an oval shape pattern due to non-isotropic nature of the stripes,
which are oriented in one direction. For ¢, = 0.5 wt%, FFT analysis was performed on a
cropped section in between OTS lines that contains isotropic features and not the stripes
(inset of Figure 4.3 a). dgrrof cp = 1.0 wt% matches well with ws of the underlying OTS
pattern and therefore, the domains of cp = 1.0 wt% film are very well elongated in short

distance regions of the substrate.
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Figure 4.3. 10-10 um AFM images of 30/70 PS/PMMA blend of ¢, = (a) 0.5 wt% (d<4),
(b) 1.0 wt% (d ~ 1), and (c) 2.0 wt% (d>1) solution concentrations on OTS-patterned glass
substrates. Corresponding FFT analysis are shown on the right side of the images: for (a) the FFT
is from the 1-1 um cropped portion of the image (inset), for (b) and (c) FFT is from the
corresponding 10-10 pm AFM images.

To confirm the lateral organization of polymer domains and to probe the location

of PS and PMMA in relation to the underlying pattern, selective removal of both PS and
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PMMA was performed on the spin-coated films in Figure 4.3; AFM images and sample

height profiles before and after selected etching for polymer blend films prepared from
0.5 wt% and 1.0 wt% spin-coating solutions are showin in Figures 4.4 and 4.5,
respectively.

For the 0.5 wt% film before selective etching (Figure 4.4a), elevated domains
with small height fluctuations are observed in regions in between deep trenches that
correspond to the underlying OTS lines; the average depth of the trenches is 2.3 + 0.4 nm
(a sample height profile is provided in Figure 4.4b). After selective PS etching,
the morphology of PMMA domains (Figure 4.4c) is identical to the morphology of the
spin-coated film but with an increased vertical contrast suggesting the removal of PS
from the trenches and also from regions in between small PMMA domains; after PS
removal, the average trench depth above the OTS lines increases to 6 + 1 nm (Figure
4.4d). After PMMA removal (Figure 4.4e), the blend regions in between the trenches,
including both small PS and PMMA domains, are completely removed, suggesting a
PMMA wetting layer at the substrate in these regions. What is left behind are PS lines 5
+ | nm tall that correspond to the OTS lines (Figure 4.4f); their height is significantly
greater than the average height of bare OTS lines suggesting the presence of a thin layer
of PS above the OTS. The presence of PS above OTS lines is confirmed by another PS

etching after PMMA etching, which results in bare OTS-patterned film.
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Figure 4.4. 10-10 um AFM images (a, ¢, e) and corresponding height profiles along the
white lines shown on the insets of the AFM images (b, d, f) of ¢, =0.5 wt% 30/70 PS/PMMA
blend films (a, b) as spin-coated, (c, d) after PS-removal, (e, f) after PMMA-removal. Estimated
positions of the underlying OTS lines are pointed out by blue dashed arrows on the height
profiles.
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Based on the selective etching results shown in Figure 4.4, we propose a phase

structure for the 30/70 PS/PMMA blend spin-coated from 0.5 wt% solution onto OTS-
patterned glass as depicted in Figure 4.6a. Close to the substrate, PS accumulates locally
on hydrophobic OTS bands and PMMA, which is the more polar component (with higher
affinity to the hydrophilic areas), wets the glass surface forming a wetting layer, above
which further phase-separation results in the formation of raised PMMA and lower PS
domains, as observed in Figure 4.4a.

For the ¢, = 1.0 wt% blend, the spin-coated film without etching (Figure 4.5a)
displays a pattern of elevated domains oriented along the direction of the underlying
stripes and localized in the regions in between the OTS lines. Many of these domains are
elongated in shape along the direction of the underlying lines, while some exist as
irregular droplets with a general arrangement along the pattern direction. The average
height of these features is 4 + 1 nm (Figure 4.5b). PS removal (Figure 4.5c) leaves
behind the raised domains from Figure 4.5a indicating that they consist of PMMA;
however, the average height of these domains is increased to 10 £ 1 nm after PS removal
(Figure 4.5d) suggesting that the gaps in between the elevated PMMA domains contained
a PS film ~6 nm thick. Selective removal of PMMA from the spin-coated blend film
confirms that PS is mainly localized along the underlying OTS stripes (Figure 4.5e), with
a periodicity close to that of the underlying OTS array; the average height of the PS lines
is 6 =+ 1 nm (Figure 4.5f), in agreement with the PS layer thickness inferred from the
difference between the non-etched and PS-etched films.

Based on the images and height analysis shown in Figure 4.5, the lateral phase

distribution for ¢, =1.0 wt% 30/70 PS/PMMA blend film is proposed as the morphology
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portrayed in Figure 4.6b. Close to the substrate a similar phase distribution to the one

observed for 0.5 wt% case (Figure 4.6a) occurs: PS selectively wets the hydrophobic
OTS lines and PMMA wets the glass surface, above which the PMMA domains grow and
extend to the top of the film (air interface).

The film morphologies of Figure 4.4 and 4.5 both demonstrate surface-directed
phase-separation of polymer phases. For ¢, = 0.5 wt% film because d < A, selective
wetting occurs in a thin layer close to the substrate; in this layer PS is segregated to the
OTS lines and PMMA is directed to hydrophilic regions, where it forms a wetting layer.
Above this layer, further phase-separation between PS and PMMA occurs that results in
the final structure. For c, = 1.0 wt% blend, since d is in the same order as A, surface-
directed patterning of PS/PMMA is observed in the final structure and a patterned
morphology of lower PS domains on OTS stripes and raised PMMA domains in regions
between the OTS lines is obtained. In the region with w;since the sizes match (wsand d),
PMMA fills the space while in regions with w; because the width is slightly larger than d
there is more volume to fill and therefore, some PS exist in these regions in between the
raised PMMA domains. structures observed for both ¢, = 0.5, and 1.0 wt% are therefore,
superficially the same and are the result of phase-separation, followed by selective
wetting of the blend components at the substrate and a further phase-separation in regions
between OTS lines. The difference between films prepared using these two c, is only in

the size of domains which is larger for 1.0 wt%.
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Figure 4.5. 10-10 um AFM images (a, ¢, ¢) and corresponding height profiles along the
white lines shown on the insets of the AFM images (b, d, f) of ¢, =1.0 wt% 30/70 PS/PMMA
blend films (a, b) as spin-coated, (c, d) after PS-removal, (e, f) after PMMA-removal. Estimated

positions of the underlying OTS lines are pointed out by blue dashed arrows on the height
profiles.
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Figure 4.6. Lateral distribution of (a) c, =0.5 wt% and (b) 1.0 wt% 30/70 PS/PMMA
blend films on OTS-patterned glass substrates.

4.3.2. Effect of the Polymer Blend Solution Composition on Pattern
Replication

The effect of blend composition on the pattern replication was also
investigated.®**® For the OTS-patterned film prepared by uCP for this work, the OTS
lines have an areal fraction of ~ 0.28 + 0.04; this value was determined from the
measurement of area for OTS lines on several printed AFM images. To investigate the
effect of blend composition, two blends of 20/80 and 50/50 (w/w) PS/PMMA (both spin-
coated at ¢, = 1 wt % concentration) in addition to the 30/70 blend presented above, were
studied, and the resulting domain morphologies are shown in Figure 4.7.

For both films, localization of PS on OTS lines and PMMA in regions in between
the lines occurs although the relative composition has a strong influence on the degree of

mismatch between the location of PS and PMMA with the underlying nonpolar and polar
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regions, respectively. This is explained by the importance of matching the area of the

underlying domains with the film area of the respective polymer components within the
blend (approximately equivalent to the volume fraction assuming films of uniform
height). For example, in the 20/80 blend film, possessing an excess of PMMA relative to
the underlying pattern, the raised PMMA domains are connected by multiple bridges that
span the OTS lines of the underlying substrate (Figure 4.7a), while very little PS appears
to wet the OTS lines (Figure 4.7c). Conversely, in the 50/50 blend film, possessing an
excess of PS relative to the underlying pattern, the raised PMMA domain shapes are
mostly irregular droplets surrounded by significant PS, with very little elongation along
the pattern direction (Figure 4.7b), while the PS domains localized over the OTS lines are
connected by multiple bridges that span the relatively polar substrate regions (Figure
4.7d). AFM images for 20/80 and 30/70 PS/PMMA blends before and after etching
together with corresponding height profiles are illustrated in Figure 4.8 and 4.9,
respectively. Compared to both of these cases, the match between polymer domains and
the underlying substrate regions is clearly much better in the case of the 30/70 blend,
although the lack of perfect matching even in this case may be correlated to the
difference between the areal and volume fraction of blend films with PS and PMMA
domain sizes of different heights. Average height of the features observed in the blend
films before and after etching are listed in Table 4.1 for 20/80, 30/70, and 50/50

PS/PMMA blends with ¢, = 1.0 wt% for comparison.
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Table 4.1. Average height of features observed in AFM images of ¢, = 1.0 wt% at three

different compositions.

20/80 30/70 50/50
PS/IPMMA PS/IPMMA PS/IPMMA
Spin-coated
6+2 um 4£1um 8+ 1 um
Film
PS-etched
8 £3 um 10+ 1 pum 16 £ 1 um
Film
PMMA-
2+ 1 um 6+1pum 10+ 2 um

etched Film
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Figure 4.7. 10-10 um AFM images of ¢, = 1.0 wt% 20/80 (a, c) and 50/50 (b, d)
PS/IPMMA polymer blend films after PS-removal (a, b) and after PMMA removal (c, d).
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Figure 4.8. 10-10 um AFM images (a, c, e) and corresponding height profiles along the
white lines shown on the insets of the AFM images (b, d, f) of ¢, = 1.0 wt% 20/80 PS/PMMA
blend films (a, b) as spin-coated, (c, d) after PS-removal, (e, f) after PMMA-removal. Estimated

positions of the underlying OTS lines are pointed out by blue dashed arrows on the height
profiles.
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Figure 4.9. 10-10 um AFM images (a, c, €) and corresponding height profiles along the
white lines shown on the insets of the AFM images (b, d, f) of ¢, =1.0 wt% 50/50 PS/PMMA
blend films (a, b) as spin-coated, (c, d) after PS-removal, (e, f) after PMMA-removal. Estimated
positions of the underlying OTS lines are pointed out by blue dashed arrows on the height
profiles.
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4.3.3. Effect of the Solvent of the Polymer Blend Solution on

Pattern Replication

The effect of solvent is studied for three different solutions of ¢, = 1.0 wt%, 30/70
PS/PMMA in toluene, MEK and THF. The vapour pressures for these solvents are 5.4,
10.5 and 17.0 KPa at 20°C, respectively, indicating an order of volatility of THF > MEK
> toluene.”®. The morphology of the resulting blend films spin-coated on OTS-patterned
glass substrates is illustrated in Figure 4.10, showing that the underlying pattern was
replicated by the polymer blend structure only in the toluene case. The THF and MEK
blends both show approximately circular raised domains isotropically dispersed over the
entire film with no observed orientation or elongation of the blend features. These results
can be attributed to the relatively fast evaporation rates of MEK and THF compared to
toluene during spin-coating, which leads to a rapid depletion of the solvent and polymer
vitrification before the blend structure can significantly develop. In other words, the fast
rate of solvent evaporation during spin-coating does not give the polymers enough time
to segregate into energetically matching regions of the underlying pattern. Therefore, it
appears that low-volatility solvents, such as toluene, are optimal for the type of patterning

applications developed in this work.
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Figure 4.10. 10-10 um AFM images of ¢, = 1.0 wt% 30/70 PS/PMMA spin-coated from
(@) toluene, (b) MEK, and (c) THF onto OTS-patterned glass substrates.
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4.3.4. Patterning PS-CdS QDs via Surface-Directed Polymer Phase-

separation Technique

The methodology which we developed for patterning polymer blends was also
employed to pattern blends containing photoluminescent CdS QDs, introducing optical
functionality and another length scale of organization within the resultant hierarchical
pattern. As demonstrated in previous work from our group,'® spin-coating a blend of
polystyrene-stabilized CdS nanoparticles (PS-CdS) and PMMA results in organization of
QDs in microscale (due to the polymer phase-separation) and nanoscale (due to the steric
interactions between polymer brushes of QDs within the PS-CdS domains); however,
domains in such films are randomly distributed and there is no control over their
placement on the substrate. Our technique for directing the phase-separation on
chemically-patterned surfaces brings controllability and long-range order to the QDs-
containing structures. For this, a blend of ¢, =1.0 wt% 30/70 PS-CdS/PMMA was spin-
coated on glass substrate from toluene and characterized both by AFM and LSCFM.
AFM image (Figure 4.11 a) displays a similar morphology to that of ¢, =1.0 wt% 30/70
PS/PMMA blend. To demonstrate the photoluminescence of the patterned blend due to
the embedded QDs, LSCFM imaging was performed; the excitation and emission filters
for that were selected according to the photoluminescence properties of the constituent
PS-CdS QDs that are shown in chapter 3 of this thesis (Figure 3.8b). LSCFM image of
the film (Figure 4.11 b) shows localized CdS emission from the photoluminescent striped
pattern, formed via surface-directed patterning of the “PS-like” QDs on a chemically-

patterned surface.
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Figure 4.11.10-10 pm (a) AFM and (b) LSCFM images of ¢, = 1.0 wt% 30/70 PS-
CdS/PMMA blend on OTS-patterned glass substrate. Arrow on the LSCFM image shows the
direction of pattern lines.

4.4. Conclusion

This work describes combination of the bottom-up process of polymer phase-
separation during spin-coating, and top-down approach of uCP. We demonstrate the
directed phase-separation of PS/PMMA polymer blends on chemically-patterned surfaces

possessing regions of various surface energies: alternating low surface energy OTS
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stripes and high energy glass; these surfaces laterally arrange the phase-separated

polymer domains based on their preferential wettings. Analysis on the morphologies for
different polymer blend solution concentration demonstrates that pattern replication
occurs when d is in the same order as 4 (c, = 1.0 wt%). When 4 > 4 no pattern is
observed in polymer film (c, = 2.0 wt%), and when d < 4 (¢, = 0.5 wt%) the small phase-
separated domains are forming in regions in between OTS lines (Figure 4.3). Studying
the blend films of different composition demonstrates that when the composition does not
match the area fraction of the underlying patterned surface, the composition mismatch
increases the extent of defects such as bridging between the raised domains in the
patterned film (Figure 4.7-4.9). The effect of solvent is also considered and it is shown
that when solvent has high vapour pressure, the high rate of evaporation does not give the
polymers enough time to segregate into energetically matching regions of the underlying
pattern (Figure 4.10).

The approach of directing the phase-separation of polymers was also employed to
organize polymer domains of PS-stabilized photoluminescent CdS QDs and PMMA into
striped pattern. LSCFM imaging displays the luminescent arrays of such films due to the
embedded QDs, which are addressed to underlying OTS stripes because of the
preferential wetting of PS at those regions (Figure 4.11). This achievement motivated us
to prepare another type of NPs (for the next part of the work), which are PMMA-
stabilized in order to employ the same methodology of PS/PMMA patterning to
simultaneously pattern two types of NPs: PS-stabilized QDs/PMMA-stabilized NPs on to

our patterned surfaces; this topic will be discussed in chapter 6 in more details.
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Chapter 5: PHOTOLUMINESCENCE
CHARACTERIZATION OF SEMICONDUCTOR QUANTUM
DOT/METAL NANOPARTICLE ASSEMBLIES FORMED VIA
POLYMER/POLYMER PHASE-SEPARATION
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5.1. Introduction

Metallic nanostructures have been the subject of intensive research in recent
years, partly due to their ability to modify the optical properties of luminescent materials,

such as quantum dots (QDs), quantum wells (QWSs), semiconductor nanowires and Si

1-24 25-29

nanocrystals; " this have been demonstrated theoretically=” and experimentally to be

associated with photo excited free-electron oscillations in the metals called surface
plasmons (SPs), which support localized electric fields near the surface of the metals.3*3?
For instance, it has been shown that metallic nanostructures can considerably improve the
efficiency of light emitting devices due to interactions between surface-loacalized SP

12,20,40-42

fields and emitters.®® 3 Emission properties of semiconductor QDs can also be

improved in the presence of plasmonic nanostructures (embedded within a metallic

12, 20, 41

film, or encapsulated in a metallic shell*?). In addition, metallic nanostructures can

also enhance raman signals dramatically; this enhancement is reported=> 3 ¢ # a5 high
as 10*-10™ and is the basis for surface-enhanced raman scattering (SERS).***

In general, the interaction between photoluminescent materials and SPs of
metallic nanostructures can enhance the photoluminescence (PL) by either increasing the

1319 and/or by increasing the excitation field near the emitter.>

rate of radiative emission
12,4345 | the first case, the emission enhancement occurs when the excited emitter
relaxes by releasing a photon, which couples with the SP of metal, in other word this
mechanism is based on the coupling between the emitted photon and SP.***° In the
second case, the emission enhancement is the result of coupling between the

electromagnetic excitation field and the dipole mode of SP field around the metal; in

other words, metals amplify the incident light improving the efficiency of light
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absorption for emitters within the surface-localized electric flied of the metal. % % %

Therefore, the separation between the metal and the emitter is one of the most important
parameters affecting the enhancement effect; in general, the largest enhancement can be
obtained when this distance is small because the SP is highly localized at the metal
surface and decays rapidly away from it;**“® however, below a certain minimum distance
(reported in the range of 5-10 nm)*?luminescence quenching will occur. The reason is
the non-radiative energy transfer between the excited emitter and metal when the distance
is too small; in other word non-radiative dipole-dipole coupling dissipates the energy and
quenches the PL.*% %30

Among metallic nanostructures, nanoparticles (NPs) have received the most
attention due to the various applications that they have in the fields of catalysis,
biosensing, electronics and optics; details of these applications are provided in the review
report by Moores and Goettmann®® and also listed in section 1.4 of this thesis; as pointed
out, many of their applications are due to the SPs. For metal NPs the position, width, and
intensity of SP bands is affected by many factors including the dielectric constant of the
surrounding media, the electronic interactions between the stabilizing layer and the NP
core, the interparticle interactions between NPs, the NP electronic structure, as well as the
charge, size, geometry, and polydispersity of NPs.*>2

There are several methods for the synthesis of colloidal metal NPs;>*® In general
the process starts with the reduction of a metallic salt by a mild reducing agent in the
presence of a desired colloidal stabilizer, which controls coagulation and the rate of
growth relative to rate of nucleation. In this work, we synthesize polymer-stabilized

silver (Ag) NPs; the synthesis utilizes the microphase-separated templates of block
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copolymers; in the organic solvents amphiphilic block copolymers form micelles with

insoluble cores of the block that contains the metal ion. The metal ions are then reduced
into metal NPs inside the spherical core of the micelle.®*® This method has the
advantage of size control for NPs due to the spatial confinement created by micelles.
Also polymers are very efficient steric stabilizers (when they are grafted to NPs surface
to form a spherical brush) and they can be used as a tool to control the assemblies of NPs
due to interactions between surface polymer chains and the surrounding environment;
they also offer a medium with desirable mechanical properties that is required for many
NP-based devices.?"®?

Patterning of polystyrene-stabilized cadmium sulfide (PS-CdS) quantum dots
(QDs) was demonstrated in previous chapter; here our interest is in patterning different
NP types addressed to different regions of a chemically-patterned substrate. Therefore, a
NP with core of different optical properties and shell of different polymer, which results
in a different surface energy is required. In this chapter, we choose PMMA-stabilized
silver (PMMA-Ag) NP. Ag NP was chosen based on the interesting optical interactions
between metal NPs and QDs. PMMA was selected as the stabilizer of Ag NP because
the behaviour of phase-separating PS/PMMA blends was extensively studies in our work
in Chapter 4.

PMMA-Ag NP is synthesized by micellization of Poly (methyl methacrylate)-
block-poly (acrylic acid) (PMMA)-b-(PAA) amphiphilic block copolymer in a selective
solvent followed by introduction of silver acetate to the micelle core and the reduction of
Ag ion by adding a reducing agent. Detailed synthesis and characterization of PMMA-

Ag NPs is described in this chapter followed by optical studies on the blends of these NPs
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with PS-CdS QDs to investigate the interactions between SP of Ag NPs with the PL of

QDs in thin films. Phase-separation between “PS-like” CdS and “PMMA-like” Ag, gives
rise to the formation of NP domains. These phase-separated structures are optically
studied in this chapter and are used in the next chapter for the demonstration of
simultaneous patterning of two NP types by surface-directed patterning on a chemically-

patterned substrate

5.2. Experimental

5.2.1. PMMA-Ag Synthesis

5.2.1.1. Materials

Poly (methyl methacrylate)-block-poly (acrylic acid) copolymer, PMMA(170)-b-
PAA(28), where numbers in brackets indicate number-average degrees of polymerization
for each block, was purchased from Polymer source Inc. Silver Acetate 99.99%, Sodium
borohydride (NaBH,;) andmethanol were purchased from Aldrich.Reagent grade THF

was purchased from Anachemia.

5.2.1.2. PMMA-Coated Silver Nanoparticle (PMMA-Ag) Synthesis

In order to prepare PMMA-Ag NPs, first a 2 wt% solution of PMMA (170)-b-
PAA (28) was prepared in reagent grade THF and stirred for 3 h. In the mean time a 0.25
M suspension of silver acetate in deionized (DI) water was prepared and a stoichiometric

amount of that was added to the copolymer solution with constant stirring. The reason
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for adding silver acetate from a suspension is that we are trying to keep the amount of

water in the reaction solution at a minimum, in order to avoid precipitation of copolymer
from the THF solution. The reaction solution turned from clear and colourless to turbid
bluish indicating the formation of micelles. After 1 h stirring, the reducing agent, which
is 0.50 M aqueous solution of NaBH,4, was added to the solution in variable excess
amounts relative to the molar amount of added silver acetate. Reduction of Ag* to Ag
results in a color change to dark yellow. The solution was stirred overnight and then
precipitated into cold methanol followed by washing with methanol for several times and

then drying overnight under vacuum; the procedure is illustrated in Figure 5.1.

a) b)

PMMA PMMA

S
\a_ Ag'(CH;CO0)

PAA

Figure 5.1. Synthesis of PMMA-Ag NPs: (a) micelle formation by the addition of silver
acetate to the solution of PMMA-b-PAA in THF with soluble PMMA brush layer and insoluble
Ag*-containing PAA core (b) Ag NPs formation by reduction of Ag" in the core to Ag® using
NaBH, as the reducing agent.
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5.2.2. PMMA-Ag Characterization

5.2.2.1. UV-Vis Spectroscopy

UV-Vis measurements were performed on a CARY 5 UV-Vis-NIR

spectrophotometer.

5.2.2.2. X-Ray Diffraction (XRD)

XRD measurements of Ag NPs was carried out using a Rigaku miniflex
diffractometer operating with a Cr anode (Cr Kol A=2.228970 A) at 30 kV accelerating
voltage and 15 mA electric current. 20 value changes between 50° to 110° with a rate of
0.5°/min. Dry crystals were ground and placed on a glass sample holder for the

measurement.

5.2.2.3. Static Light Scattering (SLS) and Dynamic Light Scattering
(DLS)

SLS and DLS measurements were performed on a Brookhaven Instruments
photon correlation spectrometer with a BI-200SM goniometer, a BI-9000AT digital
autocorrelator, and a Melles Griot He-Ne Laser (632.8 nm) with a maximum power
output of 75 mW. Samples for both SLS and DLS measurements were prepared with
extra care to avoid dust in the samples (dust scatter the light and result in imprecise
measurement). 5 mg/mL stock solutions of PMMA-Ag was prepared in spectroscopic

grade toluene which was filtered through two membrane filters with 0.45 pm nominal
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pore size connected in series. The solution was then equilibrated overnight. To remove

dust, the solution was filtered again through two membrane filters connected in series.
Successive dilutions of the solution were carried out by adding known quantities of the
filtered solvent.

SLS measurement of PMMA-Ag was carried out in a concentration range from
0.2 to 1 mg/mL. For each concentration, angles of detection from 15° to 155° were
measured with 5° increments between angles. Ten repeat measurements of scattered light
intensity were taken at each angle and each concentration to obtain Zimm plots. All SLS
measurements were conducted at 23 °C.

DLS measurement of PMMA-Ag in toluene was conducted at a 90° scattering
angle and at concentrations of 0.05 mg/mL. Three repeated measurements of the
autocorrelation function were obtained and all DLS measurements were conducted at 23

°C.

5.2.2.4. Transmission Electron Microscopy (TEM)

TEM was carried out on a JEOL JEM-1400 electron microscope, operating at an
electron accelerating voltage of 80 kV. Drop-cast samples were prepared by depositing a
drop of 0.5 mg/mL PMMA-Ag solution in Toluene on a copper grid (300 mesh) coated
with an amorphous carbon film; the grids were then dried at room temperature overnight
before imaging. TEM images were collected at different magnifications and the particle
size analysis was carried out on the samples at various regions of the TEM grid for a

minimum of 90 particles.
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5.2.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

A Perkin Elmer spectrum 1000 FTIR spectrometer was used in absorption mode

for FTIR measurements.

5.2.3. PS-CdS/PMMA-Ag Blend Films Preparation

5.2.3.1. PS-CdS Preparation

The polystyrene-stabilized cadmium sulfide (PS-CdS) QDs used in this study
were synthesized via templated growth of CdS in the cores of reverse micelles consisting
of the poly (styrene)-block-poly (acrylic acid) copolymer PS(226)-b-PAA(22), where
numbers in brackets indicate number-average degrees of polymerization for each block.
The synthesis of the PS-CdS sample employed here is similar to one described in
previous works from our group;®™ ®*(synthesis was performed by our former post-
doctorate fellow; Celly Izumi). In summary, each PS-CdS unit consists of a core of a ~ 5
nm CdS nanoparticle (determined from UV-Vis and using Henglein’s empirical
relationship), with a poly(cadmium acrylate) (PACd) layer at the CdS surface,
covalently-attached to external PS brush layer. Hydrodynamic radius (r,) measured from

DLS is 28.7 nm and aggregation number, which is calculated from the molecular weight

(My,= 27892 g mol™), is 485,
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5.2.3.2. NPs Blend Solutions Preparation

PMMA-Ag NPs, prepared as described in 5.2.1, were blended together with PS-
CdS QDs. First, solutions of 0.5, 1, 2 and 4 wt% in spectro grade toluene (Aldrich) were
separately prepared and stirred for 4 h then sat overnight to equilibrate. The 30/70 and
50/50 (w/w) PS-CdS/IPMMA-Ag blend solutions were made by mixing the appropriate
amounts of the two solutions into a clean vial. The blend solutions were then stirred for 4

h then sat overnight to equilibrate.

5.2.3.3. Spin coating the NPs blend films

One drop of the NPs blend solution was spin coated on a non-patterned glass
cover slip (18mm x 18mm, VWR) or quartz microscopic slide (25 mm x 25 mm,
chemglass) for 60 s at different spinning rates of 3000, 6000 and 9000 rpm. For each
condition three copies were prepared for complete characterization. Samples were dried
in a vacuum oven for 12 h before characterization, and stored in dark. Glass and quartz
slides were cleaned prior to spin coating by sonication in methanol, chloroform, toluene

and acetone, each for 10 min followed by vacuum drying overnight.

5.2.4. PS-CdS/PMMA-Ag Blend Film Characterization

5.2.4.1. UV-Vis Spectroscopy

A Perkin Elmer PE Lambda 1050 Spectrophotometer was employed for

obtaining absorption spectra of blend films.
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5.2.4.2. Photoluminescence (PL) Spectroscopy

Photoluminescence measurements of the control and the blend films or
solutions were collected on a FL 900 Edinburg Instrument fluorimeter, using a 450 W Xe
arc lamp to excite samples at 420 and 450 nm. A 435 nm high band pass filter was used
initially on the emission side to eliminate the excitation wavelength scattered by the
sample. Since this filter itself showed an emission peak at around 600 nm, which is the
area of interest for our QDs, the filter was later replaced by a longpass filter with cut-on
wavelength of 450 nm (FEL450 from Thorlabs). Front face illumination of the samples
was detected at a 30° angle (with respect to the surface of the sample) by a Hammamatsu
R928P visible PMT detector.  All spectra shown in this work are collected using the 450
nm longpass filter with spectral resolution of 0.5 nm step size and they all are the result
of an average over three measurements. Excitation spectra were recorded by setting the

emission wavelentgth at ~ 620 nm with the same geometry and set up as above.

5.2.4.3. Photoluminescence Lifetime Measurement

This was also carried out on a F900 Edinburgh instrument Fluorimeter. The
samples were excited at 420, 435 and 450 nm for three different series of measurements.
A Vibrant OPO laser generating 5 ns pulses was utilized to excite the samples. Emission
at 620 nm was detected by a Hamamatzu R928P visible photomultiplier (PMT). All
decay curves were collected up to a maximum intensity of 10000 photon counts. Decay
profiles were fitted to multi-exponential model using a tail-fit algorithm. Three separate
measurements of decay profiles were carried out in order to determine the errors on

reported lifetime.
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5.2.4.4. Film Thickness Measurements

To determine the thickness of the spin coated films, three scratches at three
different positions were made on the films by scalpel. The depth of the scratch which is
the thickness of the film was then measured by AFM at three different points along the
scratch. AFM in contact mode was performed on a MFP-3D atomic force microscope
from Asylum Research with non-conductive silicon nitride cantilevers from Veeco
(model: NP-10). The cantilevers are 0.4 - 0.7 um thick and their resonance frequency

ranges from 12-75 kHz and spring constants ranging from 0.06-0.58 N/m.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization of PMMA-b-PAA-Ag* Reverse

Micelles

PMMA-b-PAA'Ag” micelles preparation is the first step in the synthesis of
PMMA-Ag NPs synthesis before the reducing stage that reduces the metal ions to the
metal NP. Hydrodynamic radius (Ry) of the micelles was measured by DLS; the average
value between three runs resulted in Ry, = 35.8 nm. SLS was also performed on the
micelle sample resulting in My, = (1.02 + 0.09) 10° g/mol. Obtained Zimm-plot is
provided in Figure 5.2.

M,, of the micelle was then used to calculate the aggregation number of PMMA-
Ag NPs because direct SLS measurement on NPs resulted in M,, of (1.63 + 0.18) 10°
g/mol, which is two orders of magnitude greater than what expected due to the large
extent of scattering by metal NPs. Since Ry value determined from DLS for micelle

sample (35.8 nm) is in good agreement with NPs (35.4) it can be assumed that the size of
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NPs does not change much during reduction. Therefore, the aggregation number of NPs

can be calculated from the M,, of the micelle sample by dividing this value by the M,, of a
PMMA-b-PAA chain (22800 g/mol); this results in the aggregation number of 44.9 for

PMMA-Ag NPs.
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Figure 5.2. Zimm-plot of PMMA-b-PAA Ag" micelles.

5.3.2. Synthesis and Characterization of PMMA-Ag Nanoparticles

The synthesis of PMMA-stabilized Ag NPs results in the formation of NPs with
size and properties that are dependent on the experimental parameters. An important
factor that strongly affects the properties of the resultant NPs is the amount of the
reducing agent relative to the number of metal ions.®® In this work, the reduction of Ag*
metallic ions into NPs was performed using NaBH,, which is a versatile reducing agent
and is commonly used for Ag NP synthesis;>**° To ensure that NaBH, does not affect
the polymeric stabilizer of the NPs, in other word in does not reduce -COO- group in
methacrylate to -COH-, FTIR spectra were collected for PMMA-b-PAA'/Ag" micelle

sample before adding the reducing agent and for PMMA-Ag and also after the reduction
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by 10x excess amount of the reducing agent. Identical carbonyl stretching absorption

peaks were observed for both spectra (Figure 5.3a and b); this proves that the polymer

attached to the NPs remain undisturbed during reduction.
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Figure 5.3. FTIR spectra of (a) PMMA-b-PAA, (b) PMMA-b-PAA Ag" micelles sample
and (c) PMMA-Ag NPs sample after reduction with 10x excess NaBHj,.

To investigate the effect of the amount of the reducing agent on the properties of
the synthesized NPs, three different samples were prepared using three different amounts
of NaBH,;. PMMA-Ag prepared with 5x, 8x and 10x excess reducing agent relative to

the molar amount of Ag” were prepared and characterized for this study; these samples
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are designated PMMA-Agl, PMMA-Ag2, PMMA-Ag3, respectively. Characterization

data for all three samples are shown below.

First, the crystal structures of the Ag cores for PMMA-Agl, PMMA-Ag2, and
PMMA-Ag3 was characterized using XRD; the diffraction patterns are illustrated in
Figure 5.4. For all three samples, the observed peaks match the silver-3c syn crystal
structure (pink traces shown on XRD patterns).’*®® This structure has been reported as a
common structure for stable Ag NPs and is a face centre cubic structure with diffraction
peaks at 26 = 58°, 68° and 105° corresponding to the (111), (200) and (220) planes.®* ®
XRD patterns also show peaks at 26 = 65° and 83° in addition to the silver-3c syn
structural lines due to the formation of silver oxides. These two impurity peaks appeared
much weaker for PMMA-AQ3 (prepared using the largest relative amount of reducing

agent).
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Figure 5.4. XRD pattern of (a) PMMA-Agl, (b) PMMA-Agl, and (c) PMMA-AgL.

Pink traces illustrate the crystalline pattern of silver 3c-syn structure.

Hydrodynamic radii (R,) of PMMA-Agl, PMMA-Ag2, and PMMA-Ag3 were
determined by DLS measurements; average Ry, values, calculated from three repeat DLS
runs for each sample are: Ry, = 41.7, 60.6 and 35.4 nm for samples prepared using 5, 8,
and 10x excess reducing agent, respectively.

The shape and size distribution of the NPs can be determined by TEM imaging
and statistical analysis on TEM images. Representative images of features observed for

each of the samples is provided in Figure 5.5.
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Figure 5.5. Representative TEM images (a, ¢, €) and the size distributions (b, d, f) of (a,
b) PMMA-Ag1, (c, d) PMMA-AQ2 and (e, f) PMMA-Ag1. Average size of NPs (Raq and % RSD
are shown.

TEM images (Figure 5.5a, c, €) show a distribution of Ag NP cores. Statistical
particles size measurement results in size distributions for different amounts of reducing

agent as shown in Figure 5.5b, d, f. Average size of PMMA-Agl, PMMA-Ag2, and
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PMMA-AQ3 NPs are Rag = 20, 30, and 15 nm, respectively. %RSD is the highest for the

PMMA-Ag2 and the lowest for PMMA-Ag3.

DLS and TEM results both demonstrate that increasing the amount of reducing
agent is causing an increase in the size of NPs followed by a decrease. The size analysis
also shows that the lowest polydispersity of NPs is obtained for the sample prepared
using the largest amount of reducing agent (PMMA-AQ3).

Another difference between the three PMMA-Ag NPs is in their core
morphologies; for NPs within block copolymer micelles reduction with smaller amount
of reducing agent typically results in NPs with exclusively “cherry-like” (one NP per
micelle)®® morphology, as shown in Figure 5.6 b.®® In contrast, reduction in the presence
of the highest amount of reducing agent (10 x excess) forms about 8% cores with
“raspberry-like” morphology (many small NPs per micelle), ®® as displayed in Figure
5.6a. This difference can be understood based on the high rate of nucleation in PMMA-
Ag3 due to the high amount of reducing agent resulting in multiple nucleation sites per

core.%®
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Figure 5.6. Demonstration of both (a) “raspberry-like” and (b) “cherry-like” NPs
morphologies on a TEM image of the PMMA-AgQ3; cartoons demonstrate the difference between

these two morphologies.

UV-Vis absorption spectra were also collected for these samples that reveal the
shape and the position of SP bands for PMMA-Ag NPs samples (illustrated in Figure
5.7). For the NPs prepared with the least amount of reducing agent (PMMA-Agl), a
broad shouldered SP band is observed at 407 nm. Increasing the amount of reducing
agent to 8x (PMMA-Ag?2) shifts the peak to 417 nm and alters it to a sharper band. The
sharpest SP peak was observed for the sample prepared using 10x excess NaBH,
(PMMA-AQ3) positioned at 419 nm. There is also a shoulder observed at ~ 350 nm that

becomes weaker by increasing the amount of reducing agent.
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Figure 5.7. UV-Vis absorption spectra of PMMA-Ag NPs (dispersed in toluene); three
samples were prepared using 5x (PMMA-Ag1), 8x (PMMA-AgQ2), and 10x (PMMA-AQ3) excess
NaBH,.

Considering all parameters such as the quality of the crystal based on the impurity
peaks observed in the XRD diffraction patterns of PMMA-Ag NPs, the sharpness of the
SP peak, and the polydispersity of the particles we chose to use the sample prepared
using 10x excess reducing agent (PMMA-Ag3) for all further experiments in the current
and the following chapter because it shows the weakest impurity peaks in the XRD
pattern, it has the sharpest SP band and it has the smallest polydispersity among the three

samples.

5.3.3. Optical Studies of PS-CdS/PMMA-Ag NPs Blend Films

To understand the optical behaviour of blend films of PS-CdS and PMMA-Ag
NPs, the first step is to characterize the components of the blend individually. To do so,
emission and absorption of PS-CdS and PMMA-Ag NPs dispersed in toluene were
measured. Absorption spectra which are shown in Figure 5.8 demonstrate the SP
absorption band of individual PMMA-Ag NPs centered at 419 nm and the absorption

shoulder for individual PS-CdS QDs with the absorption threshold at 488 nm. The
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absorption spectra of PS-CdS and PMMA-Ag films spin-coated at 9000 rpm are also

shown together with the absorption spectra of the blend films for comparison.
Absorption spectra of the blend films resemble the absorption spectrum of PMMA-Ag
with only small contribution from PS-CdS QDs, which appears as a small shoulder at

around 520 nm; this is due to the higher extinction coefficient of Ag NPs compared to

CdS QDs.
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Figure 5.8. Absorption spectra of (a) PMMA-Ag and PS-CdS dispersed in toluene, (b)
Absorption spectra of control PMMA-Ag, PS-CdS and blend films all spin-coated at 9000 rpm.

PL spectrum of PS-CdS QDs usually (similar to the PL spectrum showed for
previous PS-CdS sample used in Chapter3, Figure 3.8 b) exhibits two emission peaks:
one corresponding to the band edge emission at 471 nm and the other to the trap state
(states localized at the QD surface) emission at 621 nm.®" ® Therefore, the 450 to 700
nm range is of our interest; however, in all our PL measurements (of both the blends and
the individual components) a peak of unknown origin was present at ~ 480 nm
wavelength, which interferes with the band edge emission peak of QDs. The nature of
this peak and the source that generates it are not completely clear to us but most likely the

peak is a raman peak due to an unknown species present in the chamber; our evidence for
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suggesting this, is the shift in its position by changing the excitation wavelengths. Since

we could not avoid this peak, all emission spectra that we present in this work are shown
in the 500 to 800 nm wavelength range.

Figure 5.9 illustrates the PL spectra of PMMA-Ag and PS-CdS dispersed in
toluene by exciting at Aex = 420 nm. The emission band of QDs is centered at 621 nm

and no emission was observed for Ag NPs in this range, as expected.
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Figure 5.9. Emission spectra of PMMA-Ag and PS-CdS dispersed in toluene.

To investigate the optical properties of the PS-CdS/PMMA-Ag NPs blends, two
compositions of 30/70 (w/w) and 50/50 (w/w) PS-CdS/IPMMA-Ag were considered. A
series of spin coating solution concentrations in range of ¢, = 0.5 - 4.0 wt% were
examined for these blends in order to optimize the preparation conditions. It was
observed that for c, lower than 4.0 wt% no PL signals were observed from the films due
to low film thickness value leading to very few emitters being excited within the path
length of the beam; therefore, all further experiments described in this chapter were
carried out using ¢, = 4.0 wt%. For each blend composition, three different spin rates of

3000, 6000, and 9000 rpm were investigated. The motivation for studying different PS-
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CdS/PMMA-Ag blend compositions is to investigate the effect of the relative amount of

interacting NPs and the reason that different spin rates were considered is to investigate
the effect of the characteristic correlation length of the phase-separated domains (d),
which is influenced by spin rate.

Figure 5.10 shows the PL intensities of the films prepared at 3000 rpm spin rate.
fluorescence intensities of the 50/50 and 30/70 blends are both ~30% of the intensity of
the control PS-CdS film (reported percentages are determined from values of peak
intensities at the maxima); there is also a blue shift observed for the emission peak of the
blend films relative to the PS-CdS control film: the peak position of the 50/50 blend

shifts by 5 nm and the 30/70 blend shifts by 9 nm.

5 4000 -
S 3000 -
2 2000 -
2
o 1000 -_/\
e
= 0 ' '
500 600 700 800
Wavelength (nm)
- PS-CdS e 50/50 PS-CdS/PMMA-Ag Blend

30,70 PS-CdS/PMMA-Ag Blend

Figure 5.10. PL spectra 30/70 and 50/50 PS-CdS/PMMA-Ag NPs blend films together
with PS-CdS control film, all three films spin coated at 3000 rpm.

For 6000 rpm (Figure 5.11) the fluorescence intensities of the 50/50 and 30/70
blends are 30% and 16% of the intensity of the pure PS-CdS control film (ratio of the

peak intensities at the maxima), respectively. The position of peak maximum for the
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50/50 blend blue shifted from that of the PS-CdS control film by 5 nm and for the 30/70

blend blue shifted by 8 nm.
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Figure 5.11. PL spectra 30/70 and 50/50 PS-CdS/PMMA-Ag NPs blend films together
with PS-CdS control film, all three films spin coated at 6000 rpm.

For the 9000 rpm spin rate (Figure 5.12), the fluorescence intensities of the
blend films are closer to the intensity of the control film: for the 50/50 and the 30/70
blends, peak intensities are 78% and 47% of the control film (ratio of the peak intensities
at the maxima), respectively. This demonstrates the PL enhancement for the 9000 rpm
blend films relative to the 3000 and 6000 rpm cases (Figure 5.10 and 5.11). Similar to
previous cases, peaks of the blend films are blue shifted; the shift is 5 nm for the 50/50
blend and 6 nm for the 30/70 blend. A similar blue shift effect has been reported
previously by Lee et al.'® for a system of CdTe NWs in vicinity of gold NPs; the effect is

attributed to the interactions between emitting NWs and SP resonance of the NPs.
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Figure 5.12. PL spectra 30/70 and 50/50 PS-CdS/PMMA-Ag NPs blend films together
with PS-CdS control film, all three films spin coated at 9000 rpm.

The reason that in all three series shown in Figure 5.10-5.12, the fluorescence
intensities of the PS-CdS/IPMMA-Ag blend films are lower than the intensity of the PS-
CdS control film can be attributed to the lower concentration of QDs in the blends
compared to the control film. Additionally, there is also a possible film thickness
differences due to the difference in viscosity of the blends.

The PL spectra (same data presented in Figure 5.10 to 5.12) can also be plotted as
shown in Figure 5.13, which shows the PL from the films with the same composition
prepared at different spin rates. Figure 5.13 demonstrates a decreasing trend in

fluorescence intensities by increasing the spin rate.
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Figure 5.13. PL spectra of (a) 30/70 and (b) 50/50 PS-CdS/PMMA-Ag blend films spin

coated at different spin rates.

This can be attributed to the film thickness which is decreasing as the spin rate is
increasing as the result of higher centrifugal forces. Therefore, the film thickness
differences are affecting the PL intensities and should be taken into account when
comparing the PL spectra of the films.

In order to compare the relative intensities of PL spectra from films of different
thicknesses, two different methods were used to quantify the film thicknesses. First, film
thicknesses were measured by making a scratch on the film down to the substrate and
then scanning over the scratch by AFM to determine the depth of the scratch, which is the
absolute thickness of the film. Second, the relative thicknesses were determined from the
ratios of SP absorption peaks (Figure 5.14 a and b). The second method is based on the

Beer-Lambert law,”® which describes the absorption as equation 5.2:

A=¢ C.1 (5.2)

800
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where ¢ is the extinction coefficient, C is the concentration and | is the path

length. For blend films with the same concentration and composition, C and ¢ are

similar; therefore A is proportional to | which is the film thickness.
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Figure 5.14. Absorption spectra of (a) 30/70 and (b) 50/50 PS-CdS/PMMA-Ag blend
films at different spin rates.

Both methods result in comparable relative film thickness values, as listed in
Table 5.1; however, it was not possible to determine relative thicknesses for PS-CdS
control films using the second method because their absorption spectra did not contain
the SP band; therefore, we chose to use the thickness values, determined from the scratch

experiment, to correct the PL spectra of those films.
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Table 5.1. Relative film thicknesses determined from the values determined by the

scratch experiment and the ratios of the absorption intensities.

spin rate ratio of ~ Thickness ratio fromSP ~ Thickness ratio from

Blend
compared films absorption intensities* AFM

3000/6000 2.75 2.13
30/70

3000/9000 3.07 2.43

3000/6000 1.47 2.11
50/50

3000/9000 2.07 1.90

* Figure5.14 aand b

Figure 5.13 a and b show PL from 30/70 and 50/50 PS-CdS/PMMA-Ag blend
series before any corrections, respectively. For both series, the PL intensity decreases by
increasing the spinning rate. However, as pointed out earlier, this trend might be due to
the thickness differences between the films; therefore, the effect of NPs interactions on
PL cannot be assessed and the thickness differences have to be corrected. To do the
corrections, the ratios determined above by the direct method, listed in Table 5.1, were
used. The thickness-corrected PL spectra are illustrated in Figure 5.15.

Figure 5.15 reveals an opposite trend in PL intensities: after corrections, PL is
increasing by increasing the spin rate. the Plotting the data as in Figure 5.15, makes the
comparison between the intensities easier because all the three films that are plotted
together have similar amounts of CdS QDs. The difference between their thicknesses is

also corrected; thus, the only variation between them is in the extent of interaction
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between NPs which is causing the observed enhancement for high spin rates in both

50/50 and 30/70 blend films. PL of 9000 and 6000 rpm 50/50 spin-coated blend films are
1.6 and 1.3 times more intense than that of the 3000 rpm film, respectively. For 30/70
blends the intensity ratios (ratio between maximum intensities) are 1.3 and 1.2,
respectively. The enhancement is slightly larger for 50/50 than for 30/70 blend films
possibly due to the nanoscale structure of the blends, which we could not resolve because

of imaging limitations which will be discussed in Chapter 6.
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Figure 5.15. Thickness-corrected PL spectra of (a) 30/70 and (b) 50/50 PS-CdS/PMMA-
Ag blend films spin coated at different spin rates.

In order to demonstrate the effect of the Ag NPs on the PL of QDs and to quantify
the enhancement factors PL spectra of the two compositions should be plotted together
with the spectrum of the PS-CdS control film in order to compare films containing and
not-containing Ag NPs. An additional correction can be applied here for the difference
between the relative amounts of QDs in the films. Relative number concentration of QDs

per unit volume in the blends were obtained as shown in equations 5.3 and 5.4 for the

800
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50/50 and the 30/70 blends using densities’* of PS = 1.05 g/lcm® and PMMA = 1.20

g/cm?®, and the composition of the blends.

Xcas = (30 / 1.05) / (30 / 1.05) + (70 / 1.20)) (5.3)

Xcas = (50 / 1.05) / ((50 / 1.05) + (50 / 1.20)) (5.4)

The equations above give Xcgs = 0.33 and 0.53 for the 30/70 and the 50/50 blends,
respectively; this fraction is by definition 1 for PS-CdS control films.

Before applying the corrections, the strongest PL was observed for the control
film, which contains the largest amount of photoluminescent QDs (Figure 5.10-5.12) and
the intensity is decreasing as the mole fraction of QDs is decreasing. After the
corrections (for difference in thicknesses and QDs contents), the opposite trend was
observed: the corrected PL of the blend films appeared more intense than that of the
control film; PL spectra illustrated in Figure 5.16 a-c for 3000, 6000 and 9000 rpm films,

respectively. This confirms the enhancement in PL of QDs in vicinity of Ag NPs .
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Figure 5.16. Emission spectra double corrected (for the PS-CdS content and the film
thickness difference) spin coated at (a) 3000 (b) 6000 and (c) 9000 rpm.
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Table 5.2. Enhancement Factors

Enhancement

Blend Films Factor

50/50 PS-CdS/PMMA-Ag 0.98

3000 rpm 30/70 PS-CdS/PMMA-Ag 1.92
50/50 PS-CdS/PMMA-Ag 2.10

6000 rpm 30/70 PS-CdS/PMMA-Ag 2.25
50/50 PS-CdS/PMMA-Ag 2.13

9000 rpm 30/70 PS-CdS/PMMA-Ag 3.28

PL Enhancement Factor

3000 rpm 6000 rpm 9000 rpm
H 50/50 Blend W 30/70 Blend

Figure 5.17. Enhancement factors in PL of blends respect to the control films.

To determine the net enhancement effect the enhancement factors were calculated
from the ratio of the fluorescence intensities (at the maxima) of the blend to that of the
respective PS-CdS control film. For the 3000 rpm series, enhancement factors are 0.98

and 1.92 for 50/50 and 30/70 blends, respectively. For 6000 rpm films these values are
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2.10 and 2.25, and finally for 9000 rpm blends they increase to 2.13 and 3.28. Table 5.2

and Figure 5.17 display the enhancement factors; for all three series the enhancement is
stronger for the 30/70 blend, this can be attributed to higher Ag NPs content. It is also
observed that the enhancement effect is increasing for higher spin rates.

It has been shown®®°

that in the spin coated films the characteristic length of a
spinodal pattern (d), that is determined from the extent of coarsening during the spinodal
decomposition (described in section 1.2.2), changes with the solution concentration (cy)
and the spinning rate (w) (more details provided in section 1.6.1). The empirical scaling
law describing this is:

d ~ ¢y (5.1)

This law demonstrates the inverse proportionality between d and w; therefore, it
implies that at high spin rates domains are small. Expected phase-separation of the NPs
based upon the different polymers at their surfaces give rise to the formation of Ag-rich
and QDs-rich domains that are in contact with each other along the domain boundaries.
When d is small, there is larger area of contact (larger interfacial area) between NPs
domains to interact with each other, and they are also in closer proximity to each other. It

has been shown!?2%4142

that interactions between metal and QDs occur over a short
distance (10-20 nm) because the electromagnetic SP field of metal NPs is highly
localized at the NP surface and decays rapidly away from the surface; therefore, when d
is small there are more particles within the operative length scale of interaction from each
other (within the electromagnetic field of the SP). This consequently increases the

coupling between the SP of Ag NPs and PL of QDs and causes a stronger enhancement

effect.
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There are two possible mechanisms for the PL enhancement in these systems:

enhancement of the incident electromagnetic (excitation) field due to plasmon excitation,
and enhancement of the rate of the radiative emission due to coupling between the SP and
photon emitted by a radiate decay. To realize the mechanism operative here we continue
with the optical characterization of the blend films.

The excitation spectra of the PS-CdS/PMMA-Ag NPs blend films were also
obtained for the emission wavelength corresponding to the emission peak maximum for
each sample (~ 620 nm) and scanning the range of excitation wavelengths. These spectra

are presented in Fig. 5.18 together with the excitation spectra of PS-CdS control films.
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Figure 5.18. Excitation spectra collected at A, = 620 nm for (a) PS-CdS control films,
(b) 30/70 and (c) 50/50 blend films prepared at 3000, 6000 and 9000 rpm spin rates.
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The shoulder that is observed for all cases at ~ 470 nm corresponds to the

absorption of CdS QDs, as it resembles its absorption spectrum (Figure 5.8). The
contribution of the SP absorption of the Ag NPs in the observed excitation spectra is the
presence of the peak at ~ 450 nm, which was observed for all cases and is the result of
coupling between the Ag NPs with QDs. This suggests that both mechanisms of
enhanced excitation and emission are operative here. Increased intensity observed at
around 450 nm, suggest the first mechanism because if the SPs only absorb the excitation
light then the excitation spectrum should show a decrease whereas we are observing an
increase due to the enhancement in the excitation field via coupling between the dipole
mode of SP and the excitation field. The latter mechanism was suggested by the presence
of ~ 450nm peak, which overlaps with the CdS peak demonstrating the coupling between
the two NPs; this results in transfer of the energy from the QDs (in form of emitted
photon) into dipole mode of SP.*¥14

To better understand the operative mechanism, fluorescence decay profiles at Aem=
620 nm were measured exciting the samples at Aex= 420 nm (~ maximum of SP
absorption, Figure 5.8). Due to the apparent increased excitation of the Ag-containing
films in the ~ 450 region (Figure 5.18), decay profiles were also collected exciting at Aex=
450 nm. An intermediate excitation wavelength of Aex= 435 nm was also considered.
Decay profiles were also collected for the control PS-CdS films for comparison (sample
profiles provided in Figure 5.19a and b for 30/70 and 50/50 blends, respectively). In all

cases the best fit (x> < 1.2) was obtained with a double-exponential (equation 5.5)

model:"
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I(t) = a1 exp(-t/r1) + ap exp(-t/r2) (5.5)

T= (0(1 1’12+ (043 122)/(0(1 1t o2 ‘[2) (56)

For a broad distribution of states the lifetimes of actual states can be determined
from averaging individual exponential lifetimes (71, 7,...); therefore, the intensity-average
lifetime (equation 5.6) was calculated for each decay profile and then was averaged
between three runs for each film. The values for the blend films and the PS-CdS control

films are listed in Table 5.2.

Table 5.2. Average lifetimes values

30/70 blend Average lifetimes (us)

films Aex =420 Nnm Aex =435 nm hex =450 nm
3000 rpm 1.77 £0.09 1.90 +£0.04 1.63 £ 0.09
6000 rpm 1.54+0.04 1.76 £0.10 1.17 £ 0.04
9000 rpm 1.48 £ 0.05 1.10+£0.04 1.08 + 0.06
50/50 blend Average lifetimes ()

films Aex =420 Nnm Aex =435 nm hex =450 nm
3000 rpm 1.75+0.07 2.38+0.11 1.46 £ 0.09
6000 rpm 1.62 £ 0.05 1.88 £ 0.07 1.42 £ 0.05
9000 rpm 1.65+0.11 1.15+0.09 1.11+0.10
PS-CdS Average lifetimes (us)
control hex=420 nm hex=435nNm Aex =450 nm
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films
3000 rpm 1.20+£0.10 1.62 £ 0.08 1.47 £0.10
6000 rpm 1.23+0.09 154 +0.10 1.55+0.07
9000 rpm 1.07 £0.01 1.40 £ 0.07 1.48 £ 0.01
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Figure 5.19. Sample decay profiles provided for (a) 30/70 and (b) 50/50 blends at
different spin rates.

It was observed that lifetimes are generally longer for blend films than for the

control PS-CdS films. Interestingly, the values demonstrate a decreasing trend by
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increasing the spinning rate, as displayed in table 5.2, and shorter lifetimes were observed

for the films with stronger PL enhancement. This is not the classical observation that the
systems with enhanced PL have longer lifetime; however, this has been previously
observed for some other systems of interacting luminescent and metallic
nanostructures.'®#*>™ Shortening of lifetime can be attributed to inverse proportionality
between the lifetime and the decay rate, which is composed of radiative and non-radiative
recombination rates; increase in the radiative rate as the result of field enhancement
decreases the lifetime. The trend in lifetimes as a function of excitation wavelength is
illustrated in Figure 5.20a-c for films prepared at 3000, 6000 and 9000 rpm, respectively.
Figure 5.21c, reveals a different trend in lifetimes of blend films prepared at 9000 rpm
comapre with 3000 and 6000 rpm. For the 9000 rpm blend films, lifetime is decreasing
by increasing the excitation wavelength, whereas for 3000 and 6000 rpm lifetime is first
increases then decreases. For all three spin rates (Figure 5.20a-c) lifetime for the PS-CdS
control films has a similar trend: it increases by increasing the excitation wavelength; the
change in the lifetime can be attributed to the size distribution of QDs resulting in
different lifetimes at different excitation wavelengths (red traces in Figure 5.20a-c).

Short life time, which accompanies the PL enhancement, can describe the blue
shift that we observed earlier in the PL of PS-CdS/PMMA-Ag blend films relative to the
PS-CdS control (Figure 5.10-5.12); short lifetimes do not allow excitons to diffuse to
regions with lower excited states before they undergo radiative decay (they do not have
enough time for the diffusion); therefore, they emit at a higher energy (regions with
larger bandgap). A similar phenomenon of blue shifted- enhanced PL emission has been

observed by another group®® for a system of CdTe NWs in vicinity of gold NPs.
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Figure 5.20. Life times measured at three excitation wavelengths of 420, 435 and 450 nm
for blend films and PS-CdS control films prepared at (a) 3000, (b) 6000, and (c) 9000 rpm.

5.4. Conclusion

A comprehensive study of the optical properties of PS-CdS/PMMA-Ag NPs spin-
coated blend films was presented in this work. It was demonstrated that the characteristic
length of phase-separation (d) can be tuned by adjusting the spinning rate in order to
increase the extent of interactions between “Ag-rich” and “CdS-rich” domains by

increasing the interfacial area between the domains, and by decreasing the distance
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between them which increases the number of particles that are within the operative

distance of interaction from each other. Enhancement in the PL intensity of PS-CdS QDs
in vicinity of Ag NPs was observed and enhancement factors were calculated after
correcting the PL spectra for the differences between the thickness and relative QD
content of the films; an enhancement factor as high as 36 times was calculated.
Excitation spectra of the films suggested two mechanisms for the PL
enhancement: enhancement of the excitation field as the result of coupling between the
SP and the excitation field, and the enhancement of the radiative rate by coupling
between the emitted photon from QDs and SP of Ag NPs. Shortening of lifetime was
also observed for PL-enhanced films, which is attributed to the increase in the radiative

rate as a result of field enhancement.
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Chapter 6: SIMULTANEOUSLY ADDRESSING TWO
DIFFERENT NANOPARTICLE TYPES TO SPECIFIC REGIONS
OF A CHEMICALLY PATTERNED SUBSTRATE IN A SINGLE

SPIN-COATING STEP
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6.1. Introduction

Organizing nanoparticles (NPs) into micro- and nanoscale structures on surfaces

2 4

has various applications in medical diagnosis,™* sensing,®* nano- and optoelectronic
devices,>® light emitting diodes,” and photovoltaics.® A variety of techniques have been

reported on this matter including scanning probe-related patterning techniques,®** the

15,16 7,17-21
H

use of optical tweezers to position NPs on surfaces, micro contact printing,

22,23 24-29

layer by layer assembly technique and various lithographic approaches.

The ability to fabricate patterned structures of multiple NP types with different
functionalities (such as optical properties) opens up many new routes to design micro and
nanodevices. Hua et.al.*® employed a layer-by-layer assembly approach combined with
lithography to obtain a pattern of two types of NPs, where each one is directed to the
desired location on the surface to form striped pattern of NPs; although this technique
results in high precision patterning, it is a labor-intensive and a multistep process.
Jamshidi et.al.®! developed an elaborate technique, called nanopen to pattern multiple
NPs using optoelectronic tweezers to collect and immobilize them into patterned

structures via electrokinetic forces. Vossmeyer et.al.*?

reported a selective deposition
technique for patterning multiple NP types through selective deposition of each NP type
onto chemically distinct interaction sites of a substrate, which is prepared by lithographic
masking. However, there is still the need for a fast, simple and efficient approach to
pattern structurally- and compositionally-complex NP film structures.

As demonstrated in previous chapters of this thesis, microcontact printing

(LCP)**¢ is a popular technique for patterning colloids, polymers and NPs; the objective

of this chapter is to develop a versatile technique based on uCP for simultaneous
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patterning of multiple NP types in discrete surface locations using a facile single step

spin-coating process. Our method is based on directed patterning of PS/PMMA blend
films via spin-coating onto pre-patterned OTS glass, as developed in Chapter 4.3 In
that chapter, this methodology was extended to patterning of CdS QDs, by replacing PS
homopolymer wihtin the spin-coated blend solution with PS-coated (PS-stabilized QDs);
the QDs possessed identical surface energy to the PS homopolymer and therefore,
localized selectively above the OTS lines. In this chapter, this technology is further
extended to include the simultaneous patterning of PS-coated CdS QDs, which should be
directed to the lower-surface energy OTS lines of the substrate and PMMA-coated Ag
NPs, which should be directed to the higher-surface energy regions between the OTS
lines. The specific interest in polymer-supported patterns of Ag NPs and CdS QDs is to
provide a suitable proof-of-concept system for simultaneous multi-NP patterning.
However, this system also has some interesting optical behaviour as a result of QD-

surface plasmon interactions, as discussed in Chapter 5.

6.2. Experimental

6.2.1. Materials

The polystyrene-coated CdS QDs (PS-CdS) used in this work is similar to the
sample used in chapter 5 (refer to 5.2.3.1). In summary, QDs were synthesized via
templated growth of CdS in the cores of reverse micelles consisting of polystyrene-block-
poly (acrylic acid) copolymer PS(226)-b-PAA(22), where numbers in brackets indicate

number-average degrees of polymerization for each block. Each PS-CdS has a core of a
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~ 5 nm CdS nanoparticle (determined from UV-vis and using Henglein’s empirical

relationship), with a poly (cadmium acrylate) (PACd) layer at the CdS surface,
covalently-attached to a solubilized external PS brush layer.

Poly(methyl methacrylaye)-coated silver NPs (PMMA-AQ), prepared as described
in chapter 5 (refer to 5.2.1) by templated growth of Ag in the micelles cores of
poly(methyl methacrylate)-block-poly(acrylic acid) copolymer PMMA(170)-b-PAA(28),
purchased from Polymer Source Inc. In summary, the size of PMMA-Ag NPs is ~ 15 nm
in average (determined from TEM imaging) with a PAA layer at the surface, covalently-
attached to the PMMA corona. The hydrodynamic radius (Rp) determined from DLS is
35.4 nm and the aggregation number of 44.9.

Three different PS homopolymer samples with molecular weights (M,,) of 131
000 g/mol (previously synthesized in our group by anionic polymerization), 33 000 g/mol
(Polymer Source Ltd.) and 6 000 g/mol (Polymer Source Ltd) were used for mixing with
NPs blend; they are denoted in the text as PS 131k, 33k and 6k, respectively. PMMA

homopolymer with M,,=120 000 g/mol (denoted as PMMA 120k, Aldrich) was also used.

6.2.2. Preparation of Polydimethylsiloxane (PDMS) Stamps for

Microcontact Printing

Masters with microscale periodic stripe patterns were obtained using commercial
compact discs (CDs). Top layers on a CD were removed revealing the underlying
polycarbonate layer with the desired topographic features. The polycarbonate was used as
the master and prepolymer and curing agent for polydimethylsiloxane (PDMS) (Dow

Corning: Sylgard 184 DC-184 A and DC 184-B) were mixed in a 10:1 (v:v) ratio, then
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poured over a polycarbonate master, followed by 4 h curing at 80°C. The topology of

resulting PDMS stamp consisted of periodic raised stripes corresponding to the troughs of
the polycarbonate masters. The PDMS stamps were sonicated ina 1 : 2 (v : v) solution of
ethanol/deionized water immediately prior to use. Detailed procedure for PDMS

preparation is provided in chapter 2 (section 2.2.1).

6.2.3. Microcontact Printing Glass Substrates with
Octadecyltrichlorosilane (OTS)

Glass cover slips (VWR scientific, 18 x 18 mm) were cleaned by sonication for
10 min in 95% ethanol, followed by 10 min sonication in deionized water. To introduce a
layer of hydroxyl groups on the glass surface, the cover slips were submerged in a
piranha solution at 70°C for 30 min. The resulting hydrophilic glass substrates were
cleaned from excess piranha using the same procedure described in chapter3 (refer to
3.2.3) followed by drying with a UHP N, (g) stream prior to immediate use for
microcontact printing (uCP). The ink for uCP was prepared by dissolving
octadecytrichlorosilane (OTS, Aldrich) in anhydrous hexane (>99%, Aldrich) under UHP
N2 (g) to obtain a 5 mM solution. For inking the PDMS stamp, a non-patterned smooth
block of PDMS was used as an ink pad similar to chapter 4 (refer to 4.2.3 for more
details). One drop of the ink solution was spin-coated on the pad at 3000 rpm for 30 s
followed by 20 s drying by a stream of UHP N, (g). Then a patterned PDMS was brought
into contact with the inked pad for 10 s. The inked PDMS stamp was then used to

transfer the OTS molecules to the surface of a hydrophilic glass cover slip by a conformal
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contact for 30 s under a 200-g weight. OTS-patterned glass substrates were used

immediately for spin-coating NPs blends on them.

6.2.4. PS-CdS/ PMMA-Ag Blend Solutions Preparation

Solutions of 0.5, 1.0, 2.0 and 4.0 wt% of PS-CdS and PMMA-Ag were prepared
separately in spectro grade toluene (Aldrich) and stirred for 4 h then left overnight to
equilibrate. The 30/70 and 50/50 (w/w) PS-CdS/ PMMA-Ag blend solutions were each
prepared by gravimetrically mixing the appropriate amounts of two solutions (PS-CdS
and PMMA-AQ) into a clean vial and stirring it for 4h then let it equilibrate overnight.

In order to increase the characteristic length scale of the phase-separation in NPs
blend films, homopolymers were added to the blends. Solutions of 0.5, 1.0 and 2.0 wt%
PS-CdS, PMMA-Ag, PS, and PMMA were prepared separately in spectro grade toluene
(Aldrich) and stirred for 4 h then left overnight to equilibrate. The 30/60/10 PS-
CdS/IPMMA-Ag/PMMA, 20/10/70 PS-CdS/PS/IPMMA-Ag, 10/20/50/20 and 20/10/60/10
PS-CdS/PS/IPMMA-Ag/PMMA blend solutions (all weight fractions) were each prepared
by mixing the appropriate amounts of two solutions into a clean vial and stirring it for 4h

then let it equilibrate overnight.

6.2.5. Preparation of Spin-coated Films

One drop of the blend solution was spin-coated on the patterned or non-patterned
glass substrate for 30 or 60 s at different spinning rates of 3000, 6000 and 9000 rpm. The
drop was applied after the substrate reached a rate of 9000 rpm and it was deposited onto

the centre of the spinning substrate using a microsyringe. Spin-coated film looks
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uniformly clear and it was dried overnight under vacuum prior to characterization and

then they were stored covered in dark.
For each condition, three copies were prepared for complete characterization.
Non-patterned glass substrates were cleaned prior to spin-coating by sonication in

methanol, chloroform, toluene and acetone each for 10 min.

6.2.6. Blend Film Characterization

6.2.6.1. Atmoic Force Microscopy (AFM)

AFM in contact modewas performed on a MFP-3D atomic force microscope from
Asylum Research with non-conductive silicon nitride cantilevers from Veeco (model:
NP-10). The cantilevers are 0.4 - 0.7 um thick and their resonance frequency ranges
from 12-75 kHz and spring constants ranging from 0.06-0.58 N/m. For each sample, at
least three images at different locations on the substrate were obtained to determine the
regularity of the film structure. All images presented in this paper were scanned over a 10
um x 10 um area at a scan rate of 0.5 Hz and they represent typical features observed for

each film.

6.2.6.2. Laser Scanning Confocal Fluorescence Microscopy

(LSCFM)

LSCFM measurements of patterned 1.0 wt% PS-CdS/PS/PMMA-Ag/PMMA

10/20/50/20 blend film were carried out on a Zeiss LSM 700 with diode laser. Films were
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excited at Aex = 480 nm, and emitted light above 520 nm was directed to the PMT

detector by a variable dichroic filter. A Zeiss Plane-Aprochromat 63x oil-immersion
objective lens (NA=1.3) was used for imaging. The pinhole diameter was set to 33 um.
To prepare samples for LSCFM measurements, spin-coated blend film on a glass
coverslip was taped to a glass microscope slide, such that the film was sandwiched
between the slide and coverslip. Zeiss Immersionsoel 518 C oil was deposited between
the objective and the coverslip in order to provide a constant-refractive index media

between the objective and the glass.

6.2.6.3. Transferring the Patterned Films to TEM Grids by Removal
of the Glass Substrate

Patterned films were released from the glass coverslips by selective etching of the
glass using hydrofluoric acid (HF). HF (48%, EMD) was diluted to a 10% concentration

using deionized water (18 M€)/cm, Barnstead NANOpure® Dlamond™

). A sample was
immersed in a solution of 10% HF in a plastic petri dish (Fisher-Scientific). After the
glass substrate was etched away the film floated on the solution. The thin film was then
quickly collected onto a 400 mesh copper TEM grid (ProSciTech, Catalogue number:
GCU1C4C). To remove residual HF, the prepared samples on TEM grids were washed

twice with deionized water and then dried under active vacuum in a desiccator prior to

TEM analysis.
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6.2.6.4. Transmission Electron Microscopy (TEM)

Bright field transmission electron microscopy analysis was conducted on a
Hitachi 8000 STEM and a Tecnai G2 F20 STEM operating a 200 kV. Energy dispersive
X-ray spectroscopy (EDS) experiments were carried out on the Tecnai G2 F20 STEM.
Beryllium sample holders were used for this in order to avoid high X-ray background

signals.

6.2.6.5. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS)

SEM and EDS analysis were performed on a Hitachi S-4800 FESEM (field
emission SEM) at 7 kv accelerating voltage. The instrument has a Bruker Quantax EDS
system for X-ray spectroscopy. Since the patterned NPs films on glass are not
conductive enough for SEM analysis, the films were first carbon-coated. To do this,
samples were mounted onto SEM pin mounts (EMS, Catalogue number: 75183) and were
transferred to a home-built carbon evaporator where a 2 nm-thick layer of carbon was
evaporated onto the film surface. The carbon evaporation was conducted at 107 torr with
100 A of current passing through the two graphite electrodes (EMS, Catalogue number:

70200).

6.2.6.6. Focused Ion Beam (FIB) Micro-Sampling for TEM imaging

Hitachi FB-2100 focused ion beam system is utilized for FIB micro-sampling;
this technique was employed to lift out a portion of the 1.0 wt% PS-CdS/PS/PMMA-

Ag/PMMA 10/20/50/20 blend film for TEM imaging. The region of interest (few
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micrometer in dimensions) was coated by tungsten (W), the protection layer, and then

was cut from the sample by FIB milling; first the front side then the back followed by
both right and left sides of the region of interest were deep trenched leaving a micro-
bridge at the upper left corner. The bridge was cut off at the micro-sample completely
removed from the bulk-sample (the procedure for cutting is illustrated in Figure 6.1. The
micro-sample was then mounted on a FIB/TEM (STEM) compatible specimen holder
using a special carrier.>

The procedure can be described as: first thinning the edges of the micro-sample
by FIB milling to remove the portion and mount it on to an edge of the carrier. After
securing the micro-sample on the carrier, it was rotated so that the surface of the micro-
sample is parallel to the incident ion beam then thinning of the micro-sample is carried
out from the substrate in order to obtain a plan-view TEM specimen from the surface.

The milling was performed at an accelerating voltage of 40 kV. The beam

currents of 60 and 3.5 nA used in these operations.
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Figure 6.1. (a) Plan-view cut at 40 kV and 60 nA (angled cuts), (b) Plan-view cut at 40
kV and 3.5 nA, (c) Tilt sample to 40° for bottom cut at 40 kV and 3.5 nA, (d) Plan-view cut at 40
kV and 3.5 nA, (e) Bringing in the microsampler probe, welding to upper right corner of the

wedge and then plan-view cut at 40 kV, 3.5 nA, (f) resulting sample.*

6.3. Results and Discussion

To study the effect of a patterned surface on the structure of a blend film, first we
investigated the morphology of the same blend on a homogenous glass surface without
patterned surface energies. First, the morphologies of the PS-CdS/PMMA-Ag NP blend
films, which were previously discussed in Chapter 5 in connection with
photoluminescence studies, were investigated. As described in Chapter 5, these films
were prepared via spin-coating the blend solutions of ¢, = 4.0 wt % 30/70 and 50/50
(w/w) PS-CdS/IPMMA-Ag in toluene onto a non-patterned clean glass surface at three
different spin rates of 3000, 6000 and 9000 rpm. Interestingly, and in contrast to

PS/PMMA homopolymer blends described in Chapter 4, AFM images of the PS-CdS and
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PMMA-Ag blend films (Figure 6.2), reveal relatively featureless topologies without

developed PS/PMMA domain structures for all spin rates and both compositions. The
rare surface features that are observed in these images are probably dust or other
impurities. The absence of microscale domain features on the surface of the blend films
cannot be a result of insufficient interfacial tension between blend components, since the
PS/PMMA and PS-CdS/PMMA-Ag pairs should have very similar interaction energies.
Rather, as discussed below, we attribute this absence of phase-separation in the NP
blends to the difference in structure between homopolymers and polymer-coated NPs.
This absence of phase-separated structure on the micron scale in the spin-coated PS-
CdS/PMMA-Ag blends precludes their patterning on microcontact printed surfaces and

therefore must now be addressed.



Figure 6.2. 10-10 um AFM images of 4.0 wt% 30/70 (a-c) and 50/50 (d-f) PS-
CdS/PMMA-Ag samples spin-coated at (a, d) 3000, (b, €) 6000 and (c, f) 9000 rpm on quartz
slide.

To understand the absence of phase-separated structure in these blends, we must
first consider what happens to PS-CdS/PMMA-Ag pairs as the solvent evaporates. As
described in Chapter 5, both NPs can be described as spherical polymer brushes, with PS
or PMMA chains attached at one end to a relatively small and compact NP core, resulting
in a relatively large extended and highly solvent-swollen corona. The interactions
between spherical polymer brushes, in the form of reverse block copolymer micelles in
organic solvents, have been described in detail by Gast and coworkers.>®>° At micelle
volume fractions above the critical overlap concentration, it was found that steric

repulsion between overlapping coronal chains of approaching micelles effected repulsive
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"soft-sphere" intermicellar interactions, leading to micelle odering into a body-centred

cubic lattice. This ordering resulted in gel formation with a dramatic increase in vicosity

and extremely limited particle mobility.?®*°

We believe similar gelation of PS-
CdS/IPMMA-Ag NPs as the solvent evaporates during spin-coating leads to their highly
restricted mobility, providing a strong kinetic constraint on phase-separtion despite the
thermodynamic driving force. Effectively, once the PS-CdS and PMMA-Ag NPs are
"frozen" into a gel, they have very limited translational mobility and cannot therefore
segregate into microscale phase domains before the solvent is completely depleted and
the polymer blend becomes vitrified.

In order to prevent gelation of the PS-CdS and PMMA-Ag NPs, we decided to
add PS, PMMA, or a mixture of PS/PMMA homopolymers to the blend solutions prior to
spin-coating. The idea is to increase the free volume and to prevent the overlap of
approaching NP brushes and the resulting soft-sphere ordering during solvent evaporation
by adding homopolymer to the spaces in between the brushes. To investigate the effect
of added homopolymer on the phase-separation, we first added PS homopolymer with
three different M,, values of 6k, 33k and 131k g.mol™, each at 10 wt% relative to the total
polymer composition, while maintaining PS (PS + PS-CdS)/PMMA (PMMA-AQ) ratio of
30/70 (w/w). The three resulting blends are therefore, described as PS (6k, 33k, or
131k)/PS-CdS/IPMMA-Ag 10/20/70 (w/w/w). All blends were spin-coated at a polymer
concentration of ¢, = 1.0 wt %. Since Figure 6.2 shows PS-CdS/PMMA-Ag blends spin-
coated at 4.0 wt %, we also carried out the control experiment at ¢, = 1.0 wt % for the

blend without added PS.
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AFM of the resulting blends on clean glass (Figure 6.3, a to ¢) show that

the addition of PS homopolymer increases the extent of phase-separation and that the size
of the resulting phase domains increases as the M, of the added homopolymer increases.
Specifically, very fine but difficult to measure domains were observed in the PS(6k)
blend, whereas the measured average domain sizes increased to 0.2 + 0.1 um and then to
0.4 £ 0.1 um in the PS(33K) and PS(131k) blends, respectively. The observed trends
suggest that higher M,, homopolymer increase the particle mobility (by impeding
gelation) to a greater extent than lower M,, homopolymer. This is explained by the
relative tendency of different sized homopolymers to intercolate into the solvent-swollen
brushes of the NPs. It is found that when the homopolymer is on the same order or
greater than the size of the brush chains then there is a tendency for the chains to be
excluded from the brush and occupy the interparticle spaces; this is referred to as the "dry
brush" case. ®* Conversely, when the M,, of added homopolymer is smaller than that of
the similar polymer brush, the homopolymer gets included in the brush, this is referred to

as the "wet brush" case.®*®*

In our system, the NP mobility should be increased to a
greater extent when most of the homopolymer is localized between the NPs rather than
within the brushes, in order to prevent interparticle overlap and ordering. This explains
the relative increase in phase-separation which is observed in Figure 6.3 a-c. Schematic
describing the gelation and also the effect of added low and high M,, homopolymer to the
NPs blend are illustrated in Figure 6.4 a-c, respectively.

Figure 6.3 d-f illustrates the film morphologies of PS-CdS/PS/PMMA-Ag on
OTS-patterned surfaces. For added 6k and 33k PS, the polymer surface topology did not

reveal the underlying surface pattern, because d is still not large enough; however, for the
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blend with added 131k PS, which has the largest d in this series, patterned lines were

observed but no separate phases meaning that both phases are present in the regions in
between the OTS lines and further phase-separation between them result in the formation

of small domain phases in these regions (Figure 6.3f).

Figure 6.3. 10-10 um AFM images of 1.0 wt% 20/10/70 (w/w/w) PS-CdS/PS/PMMA-
Ag films prepared using (a, d) 6 k, (b, €) 33 k and (c, f) 131 k PS homopolymer. Films spin-
coated at 6000 rpm from toluene on non-patterned (a-c) and OTS-patterned substrates (d-f).
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b) Low M PS

PS-CdS PMMA-Ag

c) High Mw PS

PS-CdS  PMMA-Ag

Figure 6.4. Schematic describing (a) NPs blend forming ordered body-centred cubic lattice, (b)
addition of Low M,, PS to the NPs blend forming a "wet-brush" blend, and (c) addition of high
M,, PS to the NPs blend forming a "wet-brush™ blend.

The effect of added homopolymer is also demonstrate for the NPs blend with
added 10% (w) of PMMA with M,, = 120k homopolymer. Films were prepared using 1.0
wit% 30/60/10 (w/w/w) PS-CdS/IPMMA-Ag/PMMA on non-patterned and OTS-patterned
substrates (Figure 6.5 a and b, respectively). Similar to the case of added high M, PS, d
has increased (d = 0.4 + 0.1 um) and the pattern lines were observed in the blend film
when spin-coated on the patterned substrate. The similar results observed for high M,, PS
and high M, PMMA suggest that the chemical nature of added homopolymer is relatively

not important since both PS and PMMA are compatibilized by solvent swelling.
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Figure 6.5. 10-10 pm AFM images of ¢, = 1.0 wt% 30/60/10 (w/w/w) PS-CdS /PMMA-
Ag/PMMA films prepared using 120 k PMMA.. Films spin-coated at 6000 rpm from toluene on
(a) non-patterned and (b) OTS-patterned substrates.

As described in chapter 4 (4.3.1), d can be adjusted by fine-tuning the c, of the
blend and the spinning rate, at which the films are prepared. Therefore, we studied the
morphology of the blend films with added 10% of either 133k PS or 120k PMMA on
OTS-patterned substrates for three different solution concentrations of 0.5, 1.0 and 2.0
wt% and three different spin rates of 3000, 6000 and 9000 rpm. For all cases either
polymer surface topology did not reveal the underlying surface pattern or similar
morphology to the ones shown in Figures 6.3 f and 6.5 b were obtained. This implies that
the blend has to be modified furthermore; so, we pursued this by adding 10% of PS and
10% of PMMA to further increase the free volume and to further prevent the interparicle
overlaps. AFM images of the blend of 20/10/60/10 (w/w/w/w) PS-CdS/PS/IPMMA-
Ag/PMMA are shown in Figure 6.6 for c, = 0.5, 1.0 and 2.0 wt% and spin rates of 3000,

6000 and 9000 rpm.
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Figure 6.6. 10-10 um AFM images of ¢, = 0.5, 1.0 and 2.0 wt% of 20/10/60/10 PS-
CdS/PS/IPMMA-Ag/IPMMA (w/w/w/w/) films spin-coated at 3000, 6000 and 9000 rpm from
toluene on OTS- patterned substrates. The bridging between the raised domains is highlighted on
the AFM image for 6000 rpm and 1.0 wt%.

The addition of both types of homopolymers at once results in the phase-
separated NP domains that are considerably larger than in previous cases. Average
measured d for ¢, = 0.5, 1.0 and 2.0 wt% blend films spin-coated at 6000 rpm are 0.2 +
0.1,0.5+0.1, and 0.7 = 0.1 pm respectively. For ¢, = 0.5 wt%, small phase domains of

both PS and PMMA are observed in the regions in between the OTS lines for all three
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spin rate cases. For ¢, = 1.0 wt% raised PMMA domains are elongated along the pattern

direction connected by some bridges (as the one highlighted in Figure 6.6) that span the
OTS lines of the underlying substrate. For c, = 2.0 wt%, domain shapes are mostly
irregular with little elongation along the pattern direction. The best pattern replication in
this series is obtained for the ¢, = 1.0 wt% blend at high spin rates (6000 and 9000 rpm).
however, even for these cases, the raised domains are not discrete and they are connected
through bridges; thus, to improve the patterned structures, the amount of added
homopolymers were increased from 10 to 20 % (w); the reason for adding more
homopolymer to the NPs blend is to increase the amount of homopolymers that localize
in between NPs polymer brushes preventing the intermicellar interactions and therefore,
improving the mobility of the particles so they can form discrete domains on the specific
regions of the substrate. For the blend of 10/20/50/20 PS-CdS/PS/IPMMA-Ag/PMMA
(w/w/wiw) pattern replication was obtained for both ¢, = 0.5 and 1.0 wt% blends. Low
magnification AFM images (50-50um, shown in Figure 6.7) demonstrate the long-range
patterning of these blends. The improvement is more obvious for the 1.0 wt% case,

which shows the least amount of bridging defect in the patterned domains.
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Figure 6.7. 50-50 pm AFM images of (a) ¢, = 0.5 and (b) ¢, = 1 wt% of 10/20/50/20 PS-
CdS/PS/IPMMA-Ag/PMMA (w/w/w/w) films spin-coated at 6000 rpm from toluene on OTS

patterned substrates.

To identify the domains, LSCFM imaging was performed to probe the PL of the
QDs from the regions to where they are directed. The excitation and emission filters for
LSCFM were selected according to the PL properties of the constituent PS-CdS QDs, as
shown in chapter 3 (Figure 3.8b). LSCFM image of the film (Figure 6.8 b) shows
localized CdS emission from the photoluminescent striped pattern. The periodicity of
bright and dark stripes are similar to that of the OTS underlying pattern; comparing the
spacing between the pattern lines in the LSCFM image (Figure 6.8 b) and in the
underlying OTS pattern (portrayed in 6.8a), suggests the registration of CdS-containing
PS domains to the OTS lines. Based on this, we propose the lateral distribution of the
domains as depicted in Figure 6.8 a. Regions in between the bright stripes in the LSCFM
image (presumably Ag-containing PMMA domains) are dark, demonstrating the

localization of QDs only above OTS stripes.
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a) PMMA-Ag
PS-CdS

b)

Figure 6.8. (a) Lateral distribution of PS-CdS within the PS phase and the PMMA-Ag
within the PMMA phase forming the patterned morphology observed in top-view of the film, and
(b) LSCFM image of the ¢, = 1.0 wt% 10/20/50/20 PS-CdS/PS/PMMA-Ag/IPMMA (w/w/w/w)

patterned film. Scale bar is showing 1 um.

LSCFM imaging does not resolve the distribution of individual CdS within the PS
domains due to resolution limitations and therefore, in order to resolve the distribution of
individual NPs within the polymer phases and also to confirm the location of Ag NPs,
other imaging techniques such as TEM and SEM were utilized. Both these methods are

equipped with EDS allowing elemental analysis and mapping of the components.
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For TEM imaging the challenge is in transferring the NPs blend film from the

OTS-patterned glass substrate to a TEM grid; since the films are too thin (~ 30 nm)
physical lifting of the film from the glass was not successful; for this, we tried to scratch
the edges of the film using a scalpel and let the detached film float on a surface of DI
water. After this unsuccessful attempt, we tried another method: detaching the film by
dissolving the glass substrate in aqueous HF and then transferring the free-standing film
from the HF solution to a TEM grid. Using this method we were able to transfer the film
to a TEM grid but TEM imaging showed the distortion of the patterned structure. Two
sample images at high and low magnification are illustrated in Figure 6.9 that show
disappearance of the pattern; this is perhaps due to some migration of PS and PMMA
during the lifting process as well as growth of Ag NPs aggregates in the aqueous media

that result in formation of the large features observed in TEM images.
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Figure 6.9. (a) low and (b) high-magnification TEM images of the c, = 1.0 wt%
10/20/50/20 (wiw/wiw) PS-CdS/PS/IPMMA-Ag/PMMA patterned film removed from glass
substrate using a HF solution and transferred to a TEM grid. Scale bar in (a) shows 0.5 pm and

in (b) shows 50 nm.
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We also tried SEM imaging, the challenge we confronted was due to the non-

conductivity of our samples; for SEM imaging samples should be conductive to prevent
the accumulation of electrostatic charges at the surface. To improve the conductivity of
our sample, blend films were carbon-coated prior to imaging but still the conductivity
was quite low not allowing us to focus the scope; therefore, EDS analysis did not show
accurate elemental mapping. Figure 6.10a and b demonstrate the map obtained for Cd
and Ag elements on the film, respectively; the maps display a uniform distribution of
both Cd and Ag throughout the film, which is contradicting with the localized PL we

observed from CdS QDs by LSCFM imaging.

Cd-LA
Map data
MAG: 35000 x HV:7.0 kV WD: 16.2 mm

Figure 6.10. SEM-EDS mapping of (a) Cd and (b) Ag of the carbon-coated ¢, = 1.0 wt%
10/20/50/20 (w/w/wiw) PS-CdS/PS/IPMMA-Ag/PMMA patterned film; images do not reveal any

localization of elements.

Next, we utilized FIB to obtain a micro-sample for TEM imaging by removing a
portion of the sample by FIB milling and mounting it on a FIB/TEM (STEM) compatible
specimen holder for TEM imaging. FIB thinning for cutting the micro-sample is still
undergoing and we are hoping to obtain TEM images of the microsample to resolve the

position of NPs on the patterned substrate.
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6.4. Conclusion

In this work we developed a fast, inexpensive, and single-step methodology to
simultaneously pattern two types of polymer-coated NPs by facile method of spin-coating
onto chemically-patterned substrates, which are obtained by pCP OTS on hydrophilic
glass. This process is based on surface energy heterogeneity of the patterned substrate
that directs the NPs according to their surface energies.

The first challenge we tackled in this work was the gelation occurring in the NPs
blend films as the solvent evaporates and intermicellar overlaps leads to highly restricted
particle mobility, providing a strong Kkinetic constraint on their phase-separtion.
Therefore, PS-CdS and PMMA-Ag NPs cannot segregate into microscale phase domains
before the solvent is completely depleted. We managed to increase the domain sizes by
adding PS, PMMA or PS/PMMA homopolymers to the NPs blends in order to obtain a
dry brush blend, where homopolymers localize in between the polymer brushes of NPs
inhibiting the intermicellar overlaps and thus, improving the mobility of particles. The
film morphologies of NPs and homopolymer blends were then fine-tuned by changing
variables such as solution concentration and spinning rate to obtain domains that can be
directed by the underlying OTS-patterned substrate.

Patterned structure of ¢, = 1.0 wt% 10/20/50/20 (w/w/w/w) PS-CdS/PS/PMMA-
Ag/PMMA patterned film was characterized by LSCFM imaging, which revealed the
photoluminescent arrays confirming the surface-directed positioning of QDs on the
patterned surface. However, our efforts to obtain SEM or TEM images remained
unsuccessful and, therefore, it is difficult to come to a definite conclusion without images

that show precise positions of the individual NPs. We could not directly demonstrate the
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alternating Ag- and CdS-containing stripes but LSCFM imaging shows alternating stripes

of bright (CdS-containing) and dark (presumably Ag-containing) regions which is an
indirect indication for surface-directed patterning of NPs.

The methodology presented in this chapter is flexible and it can be used for
patterning different types of NPs into variety of device-oriented structures making this

method a strong tool in fabricating micro- and nanoscale devices.
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Chapter 7. CONCLUSION AND CONTRIBUTIONS TO
ORIGINAL KNOWLEDGE
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7.1. Conclusions and Contributions to Original Knowledge

In this chapter a summary of the notable findings discussed in the thesis, and
the contributions of this work to original knowledge is provided. Our effort in this thesis
is to develop new methodologies to combine facile top-down patterning with efficient
bottom-up self-assembly of polymers and NPs, in order to increase the complexity and
ordering of hierarchical polymers/NPs architectures.

Microcontact printing (WCP) was utilized as the top-down patterning technique.
In chapter 2, we demonstrated a general experimental protocol to produce
hydrophilic/hydrophobic  arrays with  microscale periodicities, consisting of
octadecyltrichlorosilane (OTS) stripes patterned onto glass surfaces by pCP. The
procedure involves transfer of OTS to a piranha-treated glass substrate using a PDMS
stamp with patterned topology. We showed the effect of parameters such as OTS
solution concentration and printing time on the amount of transferred OTS to the glass
surface, and consequently on the uniformity of the resultant pattern, which was
characterized by optical microscopy (OM) and atomic force microscopy (AFM). Contact
angle and OM monitoring of a drying DI water droplet confirmed the chemical
heterogeneity of patterned OTS films.

The transparent patterned substrates were then used to direct bottom-up
assemblies of polymer/NPs. We demonstrated two strategies for this and therefore, the
rest of this chapter is divided in two sections to individually describe each strategy: first
section reviews the first approach developed for polymer/NP patterning by surface-
directed assemblies via Langmuir-Blodgett (LB) transfer to chemically-patterned

substrates. In the next section our second strategy is summarized, which is polymer/NP
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patterning via polymer/polymer phase-separation on chemically-patterned surfaces. Thus,

section 7.1.1 reviews chapter 3, and section 7.1.2 discusses chapter 4-6.

7.1.1. Patterning block copolymer aggregates via Langmuir-

Blodgett transfer to microcontact-printed substrates

In chapter 3, a methodology has been demonstrated which combines nanoscale
self-assembly of amphiphilic block copolymers at the air-water interface with microscale
templated assembly of the resulting aggregates via LB transfer to chemically-patterned
surfaces, which were produced by uCP. Two copolymer samples of poly (styrene)-block-
poly (ethylene oxide) (PS-b-PEO, with M, = 141 k and 185 k) were used. We showed
that dewetting of the subphase during the slow vertical withdrawal of the substrate
through the water surface during LB transfer, results in selective positioning of
copolymer aggregates in the hydrophilic stripes of a hydrophilic/hydrophobic patterned
film. The importance of surface energy heterogeneities along the subphase-substrate
contact line on the surface-directed patterning of aggregates was demonstrated by
comparing LB transfer of PS-b-PEO aggregates when stripes of the patterned substrate
are oriented perpendicular and parallel to the air-water interface, which resulted in
selective positioning of aggregates only for the perpendicular orientation. The effect of
surface pressure on LB patterning was also investigated, revealing that when the
monolayer is compressed to high surface densities, packing constraints prevent the
formation of patterned LB films. The method was also utilized for patterning of
hierarchical photoluminescent strands formed via self-assembly of polymer-stabilized

cadmium sulfide (CdS) quantum dots (QDs) and an amphiphilic block copolymer at the
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air-water interface. Laser scanning confocal fluorescence microscopy (LSCFM) confirm

the localized CdS emission from the microscale photoluminescent stripe array, formed
via transfer of the PS-CdS QDs and PS-b-PEO aggregates to a chemically-patterned
surface.

The major contribution of this work is to provide a versatile approach for
fabricating hierarchical polymer and polymer/NP architectures with combination of the
fast and inexpensive top-down technique of uCP with efficient bottom-up assembly of
block copolymer at the air-water interface. The method can be used for variety of
amphiphilic block copolymers and functional NPs to obtain patterned structures with

different functionalities.

7.1.2. Patterning polymer/nanoparticle assemblies via

polymer/polymer phase-separation on microcontact-printed substrates

Chapter 4 demonstrated another example for combining the top-down and
bottom-up assemblies. In this part, OTS-patterned substrates were used to direct a
different self-assembly process, which is the polymer/polymer phase-separation.
Patterned structures were obtained by spin-coating polymer blends onto chemically
heterogeneous pre-patterned substrates, possessing regions of various surface energies
that direct the polymer domains.

We demonstrated the directed phase-separation of poly (styrene)/ poly (methyl
methacrylate) (PS/PMMA) blends based on their surface energies on chemically-
patterned surfaces with alternating low surface energy OTS stripes (hydrophobic) and

high energy glass (hydrophilic). We proposed the lateral distribution of the polymer
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domains with respect to the underlying pattern based on an AFM study on the

morphologies and the feature dimensions of the blend films before and after selective
removal of the components. The important effect of length scale commensuration
between the characteristic length scale of phase-separation (d), and the pattern periodicity
(1) was demonstrated. It was observed that pattern replication occurs when d is in the
same order as A, and no pattern was obtained in polymer film when d > 1. For d < A the
arrangement of polymers is surface-directed at the substrate but since domain sizes are
small both domains exist in the regions in between the OTS lines. Studying the blend
films of different composition demonstrated that when the composition does not match
the area fraction of the underlying patterned surface, the composition mismatch increases
the extent of defects such as bridging between the raised domains. The effect of solvent
was also considered and it was shown that when solvent has high vapour pressure, the
high rate of evaporation does not allow polymer domains in the spin-coated films to
selectively wet their energetically-preferred regions. This study provided us with
valuable information on the behaviour of PS/PMMA blends at the OTS-patterned
substrate. In the last part of chapter 4 we extended this method to organize domains of
PS-CdS QDs and PMMA polymer into the striped pattern. LSCFM imaging displays the
luminescent arrays of patterned films due to the embedded QDs, which are addressed to
underlying OTS stripes because of the preferential wetting of PS at those regions.

This achievement motivated us to utilize this methodology for patterning multi-
NP types. For this, we prepared another type of NPs that are PMMA-stabilized in order to
employ the same approach of PS/PMMA patterning and to simultaneously pattern PS-

stabilized/PMMA-stabilized NPs. A metal NP was chosen to be used with our CdS



246
sample, because of the interesting interactions between the surface plasmon (SP) of

metallic NPs and photoluminescence (PL) of QDs.

A sample of PMMA-stabilized silver (PMMA-AgQ) NP was synthesized via
templated growth of Ag in the micelle core of poly (methyl methacrylate)-block-poly
(acrylic acid). The synthesis and characterization of Ag NPs was presented in the first
part of Chapter 5 followed by a comprehensive study of the optical properties of PS-
CdS/PMMA-Ag spin-coated films. It was demonstrated that d can be tuned by adjusting
the spinning rate in order to increase the extent of interactions between “Ag-rich” and
“CdS-rich” domains by increasing the interfacial area between the domains, and also by
decreasing the distance between the interacting NPs, which increases the number of
particles that are within the operative distance of interaction from each other.
Enhancement in the PL intensity of PS-CdS QDs in vicinity of Ag NPs was observed and
enhancement factors were calculated after correcting the PL spectra for the differences
between the thickness and relative QD content of the films; an enhancement factor as
high as 36 times was calculated. Excitation spectra of the films were also investigated;
spectra suggested that two mechanisms are in operation for the PL enhancement in these
blend films: enhancement of the excitation field as the result of coupling between the SP
and the electromagnetic field of the excitation radiation, and the enhancement of the
emission by coupling between the emitted photon from a radiative decay of QDs and SP
of Ag. Shortening of lifetime was also observed for PL-enhanced films, which is
attributed to the increase in the radiative rate of recombination as a result of field

enhancement.
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Finally, in chapter 6, our methodology was extended to patterning multi-NP types.

Our strategy is based on surface-directed polymer/polymer phase-separation, similar to
chapter 4 but here polymers are not free chains; they are the brushes attached to the
surface of NPs. Optically-interacting NPs blend of chapter 5 (PS-CdS and PMMA-AQ )
were used for this work. The process is based on directing NPs to different regions of an
energetically-heterogeneous patterned surface via surface energies of NPs.

The first challenge in this work was the gelation occurring in the NPs blend films
as the solvent evaporates that prevents the phase-separation. We managed to overcome
this by adding homopolymers similar to the ones used as the polymer brushes to the
blends to obtain a dry brush blend, where homopolymers localize in between the NPs
inhibiting the intermicellar interactions in the blend and therefore, improving the mobility
of particles to phase-separate. The film morphologies of NPs and homopolymer blends
were then fine-tuned by changing variables such as solution concentration and spinning
rate to obtain domains that can be directed by the underlying-OTS film. Patterned
structures of these blends were characterized by LSCFM imaging that revealed
luminescent arrays of the patterned blend films confirming the surface-directed
positioning of QDs on the patterned surface but our efforts to obtain SEM or TEM
images remained unsuccessful and therefore, it is difficult to conclude the lateral
distribution of NPs without images that show precise positions of the individual NPs.
However, LSCFM imaging showed alternating stripes of bright (CdS-containing) and
dark (presumably Ag-containing) regions, which is an indirect indication for surface-

directed patterning of NPs.
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The main contribution of this part of the work to original knowledge is that we

developed a fast, inexpensive, and single-step methodology to simultaneously pattern two
types of polymer-stabilized NPs by spin-coating their blends onto chemically-patterned
substrates. This methodology is versatile and flexible; it can be used for patterning
different types of NPs into variety of device-oriented structures making the technique a
strong tool in fabricating micro- and nanoscale devices, where specific organizations of

multi-NP types is required.

7.2. Suggested Research on Surface-Directed Patterning of

Polymer/Nanoparticle Assemblies

The methodologies that we developed in this work are both versatile and flexible.
Therefore, the methodology can be applied for patterning various polymer/ NP
assemblies into micro and nanoscale device-oriented structures. Polymers and NPs can
be chosen depending on the optical, electronic, and mechanical desired properties of the
final structure. The important parameters affecting the pattern replication were all
investigated in this work with their effects; hence, for new blends the established
parameters only have to be optimized because the characteristic length scale of phase-
separation differ for various polymers or NP blends.

The choice of patterns are also wide open; beside microcontact printing there are
also other techniques recently developed to prepare elaborate patterns with few
nanometer features. Using such patterned substrates the blends can be patterned into

many functional and device-oriented structures. For new patterns the procedure has to be
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optimized based on the parameters we established in this work in order to obtain

commensuration between the length scale of the pattern periodicity and the domain sizes.

For patterning polymers/NPs assemblies into more elaborate patterns with smaller
features, the blends have to be modified in order to achieve a high level of registration
between the blend components and the energy-matching regions of the substrate. To do
that, one idea is to add a component to the blend that segregate into the interface between
the main blend components and increases the level of separation between the domains.

In general, our methodologies are flexible to be tailored for fabrication of
different structures based on the required function of the structure and its field of

application.



