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EPIGRAPH

“Impossible is just a big word thrown around by small men who find it easier to live in
the world they've been given than to explore the power they have to change it. Impossible
is not a fact. It's an opinion. Impossible is not a declaration. It's a dare. Impossible is
potential. Impossible is temporary. Impossible is nothing.”

—Muhammad Ali
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ABSTRACT OF THE THESIS

Designer Self Assembly: Distance, Coordination, and Orientation control of Plasmonic
Nanoparticles

by

Yahya Mustafa Alvi

Master of Science in Nanoengineering
University of California, San Diego, 2014
Professor Andrea Tao, Chair

The ability to controllably assembly nanoscale building blocks into higher order
architectures is crucial for the fabrication of functional materials and devices. Herein, we
demonstrate the control of orientation, coordination, and interparticle distance of
plasmonic nanoparticles through a polymer-assisted assembly mechanism. By modifying
the shape and surface chemistry of the particles we were able to build homo- and hybrid
plasmonic nanojunctions which can be used in high-resolution sensing and imaging, as

well as enhancement of light absorption in photovoltaics.
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1 Introduction to Self-Assembly of Plasmonic
Nanoparticles

The emergence of nanotechnology has accelerated growth in many diverse
industries such as medical diagnostics,>* renewable energy,® drug delivery,®” complex

% and new materials’® by providing unique solutions which couple

electronics,
functionality with size.! These advances do not involve single components, but rather rely
on the engineering of whole nanosystems to give rise to highly specific functionalities.
Nanomanufacturing of these modern devices involves extensive patterning of intricate
components which are all working synchronously together. A great example is a common
transistor used in most electronics which has a P-N junction capacitively coupled with a
conductive gate through an oxide layer. Although it has four basic components, a typical
microchip has almost a billion transistors on an integrated circuit backbone which
communicates with each transistor.

A system such as this is usually fabricated using top-down lithographic
techniques because they offer high precision and control for the fabrication of
nanocomponents. Unfortunately, these techniques are usually limited by scalability,
resolution, and cost. Development of spontaneous self-organization into well-defined
structures, also known as self-assembly, is a critical next step in nanotechnology. It is a
cost-effective alternative to top-down lithography and offers a versatile, facile, and
scalable way to attain atomic feature sizes in devices which make use of the
unprecedented physical and chemical properties of nanomaterials. Individual components
can be synthesized cheaply in concentrated batches with high precision. Self-assembly

utilizes intermolecular and interparticle forces to organize components through their



composition and environment, which allows this process to occur on any substrate in a
massively parallel manner.

Many mechanisms have already been developed for inducing the assembly of
nanoparticles. These include DNA-based strategies', bifunctional molecular linkers®,
electrostatic-induced assembly™, and template assisted organization'®. Most of these
strategies tend to produce close-packed aggregates of structures with limited control on
interparticle separation distance and nanoparticle coordination. In addition, as particle
shape begins to deviate from traditional spherical components these strategies are unable
to address control on interparticle orientation.

Several groups have been able to address these issues in gold nanorods by
selectively modifying their tips with tethered polymer grafts. The nanorod tips have a less
dense layer of stabilizing surfactant which can be easily displaced due to the high degree
of curvature at the ends.*® For example, Nie et al modified nanorod tips with hydrophobic
polystyrene chains and this allowed them to control orientation based solely on solvent
conditions.™® However, this method relies solely on the ability that tip-selective surface
modification can occur in nanorods. Facet selective modification on anisotropic
nanoparticles with well-defined edges and faces, such as nanocubes, is much more
difficult and requires the assistance of top down methods.*" 8

The use of DNA to dictate assembly is of great interest. In this method, single
stranded DNA is grafted to the nanoparticle surface. In the presence of a particle grafted
with the complimentary strand and proper ionic strength spontaneous assembly occurs as
the DNA hybridizes. This method can be utilized to form tightly controlled spacing and

packing geometries. In the work of Young et al. unique optical metamaterials were built



through the use of DNA dictating the 3-dimensional architecture of plasmonic
nanoparticles.”® One of the biggest challenges to DNA mediated assembly is that
assembled structures possess very low particle volume fractions. A majority of the
superlattice volume is occupied by water which renders the structure highly collapsible.
Young et al, resolved this issue by back filling their assembled structures with silica by
using aqueous silane chemistry. Although DNA offers high specificity and control, it is
very limited by the structural density and integrity of the assembled architectures.

Our group is interested in the use of plasmonic nanoparticles to develop unique
metamaterials by building and studying ensembles which display collective properties
that are different from individual particles. Nanoparticles composed of noble metals, such
as gold or silver, exhibit unique light-matter interactions that result in the excitation of
plasmons. When conduction electrons are excited and begin to have a resonant
interaction with incoming light, they coherently oscillate throughout the volume of the
particle (Figurel.1). This results in highly intensified electric fields near the surface of
the particle and can be utilized to trap and confine light to volumes smaller than the
diffraction limit. Assemblies of such particles exhibit strong electromagnetic coupling
which are of tremendous interest for applications in sub-wavelength optics and high
resolution sensing.

This thesis concerns itself with discussing a polymer guided assembly approach
of plasmonic nanoparticles which addresses spacing, orientation, and coordination.

Chapter 2 is a discussion on the synthesis and fabrication of our polymer-

nanoparticle composite systems.



Chapter 3 concerns itself with the building of unique plasmonic homojunctions of
nanoparticles.

Chapter 4 further expands our polymer guided assembly mechanism to understand
and build plasmonic heterojunctions of nanoparticles.

Chapter 5 is the preliminary study in the use of DNA inside of a polymer matrix
to assist assembly, as well as, a future perspective of the mechanism that we have

developed.



1.1 Figures

Electric field

Electron cloud

Figure 1.1. Cartoon of the plasmon excitation of the dipole mode in a spherical
nanoparticle.
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2 Fabrication and Experimental Techniques
2.1 Introduction

Our group has developed a nanoparticle-polymer composite organization method
in which interparticle distance, coordination, and orientation are addressed.™” We have
demonstrated that polymer-grafted shaped nanoparticles embedded within an immiscible
polymer matrix assemble to form one-dimensional chain-like superstructures, after
solvent or thermal annealing. This method results in assemblies with well-defined
nanoscale junctions where interparticle orientation and distance is dictated by the length
and miscibility of the polymer grafted onto the surface of the particle. The following
chapter is the procedure for how our nanocomposites were made.

2.2 Experimental Methods

Nanoparticle synthesis and surface modification:

1. Synthesis of PVP- and PEG-grafted spherical Au NPs. Spherical Au NPs were
synthesized according to the well-known Turkevich method.®> The as-synthesized
spherical Au NPs were then coated with poly(vinyl pyrrolidone) (PVP, M,, = 55k, Sigma-
Aldrich) chains in aqueous solution under stirring as previously described.*? Thiol
terminated polyethylene glycol (PEG-SH, M,, = 20k, Laysan Bio) chains were grafted
onto the citrate-capped Au NPs in aqueous solution using previously reported methods.’
To remove excess polymer, the Au NPs were precipitated by centrifugation (Eppendorf
Centrifuge 5804) and redispersed in ethanol. This process was repeated two times. The

ligand exchange process was confirmed by UV-visible absorption spectroscopy, infrared

spectroscopy, and dynamic light scattering.



2. Surface modification for polystyrene (PS)-grafted Au NPs. Surface modification of Au
NPs was adapted from previously reported methods.® Specifically, 4 mL of as-
synthesized citrate-capped NPs were centrifuged to precipitate the NPs, followed by
redispersion of the NPs in 250 puL of DI H,O. For functionalization with thiol-terminated
polystyrene (PS-SH, M,, = 20k, Polymer Source), the aqueous Au NP dispersion was
pipetted into 8 mL of a 2 mM PS-SH/tetrahydrofuran (THF) solution and stirred for 24 h.
The resulting mixture was centrifuged and the precipitated Au NPs were redispersed in
10 mL of toluene. This step was repeated two additional times to remove unbound PS-SH
molecules.

3. Ag nanocube synthesis. Ag nanocubes were synthesized using a previously reported
polyol reaction.” Briefly, an AgNO; solution was prepared by sonicating 0.20 g AgNOs;
and 40 pL of 0.043 M CuCl; solution in 5 mL of 1,5-pentanediol until all the salt crystals
were dissolved. A separate solution of polyvinyl pyrrolidone (PVP, M,~55K) was
prepared by dissolving 0.10 g PVP in 5 mL of 1,5-pentanediol. The growth solution was
prepared by heating 20 mL of 1,5-pentanediol at 193°C. The AgNO3; and PVP precursor
solutions were alternately injected into the hot pentanediol at a rate of 500 uL/min and
320 uL/30 s, respectively. The injections were continued until the solution turned an
opaque yellow color (after approximately 6 minutes), signaling the formation of
nanocubes. The as-made nanocube was further purified by filtration and concentrated to
the desired concentration in ethanol.*’

4. Ag nanoprism synthesis. Ag nanoprisms were synthesized using a previous reported
methods.®® An aqueous solution of AgNO3 (0.1 mM, 25 mL), trisodium citrate (30 mM,

1.5 mL), poly(vinylpyrrolidone) (M,, = 40,000 Da, 0.7 mM, 1.5 mL), and hydrogen



peroxide (30 wt%, 60 ulL) is prepared and vigorously stirred at room temperature.
Sodium borohydride (100 mM, 250 pL) is rapidly injected into the flask. After the
addition of sodium borohydride the solution turns a pale yellow and after 30-45 minutes
the solution changes to a blue color indicating the formation of silver nanoprisms. The
free ligands in solution are removed by centrifuging 25 mL of the solution at 11000rpm
for 8 min 2-3 times. Each time the particles should be redispersed in water. After the final
wash, the particles should be redispersed in between 20-40 mL of water. The volume
chosen should be based on color of the sample, if the prisms are too dilute they will
destabilize and aggregate. 10 mL of the seed solution is then removed and stirred rapidly.
To this solution L-ascorbic acid (0.1 M, 375 pL) and trisodium citrate (0.075 M, 125 L)
are added quickly. A separate solution was prepared by mixing 20 mL of AgNO3 (1
mM), citric acid (0.1 M, 125 uL), and trisodium citrate (1.5 mM, 100 pL). This solution
is added at a rate of 0.2 mL/min to the vigorously stirring seed solution. After 5 min, two
thirds of the reaction solution was removed and the remaining solution was used as the
new seeds for the next growth cycle.

5. Au nanorod synthesis. Au nanorods were synthesized using a previous reported seed
mediated method.*® 250 puL of a 0.01 M HAuCI, solution is added to 7.5 mL of a 0.1 M
CTAB solution. Next, 600 uL of 0.01 M ice-cold sodium borohydride is rapidly added to
the gold-CTAB solution. After turning brown, the resulting solution is maintained at
room temperature for 2 hours. A 50 mL growth solution is prepared containing: 0.1 M
CTAB, 0.4 mM HAUuCl,4, 0.06 mM AgNOs, and 0.64 mM Ascorbic Acid. Finally, 100 puL
of the seed solution is added to this growth solution. The solution is allowed to react for

2-3 hours.
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NP-polymer composite film fabrication and annealing: NP-polymer composite films

were fabricated using previously reported methods for embedding NPs into supported
polystyrene (PS, M,,=11000 Da) films.®?° The PS films were spin-coated onto clean Si
substrates and possess film thickness ~180-200 nm as measured by atomic force
microscopy (Veeco, Multimode Nanoscope V). NP monolayers were formed at an air-
water interface, then transferred onto the supported PS thin-films by dip-coating. For
deposition of mixed NPs, each NP type was deposited individually from separately
prepared NP monolayers. The nanoparticle-PS composite was then exposed to CHCI;
vapor in a closed vessel at room temperature according to previous methods.*****2 For
monitoring the time-dependent evolution of assembly structures, the nanocomposite films
were enclosed in individual vessels during the vapor exposure step and removed from the

vessel after the desired time interval.

Sample characterization: Nanoparticle assemblies were characterized by scanning

electron microscopy (SEM) using a FEI UHR Field Emission SEM equipped with a field
emission cathode with a lateral resolution of approximately 2 nm. The acceleration

voltage was between 10-20 kV.
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3 Designer Nanojunctions: Orienting Shaped Nanoparticles
within Polymer Thin-film Nanocomposites

3.1 Introduction

Noble metal nanoparticles (NP) that support localized surface plasmon resonances
have attracted attention due to their ability to control and manipulate light at nanoscale
dimensions. Research efforts have been made toward organizing shaped NPs into
hierarchically ordered structures such as extended NP superlattices, arrays, and networks.
3 In many cases, highly one-dimensional (1D) superstructures of metal NPs with
nanometer-sized interstitial gaps are desired. Within the nanojunction gap formed by
neighboring NPs, the electromagnetic field is highly intensified due to light confinement.
The degree and manner of light confinement depend dramatically on the interparticle
orientation and gap distance for the nanojunction, and are of great importance for
applications such as surface-enhanced Raman spectroscopy and metamaterials.

Self-assembly can enable the large-scale fabrication of nanojunction arrays
through the organization of metal NPs within polymer films. We previously
demonstrated that polymer-grafted metal NPs embedded within a polymer matrix can
undergo self-assembly and self-orientation without any face-selective chemical
modification of the NP surface.*Silver nanocubes grafted with hydrophilic polymers were
organized into arrays of 1D strings within a hydrophobic polystyrene matrix film. This
nanocomposite blend could be fabricated over large areas (> 6 cm?) using either thermal
or solvent annealing to trigger spontaneous phase separation of NP and polymer
components.? Depending on the length of the grafted polymer chain, nanocubes could be

assembled through either edge-edge or face-face interactions by tailoring the attractive

12
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van der Waals (vdW) and repulsive steric forces between neighboring NPs.

Here, we apply this facile self-assembly approach to a variety of metal NP shapes,
including spherical NPs, nanorods, and triangular nanoprisms. These NPs possess highly
regular shapes that have the potential to result in nanojunctions with specific coordination
geometries (e.g. linear or trigonal assemblies) based on their number of vertexes as
depicted in Figure 3.1. Nanospheres possess no vertexes, nanorods possess two vertexes,
and nanoprisms possess three vertexes, all with the potential to self-assemble into string
or island like superstructures upon nanocomposite phase separation. These NPs also
possess unique surface plasmon resonance signatures that correspond to their shape,
making them ideal candidates for constructing nanojunctions with tailored plasmonic
properties.

During the assembly process, NP orientation is dictated by two factors, as
established by our earlier work on silver nanocubes: the directional interparticle
interactions provided by the NP shape and the chain length of the grafted polymer.®
“Bare” metal nanoparticles are expected to experience a net attractive potential for
assembly due to vdW forces. Polymer grafts introduce steric repulsion between two
closely-spaced nanoparticles, generated by chain compression as the nanoparticles
approach with each other. These repulsion forces can be modulated by chain length.
When grafted with short polymer chains, the NPs adopt side-side orientations favored by
strong vdW interactions. When grafted with long polymer chains, the NPs favor vertex-
vertex orientation which alleviates the steric repulsion between adjacent, closely-spaced

NPs.

3.2 Experimental Methods
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These have been laid on in Chapter 2.

3.3 Results and Discussion

First, we demonstrate the assembly of spherical NPs within a homopolymer
matrix (Fig. 3.2a) We synthesized well-dispersed spherical gold NPs (diameter = 13 nm)
according to Turkevich method.> The NPs were coated with a long polymer graft of
poly(vinyl pyrrolidone) (PVP) with a My, = 55k and a final graft layer thickness of 15 + 1
nm as measured by dynamic light scattering. The NPs were then distributed at an air-
water interface to facilitate transfer onto a supported polystyrene (PS, My, = 11K) thin-
film. Upon exposure to chloroform vapor, the well-separated nanoparticles (Fig. 3.2c)
sink into the hydrophobic polymer matrix. This is followed by spontaneous phase
segregation into 1D superstructures that are a single-NP wide (Fig. 3.2d). Because the
spherical NPs are totally isotropic in shape and surface chemistry, the formation of these
string structures is somewhat surprising. Previous reports for polystyrene grafted silica
nanopheres (diameter = 14 nm) have suggested that these superstructures are achieved
through dipole-like interactions caused by rearrangement of the polymer grafts at the NP
surface. ® These studies demonstrated that polymer graft length is a key parameter in
dictating superstructure morphology, which can be modulated from aggregates to sheets
to strings.” 7 To demonstrate the importance of the polymer graft length in our
nanocomposite system, we grafted the spherical gold NPs with a short polymer graft
composed of (11-mercaptoundecyl) tetra (ethylene glycol). This alkanethiol is terminated
with a short four-unit PEG chain with a total chain length of approximately 2.0 nm.®
Upon solvent annealing, these NPs form island-like clusters during the phase segregation

process (Fig. 3.3e). This higher NP packing density is consistent with a decrease in steric
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repulsion between the polymer grafts attached to neighboring NPs.

Next, we demonstrate the oriented assembly of gold nanorods, which are known
to display dipolar surface plasmon resonances corresponding the long and short axes of
the nanorod.” Nanorods have been widely explored as building blocks for extended
chains and network structures in both polymer blends and within colloidal dispersions.'®
2 Here, we show that nanorods can be assembled with tip-tip orientations in a
homopolymer matrix and without site-selective chemical functionalization. (Fig. 3.3)
Gold nanorods (12 nm wide and 45 nm long) were synthesized by seed-mediated
growth’® and coated with long PVP polymer chains (M,, = 55K). The phase segregation
process results in the assembly of nanorods into extended 1D superstructures (Fig. 3.3b
and c) where 82.1 + 1.0 % of the assembled nanorods adopt tip-tip (TT) orientations and
9 £ 1.6 % adopt side-side (SS) orientations.

The slow diffusion rate of nanorods in the high viscosity polymer matrix allows
us to carry out time-dependent observations of the assembly process. We analyzed
nanorod-polymer composite films at different stages of assembly by removing films from
the solvent vapor, which effectively solidifies the polymer matrix and traps the dynamic
1D superstructures. At early stages of 1D string formation, well-separated nanorods
aggregate to form short chains consisting of only a few nanorods (Fig. 3.3b). As
assembly proceeds, these short chains grow by merging with neighboring chains (Fig.
3.3c). This is different from other mechanisms where strings nucleate and slowly grow
through the end-attachment of single nanorods.'*  To demonstrate the influence of the
graft polymer on nanorod orientation, we modified the gold nanorods with short

PEGylated alkanethiol grafts. As shown in Fig. 3.3e when these PEGylated nanorods are
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assembled within the homopolymer composite, they adopt the SS configuration with a
46.3 = 2.9 % occurrence and the TT configuration with a 33.4 + 2.1 % occurrence. The
nanorod chains are composed of linked nanorods bundles that are 2-3 NPs thick, which
we attribute to the reduced steric repulsion stemming from the shorter grafts. In contrast
with our previous observations for nanocubes, the relatively low ratio of SS-oriented
nanorods is likely due to kinetically trapped orientations. We suspect that rotation is
severely limited by the high aspect-ratio of the nanorods (~3.8) and that the nanorods
possess a high energy barrier for reorientation. This is evidenced by nanocomposite films
that were subjected to thermal annealing above Ty of the polystyrene matrix and do not
exhibit signs of nanorod reorientation or reordering (Fig. 3.3f).

We also demonstrate the oriented assembly of silver triangular nanoprisms, which
we expect to form hierarchical superstructures dominated by vertex-vertex NP
orientations. The nanoprisms (side length = 250 nm and thickness =10 nm) were
synthesized by colloidal methods.”> We carried out surface modification of the
nanoprisms with a long thiol-terminated polyethylene glycol (PEG) graft (M,, = 54k) and
deposited the prisms onto a supported polystyrene film (Fig. 3.4a). Upon solvent
annealing, nanoprisms assemble into string-like structures. Coordination through
nanoprism vertexes (Fig. 3.4b) are favored, with 52.1 £ 2.0 % of the nanojunctions
resembling bow-tie junctions. Reorientation of the prisms into side-by-side orientations
can be promoted with a shorter polymer graft, where these orientations are observed with
a49.8 + 1.7 % occurrence.

Many of the triangular nanoprisms appear to be trapped in orientations where the

nanoprisms are rotated off of the junction axis. We account for these defects by



17

considering the nanoprism geometry. First, the nanoprism shape does not allow for high
polymer compression. Because the nanoprisms are quite thin, polymer chains are able to
escape physical confinement within the nanoparticle junction, leading to alleviated steric
repulsion during the assembly process. Thus, tailoring graft length may not modulate
nanoprism interactions as effectively as with other shapes. Second, many of these defect
orientations are caused by imperfections in shape. For example, nanoprisms synthesized
by colloidal methods are known to possess highly rounded corners. Polymers grafted to
vertexes with a larger radius of curvature experience less steric repulsion upon assembly,
which can lead to misorientation. However, these defects have the potential to be
ameliorated by introducing additional attractive or repulsive interactions between grafted
chains and the nanoprism surface.

3.3 Conclusions

In summary, we demonstrate the ability to fabricate large-area nanocomposites
where metal NPs of varying size, shape, and valence spontaneously organize into
oriented nanojunctions. The nature of this NP assembly is highly dependent on NP-
polymer interfacial interactions and interparticle interactions, and the presence of
assembly defects or misorientation can be attributed directly to NP building block
dimensions. This approach is highly versatile with the potential to be extended towards
non-metallic NPs such as semiconductor quantum dots or dielectric NPs, facilitating
fabrication of engineered nanocomposites that exhibit well-defined structure-property

relationships.
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3.4 Figures

a) Au nanospheres b) Au nanorods c) Ag triangular nanoprisms
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Figure 3.1. Schematics, SEM images, and electrodynamic simulations of (a) Au
nanosphere, (b) Au nanorod, (c) Ag triangular nanoprism assemblies. The color scale for
the simulation results correspond to electromagnetic near-field amplitude (E) with respect
to the incident field, E, when excited at the resonant surface plasmon frequencies. Dark
blue corresponds to E = 0 V/m and red corresponds to an E of (a) 17E, for spheres,
(b)130 E, for tip-tip nanorods and 4.5E, for side-side nanorods, and (c) 2000E, for both
vertex-vertex and side-side nanoprisms.
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Figure 3.2. Schematic of Au nanosphere self-assembly in PS film upon solvent
annealing. (a) Long-chain PVP-coated Au NPs embed and self-assemble into string like
structures; (b) Short-chain (PEG), alkanethiol coated Au NPs embed and self-assemble
into cluster like structures. SEM images of (c) Au NPs deposited on PS film before
anneal; resulting films of Au NPs coated with (d) long PVP chains and (e) short (PEG),-
alkanethiols.
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i) tip-to-tip assembly

Figure 3.3. SEM images of assembled Au nanorods. Long-chain PVP-coated nanorods
after solvent annealing for (a) 0 min and (b) 110 min. (c) SEM image of the network
formed at high nanorod loading density. Short (PEG),-alkanethiol coated nanorods (d)
before annealing, (e) after solvent annealing for 145 min and (f) heated for 4 hrs at 110°C
after solvent annealing to form side-to side NP aggregates. Scale bar is 200 nm.
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4 Polymer-Directed Assembly of Colloidal Nanoparticle
Heterojunctions

4.1 Introduction

The controlled assembly of multiple types of nanoparticles (NPs) that possess
different sizes, shapes, or compositions into hybrid nanocomposites remains a
considerable challenge for the fabrication of functional nanomaterials and nanodevices.*
Ensembles of different functional NPs (e.g. plasmonic, photoluminescent, dielectric, and
magnetic) that exhibit collective NP interactions have the potential to enable novel and
unexplored physical phenomena.>® For example, Ag and Au NPs with unique localized
surface plasmon resonances can be assembled into clusters that exhibit strong
electromagnetic coupling between NPs and are of tremendous interest for applications in
subwavelength optics*® and sensing.® Assymmetric nanojunctions formed by coupling
two different plasmonic NPs have been utilized in the fabrication of a nanojunctions that
exhibit exceptionally high light confinement and or exhibit unique Fano resonances.”® A
dimer composed of one Au NP and one Ag NP was demonstrated to exhibit
electromagnetic coupling of the Ag NP’s surface plasmon resonances to the interband
transitions belonging to the Au NP.>!® Heterojunctions composed of one plasmonic NP
and a non-plasmonic NP are also desired. For example, coupling a metal NP to a
semiconductor quantum dot is desired for enhanced photoluminescence or for observing
energy transfer processes.'** The generation of a heterojunction between an Ag NP and
a surface-active NP (such as Pd or ZnO) has been reported to give increased

photocatalytic activity. ****
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To pursue the fabrication of these heterostructures, several methodologies have

been developed for inducing NP assembly, including DNA-based strategies, %%

bifunctional molecular linkers,

and electrostatic-induced assembly between
nanoparticles with different charges.'” However, controlling the interparticle separation
distance and the manner in which NPs coordinate can be difficult. Most of these
strategies tend to produce close-packed or jammed structures. In addition, NP shape
poses additional challenges in generating heterostructures since interparticle orientation
must also be considered.'® Previously, we demonstrated that polymer-grafted shaped NPs
embedded within an immiscible polymer matrix assemble to form one-dimensional (1D)
chain-like NP superstructures.’®?° Phase segregation of these superstructures is induced
by solvent or thermal annealing. This method results in NP assemblies with well-defined
nanoscale homojunctions where interparticle orientation is dictated by the length and
miscibility of the polymer graft. For Ag nanocubes grafted with long hydrophilic
polymers, the generation of NP homojunctions produces a highly intensified
electromagnetic field to form plasmonic “hot spots.”

In this work, we further extend this polymer-directed assembly strategy to
construct NP heterojunctions composed of NPs that possess different shapes, sizes, and
compositions. We examine the rate of NP assembly within a polymer matrix and
demonstrate how co-assembly can carried out using a binary mixture of NPs. The self-
organization of NP heterojunctions is dictated by the diffusion rate of each type of NP
within the polymer matrix, relative NP density, and miscibility of the polymer graft.

4.2 Experimental Methods

These have been explained in Chapter 2.



24

4.3 Results and Discussion

Figure 4.1 shows a schematic of the assembly process and SEM images of the
assembly structures obtained from individual NP building blocks. Spherical Au NPs
(d=21+ 2 nm) and Ag nanocubes (e=80x 4 nm) were embedded into a hydrophobic PS
thin-film, and phase segregation was carried out by solvent vapour exposure. Both the Au
NPs and Ag nanocubes are grafted with hydrophilic PVP ligands and assemble into
anisotropic chain-like structures, consistent with our previous observations.'*?° Solvent
annealing enables NP migration, rotation, and redistribution within the PS thin-film by
swelling the PS chains to form a glassy, molten matrix. PS serves as a convenient
medium to capture any dynamic NP superstructures because removing the nanocomposite
film from solvent vapor causes the polymer film to harden. Here we take advantage of
this to monitor the NP assembly and the structures that form during phase segregation by
removing the NP-loaded films from solvent vapor after various time intervals to carry out
SEM analysis.

Nanocomposite films were fabricated by loading Au NPs into PS with a surface
density $=270 NPs/um?, which corresponds to a surface coverage of 9.01 + 0.57%.
(Figure 4.1b-e) In the early stages of solvent annealing, the NPs sink vertically into the
PS film (which was confirmed by AFM) and show no signs of lateral diffusion up to 75
min of solvent vapour exposure. After 95 min, the NPs assemble into small clusters
consisting of 2-3 NPs. These clusters then grow into longer NP chains through the
attachment of both single NPs and neighboring NP chains. SEM images show that chain
growth occurs as the population of individual NPs decreases. After 135 min, NP chain

growth appears to be dominated by discrete chains that merge to form branched
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superstructures. While the NPs form larger clusters in a few regions, the majority of the
structures are comprised of chains that are only a single NP wide. The overall NP density
in the PS film remains constant during the assembly process, and chain merging
continues until the surrounding supply of NPs is depleted. As a result, the final lengths of
the Au NP chains are strongly dependent on the initial NP loading density prior to
assembly.

Figure 4.1e-h shows the self-assembly process for nanocomposites composed of
Ag nanocubes embedded in a PS thin-film with a NP loading density ¢=11-12
cubes/um?, corresponding to a surface coverage of 7.68 + 0.51%. Because the Ag
nanocubes are considerably larger than the Au NPs, the required solvent annealing time
(135 min) to embed the nanocubes into the PS matrix is considerably longer than the time
required for Au NPs. After 150 min, Ag nanocubes are observed to assemble into small
clusters, which continue to grow into longer chain-like structures with similar assembly
kinetics. We did not pursue solvent annealing times longer than 180 min due to polymer
dewetting from the underlying solid support, evidenced by the emergence of small
pinholes at the surface of the nanocomposite film.

To fabricate heterojunctions composed of both spherical Au NPs and Ag
nanocubes, we take advantage of the different time windows for self-assembly observed
for the two NPs. (Figure 4.2a) To facilitate co-assembly, a mixture of Au NPs and Ag
nanocubes was deposited onto a PS thin-film (Figure 4.2b). Upon exposure to chloroform
vapour for 115 min, the Au NPs are the first to sink into the PS and being to assemble
into small clusters. In Figure 4.2c, we observe the formation of short NP chains

composed exclusively of spherical Au NPs (homojunctions) and short NP chains attached
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to Ag nanocubes (heterojunctions). After 130 min, the Au NP chains have grown longer
by depleting most of the single NPs and merging of small clusters. Most of the Ag
nanocubes, which have not begun to assemble, have Au NPs attached to their corners.
After 150 min, the Ag cubes with attached Au NP chains begin to diffuse laterally within
the PS matrix and coalesce with other sphere-cube assemblies. After 170 min, these
assemblies form branched structures where the Ag nanocubes serve as “joints” for the
extension of Au NP chains.

Figure 4.2h shows the optical extinction spectra for individual Ag nanocube
(black line) and Au nanosphere (red line) assemblies after annealing. Optical scattering
from the Ag nanocube assembly is significantly higher in intensity than the Au
nanoparticle assemblies, which is attributed to their larger size and the larger scattering
cross-section of Ag. Nanocube assemblies, as previously reported, show a broad feature
in the 800-1000 nm range which is attributed to the formation of edge-to-edge
homojunctions and the resulting dipole-dipole coupling between neighboring Ag
nanocubes. This is further confirmed when the optical response of the nanocube assembly
is compared to the optical response of colloidal Ag nanocubes that are isotropically
distributed in water (blue line, Fig. 4.2i), which exhibits no spectral peak in this
wavelength region. Figure 4.2i shows the spectrum of co-assembled Ag nanocubes and
Au nanospheres (red line). The optical response of the co-assembled nanoparticles
appears very different from the individual cube and sphere nanocomposites, and does not
display any spectral evidence of significant plasmonic coupling between Ag nanocubes.
Rather, the optical response of the coassembly resembles the spectrum for isotropically

distributed Ag nanocubes and shows good registry with the spectral features obtained for
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isotropically distributed nanocubes. Compared to the colloidal Ag nanocubes, a small
red-shift (10-30 nm) in the spectral peaks of the assembly is attributed to the presence of
the polymer matrix, which possesses a higher refractive index than water. In addition, the
spectrum for the coassembly exhibits a spectral shoulder near 700 nm, which we attribute
to scattering from assembled Au nanospheres. These results suggest that co-assembly
may provide a unique method for retaining isotropic nanoparticle distribution within a
polymer composite to combat phenomena such as composite aging and particle
aggregation.

Figure 4.3 shows a schematic of how the resulting sphere-cube chains can be
viewed as NP analogue of copolymer chains, where Ag nanocubes serve as one monomer
(A) and Au NP as another monomer (B). The overall composition of the NP copolymer
chain is dependent on the initial relative loading density of each NP. Figure 4.3b-d shows
heterojunctions obtained for nanocomposites with a sphere-to-cube loading densities of
approximately: a) 40:1 (high), b) 20:1 (medium), and c) 10:1 (low). We observe that the
main difference between these structures is the average distance between cubes,
corresponding to the size of bridging Au NP blocks. By tuning the loading density of Au
NPs, distance between assembled cubes can be readily tuned which may provide a
strategy for tuning plasmonic properties of the composite film. At very high loading
densities of spherical NPs, we observe that the average intercube distance remains very
close to the initial intercube distance prior to solvent annealing. This co-assembly process
may provide a strategy for stabilizing nanocomposite structures where the dispersity of a

single nanocomponent is critical for material performance. However, this co-assembly
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process is dictated by i) the relative diffusion rates, and ii) the sticking probabilities of
each NP.

For example, if NPs possess a similar diffusion rate, the resulting NP assemblies
possess similar rate of assembly and the resulting NP chains exhibit structure that reflect
equal incorporation of the NPs. Figure 4.4a shows this for Ag nanocubes and Ag
triangular nanoprisms with e=115 nm. Upon loading into the PS matrix at near-
equivalent loading densities, co-assembly from mixtures of the two building blocks
results in chains of alternating NPs. On the other hand, when the NPs possess different
sticking probabilities (defined as the likelihood that a collision with another NP will
produce a NP junction), the structure of the resulting NP chain can be significantly
altered due to the different interparticle interactions. Figure 4.4b shows SEM images for
co-assembly between Ag nanocubes and Au NPs where the Au NPs are grafted with
thiol-terminated PS (M,, = 20Kk). Due to the miscibility between the grafted PS and the PS
matrix, the Au NPs exhibit much lower sticking probabilities and do not form
homojunctions with other Au NPs. However, van der Waals attraction between the cubes
and spheres are sufficiently strong such that sphere-cube heterojunctions are formed.
Because interactions between the graft polymers attached to the two different NP
building blocks is unfavorable, the overall attractive cube-sphere interaction is relatively
weak. In most cases, heterojunction formation is stabilized by one sphere coordinated
between the adjacent facets of two nanocubes. This is confirmed by the large separation
distance observed between the Au NPs and the Ag nanocubes, which is measured to be
16+1 nm. This is consistent with the estimated radius of gyration of the PS grafts (~10

nm) and PVP grafts (~ 4 nm), indicating that little-to-no interdigitation occurs between
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the polymer grafts of cubes and spheres. In this case, increasing the sphere-to-cube
loading density has little effect on the final morphology of the assembled chain and we
observe that several Au NPs remain unassembled in the nanocomposite even after
extensive solvent annealing.

4.4 Conclusion

In summary, we use a polymer-directed approach to fabricate nanocomposites
that are comprised of co-assembled NPs with varying size, shapes, composition and
polymer grafting chemistries. NP heterojunctions can be formed by taking advantage of
the diffusion-limited assembly mechanism exhibited by polymer-grafted NPs within
polymer matrices, utilizing NPs that exhibit different diffusion rates. The composition
and morphology of the resulting NP co-assemblies can be further tuned by controlling the
ratio of NP loading densities, relative NP sizes, and polymer graft miscibility. This
method enables the fabrication of self-assembled structures comprised of multiple
nanoscale building blocks, especially the plasmonic heterojunctions which could be
important for fundamental studies of plasmonic properties that are caused by the

asymmetry of nanostructures with unequally sized building blocks.
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4.5 Figures
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Figure 4.1. Dynamic assembly structures of nanocubes and nanospheres incorporated
into a supported polymer thin-film. (a) Schematic of the self-assembly process. (b-i) SEM
images showing the evolution of (a-d) Au nanospheres (scale bar = 200 nm) and (e-h) Ag
nanocubes (scale bar= 500 nm) assembly structures upon solvent annealing.
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Figure 4.2. Co-assembly of spheres and cubes. (a) Timeline of the assembly process
during solvent annealing of the nanocomposite film, showing that spherical nanoparticle
embed and assemble prior to the initiation of nanocube assembly. (b—f) SEM images of
mixed nanocube and nanosphere assemblies upon solvent annealing for different time
intercals. (g) SEM image showing a close-up view of the co-assembled structure. (h)
Extinction spectra for assembled Ag nanocube and Au nanosphere nanocomposites. (i)
Extinction spectra for a co-assembled nanocube and nanosphere composite and for a an
aqueous colloidal nanocube dispersion. All scale bars = 200 nm.
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Figure 4.3. (a) Schematic of copolymerization between two different monomers, labelled
as A and B. SEM images of co-assembled structures with approximate sphere/cube
loading ratios of (b) 40:1, (c) 20:1 and (d) 10:1.
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Figure 4.4. Schematic and SEM images of co-assemblies for particles with varying (a)
diffusion coefficients, and (b) sticking probabilities. (a) Nanoparticles that exhibit similar
in-polymer diffusion rates should assemble into structures that reflect their relative
loading densities, as seen in with Ag nanocubes and Ag nanoprisms with similar sizes.
Triangular Ag nanoplates possess an edge length=115 nm and are grafted with long-chain
PEG thiol ligands. (b) Nanoparticles that exhibit different in-polymer miscibilities are
expected to possess different sticking probabilities. The SEM image shows the resulting
structure obtained for polystyrene miscible Au nanospheres (diameter=21 nm) and
immisicible Ag nanocubes. The nanospheres are grafted with a long-chain PS-thiol
ligand. All scale bars =200 nm.
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5 Preliminary Studies of DNA Mediated Assembly in a
Polymer Matrix

5.1 Introduction

DNA nanotechnology has emerged as a possible solution to controllably assemble
functional architectures at the nanoscale. The surface of nanoparticles can be modified
with complimentary single-stranded DNA, whereby discrete base-pair interactions can be
used to coordinate their assembly with other components. Three-dimensional
nanoparticle assemblies have been formed through such DNA-mediated interactions.’
However, these assemblies are typically formed in buffered aqueous environments and
structural instability outside of this domain confines its unique organizing potential to a
solution-based step which must then be deposited onto a substrate. As was discussed in
Chapter 1, DNA directed structures usually have a low particle density and in order to
sustain 3-dimensional form the structure must be backfilled with other materials. We
believe one possible solution is the use of polymer matrices to potentially stabilize and
dictate these DNA directed structures through entropic interactions. If this is possible we
want to utilize this to expand DNA assembly to a solid state framework. By addressing
DNA stability outside of the aqueous regime, it is possible to break the solution limited
application barrier and use this highly precise assembly mechanism to build functional 2-
dimensional solid state architectures.

Our assembly plan is laid out in Figure 4.1. Using DNA we wanted to explore two
design questions: (1) By depositing a well-dispersed periodic film of particles as a
template, could we use DNA assembly to control particle deposition and loading density

to create higher order plasmonic architectures using solely bottom up fabrication
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techniques? (2) Is DNA miscible in a polystyrene matrix, does it behave like a polymer
graft, and can it hybridize to form hierarchical structures with specific coordination and

control?
5.2 Experimental

DNA Preparation- Two complimentary thiolated oligonucleotides were purchased from

IDT:

DNA1(5’-GCG-CAT-ACT-CGT-CGG-GCG-GCC-TTT-TTT/3thioMC3-D/-3");
DNA2(5’-GGC-CGC-CCG-ACG-AGT-ATG-CGC-TTT-TTT/3thioMC3-D/-3”). The as
purchased DNA was used to make a 1 mM stock solution which was kept in the freezer at
4°C. In order to prepare for nanoparticle surface modification, 5 puL of the stock solution
was added to 95 pL of 0.1 M Phosphate Buffer (NaPO,4 pH = 8). A solution containing
0.1M Dithiothreitol (DTT) was prepared in 0.1 M Phosphate Buffer. 10 uL of the DTT
solution was added to the DNA/Buffer solution. After careful mixing, the solution is
allowed to incubate for 2 hours at room temperature.

Desalting Column- The existing buffer in the column is rinsed out three times with the

addition of deionized water. During the third rinse, 400 uL of deionized water is added to
the 110 uL DNA/Buffer/DTT solution. Once the column is almost empty, slowly add the
510 uL DNA solution dropwise into the column. Then elute the solution with 500 pL of
deionized water. A total of ~1mL should be collected from the column in this process.
This should result in a DNA concentraion fo approximately 5 uM; however, it is
necessary to take optical measurements to ensure the proper concentration of the DNA as

much can be lost in the column due to adhesion.
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DNA Functionalization- DNA solution was added to the particle solution drop-wise. The

relative ratio between DNA and particle was always kept constant at 1000:1. The solution
was gently mixed every 10 drops and was allowed to incubate for at least ~2 hrs. For
surface ligand exchanges, an LB film was first deposited onto a substrate and a droplet of
500 uM DNA was incubated on the surface for ~2 hrs. DNA functionalization was
confirmed through both UV-Vis spectroscopy and Zeta potential measurements.

DNA Assembly- For assembly on the polymer interface, a 250 uL droplet of Au particles

with their surface modified with the complimentary strand was placed onto the DNA
modified Ag cube film. This droplet was allowed to sit for varying times. For assembly in
the polymer interface, DNA modified particles were thermally annealed at 65°C into
atactic polystyrene (M,, = 1.8K) for varying amounts of time.

4.3 Results and Discussion

5.3.1 DNA mediated assembly at air-polymer interface

After a well dispersed film of Ag nanocubes was functionalized with DNA, we
attempted to see whether we could control loading density of Au spheres around the
cubes (Figure 4.2). We were able to show that DNA mediated assembly was occuring,
however, deposition was uncontrolled. Neither studies varying assembly time with a
fixed concentration nor varying concentration of gold spheres added was able to
reproducibly show dimer or trimer formation. Figures 4.3c and 4.3d show that gold
particles would attach to the side faces of the cubes with random selectivity. The top face
was rarely loaded with any particles, we attribute this effect either to excessive
washing/drying effects, DNA polymer length allowed for bond flexibility, or that the

particles were stabilized by having two interfaces (polystyrene and cube face).
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Although the kinetics of the assembly are not well understood at this point, after a
long period of time (approx. 3 hours) the cubes would be saturated with a ring of spheres
around them (Figure 4.5). At high concentrations of Au spheres and long assembly time,
string structures would form interconnecting Ag nanocubes (Figure 4.4). Although,
sphere-cube assembly would be preferred through complimentary DNA hybridization, it
is possible that sphere-sphere assembly is occurring due to secondary DNA structures
forming between similar strands. This assembly result is very exciting because structures
similar to these have been reported to have fanoresonant and interesting waveguiding
properties.'?

5.3.2 DNA mediated assembly inside polymer matrix

Figure 5.6 shows that DNA coated particles are miscible with a polystyrene
matrix. A well dispersed film of DNA modified Ag nanocubes can be annealed into
polystyrene matrix as indicated by SEM and the color change of the substrate from a
bright green to a darker brown/green color. Assembly results have not been conclusive.
Some initial studies of nanocubes with self-similar DNA strands have shown results that
may indicate self-similar DNA modified cubes do not assemble very well, if at all (Figure
5.6). However, experiments involving particles with complimentary strands were
inconclusive because the particles did not move after long annealing times. This may be
due to insufficient thermal annealing that were not able to fully glass the polymer matrix
to allow diffusion.

There are many challenges in developing a deposition mechanism that allows for
codeposition of two sets of particles (each modified with with own DNA strand which is

complimentary to the other). There is also a challenge in matching the glass transition
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temperature of the polymer with the melting temperature of the DNA. Because the
assembly is dependent on thermally annealing the particles, if the temperature is not
~20°C above the glassing temperature the particles will have difficulty moving, this is an
issue because DNA melts near 75°C. This requires a polymer matrix that has a glass
transition temperature between 40-50°C, which are very difficult to spincoat with
controllable thicknesses.

5.4 Future Outlook

Although the above results are preliminary, they show much promise in the
specificity that DNA grafting can provide to the nanoparticle-polymer assembly method.
However, there are significant challenges that need to be overcome in both assembly
methods. The polymer interface assembly produces hierarchical structures that can
potentially exhibit Fano resonances. However, it is necessary to delve further into how
the assembly kinetics work so that the role that DNA plays in these assemblies can be
understood. In order for assembly inside the polymer matrix, a polymer with a suitable
glassing temperature is necessary to continue looking at whether DNA is able to
hybridize in the matrix.

Using DNA to dictate solid state architecture will provide a unique framework for
building multifunctional devices. By removing the constraints of using DNA in buffered
aqueous solutions, DNA nanotechnology can expand as a general technique for nanoscale
assembly. It will address the resolution limits in lithography by offering molecular-level
precision for nanostructure orientation and placement. Such a method would have

significant impact in a broad range of fields where nanostructure assembly is critical,
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including the miniaturization of integrated circuits, high resolution sensors, and medical

diagnostics.
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5.5 Figures
1+ % — wiﬂm «wém ¢— g +
Thiolated Ss DNA Thiolated Ss DNA

Complementary

Deposition

Thermal Annealing

Figure 5.1. DNA mediated assembly inside of a polymer matrix plan. Two sets of
particles modified with complimentary oligonucleotides. The particles would be
codeposited onto the polystyrene film where they would become imobilized. After
thermal anneal the particles would become fully embedded and begin to difuse and

interact within the matrix.
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Figure 5.2. Schematic representing air-polymer interface assembly. Ag nanocubes are
deposited and imobilized in the polystyrene film. A droplet of particles modified with the
complimentary oligonucleotide is placed and assembly occurs.
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Figure 5.3. SEM images showing air-polymer interface assembly results. (A) After 1hr
incubation time, with no DNA modifications present does not result in any attachment.
B-C after varying assembly time, attachment is very random and uncontrolled. Every
particle has a different number or attachments and this is not consistent through out the
films. B: 1 hour. C: 7 hours with a low concentration of gold particles added. D: 7 hours
with a high concentration of gold particles added.
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Figure 5.4. SEM image of string structures forming between anchored nanocubes. After
5 hours of assembly time.
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Figure 5.5. Ideal structures that form with this assembly mechanism These ring
structures if reproduced may have fanoresonant tendencies.
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Figure 5.6. The right image shows an initial film of Ag nanocubes modified with the
same DNA strands. The left image shows that after 10 hours of thermal annealing at

70°C. There is no specific observable assembly. The particles are moving together but are
not orienting.
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