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ABSTRACT 

 

The plasmon phenomenon is the driving force behind noble metal nanoparticle research. While 

some work synthesizing new kinds of particles is still performed, a wider range of opportunities is 

available if these nanoparticles’ self-assembly in solution and on substrates can be controlled. This 

text presents several such methodologies, describing each assembly process and characterizing the 

resulting structures. The selective, aqueous dimerization of gold bipyramids is the first study. 

These novel antennae are created by stabilizing the gold biypramid’s ligand shell, then linking the 

particles with amino acids. Because of the gold bipyramids’ monodispersity and the precision of 

the reaction, the assembly can be monitored to ensure high dimer yield. Gold nanorod alignment 

on, and by, a shallowly corrugated diblock copolymer thin film demonstrates the power of template 

assisted assembly. Controlling the alignment of the underlying film controls the gold nanorods’ 

alignment, yielding mesoscale structures with orientation dependent optical properties. With 

intentional design, other polymer substrates are used to construct gold bipyramid – silver 

nanosphere plasmonic heterostructures. With proper ligand-polymer interaction tailoring, this 

result demonstrates how this technique can rationally create almost any noble metal nanoparticle 

based structure. The nonlinear optical properties of these heterostructures are currently being 

investigated. 

 These assemblies are all unique, and barely represent a fraction of what plasmonic 

nanoparticle assembly research can entail. Given polymer templates’ efficacy in controlling these 

particle’s deposition and alignment, a study of a diblock copolymer thin film’s swelling behavior 

is also contained in this work. By understanding and controlling the film’s surface morphologies, 

its efficacy for noble metal nanoparticle alignment can be determined. Gold nanoparticles are used 



xviii 
 

to probe the chemical nature of diblock’s swollen surface, and concurrently demonstrate that it can 

align small, highly charged, plasmonic nanoparticles. Several attempts to synthesize solution-

based plasmonic antennae and fluorophore hybrids are also described, resulting in an introduction 

to the realm of semiconductor nanocrystal synthesis. Although these gold bipyramid – water 

soluble quantum dot systems have not yet been achieved, with some refinement, such systems 

should be possible. Finally, following the theme of unexpected research directions, two 

collaborations are presented that utilized the nanoparticle synthesis and characterization skills 

required to perform the rest of this research. 
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Chapter 1. Introduction 

 

Gold nanoparticles (AuNPs) are the oldest of all colloidal nanomaterials. Used in the Lycurgus 

cup, red stained glass,1 and accidentally made by Faraday,2 their usefulness was long limited due 

to the inability to control their optical properties. This changed with the first syntheses of 

anisotropic gold particles in the early 2000s.3–5 Since then, an explosion of research into AuNPs 

has occurred, yielding a wide range of particle shapes6–11 and compositions.10–13 Gold nanorods 

(AuNRs) and gold bipyramids (AuBPs) have attracted significant attention due to their simple 

syntheses, shape control, tunable optical properties, and significant enhancements of applied 

electric fields.6,11,14,15 These particles have already found biomedical, sensor,11,16–18 and even 

catalytic11 applications. 

More opportunities present themselves if the aggregation of these NPs can be controlled.19 

Whether in solution20,21 or on a substrate,22,23 rationally designed electromagnetic hot-spots22–26 

and extended optical tuning20,21,25,27–29 can be achieved by self-assembling AuNRs and AuBPs. 

The promise of new uses for these NPs,30 combined with the interesting synthetic challenges and 

exciting optical properties, motivated me to research noble metal NP self-assembly and 

characterize the resulting structures. In the remainder of this chapter, I will introduce the 

phenomenon that makes noble metal NPs so interesting, and explain how it influenced the NPs 

and methodologies with which I worked. In chapter 2, I present my first project, where I 

synthesized and characterized AuBP dimers for the first time. Due to the AuBPs’ monodispersity,20 

I was able to match the single particle scattering to the in-situ solution UV/Vis spectra of the 

dimers, which cannot be done with AuNRs.20 Chapter 3 is the result of a collaboration with the 

Sibener lab, where we successfully controlled the assembly of AuNR monolayers on shallowly 
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corrugated polymer templates. The AuNRs deposited into the polymer trenches nearly perfectly, 

and by controlling the underlying polymer film’s alignment, we controlled the alignment of the 

AuNRs. This resulted in our AuNR monolayers demonstrating macroscopic, polarization 

dependent surface enhanced Raman scattering (SERS) spectra,22 which had never been previously 

reported.  

In chapter 5, I present the unpublished work of two on-going projects that intend to use the 

strong electromagnetic field enhancements at the tips of AuBPs15 to create novel hybrid structures 

with large optical nonlinearities. The first project, in chapter 5.1, has yielded the creation of unique, 

AuBP and silver coated gold nanospheres (Ag/AuNS) heterostructures by controlling their 

placement on pre-patterned polymer substrates. With this result, our collaboration with the Nealey 

lab demonstrates the generalizability of their methodology to make heterostructure arrays 

involving almost any noble metal NP. We further hope to show that coupling the field enhancement 

of a AuBP to a Ag/AuNS scatterer creates a system with large second harmonic generation (SHG) 

responses. The second project, in chapter 5.2, covers the several unpublished attempts to 

synthesize single, linked, AuBP – quantum dot (QD) systems. From a simple application of 

Fermi’s Golden Rule,31,32 our goal was to make structures where the electric field enhancements 

of the AuBPs significantly enhanced the photoluminescent (PL) properties of a nearby QD. We 

had also wanted to probe the regimes of PL enhancement and quenching by using pH sensitive 

DNA strands, allowing us to determine their distance dependence with one system. This work is 

still ongoing. 

In chapters 4 and 6, I present work that is slightly outside the main scope of my thesis. 

Chapter 4 is a soon to be submitted project, where, in my attempts to expand the work of chapter 

3, I managed to stumble upon novel swelling morphologies of a diblock copolymer thin film. The 
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focus of my work then shifted to characterizing and investigating how these morphologies arose. 

In the process, I demonstrated that these swollen films can control the macroscopic alignment of 

small, spherical, highly charged AuNSs, from which larger particles can be grown. This proves to 

serve a dual purpose, since the particles also probe the film’s nanoscopic chemical nature. Chapter 

6 contains my contributions as a NP synthesis and characterization expert to two other 

collaborations. For the first, I synthesized AuBPs that were used to probe the viscoelastic fluid 

dynamics regime in simple liquids,33 and for the second, I took TEM images and performed 

elemental analysis on incredibly stable and bright perovskite NPs.34 

The conclusion is a more complete summary of the work I’ve so far described, and provides 

several ideas for general and specific directions of future research. The fact that each of my projects 

was unique, presenting its own challenges, methodologies, and results, demonstrates the 

impressive number of research opportunities available in studying noble metal NP self-assembly. 

Carefully manipulating the phenomenon that makes these NPs so special yields systems with 

exciting properties and unexpected potential applications. 

 

1.1 The Plasmon Phenomenon 

The fascinating optical properties of noble metal NPs arise because the Drude model of the 

free electron sea survives the transition to the nanoscale. This means that noble metal NPs’ 

conduction band electrons can still be treated as a freely moving plasma.35,36 However, the 

positively charged background cores’ existence is now significant. Thus, when the plasma is 

displaced through exposure to an oscillating electric field, a dipole develops that exerts a restoring 

force, and causes the plasma to resonate at specific frequencies.35,36 When the source of the 

oscillating electric field is a photon, this phenomenon is called a localized surface plasmon 
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resonance (LSPR), and the frequencies at which it occurs depend upon the metal, the medium, and 

the dimensions of the NP.35,36  

 To understand how this frequency dependence arises, we must first understand the 

frequency dependence of a metal’s dielectric function. The equation of motion for a plasma when 

displaced by an oscillating electric field is well described by that of a damped harmonic 

oscillator,35 

𝑚
𝑑2�⃑�

𝑑𝑡2 + 𝑚𝛾
𝑑�⃑�

𝑑𝑡
=  −𝑒�⃑⃑� (1) 

where �⃑� is the plasma’s displacement, m is the effective optical mass of an electron, γ is the 

electronic damping parameter, e is the charge of an electron, and �⃑⃑� is the applied electric field.35 

If we assume that the electric field is harmonic in time, 

𝐸(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑ =  𝐸0
⃑⃑⃑⃑⃑e−𝑖𝜔𝑡 (2) 

then so too is the displacement, 

𝑥(𝑡)⃑⃑⃑⃑ ⃑⃑ ⃑⃑ ⃑ =  𝑥0⃑⃑⃑⃑⃑e−𝑖𝜔𝑡, (3) 

such that 

𝑥0⃑⃑⃑⃑⃑ =  
𝑒𝐸0⃑⃑ ⃑⃑ ⃑

𝑚(𝜔2+𝑖𝛾𝜔)
.35 (4) 

The macroscopic polarization (dipole moment per unit volume) of the plasma is then 

�⃑⃑� = −𝑛𝑒�⃑� =  
−𝑛𝑒2

𝑚(𝜔2+𝑖𝛾𝜔)
�⃑⃑�, (5) 

where 𝑛 is the number density of the electrons.35 Given the relationships between the dielectric 

displacement (�⃑⃑⃑�), and �⃑⃑� and �⃑⃑�, 

�⃑⃑⃑� =  휀0�⃑⃑� + �⃑⃑� =  휀0휀(𝜔)�⃑⃑�, (6) 

where 휀0 is the electric permittivity of vacuum and 휀(𝜔) is the dielectric function of the metal, 

then 
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휀0휀(𝜔)�⃑⃑� =  휀0�⃑⃑� +
−𝑛𝑒2

𝑚(𝜔2+𝑖𝛾𝜔)
�⃑⃑� =  (1 −

𝑛𝑒2

𝜀0𝑚(𝜔2+𝑖𝛾𝜔)
) 휀0�⃑⃑�, (7) 

meaning 

휀(𝜔) =  1 − 
𝑛𝑒2

𝜀0𝑚(𝜔2+𝑖𝛾𝜔)
.35 (8) 

This is the dielectric function of a free plasma, which doesn’t account for the background of 

positive nuclei in a metal. Thus, the dielectric function for a metal replaces ‘1’ with a constant, 

휀∞, appropriately named the dielectric constant of the metal. Thus, the frequency dependent 

dielectric function for a metal is 

휀𝑚(𝜔) =  휀∞ − 
𝑛𝑒2

𝜀0𝑚(𝜔2+𝑖𝛾𝜔)
.35 (9) 

  With this equation, we can understand how the LSPR of noble metal NPs arise. In 1908, 

Gustav Mie published the seminal work detailing the interaction of light with small gold spheres, 

using a multipole expansion from which the frequency dependent extinction cross section, 

𝜎𝑒𝑥𝑡(𝜔), of the particles can be determined.35–37 For particles with dimensions much smaller than 

the incident light’s wavelength, the phase of the oscillating electromagnetic field can be considered 

constant, making all but the first term of Mie’s expansion negligible.35,36 This is the quasi-static, 

or dipole, approximation, and describes the LSPR behavior of noble metal NPs 20 – 100 nm in 

diameter very well, yielding 

𝜎𝑒𝑥𝑡(𝜔) = 9 
𝜔

𝑐
휀𝑒

3/2
𝑉

𝐼𝑚(𝜀𝑚(𝜔))

|𝜀𝑚(𝜔)+2𝜀𝑒|2, (10) 

where 𝑐 is the speed of light, 휀𝑒 is the dielectric constant of the environment, 𝑉 is the NPs volume, 

and the dielectric function of the metal is defined as in (9).35,36 In the small damping limit, i.e., 

when the imaginary part of 휀𝑚(𝜔) can be ignored, 𝜎𝑒𝑥𝑡(𝜔) is maximized when 

𝑅𝑒(휀𝑚(𝜔)) =  −2휀𝑒.35 (11) 

The frequency at which this occurs is the LSPR frequency of the AuNS. 
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 In 1912, Richard Gans extended Mie’s theory to ellipsoidal AuNPs.35,36,38 Now, for a 

prolate spheroid, the extinction cross section within the dipole approximation is 

𝜎𝑒𝑥𝑡(𝜔) = 9 
𝜔

𝑐
휀𝑒

3/2
𝑉 ∑ [

(1/𝑃𝑗
2)𝐼𝑚(𝜀𝑚(𝜔))

|𝜀𝑚(𝜔)+[(1−𝑃𝑗)/𝑃𝑗]𝜀𝑒|
2]𝑗 , (12) 

where 𝑃𝑗 is the depolarization factor per axis, given by 

𝑃𝐴 =  
1−𝑒2

𝑒2
[

1

2𝑒
ln (

1+𝑒

1−𝑒
) − 1] (13) 

for the major axis, and 

𝑃𝐵 =  𝑃𝐶 =  
1−𝑃𝐴

2
 (14) 

for the minor axes.36 In this instance, 𝑒 is the eccentricity of the particle, defined as 

𝑒 =  √1 −
1

𝑅2 =  √1 − (
𝐵

𝐴
)

2

 , (15) 

where 𝐴 is the length of the major axis, 𝐵 = 𝐶 are the length of the minor axes, and 𝑅 is the aspect 

ratio of the NP.36 It is through this term that the dimension dependence of LSPRs in anisotropic 

NPs arises. The LSPR condition is now 

𝑅𝑒(휀𝑚(𝜔)) = (
1−𝑃𝑗

𝑃𝑗
)휀𝑒, (16) 

and has two solutions.35,36 The plasmon along the minor axis is called a transverse surface plasmon 

(TSP), and is close to the LSPR frequency of NSs (Figure 1.1.1a).39 The plasmon along the major 

axis is called the longitudinal surface plasmon (LSP), and is redshifted from the TSP.35,36 As 𝑅 

increases, the LSP redshifts even further, giving rise to the tunable optical properties of anisotropic 

NPs (Figure 1.1.1a).36 As 𝐴 increases past ~100 nm, the dipole approximation no longer 

completely describes 𝜎𝑒𝑥𝑡(𝜔), and higher order terms of the multipole expansion must be taken 

into account.35,36 
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Figure 1.1.1 a) UV/Vis spectra and TEM images of AuNRs and AuBPs I synthesized, 

demonstrating the LSP tuning of the structures. In all three syntheses, the large spectral feature 

around 2.3 eV is a combination of their TSP and the AuNS biproduct LSPR. b) Theoretical 

simulations of the electric field enhancements of AuNPs of different shape and tip sharpness at 

their plasmon resonances. Spheres, being the most round, show the least enhancement, and AuBPs, 

having the sharpest tips, show the most enhancement. Figure 1.1b is adapted with permission from 

ref. 15. Copyrighted by the American Physical Society, 2007. 

 

1.2 Gold Nanorods and Gold Bipyramids  

A consequence of Mie theory is that plasmonic NPs can be treated as nanoscale antennae, locally 

enhancing the applied electromagnetic field.15,40 Strongest at a noble metal NP’s plasmon 

resonance, this is known as the lightning rod effect, and since antennae focus electric fields to 

points, anisotropic NPs create much larger enhancements than their spherical counterparts (Figure 

1.1.1b).15 While anisotropic, plasmonic NPs of silver and copper exist, they tend to be less stable 

than gold counterparts,41,42 are harder to synthesize,43 and are limited in shape to spheres or rods.44–



8 
 

47 This last point is very pertinent for electromagnetic field enhancements, since their magnitude 

directly correlates with NP tip sharpness (Figure 1.1.1b).15 Thus, the AuBPs first synthesized in 

our lab6 over a decade ago are the noble metal NPs with the strongest electromagnetic field 

enhancements to date (Figure 1.1.1b),15 with the additional benefit of being the most monodisperse 

colloidally synthesized anisotropic plasmonic NPs.6 Since extensive AuBP colloid and single 

particle characterizations had previously been performed in our lab,6,15,48–52 the impetus for my 

research was to manipulate and utilize the AuBP’s extreme lightning rod effect by controlling their 

assembly (Chapters 220 and 5). While this did not always work (Chapters 322 and 4), I was always 

able to pull from the synthetic library of AuNPs to find plasmonic structures to use in my 

investigations.  
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Chapter 2. Gold Bipyramid Nanoparticle Dimers20 

 

This paper was originally published in The Journal of Physical Chemistry C on February 28th, 

2014, and is adapted with permission here: Malachosky, E. W.; Guyot-Sionnest, P. Gold 

Bipyramid Nanoparticle Dimers. J. Phys. Chem. C 2014, 118 (12), 6405–6412. Copyright 2014 

American Chemical Society. 

Special thanks to: Dr. Gang Chen, Prof. Yossi Weizmann 

 

This chapter is my first, first-author paper, and is the aqueous synthesis of gold bipyramid (AuBP) 

dimers. The methodology, its selectivity, and the resulting structures’ characterization with optical 

dark-field and scanning electron microscopy are presented and discussed. In the bowtie 

orientation, the dimers exhibit a 20% redshift in their plasmon resonance as compared to the 

individual particles, with a weak dependence on the interparticle separation. From the analysis, it 

is found that the in situ absorption peaks that develop during the assembly can be assigned to 

specific dimer structures, which have not been shown previously. Lastly, the kinetics of the 

assembly are analyzed. 

 

2.1 Introduction 

Interest in anisotropic colloidal gold nanoparticles (AuNPs) stems from their tunable plasmon 

resonances and electric field enhancements.17,53 Gold nanorods (AuNRs) are the most studied 

example of these particles,4–6,14,15,24,25,29,54–78 but even the best AuNR samples exhibit aspect ratio 

variations that cause their inhomogeneous linewidth to exceed their homogenous linewidth by at 

least two fold. Gold bipyramids (AuBPs), however, have better shape homogeneity, the narrowest 
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ensemble linewidth of all plasmonic colloidal particles, and are predicted to have larger near-field 

enhancements due to their sharp tips.6,15,58,79,80 This makes them natural choices for seeking novel and 

enhanced optical properties.  

We have developed an aqueous methodology for the synthesis of AuBP dimers as a starting 

point for future field enhancement and nonlinear optical studies. The methodology, its selectivity, 

and the characterization of the resulting structures are presented and discussed. Previous work on 

AuBPs25,64 and AuNRs24,25,29,59–74 showed the possibility of assembling dimers and extended 

chains of anisotropic AuNPs with some tip to tip selectivity. The UV/Vis spectra of these reactions 

exhibit a broad, red-shifted plasmon resonance as they proceed, attributed to the variety of 

aggregate structures formed. In this paper, we demonstrate the selective functionalization of 

AuBPs and their assembly into bowtie structures. From their joint structural and optical 

characterization, we show the dependence of the dimer’s plasmon resonance on their geometry 

and that the distinct spectral features that develop in solution correspond to the plasmon resonances 

of specific dimer structures. Lastly, we analyze the kinetics of the reaction and show that they do 

not fit a simple second order model. 

 

2.2 Experimental Methods 

Materials. Hexadecyltrimethylammonium bromide (CTAB, ≥99%), gold (III) chloride trihydrate 

(≥99.9% metals basis, HAuCl4), silver nitrate (99.9999%, AgNO3), L-ascorbic acid (≥99.0%, vit-

C), sodium citrate dihydrate (≥99%, Na3Cit), sodium borohydride (≥98.5%, NaBH4), L-cysteine 

(97%), L-glutathione (≥98%), 2-mercaptoethanol (≥99%), 3-mercaptoproprionic acid (3-MPA, 

≥99%), cysteamine (≥95%), and tetra(ethylene glycol)dithiol (97%) were all purchased from 

Sigma Aldrich and used without further purification. 5-bromosalicylic acid (5-BSA, ≥98.0%) was 

purchased from TCI and used without further purification. Hydrochloric acid (HCl, 1 N) was 



11 
 

purchased from Fisher and used without further purification. 1 mm thick, indium-tin-oxide (ITO) 

coated glass microscope slides were purchased from NANOCS and were plasma cleaned before 

use. 18.7 mΩ nanopure water (NPH2O) was obtained from the MRSEC filtration system. 

Instrumentation. UV/Vis spectra were recorded using an Agilent HP 8453. Scanning electron 

microscope (SEM) images were taken using a FEI NanoSEM at both 50,000x and 400,000x at 

operating voltages of 15 kV and 19.5 kV. Transmission electron microscope (TEM) images were 

taken using a FEI Tecnai F30 TEM operating at 300 kV. HRTEM images were obtained by 

dropcasting a few drops of the solutions onto a formvar coated, lacy carbon grid, wicking away 

the excess liquid, and air drying the grid. Dark-Field (DF) optical microscopy spectra were 

recorded using a home-built microscope with an Andor iDus CCD air cooled to -70 °C as the 

detector (Figure 2.2.1). The microscope consisted of a 50 W tungsten halogen lamp, an oil 

immersion condenser (NA 1.2-1.4), Zaber Technologies T-LS28E X-Y mechanized stages, a 60x 

objective (NA 0.85), and a home-built spectrometer consisting of a lens focused onto a 

transmission grating. The system was calibrated using a Helium-Argon lamp. The ITO-glass 

substrates were patterned with a numbered, 100 μM x 100 μM gold grid system to allow the optical 

and structural matching. 

Gold Bipyramid Nanoparticle Dimer Synthesis. AuBPs were synthesized as previously 

described,6 which involves two steps. To synthesize the AuBP seeds, in 18.95 mL of NPH2O under 

vigorous stirring at room temperature (RT) were mixed 250 µL of 10 mM HAuCl4, 500 µL of 10 

mM Na3Cit, and 300 µL of NaBH4 solutions. The colloid was allowed to age for two hours, and 

should be clear, pink-orange color. To synthesize the AuBPs, 364 ± 4 mg of CTAB were dissolved 

in 10 mL of NPH2O with vigorous stirring at 30 °C. To this was then added 500 µL of 10 mM 

HAuCl4, 100 µL of 10 mM AgNO3, 200 µL of 1 M HCl, and 80 µL of 100 mM vit-C. The color 
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Figure 2.2.1 Picture of our home-built dark field microscope. 1) is the mechanical sample stage, 

2) marks the objectives and nose-piece holder, and 3) marks the dark-field condenser. 

 

will change from gold-orange to clear as the Au(III) is reduced to Au(I). Then, the desired amount 

of AuBP seeds were added, and the reaction was allowed to run for two hours. Since the AuBP 

seeds age with time, the correct amount to add is difficult to predict. Thus, these reactions were 

usually performed in quadruplicate. After the AuBP synthesis, the colloid was centrifuged at 30 

°C and 8500 g for 20 min. The supernatant was decanted and the pellet resuspended in 10 mL of 

a 1 mM CTAB/200 μM 5-BSA stabilization solution. The colloid was centrifuged twice more 

under the same conditions, with the supernatant decanted and the pellet resuspended with the 

stabilization solution each time. After the final centrifugation, the pellet was resuspended to 2 mL 

and stored at 8 °C. It was found to be usable for over a month. The colloid was characterized using 

UV/Vis spectroscopy and TEM (Figure 2.2.2). 

Typical AuBP assembly reactions were performed at room temperature in a 4 mL cuvette 

and were monitored with time-resolved UV/Vis spectra. An aliquot of the stock AuBP colloid (125 

μL) was diluted with NPH2O water (2.725 mL) and mixed with 100 μL of a 30 mM HCl solution 

to obtain pH=3. An initial UV/Vis spectrum was recorded. 50 μL of a 6 mM linker solution were 

then swiftly added, mixed, and UV/Vis spectra recorded at constant intervals over the course of 
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Figure 2.2.2 a) UV-Vis absorption spectrum of as synthesized AuBP colloid. b) Representative 

TEM image of the particles in a). 

 

the reaction. The final volume of every reaction mixture was 3 mL. The AuBP and CTAB 

concentrations are estimated to be 30 pM and 42 μM, respectively, and the linking molecule’s 

concentration is 100 μM. The diluted colloid, before the addition of the linker, is stable for much 

longer than the lifetime of the reaction (Figure 2.2.3). 

For the samples imaged with the DF microscope, half as much stock colloid (62.5 μL) 

mixed with the same volume of the stabilization solution, was used while all other reaction 

conditions were kept the same. These assemblies evolved to a predetermined point, defined by 

their optical spectra, and then a few drops of the reaction mixture was spincast for 10 s at 6000 

rpm onto an ITO-glass substrate. The substrate was vacuum-dried for five minutes and analyzed 

using DF and low resolution SEM. After this data had been collected, the substrate was briefly 

plasma cleaned to remove dirt buildup and allow high resolution (HR) SEM imaging. 

 

2.3 Results and Discussion 

Building from the previous literature,64,65,78 initial assembly experiments were performed on 

diluted aliquots of stock AuBP colloids using only CTAB and the amino acid glutathione. A broad,  
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Figure 2.2.3 UV/Vis spectra of the reaction colloid monitored for an hour without the addition of 

a linker molecule. The lack of change in the spectra indicates that the reaction mixture is stable 

and the changes in the UV/Vis spectra of the reaction solutions are caused by the linking 

molecules. 

 

redshifted plasmon resonance developed, indicating that aggregation occurred, and the greater 

reduction of the AuBP longitudinal plasmon resonance (LSP) at ~1.6 eV over the gold nanosphere 

(AuNS) resonance at ~2.3 eV indicated that the AuBPs were being preferentially aggregated. 

However, these reactions suffered from large variability in their time and spectral feature evolution 

(Figure 2.3.1).29 Suspecting this was caused by poor control of the CTAB concentration, the AuBP 

colloids were repeatedly centrifuged and resuspended with a 2 mM CTAB solution, which was the 

lowest CTAB concentration that maintained particle stability. This did not improve the assembly 

reproducibility. Thus, modifications to the storage temperature, the age of the stock colloid,29 and 

the pH of the reaction solution were studied. The most reproducible results, for any sample age, 

were achieved when the stock colloids were stored at 8 °C before use and the reactions carried out 

at a pH of 3, ensuring the zwitterionic form of glutathione and preventing its oxidation. 

 The remaining variability was assigned to inhomogeneous CTAB bilayers,81 which would 

allow non-specific binding interactions to occur. Aromatic salts, such as 5-BSA, are known to 
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Figure 2.3.1 Time resolved UV/Vis spectra of early AuBP assembly reactions using two different 

stock colloid samples. The spectra exhibit very different shapes, even though the stock colloids 

were treated the same and the reaction mixtures were the same. The arrows indicate the how the 

peaks evolve with time. 

 

stabilize cylindrical CTAB micelles at lower concentration by improving CTAB’s micellar 

packing parameter.82–84  Ye et al. recently used this fact to improve AuNR syntheses,14 suggesting 

the existence of more homogeneous cylindrical bilayers on the particles. Thus, the stabilization 

solution was changed to a CTAB/5-BSA mixture. Figure 2.3.2 compares the UV/Vis spectra of 

assemblies performed with the CTAB and the CTAB/5-BSA solutions. The latter develops better 

defined spectral features.  

We noted in all of these reactions that the LSP of the AuBPs immediately (<30 s) and 

permanently shifted upon the addition of the glutathione linker. For the assemblies performed with 

CTAB, this is a ~4 meV redshift, (Figure 2.3.3a, Figure 2.2.3), while it is a ~6 meV blueshift 

(Figure 2.3.3b) for reactions performed with the CTAB/5-BSA mixture. Because this shift 

occurred in every reaction, we attribute it to the glutathione binding to the AuBPs and assign it to 

the plasmon resonance’s dependence on its dielectric environment.37 The refractive indices of the 

molecules around the AuBPs are 1.435, 1.654, and estimated 1.55 for CTAB, 5- BSA, and 
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Figure 2.3.2 a) Representative time resolved UV/Vis spectra of an assembly reaction using 

glutathione and the 2mM CTAB stabilization solution. b) Representative time resolved UV/Vis 

spectra of an assembly reaction using glutathione after the stabilization solution was changed to 

1mM CTAB/ 200μM 5-BSA. The arrows indicate the spectral evolution with time. 

 

glutathione, respectively. Thus, the AuBP LSP’s red-shift upon the addition of glutathione in a 

CTAB solution is due to an increase in its local polarizability, while its blue-shift in the CTAB/5-

BSA solution is due to a polarizability decrease. The fact that these shifts occur on a much faster 

time scale than the assembly indicates that the glutathione (in 100x excess for full surface 

coverage) immediately adsorbs to the AuBPs’ surfaces. Others have proposed that thiol linkers 

can only access AuNP surfaces through locations of poor CTAB bilayer coverage,64,78 such as the 

tips, but we consider this unlikely given the strong Au-thiol bond compared to the Au-CTAB non-

specific interaction. Therefore, we propose that the linker adsorption is not restricted to the tips 

but rather that the AuBPs are fully coated with glutathione, on top of which is the CTAB/5-BSA 

bilayer. The tip selective assembly then occurs due to glutathione exposure at regions where the 

bilayer has broken down due to geometric stress. 

AuNP assembly with glutathione was first proposed by Sudeep et al. to arise from a two 

point electrostatic interaction between the zwitterionic head groups on different particles.64,78 Since 
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Figure 2.3.3 Comparison of assembly reactions performed using a) glutathione b) cysteine under 

the standard reaction conditions. The red-shifted peaks in the cysteine assembly are better defined 

than the same peaks in the glutathione assembly. c) and d): The spectra of the cysteine assemblies 

performed for characterization. c) is the reaction performed with the full, 125 μL aliquot of stock 

colloid and d) is the reaction performed with the half, 62.5 μL aliquot and 62.5 μL of stabilization 

solution. The sample made for structural and optical analysis was made at the last taken time point 

in d). The arrows indicate how the spectra evolve with time. 

 

AuNR assembly has been achieved through a variety of other mechanisms as well, including 

covalent dithiol linking and hydrogen bonding interactions,24,25,29,59–77 we also investigated other 

water soluble thiols as linkers. These reactions were performed on the same stock colloid and 

monitored for one hour, with the results shown in Figure 2.3.4. To explicitly determine the 

importance of the zwitterionic head group, assemblies were performed with 3-MPA at pH=9 (-

COO-, Figure 2.3.4a) and cysteamine at pH=3 (-NH3
+, Figure 2.3.4b). The 3-MPA induced an 
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immediate blue-shift, which we interpret as its rapid diffusion through the bilayer and adsorption 

to the AuBPs’ surfaces, but the spectral evolution indicates that aggregation did not occur. This 

could be due to the negatively charged carboxylate group stabilizing the CTAB bilayer in a similar 

effect to 5-BSA.14,83,84 The cysteamine reaction exhibited a slow blue shift, indicating that it did 

not reach the AuBP surfaces quickly, probably due to repulsion from the positive bilayer. The 

slight shoulder in the UV/Vis spectra that developed over long time indicated the possibility of 

slow, non-specific aggregation. This was most likely caused by the bilayer’s destabilization by the 

positively charged ammonium group. To test for hydrogen bonding, reactions were performed with 

3-MPA and mercaptoethanol at pH=3 (-COOH and -OH, Figures 2.3.4c,d respectively). Both 

reactions exhibited a slow blue-shift and a small amount of slow, non-specific aggregation, 

indicating the slow diffusion of the neutral, hydrophilic species through the CTAB bilayer. This 

would eventually result in a gold surface terminated in neutral -OH groups that could destabilize 

the bilayer and cause the observed aggregation. The similar results for both molecules indicate that 

hydrogen bonding is not a large influence on our assembly.  

Covalent linking interactions were tested using tetra(ethylene glycol)dithiol at neutral pH 

(Figure 2.3.4e). Again, the spectral blue-shift occurred slowly, consistent with the neutral thiol 

results, but no obvious aggregation occurred. Interestingly, both AuBP and AuNS peaks shifted 

simultaneously, indicating non-selective functionalization that was not previously observed. An 

assembly reaction performed using glutathione as a control (Figure 2.3.4f) developed the expected 

spectral features, indicating the specific effectiveness of the amino acid. To test this, an assembly 

was performed using cysteine, with the results shown in Figures 2.3.3a,b. With cysteine, the 

reaction exhibited the immediate AuBP LSP blue-shift, as well as better resolved spectral features 

than those observed with glutathione. Thus, for the remainder of the work, cysteine was used as 
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Figure 2.3.4 Comparison of assembly reactions performed using different thiol linking molecules. 

a) 3-MPA at pH=9 b) Cysteamine at pH=3 c) 3-MPA at pH=3 d) Mercaptoethanol at pH=3 e) 

Tetra(ethylene glycol) dithiol at pH=7 f) Glutathione at pH=3. All reactions were monitored for 

one hour, and the arrows indicate how the spectra evolve with time. As can be seen, no other linker 

developed similar features to those observed with glutathione. 

 

the linker, and the UV/Vis spectra of the reactions used for characterization are presented as 

Figures 2.3.3c,d. These results confirm the specific role of zwitterionic amino acids in aqueous 
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AuNP assembly, which most likely occurs through the two-point electrostatic interaction 

previously proposed.64,78 However, our results do not support the idea that the glutathione or 

cysteine linkers preferentially bind to AuBP tips.  

The rapid drop of the AuBP LSP at ~1.6 eV and only a slight decrease in the AuNS 

resonance at ~2.3 eV in all of the cysteine and glutathione reaction spectra indicate a preference 

for AuBP aggregation that has not been previously reported. To confirm this, an aliquot of the 

reaction mixture was spincast onto the ITO-glass substrates at the final time point in Figure 2.3.3d, 

and one of its 100 μm x 100 μm grids was completely SEM imaged (198, 6 μm x 6 μm images). 

The results are shown in Table 2.3.1. The region contained over 3000 particles, with a ~30% AuBP 

and ~70% AuNS distribution, which is typical of a AuBP synthesis.6 There were 163 total dimers, 

and 21, 6, 2, and 1 trimers, quadrimers, pentamers and hexamers, respectively. 

27% of the AuBPs were taken up in assembly, compared to only 4% of the AuNSs, which 

can be assigned to a factor of 6 in their relative ‘reactivity,’ and is in fair agreement with the peak 

amplitude changes in Figure 2.3.3d. We note that no dimers were observed when substrates of the 

diluted stock colloid without the linker were made (not shown), indicating that the linking 

molecule, and not solvent evaporation,24,74 is the cause of the dimerization. A non-specific 

dimerization would yield structural ratios of: AuBP-AuBP: 1, AuBP-AuNS: 4.7, and AuNS-

AuNS: 5.4, while the measured ratios were: AuBP-AuBP: 1, AuBP-AuNS: 1.21±0.12, and AuNS-

AuNS: 0.16±0.13, with errors from the counting statistics. These results can be interpreted as the 

AuBPs being about five times more likely to aggregate than the AuNSs, as this would yield ratios 

of 1:0.93:0.22. The consistency of these results leads us to conclude that the AuBPs are about 5-6 

times more ‘reactive,’ i.e., more likely to assemble, than AuNSs, which further supports the picture 

of a less stable CTAB bilayer at regions of sharp curvature guiding anisotropic AuNP 
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Table 2.3.1 Complete AuBP Dimer Particle Count 

AuBP-

AuBP 

AuBP-

AuNS 

AuNS-

AuNS 
Trimer Quadrimer Pentamer Hexamer Oligomer AuBP AuNS 

69 83 11 23 6 3 1 0 800 2358 

 

assembly.64,78 

From the SEM images, the AuBP dimers can be subdivided into three structural categories: 

28 bowtie, 14 longitudinal edge-edge, and 27 V-shape dimers (Table 2.3.2). To optically 

characterize these structures, 59 AuBP dimers were isolated using both DF and SEM, with the 

results presented in Figures 2.3.5 and 2.3.6. Figure 2.3.7 outlines the DF and SEM matching 

process for the representative bowtie dimer of Figure 2.3.5a. The bowtie dimers range from tip to 

tip (Figure 2.3.5a) to structures whose tips overlap by no more than half the facet length (Figure 

2.3.5b). They exhibit the most red-shifted resonances, with a distribution from 1.25 to 1.4 eV (1.30 

eV average, Figure 2.3.5c), and the majority of the structures have less than 10 nm of interparticle 

overlap (Figure 2.3.5d). The longitudinal edge-edge dimers have a less red-shifted resonance, 

centered at 1.40 eV (Figure 2.3.6a), while the V-shape AuBP dimer structures have a distinctly 

blue shifted plasmon resonance centered at 1.74 eV (Figure 2.3.6b). With the lone AuBP LSP on 

the substrate entered at 1.62±0.017 eV, these resonances are a ~7% blueshift for the V-shape, a 

~14% redshift for the edge to edge, and a ~20% redshift for the bowtie dimers. 

The polarization dependent spectra (Figure 2.3.8a) of the AuBP dimers and their 

preservation of lone AuBP full width-half maximum (FWHM) (Figure 2.3.8b) indicate that their 

resonances are a single, new mode, determined by the coherent coupling between the plasmon 

resonances of their component NPs.28,74,85–94 This matches the qualitative expectation from a 

simple dipole-dipole coupling model, where dipoles aligned end to end yield an optical red-shift, 

like the bowtie and longitudinal edge-edge structures, while dipoles aligned side to side yield an 
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Table 2.3.2 AuBP Dimer Type Analysis 

Type Bowtie Longitudinal Edge-Edge V-Shape 

Counts 28 14 27 

Ratio, per lone 

AuBP 
0.035 0.018 0.034 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.5 Characteristic DF spectra and SEM images of bowtie AuBP dimers. a) Tip to tip and 

b) tip overlap structures. The counts are normalized to the lamp spectrum. c) Histogram of the 

plasmon resonances of the bowtie structures. The bin widths are 0.01 eV. d) Histogram of the tip 

overlap of all bowtie structures. The bin widths are 1 nm.  

 

optical blue-shift, like the V-shape dimers. Even though the HRSEM and HRTEM (Figure 2.3.9) 

images of some of the bowtie structures seem to show interparticle overlap, we do not believe that 

a charge transfer plasmon (CTP) causes their plasmon resonances.24,25,85,95 The bowtie spectra have 

a similar ΔE/E shift to Shao et al.’s for their gapped nanobipyramids,25 and the HRTEM images 

of AuBP dimers oriented perpendicular to the beam path show a small interparticle gap (Figure 

2.3.9). These factors indicate that the overlap does not correspond to the particles fusing together, 
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Figure 2.3.6 Characteristic DF spectra and SEM images of a,i) longitudinal edge-edge and b,i) V-

shape dimers. The counts are normalized to the lamp spectrum. Histogram of the a,ii) longitudinal 

edge-edge and b,ii) V-shape structures’ plasmon resonances. The bin widths are 0.01 eV. 

 

but is rather an issue of orientation on the substrate. 

 To elucidate the relationship between the AuBP dimers’ resonances and the coupling 

between their individual AuBPs, the resonances were divided into two groups and plotted against 

the component AuBPs’ center to center distance. The V-shape dimers (Figure 2.3.10a) display no 

relationship with particle separation, indicating that their shape is the factor that determines their 

resonance. The bowtie and longitudinal edge-edge dimers, however, exhibit a slight negative 

relationship between their plasmon resonances and the straight-line distance between the centers 

of their individual AuBPs (Figure 2.3.10b). The resonance energy is minimized for structures 

whose center to center separation corresponds to <10 nm of tip overlap (60-70 nm of center to 

center separation), indicating that the coupling strength between the particles increases as their 
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Figure 2.3.7 a) – d) DF and SEM matching process for the bowtie dimer of Figure 2.3.5a, and 

nearby longitudinal edge-edge dimer. a) The DF image collected from the CCD camera. The 

vertical distance is ~100 μm. From this image, a region of interest is identified for SEM mapping. 

b) The low resolution mapping of the region of interest outlined in a). Multiple SEM images of 

this region were taken and stitched together using the Gimp 2.8 software package. Then, the DF 

and SEM images were compared to match the scatterers and their plasmon resonances with their 

structures. c) and d) Full, high resolution SEM images of the bowtie dimer in Figure 2.3.5a and 

the nearby longitudinal edge-edge dimer, respectively, after the matching process and plasma 

cleaning. The only DF scatterers are the AuBPs, since our lamp source is coated in gold to decrease 

its emission for <550 nm. e) SEM images of attempts to increase AuBP dimers surface density by 

multiple depositions. As can be seen, very few dimers are observable, while there are many trimers 

and other higher order aggregates present. 
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Figure 2.3.8 a) Polarization dependence of a representative bowtie dimer’s spectrum, where 0° 

polarization corresponds to vertically aligned light. The arrow in the SEM inset shows the direction 

of polarization of the dimer’s plasmon resonance. The counts are normalized to the maximum 

value. b) Histogram of the FWHM of the optical spectra of the identified AuBP dimers. The 

average value is 0.0965 eV, and the bin width is 0.005 eV. 

 

 

 

 

 

Figure 2.3.9 Representative TEM images of AuBP dimer structures. The left two images 

demonstrate dimers with slight interparticle overlap, and the right two images show structures with 

an interparticle gap. 

 

component AuBPs become more linearly aligned. 

Having structurally and optically characterized the AuBP dimer types, the spectral features 

of the reaction mixture were analyzed to see if there was any relationship with the specific 

structures.29  The average AuBP LSP of 1.62 eV on the ITO is a 0.02 eV blue-shift of its post- 



26 
 

 

 

 

 

 

Figure 2.3.10 The AuBP dimer resonances plotted as a function of the straight-line, center to 

center distance between their component particles.  a) V-shape dimer resonances, which did not 

exhibit any dependence. b) Bowtie and longitudinal edge-edge resonances. The green line is the 

linear fit with r2 = 0.71. In both graphs, the vertical error bars are the FWHM of the optical spectra 

and the horizontal error bars are ± 1 standard deviation in the size of the particles, as measured 

from HRSEM images. The red line marks the position of the average size parameter of interest 

(the AuBP a) width and b) length), and the blue lines are ± 1 standard deviation in the average 

measurement of each, as determined from the HRSEM images. 

 

linker maximum in solution. This shift is caused by the change in the dielectric environment 

experienced by the AuBPs and has been studied previously.50 The exact relationship developed by 

Burgin et al. cannot be applied to the current work because of the thin layer of surfactant and water 

that influences the particles’ local dielectric environment.96 The principle of linearity still applies, 

however, and if it is assumed that every structure on the substrate experiences a similar local 

environment, then this 0.02 eV blueshift is a correction factor. Thus, the spectra of Figures 2.3.3c,d 

were analyzed, with the results provided in Figure 2.3.11 and Table 2.3.3. The bowtie dimers’ 

corrected DF and solution peaks match at 1.28 eV, and the correlation for the longitudinal edge-

edge and V-shape dimers falls well within the 0.1 eV FWHM of the dimer structures (1.38 eV vs. 
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1.43 eV and 1.72 eV vs 1.74 eV, respectively). These results mean that the UV/Vis peaks that arise 

during the assembly reactions can be assigned to specific structures and their in situ development 

can be monitored (Figure 2.3.12a,b). To the best of our knowledge, no such correlation has been 

previously reported. 

Notably, the V-shape dimer peak ~1.74 eV does not develop until late in the fitted spectra 

of Figure 2.3.3c (Figure 2.3.12b). It is completely absent in the fitted spectra of Figure 2.3.3d 

(Figure 2.3.11), even though it should be present in almost the same intensity as the bowtie dimer 

peak from the particle counting results (Table 2.3.2). In fact, only the bowtie dimer peak at 1.27 

eV and the AuBP peak at 1.60 eV can be identified at the final time point spectrum in the assembly 

of Figure 2.3.3d. These peaks have a bowtie to AuBP area ratio of 0.11, but since the bowtie dimers 

should have about twice the optical cross section of the individual particles, they should have a 

concentration ratio of ~0.055. From the counting results, the dimer to AuBP ratios are 0.035, 0.018, 

and 0.034 for the bowtie, longitudinal edge-edge, and V-shape structures respectively. The over-

representation of V-shape dimers can be explained as the result of the capillary forces exerted on 

the particles during the drying process, which could be strong enough to fold some of the bowtie 

dimers to into the more compact V-shape. If it is assumed that all of the V-shape from the particle 

counting are the result of such folding, then the bowtie to AuBP ratio would be 0.069, close to 

expected value of 0.055, supporting the bowtie dimer domination at early assembly times. These 

results could be confirmed through a cryo-TEM analysis of the reaction mixture. 

From the Beer-Lambert Law, absorption spectra changes can be used to extract information 

about a reaction’s kinetics. Figure 2.3.12b is the time evolution of the fitted peaks of Figure 2.3.3c, 

from which the AuBP LSP peak decrease can be analyzed for the kinetics of aggregation.29 The 

‘bimolecular’ diffusion limited rate, 𝑘𝑑, is calculated as 
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Figure 2.3.11 Analysis of final time UV/Vis spectrum of Figure 2.3.3d, demonstrating the solution 

UV/Vis feature analysis. All reaction spectra from Figure 2.3.3c,d text were fitted using Igor’s 

Multipeak routine, with a linear baseline for the regions of 1.1 eV to 1.93 eV. The average solution 

peak locations are provided in Table 2.3.3. 

 

Table 2.3.3 AuBP Dimer DF and UV/Vis Spectral Matching Results 

Dimer Type Average DF 

Resonance 

Corrected Resonances Solution Peak 

Locations 

Bowtie 1.30 eV 1.28 eV 1.28 eV 

Longitudinal Edge-Edge 1.40 eV 1.38 eV 1.43 eV 

V-Shape 1.7 4eV 1.72 eV 1.74 eV 

 

 

 

 

 

Figure 2.3.12 a) The UV/Vis reaction spectra from Figure 2.3.3c matching the peaks in the 

reaction mixture with their corresponding structures. The arrows indicate how the spectra evolve 

with time. b) The absorbance changes of the fitted peaks over time. c) Cartoon of the intermediate 

and dimers to explain the apparent first order kinetics discussed in the text. 
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𝑘𝑑 =
8𝑘𝑇𝐶0

3𝜂
 (1) 

where 𝐶0 is the initial concentration, 𝑘 is Boltzmann constant, 𝑇 is the temperature and 𝜂 is the 

viscosity. Using 𝜂 = 10-3 kgm-1s-1 and the estimated 𝐶0 = 30x10-12 M, this gives 𝑘𝑑 = 0.2 𝑠−1. 

Thus, most AuBPs have encountered another AuBP after ~5 s. However, the assembly clearly 

takes place on a 1000 s time scale, meaning it is not in the diffusion limit. We also note that the 

AuBP LSP’s rate of disappearance increases with time, which obviously contradicts second order 

reaction kinetics. Attempting to plot the reaction kinetics as described elsewhere illustrates the 

discrepancy (Figure 2.3.13a).17  

Our results are better fit using first order kinetics and a rate that increases with time (Figure 

2.3.13b). This is in contrast with previous reports of AuNR assembly using thiols in an acetonitrile-

water mixture, where the assembly kinetics are explained with an incubation period, assigned to 

the thiol linkers binding to the AuNRs, followed by a period of second order kinetics.16,29 The 

quick adsorption of the amino acid linkers to the AuBPs’ surfaces previously discussed means our 

assembly will not exhibit a similar incubation period, but it does not address the absence of second 

order kinetics. To explain this, we propose that the AuBPs quickly form dimer intermediates, but 

that these do not interact strongly enough to shift their plasmon resonances. Such structures would 

have a first order rate, however, to transform into the dimers seen in the spectroscopy and SEM. 

A possible scenario is that the intermediate dimers, formed at the rate of the diffusion limit, must 

first align end to end. Due to the interaction between the zwitterionic amino acids and the less 

stable CTAB bilayer at regions of high curvature, these regions would be less positively charged 

than the rest of the AuNP and would have reduced interparticle repulsion. In such a temporary 

alignment, a nucleated defect of the bilayers at the tips could lead to bilayer fusion, as illustrated 

in the cartoon of Figure 2.3.12c. This would be followed by the electrostatic two-point attachment 
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Figure 2.3.13 Attempted fittings of reaction kinetics. a) Second order, as described by Wang et 

al.29 b) First order. The more linear relationship in b) indicates that the reaction is more closely 

exhibits first order, as opposed to second order, kinetics. 

 

of the amino acid groups, which is the first-order rate limiting step. This explains the spectral 

feature evolution at early times, where the bowtie dimers dominate. The slight increase with time 

of the rate constant in Figure 2.3.12b and Figure 2.3.13b can then be explained by the gradual 

degradation of the bilayer facilitating the fusing. As observed in the spectra, the longitudinal edge-

edge structures could then develop as the AuBPs slip past each other to maximize their surface 

linking interactions. We think that the direct formation of the V-shape structure is unlikely due to 

the electrostatic repulsion from the sides of the bilayers. It is also an unlikely evolution from the 

edge to edge dimers, since the surface contact would not increase and the fused bilayer would have 

become more distorted.  However, at long times, a tip to tip dimer could fold into the V-shape as 

the bilayer continues to destabilize. The small but non-negligible reactivity of the AuNS at early 

time is assigned to the presence of sharp protrusions on some of the spheres. From Figure 2.2.2, 

many AuNSs are actually multiply twinned and some exhibit sharp protrusions. Such regions 

would have CTAB bilayer instabilities similar to those of the AuBPs, which should allow similar 
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binding interactions to occur. The noted preference for AuBP assembly over AuNS assembly, 

however, indicates that this is not as strong of an effect. 

 

2.4 Conclusion 

In summary, we have developed an aqueous methodology to synthesize AuBP dimers, with 

specific emphasis on their bowtie orientation. Such a structure is an interesting building block for 

future field enhancement and non-linear optical studies. The effectiveness of the amino acids 

glutathione and cysteine were evaluated, as well as the importance of the aromatic additive 5-BSA. 

The 5-6 fold increase in the AuBPs’ ‘reactivity’ over the AuNSs was also quantified. The AuBP 

dimers were structurally and optically characterized, and a general relationship between their 

geometry and plasmon resonance was determined. 

From these results, we found that the spectral features of the assembly reactions correspond 

to the plasmon resonances of specific dimers. Such a result has not been previously reported, and 

means that these reactions can be monitored in situ for specific structures. Finally, the kinetics of 

assembly were analyzed, and we determined that they do not correspond to a second order model. 

Instead, the results seem close to first order, suggesting that the assembly occurs through some 

intermediate structure. 

 

2.5 Post-Publication Notes 

There are a few items relating to the AuBPs that are worth addressing before moving to the next 

chapter. First, the tweezers used to hold the TEM grids can be contaminated with dried particles 

that will re-deposit on other grids. This caused quite a bit of unfounded excitement at one point, 

when I thought I’d managed to synthesize silver bipyramids (Figure 2.5.1a). Second, the dilute  
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Figure 2.5.1 a,i) High angle annular dark field TEM image of silver nanospheres and tweezer 

deposited, AuBP contaminants. a,ii) Energy dispersive x-ray data of point 1 in a,i), confirming the 

AuBP’s presence. b) TEM images displaying the occasional rounding effect. 

 

AuBP aliquots used for TEM analysis will occasionally show severely rounded CTAB coated 

AuBPs. Preparing a new aliquot from the stock colloid yields the correct particles. Somehow, 

diluting the stock by an order of magnitude allows AuBPs oxidization (Figure 2.5.1b). 
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Chapter 3. End-to-End Alignment of Gold Nanorods on 

Topographically Enhanced, Cylinder Forming Diblock 

Copolymer Templates and their Surface Enhanced Raman 

Scattering Properties22 

 

This paper was originally published in The Journal of Physical Chemistry C on August 13th, 2014, 

and is adapted with permission here: Tong, Q.;* Malachosky, E. W.;* Raybin, J.; Guyot-Sionnest, 

P.; Sibener, S. J. End-to-End Alignment of Gold Nanorods on Topographically Enhanced, 

Cylinder Forming Diblock Copolymer Templates and Their Surface Enhanced Raman Scattering 

Properties. J. Phys. Chem. C 2014, 118 (33), 19259–19265. Copyright 2014 American Chemical 

Society. 

Collaborators: Dr. Qianqian Tong, Jonathan Raybin, Prof. Steven J. Sibener 

Special thanks to: Dr. Justin Jureller 

 

This chapter is my second project, and my first co-authored paper. Here, we present a facile 

methodology for the end-to-end assembly of gold nanorods of various aspect ratios on corrugated, 

horizontal, cylinder-forming diblock copolymer templates. Although the depth of corrugation is 

significantly smaller than the diameter of the nanorods, they exhibit excellent selectivity (>98%) 

and alignment for placement in the polymer grooves due to capillary forces and the substrate’s 

topography. Enhanced corrugation of the diblock template is achieved by chemical swelling prior 

to deposition of the metallic nanorods. Graphoepitaxy of the diblock copolymer in nanoconfining 
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channels is employed to achieve essentially perfect long range orientation of the substrate, while 

subsequent deposition of nanorod arrays whose alignment maps onto that of the diblock template 

with high fidelity provides novel organic-inorganic hybrid surfaces whose surface enhanced 

Raman spectroscopy (SERS) properties are characterized. These arrays of aligned gold nanorods 

exhibit polarization dependent spectra for adsorbed molecular species with a 24-fold enhancement 

in signal intensity when the trenches are aligned with parallel versus perpendicular orientation with 

respect to the incident polarization of the excitation laser. The simple construction of these systems 

and their unique SERS properties provide a new and efficacious platform for the construction of 

functional nano-devices. 

 

3.1 Introduction 

Thin films of nanoparticles (NPs) have attracted considerable attention due to their potential 

applications related to electronic devices,97,98 magnetic storage,99 and sensors.100,101 Investigations 

into the last category have focused on noble metals NPs, due to their well-documented surface 

enhanced Raman spectroscopic (SERS) properties.11,101,102 Gold NP (AuNP) SERS systems are 

typically fabricated using either top down or bottom up techniques, where the regions of electric 

field enhancement, called hot spots, are made by electron beam lithography (EBL)103,104 or ion-

beam sputtering,105 or through the deposition of colloidally synthesized AuNPs. Controlling the 

deposition of colloidal AuNPs is attractive because the locations of the hot spots are determined 

by the order and alignment of the AuNPs on the substrate. This has been done by chemically 

functionalizing106–109 or patterning107,110–115 the substrates, or by modifying the AuNP colloid.116–

118  
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This paper presents a facile, bottom up technique that produces highly ordered arrays of 

colloidal gold nanorods (AuNRs) aligned end-to-end with favorable and polarization-dependent 

SERS properties. AuNRs have received particular attention due to their controllable 

syntheses,4,5,14,119,120 tunable plasmon resonances,17 and electromagnetic field enhancements,15 

making these NPs11 and their assemblies102 of interest for SERS.102,115,118 Coupling between 

plasmonic NPs makes AuNR assemblies exhibit stronger hot spots than the individual structures 

and increases the SERS response,102 as documented for AuNR chains116,121,122 and various large-

scale, 2D and 3D AuNR aggregates.23,115,118  

The AuNR arrays presented in this paper are made by depositing AuNR colloids onto 

silicon-nitride substrates patterned with horizontal, cylinder-forming polysterene-block-

poly(methylmethacrylate) (PS-b-PMMA) block copolymer (BCP) templates. BCP templates are 

attractive platforms because they self-assemble into spheres, lamellae, cylinders, and other well-

ordered microdomains easily and cost effectively, and can achieve long range, defect-free 

structures.123–126 BCP microdomains are also comparable in size to colloidally synthesized NPs (5 

nm to 50 nm).127  

NP ordering and alignment when mixed in BCP systems has been demonstrated previously 

for AuNRs in PS-PMMA, where the NRs modified by polyethylene glycol are fully embedded 

inside the PMMA domain.128 Semiconductor nanorods have also been successfully embedded into 

BCP designed with appropriate interactions.76 While bulk alignment is of interest, surface 

assembly has the advantage of giving chemical access to the particle surface. While the surface 

assembly of nanoparticles in specific domains has not yet been very successful when based solely 

on the surface chemical or wetting characteristics, it has been demonstrated that an enhanced 

corrugation helps. FePt NPs ordering at the surface of cylinder forming PS-PMMA domains was 
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first demonstrated using UV enhanced corrugation.129,130  Plasma etching of a lamellar PMMA 

domain has also been examined, allowing alignment of gold nanorods with significant order.111 

Solvent swelling of lamellar PMMA in acetic acid vapor has also been applied to several 

nanoparticle systems, including ZnO nanorods.131 This present work shows that a similar acetic 

acid swelling of PMMA in horizontal cylinder PS-PMMA microdomains can be used with great 

success to align gold nanorods even though the corrugation is less than half of the prior work 

involving lamellar PS-PMMA.  Moreover, we demonstrate such hierarchical assembly for 

nanoconfined, highly aligned, and essentially defect-free cylindrical diblock substrates. 

Although the BCP corrugation is significantly smaller than the particle diameter, excellent 

alignment is readily achieved for single and individual chains of end-to-end aligned AuNRs.  It is 

herein demonstrated that the combination of graphoexpitaxy of the diblock substrate in 

nanoconfining channels to produce essentially perfect diblock orientation coupled with the 

subsequent deposition of nanorod arrays whose alignment maps onto that of the diblock template 

with high fidelity is a highly efficacious route to the formations of spatially anisotropic SERS 

platforms. 

 

3.2 Experimental Methods 

The corrugated block copolymer thin films were fabricated on silicon nitride (Si3N4) substrates 

purchased from Virginia Semiconductor, Inc., which had been cut to ~1 cm x 1 cm, cleaned with 

toluene, acetone, and methanol using an ultrasonic cleaner, then dried with nitrogen. The substrates 

were spincoated with 77 kg/mol, 29 wt % PS-b-PMMA BCP, purchased from Polymer Source, 

Inc. and was used without further purification, in 0.9% toluene solution at 4000-5500 rpm for 60 

s, and then annealed at 523 K under an Ar for an hour. The phase separated BCP thin films were 
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then exposed to saturated acetic acid vapor for 15 minutes to induce the selective swelling of the 

PMMA cylinder domains (Figure 3.2.1). For the substrates created by graphoepitaxy, the 500 nm 

wide, 20 μm long, and 50 nm deep trenches were patterned into the substrate with EBL using a 

Hitachi 2700 SEM operating at 300 μC/cm2 before being coated with BCP. The polymer substrates 

were imaged by atomic force microscopy (AFM), using an Asylum Research’s MFP-3D AFM 

performed in AC (tapping) mode with Olympus AC240TS cantilevers with a spring constant of 2 

N/m. 

The AuNRs used in this study were synthesized using a scaled down and slightly modified 

version of the protocol developed by Ye et al,14 using the same materials as given in Chapter 2. 

Benzenethiol (BT, ≥98%) was purchased from Sigma Aldrich and used without further 

purification. In all cases, the AuNR seeds were synthesized by dissolving 364 mg of CTAB in 10 

mL of NPH2O at 30 °C and under vigorous stirring, then adding 250 μL of a 10 mM HAuCl4 

solution and 600 μL of a fresh, 10 mM NaBH4 solution. The solution promptly turned yellow-

brown, and was vigorously stirred for two minutes before being set aside. Also, all AuNR colloids 

were made by dissolving 182 mg of CTAB and 21.9 mg of 5-BSA in 10 mL of NPH2O at 70 °C 

under vigorous stirring, and were then cooled to 30 °C. For the AuNRs of aspect ratio (AR) 3.05 

to 3.20, 96 μL of a 10 mM AgNO3 solution, 500 μL of a 10 mM HAuCl4, 51.2 μL of a fresh, 100 

mM Vitamin C solution, and 16 μL of the AuNR seed solution were added to the solution. For the 

AuNRs of AR 4.02, 384 μL of a 10 mM AgNO3 solution, 500 μL of a 10 mM HAuCl4, 500 μL of 

1M HCl, 51.2 μL of a fresh, 100 mM Vitamin C solution, and 16 μL of the AuNR seed solution 

were added to the solution. For the AuNRs of AR 6.33, 384 μL of a 10 mM AgNO3 solution, 500 

μL of a 10 mM HAuCl4, 500 μL of 1M HCl, 25.6 μL of a fresh, 100 mM vit-C solution, and 16 

μL of the AuNR seed solution were added to the solution. All of the colloids were vigorously 
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Figure 3.2.1 (a) Schematic representation of the corrugated, horizontal cylinder-forming PS-b-

PMMA BCP template fabrication. The dark blue regions correspond to PMMA domains, while 

the light blue regions correspond to PS domains. (b) – (e) AFM images and topographic height 

profiles before (b, d) and after (c, e) the acetic acid vapor treatment. The film’s corrugation 

increases from ~1 nm (d) to ~4 nm (e) after the acetic acid treatment. The height profiles are taken 

along the arrows in (b) and (c), and the AFM images are 2 μm × 1 μm. 

 

stirred for 30 s, then left to age overnight (15 to 18 hours). All were then hard centrifuged at 8500 

g and 30 °C for 15 minutes, and had their supernatants decanted and pellets resuspended in 10 mL 

of NPH2O before being centrifuged again under the same conditions. After the second 

centrifugation, the supernatant was decanted and the pellet resuspended with 250 μL of NPH2O. 

Aliquots of these mixtures were removed for UV/Vis and TEM analysis (Figure 3.2.2). The 

UV/Vis spectra were recorded on the same Agilent HP 8453 as in Chapter 2, and the TEM images 

were taken on the new a FEI Spirit TEM operating at 120 kV.  

To achieve different surface densities of the same AR AuNRs on the thin, BCP fingerprint 

films, the AuNR colloid was spincast for 60 s at 3000 rpm 2, 6, or 10 times, dried in air, then 

imaged using the Asylum Research MFP-3D AFM. To deposit the AuNRs of different AR onto 
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Figure 3.2.2 (a) UV/vis spectra of the AuNRs used in the paper. Absorbances are normalized to 

the LSP maximum. (b) TEM images of the Figure 3.3.1 AR 3.05, 20 nm by 61 nm AuNRs. (c) 

TEM images of the Figure 3.3.2a, AR 3.20, 58.95 ± 3.63 nm by 18.41 ± 1.95 nm AuNRs. (d) TEM 

images of the Figure 3.2.2b, AR 4.02, 59.76 ± 7.26 nm by 14.87 ± 2.00 nm AuNRs. (e) TEM 

images of the Figure 3.2.2c, AR 6.33, 70.50 ± 7.59 nm by 11.14 ± 1.62 nm AuNRs. 

 

the thin, BCP fingerprint films, each colloid was spincast 6 times at 3000 rpm for 60 s, dried in 

air, then imaged by AFM. For the substrates created by graphoepitaxy, the AuNR colloid was 

dropcast onto the surface, the excess liquid wicked away, and the substrates dried in air before 

AFM imaging. This was repeated several times to achieve the desired particle densities. Regions 

on interest for Raman spectroscopy were also identified at this point. 

The SERS characterization of the BCP films with deposited AuNRs were performed with 

a Horiba LabRam Evolution confocal Raman microscope, using its 785 nm diode laser, NA 0.90 

100x objective, 1200 gr/mm, and Andor Synapse CCD detector. For the BCP thin films without 

AuNRs and with different surface densities of the same AR AuNRs, 20 μL of a 2 x 10-4 M BT 
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solution in ethanol were dropcast onto the substrates, dried, and the Raman spectra recorded with 

laser power of 14.1 μW for 30 s. The SERS characterization of the graphoepitaxy substrates was 

performed by dropcasting 21 μL of a 2 x 10-5 M BT solution in ethanol onto the 0.81 μm2 

substrates, to ensure the BT monolayer packing of 0.544 nmole/cm2.132 The samples were mounted 

on a rotation stage and manually oriented parallel (0°) or perpendicular (90°) to the laser’s 

polarization, as determined by using the reflected microscopy optics of the Raman microscope, 

and the Raman spectra were recorded with a laser power of 75.5 μW for 20 s. The laser was 

scanned over the sample’s surface using the Duoscan capability of the microscope, meaning the 

beam was moved with mirrors, instead of the sample being moved by the mechanical stage. This 

helped limit possible issues involving backlash and drift that could have been exacerbated through 

the use of an after-market rotation stage. All SERS data were recorded using the Horiba LabSpec 

6 software, and the peak fits were performed in Igor Pro with background corrected Voigt 

functions. The 785 nm laser was used for all of the experiments because the 633 nm laser yielded 

too high of a fluorescent background, caused by the AuNRs. 

 

3.3 Results and Discussion 

The topographically enhanced, horizontal cylinder-forming PS-b-PMMA BCP templates were 

fabricated by the selective swelling of the PMMA domains in a saturated vapor of acetic acid.131 

Since the PMMA blocks are bound to the PS blocks, their microdomains cannot expand laterally. 

Instead, the PMMA chains swell and overflow onto the film surface, as shown in Figure 3.2.1a. 

When the substrates are removed from the solvent chamber, the acetic acid quickly evaporates, 

causing the PMMA chains to adopt a collapsed conformation and shrink, leaving behind a 

corrugated surface. Figures 3.2.1b,d are the atomic force microscopy (AFM) images and height 
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profiles of the BCP films before the acetic acid treatment, and Figures 3.2.1c,e are the AFM images 

and height profiles of the films after the solvent treatment. As can be seen, the film’s height profile 

increases from ~1 nm to ~4 nm, with a periodicity of ~23 nm, after the acetic acid treatment (Figure 

3.2.1e). 

To investigate AuNR alignment on these BCP films, 20 nm by 61 nm AuNRs (aspect ratio 

(AR) 3.05, Figure 3.2.2b) were spincast onto the templates and imaged by AFM. Low surface 

density AuNR arrays were made by spincasting the stock colloid twice. The AuNRs were sparsely 

dispersed over the entire substrate, predominantly existing as isolated particles, with only 45 

AuNRs/μm2 (Figure 3.3.1a). They exhibited a nearly exclusive (>98%, as determined by counting 

over 800 AuNRs) preference to rest within the fingerprint grooves, where they were aligned along 

the contours. When the colloid was spincast 6 times onto the films, the surface density increased 

to 160 AuNRs/μm2, and the AuNRs nearly covered the substrate as a monolayer (Figure 3.3.1b). 

The AuNRs were still aligned end-to-end along the contours of the fingerprints, resting within the 

grooves with over 97% selectivity. After 10 spincoatings, the AuNRs formed 3D clusters with 

>300 AuNRs/μm2, and lost the structure of the underlying substrate (Figure 3.3.1c). Increasing the 

AuNR aspect ratio did not change the alignment results. AuNRs of AR 3.20 (Figure 3.2.2c), 4.02 

(Figure 3.2.2d), and 6.33 (Figure 3.2.2e), which varied from 11 nm to 18 nm in width and 59 nm 

to 71 nm in length, were spincast onto the BCP fingerprint templates. In all cases, the AuNRs 

deposited end-to-end in the fingerprint grooves with over 97% selectivity (Figure 3.3.2). 

Remarkably, the AuNRs of AR 6.33 did not exhibit any side-to-side packing, even though their 

diameters (11 nm) were a factor of two smaller than the width of the grooves (23 nm) (Figure 

3.3.2c). Also, none of the AuNRs exhibited obvious tilting within the polymer grooves, and all 

were aligned with the pattern’s contours. 
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Figure 3.3.1 AFM images of Figure 3.2.2b AuNRs deposited on the topographically enhanced, 

horizontal cylinder-forming PS-b-PMMA BCP thin films after solvent treatment with acetic acid. 

The AuNR densities are (a) 45 AuNRs/μm2, (b) 160 AuNRs/μm2, and (c) >300 AuNRs/μm2. The 

AuNRs are 20 nm by 61 nm, and the images are 2 μm × 2 μm. The AuNRs in (b) appear larger 

because an AFM tip with a larger radius was used to record the image. 

 

 

 

 

 

 

Figure 3.3.2 AFM images of AuNRs with different ARs on the topographically enhanced, 

horizontal cylinder-forming PS-b-PMMA BCP thin films. (a) AuNRs of Figure 3.2.2c, length 

58.95 ± 3.63 nm and width 18.41 ± 1.95 nm, AR = 3.20. (b) AuNRs of Figure 3.2.2d, length 59.76 

± 7.26 nm and width 14.87 ± 2.00 nm, AR = 4.02. (c) AuNRs of Figure 3.2.2e, length 70.50 ± 7.59 

nm and width 11.14 ± 1.62 nm, AR = 6.33. All of the AuNRs align in grooves with over 97% 

selectivity. The images are 2 μm × 2 μm. 

 



43 
 

These AuNR deposition results exhibit advantages over previous systems, attributed to 

our use of cylinder-forming and corrugation-enhanced BCP templates.107,111,112,131 First, the 

AuNRs only assemble end-to-end within the template grooves. Second, the AuNRs did not exhibit 

any obvious deviations from the contours of the grooves. Third, the AuNRs did this even though 

the BCP templates’ height profiles were far smaller than the deposited AuNRs’ diameters (ranging 

in ratio from 1:2.75-1:5). These observations are consistent with a simple model involving the 

capillary forces exerted on partially immersed rodlike viruses,133 colloidal particles,134–138 and the 

topography of the BCP template139 (Figure 3.3.3). Because of the aspect ratio of  the AuNRs, only 

the capillary force arising from the contact line along their length is considered.138 This force 

𝐹 = 𝛾2𝐿𝑐𝑜𝑠(𝛼) (1) 

is maximized when the particles are half-immersed,139 where 𝛾 is the surface tension of water (72.8 

dyn/cm), 𝐿 is the length of the rod, and 𝛼 is the contact angle of the water at the AuNR’s surface. 

The energy a AuNR gains by moving from a crest to a trough is calculated by integrating over the 

substrate’s corrugation ℎ, giving an energy of 

𝐸 = 𝛾2𝐿ℎ𝑐𝑜𝑠(𝛼) (2) 

(Figure 3.3.3a). For the AuNRs with 61 nm length, and 𝛼 = 30°,139 the crest to trough energy 

difference is 3.08 x 10-17 J of energy, four orders of magnitude greater than their room temperature 

Brownian motion energy of 4.11 x 10-21 J. The strength of the capillary force explains both the 

AuNRs’ extreme preference and the alignment in the grooves. Because the fingerprints are 

generated from the PMMA cylinder domains, their bottoms are curved (Figures 3.2.1a, 3.3.3a). 

Therefore, any misalignment in the grooves results in the AuNRs having a vertical displacement. 

From the equation of the tangent circle describing the curvature of the grooves (radius ~20 nm), 

the thermal energy could only induce a misalignment of ~0.5°.  
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Figure 3.3.3 Schematic representation of the AuNRs drying on the substrates. (a) Partially 

immersed AuNR being drawn into a polymer trench. The �⃑� indicates the direction of the capillary 

force. All variables are the same as defined in the text. (b) Schematic representation of the AuNR 

deposition process, from the fully immersed AuNRs, to the partially immersed particles, to the 

aligned product. 

 

Thus, the capillary force explains the AuNRs’ order, but it does not explain the lack of 

lateral packing. For the AuNRs with larger diameters (20 nm, 18.41 nm, and 14.87 nm), which are 

close to the grooves’ widths (23 nm), the absence of side-to-side packing could be explained due 

to geometric confinement. However, this does not address the case of the AR 6.33 AuNRs, whose 

diameters are about half the channel width.  The dearth of horizontal packing is attributed to the 

electrostatic repulsion between the AuNRs. The colloidally synthesized AuNRs are coated in a 

CTAB and 5-BSA bilayer,14 so each rod can be approximated as having a positive charge, q, 

roughly equal to the number of CTA+ molecules in its outer layer, as determined by calculating 
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the AuNR surface area and multiplying by the optimum CTA+ packing density of 2.44 

CTA+/nm2.140 The Debye length of the colloid is given by  

𝜅−1 = √
𝜀𝑟𝜀0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
 (3) 

where 휀𝑟 is the relative permittivity of water at room temperature, 휀0 is the permittivity of vacuum, 

𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝑁𝐴 is Avogadro’s number, 𝑒 is the 

fundamental unit of charge, and 𝐼 is the colloid’s ionic strength in mole/m3. Using a 휀𝑟 of 78.54, 

and a CTAB concentration of 1 mM, the Debye length is 9.62 nm.  The electrostatic repulsion for 

two AR 6.33 AuNRs separated by their Debye length 

1

4𝜋𝜀0𝜀𝑟

|𝑞|2

(𝜅−1)2 (4) 

yields a very large repulsive force of 1.36 x 10-6 N, consistent with the long term stability of the 

colloidal suspension. Moreover, as long as the particles are fully submerged in solution, they will 

be separated by at least their Debye length, irrespective of the substrate. As the solvent evaporates, 

the AuNRs will still be fully immersed, with their interparticle interactions governed by 

electrostatics. This will keep them well spaced as they come closer to the substrate surface. When 

enough of the solvent has evaporated such that AuNRs are partially immersed, the capillary forces 

are strong enough to induce the final assembly on the substrate (Figure 3.3.3b). We believe that 

end-to-end assembly is favored because of the orientation’s reduced electrostatic repulsion in 

solution, as compared to lateral assembly. We note that if the deposition is formed at higher 

concentration of the AuNRs, side-to-side and random aggregates appear which we attribute to an 

increase of the ionic strength as the water evaporates, drastically shrinking the Debye length. 

Attractive capillary forces can facilitate further the end-to-end assembly of the AuNRs in the 

channels.135 
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SERS measurements were performed on the samples of Figure 3.3.1 to characterize the 

enhancement properties of the AuNR films. Benzenethiol (BT) diluted in ethanol was dropcast 

onto the substrates and dried in air, and the Raman spectra were recorded using the 785 nm laser 

of a Horiba LabRam Evolution confocal Raman microscope. Spectra recorded from BCP thin films 

without AuNRs showed no signal, while spectra with intensities that increased with AuNR 

surface density were recorded from the Figure 3.3.1 substrates (Figure 3.3.4). The selective and 

reproducible AuNR deposition directed by the BCP microdomains indicated that linear, end to end 

AuNR arrays of micron dimensions with unique SERS properties could be achieved if the 

microdomains’ alignments could be controlled. Graphoepitaxy is known to do this.123,125 Thus, 

substrates were pattered with sets of 500 nm wide and 50 nm deep trenches before the BCP thin 

film was deposited and treated. Because the aligned PS-b-PMMA cylinder domains are confined 

to the trenches, the AuNR colloids were dropcast onto the substrates so the drying contact line 

would draw the NPs into the pre-defined trenches.107,110,112,114,141 After the droplet has receded, a 

thin layer of solvent still covers each trench, since they are deeper than the AuNRs’ diameters. 

This is similar to the situation depicted in the middle panel of Figure 3.3.3b, meaning that as the 

solvent evaporates, the previously described capillary forces and the BCP microdomains will direct 

the AuNR assembly. The Figure 3.2.2b AuNRs were found in the trenches with over 97% 

selectivity, with surface densities dictated by the number of depositions performed. For trenches 

with surface densities of 40 AuNRs/μm2 (Figure 3.3.5a) and 160 AuNRs/μm2 (Figure 3.3.5b), the 

AuNRs aligned along the straight BCP contours, while trenches with over 250 AuNRs/μm2 (Figure 

3.3.5c) exhibited large, 3D clusters that lost the structure of the underlying film, similar to Figure 

3.3.3c.  

The nearly monolayer coverage of linearly aligned AuNRs in the trenches of Figure 3.3.5b 
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Figure 3.3.4 Raman spectra of (a) BCP fingerprint substrate without AuNRs, (b) Figure 3.3.1a, 45 

AuNRs/μm2 substrate, (c) Figure 3.3.1b, 160 AuNRs/μm2 substrate, (d) Figure 3.3.1c, >300 

AuNRs/μm2 substrate. The peaks at 998, 1022, and 1072 cm-1 are the characteristic BT peaks in 

this region. 

 

 

 

 

 

 

 

 

 

Figure 3.3.5 AFM images of different Figure 3.2.22b AuNR colloid concentrations dropcast onto 

laterally ordered thin films of horizontal, cylinder forming PS-b-PMMA BCP made using 

graphoepitaxy. The AuNR densities are (a) 40 AuNRs/μm2, (b) 160 AuNR/μm2, and (c) >250 

AuNRs/μm2. The AuNRs are 20 nm by 61 nm, and the images are 0.75 μm × 1.5 μm. 
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present a combination of surface density and alignment that should have the most interesting and 

useful SERS properties. Explicitly, we wished to investigate how the AuNR localization affected 

the Raman signal across the substrate and whether the nanowire AuNR arrays exhibited 

polarization dependent SERS.142–144 Because the graphoepitaxy trenches are optically identifiable, 

local regions on the substrates can be closely matched with corresponding AFM images (Figures 

3.3.6, 3.3.7). Thus, samples were functionalized with a monolayer of BT,132 mounted on a rotation 

stage, and the signal intensities of the characteristic BT peaks at 998, 1022, 1072, and 1572 cm−1 

were tracked by scanning the laser over specific trenches oriented parallel (0°) (Figures 3.3.6a, 

3.3.7a) and perpendicular (90°) (Figure 3.3.6c, 3.3.7b) to the incident laser polarization in 200 nm 

steps. When the trenches were aligned parallel to the laser polarization (Figures 3.3.6a, 3.3.7a), the 

BT peak intensities modulated with the periodicity of the trenches, showing a 3.5x signal 

enhancement when the laser scanned inside, as opposed to outside, the trench (Figures 3.3.6b, 

3.3.7a). For the Figures 3.3.6 and 3.3.7 sample, this corresponds to 1200 nm, since the trenches 

were 500 nm wide and were separated by 700 nm crests. This periodicity and signal localization 

are especially impressive since the theoretical minimum of the laser spot diameter was ~1064 nm, 

~50% larger than the spacing between the trenches. When the trench was aligned perpendicular to 

the laser polarization (Figures 3.3.6c, 3.3.7b), the Raman signal intensities were severely reduced 

and showed no correlation with the substrate’s surface (Figures 3.3.6d, 3.3.7b). The in-trench 

signal intensities of the parallel orientation exhibited a 24-fold enhancement over the same regions 

in the perpendicular orientation, demonstrating that these large, ordered, macroscopic arrays of 

anisotropic NPs maintain the polarization dependence of single structures (Figure 3.3.7). These 

SERS results show that macroscopic systems of closely spaced, colloidally synthesized NPs will 

still have strong, directionally dependent electromagnetic enhancement properties when their  
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Figure 3.3.6 (a, c) Optical images of graphoepitaxy trenches oriented parallel (a) and 

perpendicular (c) to the incident laser. The yellow dot indicates the region of the trench that was 

scanned over. (b, d) Raw Raman spectra recorded from the middle of each trench oriented parallel 

(b) and perpendicular (d) to the laser. The spectral features in (b) correspond to the characteristic 

BT peaks in this region, while the spectral feature at 950 cm-1 in (d) corresponds to the silicon 

feature in this region. These spectra correspond to the respective 600 nm step positions in Figure 

3.3.7a,b. The arrows and �⃑⃑� indicate the laser orientation relative to the substrate. 

 

alignment is carefully controlled. 

 

3.4 Conclusion 

In summary, we investigated the alignment of gold nanorods on topographically enhanced, 

horizontal cylinder-forming PS-b-PMMA BCP templates, whose corrugation was much smaller 

than the widths of the gold nanorods. We demonstrated precise control over the ordering and 

orientation of gold nanorods of multiple aspect ratios for surface densities at and below 160 
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Figure 3.3.7 (a) Results of the Raman spectral mapping over the graphoepitaxy trench aligned 

parallel to the laser (Figure 3.3.6a). Top: AFM image of the trench region. Bottom: Plot of the 

signal intensities of the four characteristic BT peaks, which are maximized within the trench and 

minimized in regions outside the trench. (b) Results of the Raman spectral mapping over the 

graphoepitaxy trench aligned perpendicular to the laser (Figure 3.3.6b). Top: AFM image of the 

trench region. Bottom: Plot of the signal intensities of the four characteristic BT peaks, which are 

severely reduced and featureless. The arrows and �⃑⃑� indicate the laser orientation relative to the 

substrate, and the gray lines indicate the width of the trench.  

 

AuNR/μm2, and presented a simple model that demonstrated that the topography of the substrate, 

while shallow, drives the gold nanorod alignment. Enhanced corrugation of the diblock template 

was achieved by chemical swelling prior to deposition of the metallic nanorods. Graphoepitaxy of 

the diblock copolymer in nanoconfining channels was employed to achieve essentially perfect 

long-range orientation of the templating substrate, while subsequent deposition of nanorods whose 

alignment maps onto that of the diblock template with high fidelity provides novel organic-
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inorganic hybrid surfaces exhibiting highly-aligned arrays of nanorods.  We characterized the 

SERS properties of these structures, and found that they exhibit extreme signal localization and 

polarization dependent spectra, with a maximum 24-fold signal enhancement. This effective, 

topography driven AuNR assembly and alignment that shows strong, directional electromagnetic 

enhancements offers great potential for the fabrication of reproducible, macroscopic, colloidal 

AuNR based plasmonic waveguides, optoelectronics and sensing chips. 

 

3.5 Post-Publication Notes 

Before moving on, there are a couple of items worth mentioning about this project. First, we did 

initially attempt this work with AuBPs, but given how they lie on substrates,50 it didn’t work very 

well. The second point is that, after this paper was published, the AuNR syntheses were further 

refined. This is especially true for the high AR rods with LSP around 1064 nm (Figure 3.2.2e), 

which did not initially have very high yield. To make AuNRs with LSPs at ~800 nm with high 

yield, substitute 384 µL of 10 mM AgNO3 for the amount listed in the methods section, and add 

500 µL of 1 M HCl. To make AuNRs with LSPs at ~1060 nm with high yield, substitute 192 µL 

of 10 mM AgNO3 for the amount listed in the methods section, and add 500 µL of 1 M HCl. 
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Chapter 4. Surface Morphology Development in Diblock 

Copolymer Thin Films through Sequential Solvent Exposure 

 

Collaborator: Alexander Filatov 

Special thanks to: Nicole James, Prof. Heinrich Jaeger 

 

This chapter presents my currently unpublished work on polystyrene-poly(2-vinylpyridine) (PS-

P2VP) diblock copolymer thin films upon exposure to several P2VP selective solvents. Initially 

intended to expand upon the results of chapter 3, this project eventually took on a life of its own. 

Pre-treatment of a diblock copolymer thin film with a nearly neutral solvent dramatically improves 

the minority-block’s swelling when the film is exposed to selective solvents. Oven annealed PS-

P2VP thin films were exposed to P2VP selective solvents, with or without a tetrahydrofuran vapor 

treatment, and the resulting surface morphologies were characterized. Pre-treating the films not 

only increased the number of swelling events, but also induced the development of never 

previously reported, raised, horizontal P2VP cylinders. These cylinders are inverted from the 

standard post-swelling structures, and arise due to a complex set of interactions. By observing the 

selective deposition of small, negatively charged gold nanoparticles, we also show that P2VP never 

overs-swells to cover film surfaces, instead remaining localized to its cylinder domains. Using 

shear-force, we macroscopically align the diblock copolymer, and use it as a template to control 

the assembly of gold nanoparticles onto films with polarization dependent optical properties. 

 

4.1 Introduction 
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As the field of nanoparticles (NPs) matures, the controlled self-assembly of these inorganic 

materials offers promising pathways for their application.100,145 In particular, thin films of gold 

nanoparticles (AuNPs) have already demonstrated possible applications as sensors22,23,100,102 and 

filters.146,147 Interest in these particles is driven by their well-known electromagnetic field 

enhancements, with closely spaced particles creating the strongest ‘hot-spots.’100,122 

 Diblock copolymer thin films offer a unique template to control the self-assembly of NPs 

(and AuNPs in particular), by controlling the chemical nature106,111 or topography22,111,129,131,148,149 

of their surfaces, in conjunction with their underlying alignment.22,150 Several procedures exist to 

macroscopically align horizontal, cylinder forming diblock copolymer thin films151–156 and 

modifications to their topography are usually achieved due to the selectivity of different solvents 

for each block.157 

 Before these films can be used, though, how and why topographies develop must be 

understood. Thus, this work presents the surface morphology changes in thin films of a 

commercially available, shear-force alignable,152 cylinder forming PS-P2VP diblock copolymer. 

We discover that pre-treating the films with a slightly selective P2VP solvent not only increases 

the number of swelling events that occur, but also results in a never before seen surface topography 

that cannot be explained by traditional swelling descriptions.157,158 We therefore investigate the 

diblock’s swelling behavior, ultimately elucidating the criteria that yield the different 

morphologies. Using small, negatively charged AuNPs, we probe the chemical nature of these 

films at the nanoscale, as well as demonstrating their utility as templates for NP alignment and 

growth. By aligning the underlying copolymer, we AuNP films with macroscopic structural and 

optical anisotropies. 
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4.2 Experimental Methods 

New Materials. Cylinder forming polystyrene-poly(2-vinylpyridine) was purchased from 

Polymer Source Inc. and used without further purification. 1.1 mm ITO glass slides from 

NANOCS were cut to 1 cm x 1 cm, and cleaned with ethanol, acetone, chloroform, and toluene 

before use. Tetrahydrofuran (anhydrous, THF), ethanol (200 proof, EtOH), acetic acid (glacial, 

AA), chloroform, and acetone were purchased from Fisher and used without further purification. 

Formic acid (≥95%, FA), propionic acid (≥99.5%, PA), butyric acid (≥99%, BA), L-ascorbic acid 

(≥99.0%), and toluene (≥99%) were obtained from Sigma Aldrich and used without further 

purification. Gold(III) chloride trihydrate (≥99.99% metals basis, HAuCl4) was bought from Acros 

and used without further purification. Hexadecyltrimethylammonium bromide (≥98%, CTAB) 

was purchased from TCI and used without further purification. Sylgard 184 polydimethoxysilane 

(PDMS) and curing agent were used as obtained from Electron Microscopy Sciences. 

New Instrumentation. All atomic force microscopy (AFM) micrographs were recorded using a 

Bruker Multimode 8 operating in soft tapping mode, all SEM images were recorded using a Zeiss 

Merlin with an accelerating voltage of 10 keV, and all XPS data were recorded on a Kratos AXIS 

Nova at an operating voltage of 160 eV, performing 5 sweeps with dwell times of 0.1 s for survey 

spectra, and 0.6 s for scanning the Nitrogen 1S peak regime. All UV/Vis absorption and reflectance 

spectra were recorded using a Cary UV/Vis/NIR 5000. For the polarization dependent data, the 

orientation of the incoming beam was set as S, and the sample was rotated manually. For the 

reflectance measurements, the sample was angled at 45° to the incoming beam, with the detector 

located at 90°. All images were analyzed in Gwyddion, and all graphs were made in Igor. 

New Methods. Monolayer thin films of PS-P2VP were made by spincasting 1% w/w PS-P2VP 

solutions in a 70/30 toluene/THF mixture onto the cleaned ITO glass substrate between 3000 and 
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5500 rpm for 60 s. The substrates were then thermally annealed in an oven in an inert atmosphere 

(nitrogen, N2) at 230 ◦C for 20 - 24 hours. 

Substrates were shear aligned using a simple weight and pulley system, with 869.33 g 

normal mass and 290.23 g lateral mass, similar to what has previously been described (Figure 

4.2.1a).151 After baking, the substrate was placed on a hot plate, and a 0.5-1 mm thick PDMS pad 

trimmed to smaller than its dimensions (~ 0.8 cm x 0.8 cm) was carefully placed on top. The 

normal force was then applied, and the temperature increased to 150 ◦C. The lateral force was then 

introduced, and allowed to shear the substrates for 60 minutes. After 60 minutes, the heat was 

turned off, and the system was allowed to cool to room temperature with the shear force in place 

to freeze the alignment. PDMS pads were prepared in a glass petri dish by mixing the Sylgard 184 

elastomer and curing agent in a 10:1 w/w ratio, degassing the mixture for one hour, then baking it 

for at least two hours at ~70 ◦C. 

 Substrates were exposed to THF vapors at room temperature for 15 minutes by filling the 

bottom of a 50 mL beaker with ~5mL of THF, then carefully placing a secondary container holding 

the substrate in the beaker, and then covering the beaker with parafilm (Figure 4.2.1b,c). All other 

solvent vapor exposures were performed the same way. Other substrates were soaked in ~5 mL of 

the solvents at room temperature for 15 minutes, then rinsed with nanopure water (NPH2O), and 

blown dry with N2. The 10% w/w HCl and 1% w/w HCl solutions were prepared by diluting 1 mL 

and 100 µL of 37% HCl in 3.24 mL and 4.320 mL of NPH2O, respectively. Substrates soaked in 

PA and BA this way lost their PS- P2VP films (Figure 4.2.2). 

The small AuNPs used in this study are the AuBP seeds, synthesized as described in chapter 

2. The substrates were soaked face up in 3 mL aliquots of these particles for 1 or 24 hours. The 

gold overgrowth solution is the AuBP growth solution described in chapter 2. Once the growth 
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Figure 4.2.1 a) Weight and pulley system used to align the PS-P2VP substrates. b) Side view and 

c) top view of solvent vapor annealing apparatus. 

 

 

 

 

 

 

 

 

 

Figure 4.2.2 AFM height micrograph of PS-P2VP diblock copolymer thin films after a) 20-24 

hour, 230 ◦C oven anneal in N2, followed by i) 15 min soak in PA, ii) 15 min soak in BA, or b)  

20-24 hour, 230 ◦C oven anneal in N2, 15 min THF vapor exposure, then i) 15 min soak in PA, ii) 

15 min soak in BA. The scale bars are 200 nm. 

 

solution had turned clear after the addition of the vit-C, the stirring was stopped. The substrates 

were then soaked, face up, in the reaction solution for 15 minutes. After this, they were removed, 
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rinsed thoroughly with NPH2O, and blown dry with N2. 

 

4.3 Results and Discussion 

Morphology Development. Since PS-P2VP diblock copolymer thin films can be macroscopically 

aligned,152 our initial investigations to make them useful for AuNP alignment focused on 

controlling the films’ surface topographies. Building on the established literature,149,152,159 several 

solvents expected to be P2VP selective were chosen to do this, with the results shown in Figure 

4.3.1. Several morphologies developed, with the well-known mushroom caps the dominant.159 

These appeared in the films exposed to 10% HCl, 1% HCl, FA, BA, and EtOH (Figure 

4.3.1b,c,d,g,h), with surface densities given in Table 4.3.1. The THF exposed film showed minimal 

enhancement of the encased P2VP cylinders, and it is difficult to precisely determine the AA and 

PA exposed film’s surface morphologies. (Figures 4.3.1a,e,f, 4.3.2). 

Given our previous work,22 THF’s uniform P2VP swelling (Table 4.3.1) seemed to offer a 

promising route to make the substrates we desired. However, THF had not brought the P2VP to 

the film’s surface, as demonstrated by a comparison of the AFM phase images, XPS spectra, and 

water contact angles of an annealed and a THF exposed substrate (Figure 4.3.3). The film’s surface 

remained coated in PS, which would be problematic for aqueous NP deposition.146,147 Increasing 

the THF vapor exposure time could not change this (Figure 4.3.4). 

Upon revisiting the results of Figure 4.3.1, it became clear that, while the other solvents 

did not exhibit the same swelling uniformity as THF, several seemed to swell P2VP better. Thus, 

we decided to try to enhance the corrugation of THF treated films by then exposing them to the 

other solvents. The differences are striking (Figure 4.3.5). While the majority of the topographies 

(Figure 4.3.5a,b,c,g) are still mushroom caps, they now appear with vastly higher surface densities 
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Figure 4.3.1 AFM height micrographs of PS-P2VP diblock copolymer thin films after a) exposure 

to THF vapors, soaking in b) 10% HCl, c) 1% HCl, d) FA, e) AA, exposure to vapors of f) PA, g) 

BA, or soaking in g) EtOH for 15 minutes. All scale bars are 200 nm. 

 

 Table 4.3.1 Analysis of Figure 4.3.1 Film Topographies 

 

(Table 4.3.2). This is especially true in the case of the EtOH, which had a 49x increase in 

mushroom caps/µm2. As can be qualitatively observed by eye, and quantitatively determined by 

comparing the center-to-center widths of the caps (Table 4.3.2) with the cylinder spacing obtained 

from the THF exposed films (Table 4.3.1), the mushrooms are confined to the fingerprint pattern 

of the P2VP cylinders. While they occur with some regularity within the P2VP domains, this does 

not represent the development of Rayleigh instabilities, since the minimum period of the 

Solvent THF 10% HCl 1% HCl FA AA PA BA EtOH 

Structure Cylinder Mushroom Mushroom Mushroom 
----

--- 

-----

--- 
Mushroom Mushroom 

Density/ 

Period, 

Corrugation 

43.3 +/- 

4.8 nm, 

0.68 +/- 

0.18 nm 

99 

structures 

per µm2 

252 

structures 

per µm2 

447 

structures 

per µm2 

----

--- 

-----

--- 

33 

structures 

per µm2 

11 

structures 

per µm2 
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Figure 4.3.2 AFM height micrographs (i) and height profiles (ii) along the black lines in (i) of 

substrates exposed to a) THF vapors, b) soaked in AA, and c) PA vapors for 15 minutes. The scale 

bars are all 200 nm. 

 

 

 

 

 

 

 

Figure 4.3.3 i) AFM height micrograph, ii) AFM phase micrograph, iii) XPS survey, with water 

contact angle inset, and iv) XPS scan of the Nitrogen 1S peak around 400 eV of PS-P2VP diblock 

copolymer thin films after a) 230 ◦C 20 - 24 hour inert atmosphere bake, and b) after exposure to 

THF vapors for 15 minutes. The contact angles for both substrates are 85°, and the area of the 

Gaussian fit in b,iv) is 66.5 counts. The scale bars are all 200 nm. 
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Figure 4.3.4 PS-P2VP diblock copolymer thin film a) AFM height micrograph and b) height 

profile over the black line in a) after 12 hour exposure to THF vapors. Scale bar in a) is 500 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.3.5 AFM height micrographs of PS-P2VP diblock copolymer thin films after being 

exposed to THF vapors, then soaked in a) 10% HCl, b) 1% HCl, c) FA, d) AA, exposed to vapors 

of e) PA, f) BA, and soaked in g) EtOH for 15 minutes. All scale bars are 200 nm. 

 

 Table 4.3.2 Analysis of Figure 4.3.5 Mushroom Topographies 

Solvent 10% HCl 1% HCl FA EtOH 

Density 
301 structures 

per µm2 

500 structures 

per µm2 

457 structures 

per µm2 

535 structures 

per µm2 

Center to Center 

Width 
42.1 +/- 5.4 nm 44.1 +/- 4.8 nm 46.6 +/- 4.7 nm 44.8 +/- 4.6 nm 

Center to Center 

Length 
42.1 +/- 11.9 nm 42.0 +/- 11.7 nm 45.1 +/- 11.9 nm 34.3 +/- 8.7 nm 
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mushrooms would have to be larger than the circumference of the cylinders.160 This would 

correspond to a distance of almost 70 nm for this system, which is not observed (Table 4.3.2). 

Thus, the mushrooms structures are the result of separate, localized swelling events within the 

P2VP cylinder as they seek to release strain, and not due to the liquefaction of the entire domain. 

The rod-like structures obtained after soaking in AA (Figure 4.3.5d) and upon exposure to 

PA or BA vapors (Figure 4.3.5e,f) are considerably more interesting. These also correspond to the 

P2VP domains (Table 4.3.3), with the PA exposed film appearing similar to morphologies reported 

to successfully deposit and align AuNPs.22,149 However, the height profiles of these films show 

that the topography is inverted from the norm (Figure 4.3.6).22,148,149,158 This was surprising, since 

such a structure has not been observed in PS-P2VP thin films before, and doesn’t fit the standard 

description of  diblock copolymer thin film swelling.22,148,149,158,159,161 Over-swollen domains that 

collapse can only create negative spaces, like the mushroom caps, not raised, positive spaces, like 

these cylinders. The hydrophilic nature and improved Nitrogen 1S signal of the substrates confirm 

that the raised rods are composed of P2VP (Figure 4.3.7a). However, when compared with the 

same data for a mushroom forming film, the cylinder substrate is less hydrophilic and has a smaller 

Nitrogen signal (Figure 4.3.7b). These ridges, then, do not present as much P2VP at a film’s 

surface as the mushrooms. Combined with their localization, this raises interesting questions about 

the material that exists between them. 

 To elucidate the chemical nature of the Figure 4.3.5 film surfaces, selected substrates of 

each morphology (1% HCl and FA for mushroom caps, and PA for raised cylinders) were soaked 

in solutions of small, negatively charged AuNPs for 73 minutes. As seen in Figure 4.3.8, the 

AuNPs only deposit where P2VP is exposed, following the fingerprint patterns across the films’ 

surface, and even preferentially aggregate around the edges of the exposed mushrooms (Figure 
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 Table 4.3.3 Analysis of Figure 4.3.5 Cylinder Topographies 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.6 AFM height micrographs (i) and corresponding height profiles across the black lines 

(ii) of PS-P2VP diblock copolymer thin films after being exposed to THF vapors, then a) soaked 

in AA, or exposed to vapors of b) PA or c) BA for 15 minutes. All scale bars are 200 nm. 

 

4.3.8a,b). Substrates soaked in AuNPs for 24 hours show the same selectivity (Figure 4.3.9), even 

when the P2VP selective solvent is EtOH (Figure 4.3.9c). These results confirm P2VP’s confined 

swollen morphologies, which is unlike most other diblock copolymer systems.22,149,158,161 Since 

P2VP does not over-swell and cover the film surfaces, PS still coats the interstitial regions (Figure 

4.3.10). This makes the nanoscale nature of these substrates complex, and has important 

Solvent AA PA BA 

Center-Center Width, 

Corrugation 

38.5 +/- 7.7 nm, 

9.1 +/- 5.3 nm 

42.0 +/- 6.8 nm,  

9.5 +/- 1.8 nm 

40.4 +/- 3.9 nm, 

2.9 +/- 2.1 nm 
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Figure 4.3.7 i) AFM height micrograph, ii) XPS survey, with inset water contact angle, and ii) 

XPS scan of the Nitrogen 1S peak region of substrates pre-treated with THF vapors, then a) 

exposed to PA vapors, and b) soaked in EtOH for 15 minutes. The scale bars in i) are 200 nm, the 

water contact angle of a,ii) is 51.6°, and of b,ii) is 23.1°, and the area of the Gaussian fit in a,iii) is 

156.5 counts, and in b,iii) is 211.5 counts. 

 

implications for this copolymer’s use to assemble NPs. 

 

THF Effect. The swelling morphologies of Figure 4.3.5 arise through a combination of the THF 

pre-treatment and the P2VP selective solvent effects. In an effort to de-convolute their 

contributions, and try to understand our system, the films of Figures 4.3.1 and 4.3.5 were re-

exposed to THF vapors (Figures 4.3.11 and 4.3.12, i) panels). Surprisingly, the substrates all lost 

their topographies, appearing as if they had only been exposed to THF. As is confirmed by the 

featureless AFM phase image, similar height profile, water contact angle, and XPS analysis of the 

N1S region (Figure 4.3.13) to the THF only exposed substrates (Figures 4.3.1a, 4.3.2a, 4.3.3b), 

the P2VP cylinders are again encased in PS. Upon exposure to their respective P2VP selective 
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Figure 4.3.8 i) – iii) SEM and iv) AFM height images of substrates pre-treated with THF vapor, 

then soaked in a) 1% HCl, b) FA, or exposed to vapors of c) PA for 15 minutes, then soaked in 

negatively charged AuNPs for 73 minutes. The scale bars are i) 1 µm, ii) 100 nm, and iii) 20 nm, 

and iv) 200 nm. 

 

solvents, all the films developed morphologies similar to those in Figure 4.3.5 (Figures 4.3.11 and 

4.3.12, ii) panels). P2VP’s presence on the surface of the substrates was confirmed with a similar 

set of analyses (Figure 4.3.14). 

 Similar PS-P2VP surface reversibility has only been reported with solvents that are 

distinctly preferential for one polymer block or the other,162 not the same one. Since THF’s sudden 

lack of P2VP selectivity seems to contradict our previous results, multiple rounds of solvent 
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Figure 4.3.9 SEM images of THF pre-treated PS-P2VP substrates, then a) soaked in 1% HCl, b) 

exposed to vapors of PA, or c) soaked in EtOH for 15 minutes, then soaked in citrate capped 

AuNPs for 24 hours. The scale bars are i) 200 nm, ii) and iii) 100 nm, and iv) 20 nm. 

 

exposures were performed to study this phenomenon further (Figures 4.3.15 – 4.3.21). In every 

instance, the films lost their corrugation after a THF treatment, and with the exception of the EtOH 

soaked substrate (Figure 4.3.21), all their phase micrographs were featureless as well. The 10% 

HCl, FA, AA, and BA exposed films consistently developed the same morphologies as observed 

in Figure 4.3.5 after exposure to their P2VP selective solvent (Figures 4.3.15, 4.3.17, 4.3.18, 

4.3.20). The films exposed to 1% HCl, PA, and EtOH (Figures 4.3.16, 4.3.19, 4.3.21), on the other 

hand, began to exhibit vertical pore149 or spherical micelle-like162 morphologies after multiple 
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Figure 4.3.10 Schematic depicting the PS-P2VP diblock copolymer thin film’s evolution with 

solvent treatments. The PS matrix is black, and the P2VP domains are orange. a) Film morphology 

after oven annealing. The film thickness is about 70 nm, and the P2VP cylinders are about 40 nm 

wide, and buried in the PS matrix at a depth greater than 10 nm. b) Film morphology after THF 

vapor treatment. The surface swelling is as described in Figures 4.3.1, 4.3.3, and 4.3.4, and the 

P2VP cylinders are now within about 10 nm of the film surface. c) Swollen P2VP raised cylinder 

or mushroom morphologies after selective solvent treatment. 

 

rounds of THF and P2VP selective solvent treatments. The new morphologies initially followed 

the P2VP fingerprint pattern, but eventually began to exhibit hexagonal packing (Figures 4.3.16, 

4.3.19, and 4.3.21), indicating that the original P2VP cylinder domains are breaking-up due to the 

repeated exposures. 

These results help elucidate THF’s unique effect on our diblock copolymer films. The 

Flory-Huggins Interaction Parameters157 is often used to describe how well a solvent and a polymer 

will interact, 

𝜒𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =  
𝑉𝑠

𝑅𝑇
(𝛿𝑠 − 𝛿𝑝)2 + 0.34 (1) 

where 𝑉𝑠 is the molar volume of the solvent, in 𝑚
3

𝐿⁄ , 𝑅 is the gas constant, 𝑇 is the temperature,  
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Figure 4.3.11 AFM height micrographs of the substrates in Figure 4.3.1 (no THF pre-treatment) 

after i) being exposed to THF vapors for 15 minutes, then soaked in a,ii) 10% HCl, b,ii) 1% HCl, 

c,ii) FA, d,ii) AA, exposed to vapors of e,ii) PA, f,ii) BA, or soaked in g,ii) EtOH again for 15 

minutes. All scale bars are 200 nm. 

 

and 𝛿𝑠 and 𝛿𝑝 are the Hildebrand parameters of the solvent and polymer, respectively.157 A 

comparison of χ𝑇𝐻𝐹−𝑃𝑆,𝑃2𝑉𝑃 (Table 4.3.4) indicate that THF should be more preferential for PS. 

However, THF’s polar nature and well known hydrogen bonding capabilities163 could lead to 

errors when calculating χ from its Hildebrand parameter, which assumes nonpolar conditions and  
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Figure 4.3.12 AFM height micrographs of the substrates in Figure 4.3.5 (THF pre-treated) after i) 

being exposed to THF vapors for 15 minutes, then soaked in a,ii) 10% HCl, b,ii) 1% HCl, c,ii) FA, 

d,ii) AA, exposed to vapors of e,ii) PA, f,ii) BA, or soaked in g,ii) EtOH again for 15 minutes. All 

scale bars are 200 nm. 

 

interactions.157 This would explain why our observed swelling results (Figures 4.3.1a, 4.3.2a, 

4.3.3b) seem to contradict the χ values, and fits the expectation that the slightly polar and hydrogen 

bonding THF would preferentially interact with the slightly polar and hydrogen bonding P2VP 

block of the copolymer. χ𝑇𝐻𝐹−𝑃𝑆 being less than 0.5, though, indicates that THF will still interact  
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Figure 4.3.13 a) AFM height and b) phase micrographs, c) height profile along the black line in 

a), d) XPS survey, with water contact angle inset, and e) XPS scan of the Nitrogen 1S peak of a 

substrate exposed to THF, PA, and then THF. The scale bars in a) and b) are 200 nm, the water 

contact angle in d) is 81.6°, and the area of the Gaussian fit in e) is 78.0 counts. 

 

 

 

 

 

 

 

 

Figure 4.3.14 a) AFM height micrograph, b) height profile along the black line in a), c) XPS 

survey, with water contact angle inset, and d) XPS scan of the Nitrogen 1S peak of a substrate 

exposed to THF, PA, THF, then PA. The scale bar in a) is 200 nm, the water contact angle in c) is 

66.1°, and the area of the Gaussian fit in d) is 195.3 counts. 
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Figure 4.3.15 AFM height micrographs of Figure 4.3.5a substrate after a) its fifth (THF vapor) 

and b) sixth solvent exposures (10% HCl soak). The scale bars are 200 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.3.16 AFM height micrographs of Figure 4.3.5b substrate after a) its fifth (THF vapor), 

b) its sixth (1% HCl soak),  c) seventh (THF vapor), d) eighth (1% HCl soak), e) twelth (THF, 1% 

HCl, THF, 1% HCl), f) sixteenth (THF, 1% HCl, THF, 1% HCl) and g) twentieth (THF, 1% HCl, 

THF, 1% HCl) solvent exposures. The scale bars are 200 nm, and the hexagons mark examples of 

hexagonal packing that develop. 

 

well with PS. Thus, we propose that, while THF exhibits a slight preference for P2VP, it is a 

nearly-neutral solvent for this diblock copolymer, meaning exposure to its vapor plasticizes both  
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Figure 4.3.17 AFM height micrographs of Figure 4.3.5c substrate after a) its fifth (THF vapor) 

and b) sixth solvent exposures (FA soak). The scale bars are 200 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.3.18 AFM height micrographs of Figure 4.3.5d substrate after a) its fifth (THF vapor), 

b) sixth (AA soak), c) seventh (THF vapor), d) eighth (AA soak), and e) twelfth (THF, AA, THF, 

AA) solvent exposures. The scale bars are 200 nm. 

 

blocks of our copolymer film, quite possibly through the incorporation of residual THF molecules 

into both domains. To directly test this, a film was thermally annealed, exposed to THF, and then 

baked at 80 ◦C for 72 hours under N2 (Figure 4.3.22). The corrugation of the film was reduced, 

even though it was baked well below the glass transition temperature (Tg) of both PS and P2VP.152 
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Figure 4.3.19 AFM height micrographs of Figure 4.3.5e substrate after a) its fifth (THF vapor), b) 

sixth (PA vapor), c) seventh (THF vapor), d) eighth (PA vapor), e) twelfth (THF, PA, THF, PA), 

f) sixteenth (THF, PA, THF, PA), and g) twentieth (THF, PA, THF, PA) solvent exposures. The 

scale bars are 200 nm, and the hexagons mark examples of hexagonal packing. 

 

This effect was even more pronounced on films exposed to THF and a P2VP selective solvent, 

when a completely featureless surface is achieved after baking at only 60 °C for 24 hours (Figure 

4.3.23).  

 These results draw a close comparison to the diblock copolymer solvent vapor annealing 

technique, where the incorporation of the solvent into the thin film not only increases polymer 

chain mobility, but also affects how the blocks interact.164 A key aspect of copolymer film swelling 

is how well the selective solvent can access its preferential block;158,162 in this case, how well the 

P2VP selective solvents can permeate the PS matrix that encases the P2VP cylinder domains. As 

demonstrated by Tables 4.3.1 – 4.3.3, the substrates ‘pre-treated’ with THF have a higher surface 

density, in the case of the mushroom caps, or a more regular, better defined, and more steeply 
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Figure 4.3.20 AFM height micrographs of Figure 4.3.5f substrate after a) its fifth (THF vapor), 

b) sixth (BA vapor), c) seventh (THF vapor), d) eighth (BA vapor), and e) twelfth (THF, BA, 

THF, BA) solvent exposures. The scale bars are 200 nm. 

 

corrugated, in the case of the cylinders, surface morphology upon selective solvent exposure 

(Figure 4.3.5, Tables 4.3.2 and 4.3.3) than their oven annealed only counterparts (Figure 4.3.1, 

Table 4.3.1). Easier penetration by the P2VP solvents of a PS block rendered slightly polar by 

residual THF molecules is the simplest explanation for this improvement. 

 Finally, THF’s ability to favorably interact with the PS matrix explains the surface 

reversibility of the films in Figures 4.3.11, 4.3.12, and 4.3.15 – 4.3.21. Given the pHs, pKas 

(Table 4.3.5), and general polarity of the selective solvents used in this study, we propose that 

these solvents make the P2VP domains too polar to be swollen by THF anymore. Thus, further 

THF exposures would only result in the PS domains swelling. Since diblock copolymer domains 

are chemically bound to one another,22 the PS swelling would force the P2VP domains to 

reorient by folding in on themselves, and ultimately being covered by PS (Figure 4.3.24). The 
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Figure 4.3.21 AFM micrographs of Figure 4.3.5g substrate after a) its fifth (THF vapor), b) sixth 

(EtOH soak), c) seventh (THF vapor), d) eighth (EtOH soak), e) twelfth (THF, EtOH, THF, EtOH), 

f) sixteenth (THF, EtOH, THF, EtOH), g) twentieth (THF, EtOH, THF, EtOH), and h) twenty-first 

solvent (THF) exposures. In a), c), and h), image i) is the height profile, and ii) is the corresponding 

phase profile of i). The scale bars are 200 nm, and the hexagons mark examples of hexagonal 

packing. 

 

Table 4.3.4 

Flory-Huggins Interaction Parameters of PS and P2VP with the Solvents Used in this Study 

*All Hildebrand parameters come from ref. 157 unless otherwise specified. 

Parameter THF FA AA PA BA EtOH PS P2VP 

δ (MPa)1/2 18.61 24.81 20.7 20.3 21.1 26 18.67 21.27165 

𝜒𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑃𝑆 0.34 0.91 0.44 0.42 0.56 1.61 ---- ---- 

𝜒𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑃2𝑉𝑃 0.57 0.53 0.35 0.37 0.34 0.87 ---- ---- 
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Figure 4.3.22 AFM height micrographs of a substrate a) annealed at 230 °C for 20 – 24 hours, b, 

i) then exposed to THF vapors for 15 minutes, then c, i) baked at 80 °C for 72 hours. ii) are the 

height profiles across the black lines in their respective i). All scale bars are 200 nm. 

 

 

 

 

 

Figure 4.3.23 AFM height micrographs of a PS-P2VP diblock film demonstrating its structural 

morphology changes after a) the 20- 24 hour 230 ◦C oven anneal, then b) a 15 min THF vapor 

exposure, then c) a 15 min PA vapor exposure, and finally a d) 24 hour, 60 ◦C bake. All scale bars 

are 200 nm. 

 

Table 4.3.5 pH and pKa Values of Materials Used in this Study  

 

 10% 

HCl 

1% 

HCl 

FA AA PA BA EtOH P2VP PS THF 

pH/pKa -0.45 0.56 3.75166 4.76167 4.88167 4.82166 15.9166 4.5168 ----- ----- 
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Figure 4.3.24 Cut-away illustration of the swelling of the P2VP diblock copolymer thin films 

when exposed to THF vapors after exposure to the P2VP selective solvents. The black regions 

represent the PS matrix, and the orange represent the P2VP domains. a) Swollen P2VP raised 

cylinder or mushroom morphologies after selective solvent treatment, as in Figure 4.3.10c. b) 

Proposed THF swelling of the PS matrix, forcing the P2VP domains to collapse. c) Post-THF 

swelling morphology, similar to Figure 4.3.10b.  

 

inability of the film to completely reset is due to the changes wrought in the P2VP cylinders, 

preventing their complete de-swelling. 

 

Selective Solvent Effect. While THF’s effect accounts for the general improvement in P2VP 

swelling, it does not explain why various solvents cause different swelling morphologies. 

Reviewing the results presented so far does not provide a clear answer either. While exposure 

methodology (vapor vs. soak) could be the culprit, it can’t be the complete cause, since films 

soaked in AA form raised cylinder structures (Figures 4.3.5d, 4.3.6a). Nor is the defining factor 

clearly pH or pKa related. Solutions with a pH or pKa value below P2VP’s generally swell P2VP 

significantly because of their ability to protonate it.159,168 This explanation would predict that the 
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10% HCl solution would induce the most swelling (Table 4.3.5), which was clearly not observed 

(Tables 4.3.1, 4.3.2, and 4.3.3), and it cannot explain how P2VP is swollen by solvents with pKa’s 

above its own (Table 4.3.5). Finally, it cannot explain the different swelling structures. 

 Given the apparent complexity of this story, we decided to first investigate if soaking or 

vapor exposing the films affected the structural morphologies. THF pre-treated films were soaked 

in, or exposed to vapors of, the P2VP selective solvents for various amounts of time. For all seven 

solvents, the films developed the previously shown morphologies (Figure 4.3.5a-d,g) after only 

one minute of soaking (Figure 4.3.25a-d,g), including their removal by PA and BA (Figures 4.2.2, 

4.3.25e,f). Longer soaking times didn’t yield any changes (Figure 4.3.26). Films exposed to vapors 

of FA, AA, and EtOH eventually developed the same morphologies as their minute soaked 

counterparts, but only after 48 hours (Figure 4.3.27). The exposure methodology, therefore, 

dictates how quickly the mushroom caps or raised cylinders form. 

 This explanation also covers the swelling behavior of the PA and BA exposed films. As 

shown in Figure 4.3.28, the raised horizontal cylinder’s development during a vapor exposure can 

be monitored. After 10 minutes under PA or 60 minutes under BA, surface structures with the 

same characteristics (Figure 4.3.28a,iii,b,c) as the 15 minute PA exposures used in the rest of this 

work (Table 4.3.3) develop. With longer PA exposure, the P2VP cylinders lose their separation 

and merge together (Figure 4.3.28a,iv), until the surface morphology is lost (Figure 4.3.28a,v). 

The reduced water contact angle of the hour long PA exposed film (Figure 4.3.28a,v inset) 

indicates that this is due to the P2VP finally overflowing and coating the film’s surface. All the 

swelling results of THF pretreated films that are then soaked in or exposed to vapors of PA or BA 

point to the raised cylinders being incomplete swelling of the P2VP domains. Thus, unlike for the 

other solvents, the exposure methodology is slightly involved in these structures’ development, 
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Figure 4.3.25 AFM height micrographs of films exposed to THF vapors for 15 minutes, then 

soaked in a) 10% HCl, b) 1% HCl, c) FA, d) AA, e) PA, f) BA, or g) EtOH for 1 minute. All scale 

bars are 200 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.3.26 AFM height micrographs of PS-P2VP diblock films soaked in a) FA, b) AA, or c) 

EtOH for i) 5 minutes, ii) 10 minutes, or iii) 30 minutes. 
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Figure 4.3.27 AFM height micrographs of films pre-treated with THF, then exposed to vapors of 

a) FA, b) AA, c) and EtOH for 48 hours. All scale bars are 200 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.3.28 AFM height micrographs films exposed to THF vapors for 15 minutes, then exposed 

to vapors of a) PA for i) 1 minute, ii) 5 minutes, iii) 10 minutes, iv) 30 minutes, v) 60 minutes, or 

b) BA for 60 minutes. c) Height profiles over the corresponding lines in a,iii) and b), with 42.5 +/- 

4.4 nm period and 10.4 +/- 1.6 nm corrugation, and 37.7 +/- 4.4 nm period and 8.27 +/- 2.1 nm 

corrugation, respectively. The insets of a,v) and b) show the water contact angles of the films, 

which are 33.5° and 48.4°, respectively. All scale bars are 200 nm. 

 



80 
 

since the slower swelling afforded by vapor exposure allows them to be observed. 

 Since the exposure methodology does not dictate whether a film will swell into mushroom 

caps or raised cylinders, the root cause lies with differences between the solvents. Because no 

universal metric of solvent polarity exists, the P2VP selective solvents’ pH or pKa values can be 

used to compare them instead (Table 4.3.5). Initially, these values do not seem to present a trend, 

since the 10% HCl solution, 1% HCl solution, and FA, which will swell P2VP by protonating it, 

and EtOH, which can only swell P2VP by hydrogen bonding with it, all form mushrooms. 

However, these solvents do share the similarity of being at least three-quarters of a pH unit away 

from P2VP’s pKa, while the raised cylinder swelling solvents of AA, PA, and BA are all less than 

10% above that value. This suggests that a complex swelling mechanism, but still based on 

hydrogen bonding, results in the raised cylinder morphologies. To investigate this, THF pre-treated 

films were soaked in 1% HCl solution, FA, or EtOH, then exposed to PA vapors (Figure 4.3.29a-

c). In all three cases, the mushroom morphologies were converted into raised cylinders after PA 

exposure. Soaking a pre-treated, PA exposed film in FA could not convert the raised cylinders to 

mushroom caps (Figure 4.3.29d). This could only be achieved with an intermediate THF step 

(Figure 4.3.30), which is consistent with the idea of THF exposures after P2VP selective solvent 

treatments ‘resetting’ the films. The persistence of the mushroom cap morphologies after a film 

was soaked in FA twice means that the results of Figure 4.3.29a-c were caused by exposure to PA, 

as opposed to improved solvent uptake by the exposed P2VP (Figure 4.3.31). 

 PA’s ability to transform the EtOH made mushroom caps into raised cylinders (Figure 

4.3.29c), as well as the PA raised cylinders’ inability to be transformed into mushroom caps by 

FA (Figure 4.3.29d), indicate that an electrostatic effect, in addition to hydrogen bonding, is 

involved in swelling the cylinders. These effects cannot be separated, as demonstrated by THF 
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Figure 4.3.29 AFM height micrographs films pretreated with THF, then soaked in a,i) 1% HCl, 

b,i) FA, c,i) EtOH, or exposed to vapors d,i) PA, then exposed to vapors of a,ii) – c,ii) PA, or soakd 

in d,ii) FA for 15 minutes All scale bars are 200 nm. 

 

 

 

 

 

Figure 4.3.30 AFM height micrographs of films exposed to THF, then a,i) PA, b,i) FA, then THF, 

then a,ii) FA, b,ii) PA. All scale bars are 200 nm. 

 

pretreated films serially exposed to FA and EtOH only yielding mushroom caps (Figure 4.3.32). 

Therefore, we propose that the raised ridges occur due to nearly dissociated hydrogen bonds 

between AA, PA, or BA solvent molecules and the P2VP moieties. These solvents cannot 

protonate P2VP, but the closeness of their pKas to P2VP’s suggests that their acidic hydrogen is 
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Figure 4.3.31 AFM height micrographs of films pre-treated with THF, then soaked in a) FA for 

15 minutes, then b) FA again for 15 minutes. All scale bars are 200 nm. 

 

 

 

 

 

Figure 4.3.32 AFM height micrographs of films pre-treated with THF, then soaked in a,i) FA or 

b,i) EtOH, followed by a soak in a,ii) EtOH or b,ii) FA for 15 minutes. All scale bars are 200 nm. 

 

not closely held. This would yield a stronger hydrogen bond with P2VP’s nitrogen group, much 

stronger than in the case of EtOH. As indicated by Figure 4.3.9c, the P2VP domains are 

significantly positively charged even when swollen by EtOH. Since the organic acids have not 

dissociated, carboxylate groups are also present within the P2VP domains. Their counterbalancing 

influence could reduce electrostatic repulsion issues that could promote mushroom formation.  

 

Gold Nanoparticle Alignment. The presence of PS at the film’s surface, and the charged nature 

of the exposed P2VP domains, will present challenges146 when using this copolymer to deposit 
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and align NPs. However, the issues are not insurmountable. Having found a colloid that takes 

advantage of this diblock’s peculiarities, we decided to explore the possibilities offered by this 

hybrid system. Thus, an aligned film was exposed to THF and PA vapors (Figure 4.3.33), and 

soaked in AuNPs for 24 hours. The small, negatively charged AuNPs showed the same selectivity 

for the exposed P2VP domains as before, creating a macroscopic, structural anisotropy that 

followed the P2VP cylinder alignment (Figure 4.3.34a). The film had a light pink color, with a 

weak plasmon resonance at 2.138 eV that was quite wide (full-width half-maximum (FWHM) of 

0.77 eV) (Figure 4.3.34c). The film showed a small polarization dependent response, decreasing 

in absorbance by 8.7% when oriented against, as opposed to with, the incoming light’s polarization 

(Figure 4.3.34d). 

 Since these AuNPs are commonly used to grow larger particles,6 the AuNP coated film 

was exposed to a gold growth solution. During this process, the substrate’s color changed to an 

intense blue, developing a much more intense plasmon resonance at 1.926 eV (Figure 4.3.34c). 

The larger AuNPs maintain the system’s structural anisotropy, only coating the exposed P2VP 

domains (Figure 4.3.34b). The FWHM of the film shrank dramatically (0.43 eV), and it exhibits a 

greater polarization dependent response, dropping 12.1% in absorbance when oriented against the 

incoming light’s polarization (Figure 4.3.34d). Unfortunately, this isn’t mirrored in the reflectance 

data (Figure 4.3.35), but the film does show a slight shift in its plasmon resonance with orientation 

(90°: 1.935 eV, 0°: 1.9136 eV) (Figure 4.3.34d). The existence of these optical anisotropties is 

somewhat surprising, given the AuNP surface density, and thereby demonstrates the impressive 

ability and potential of this diblock copolymer film’s to control NP deposition and alignment. 

 

4.4 Conclusion 
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Figure 4.3.33 AFM height micrographs of the film in Figure 4.3.34 after alignment, then 15 minute 

a) THF, and b) PA vapor exposures. The scale bar in a) is 1 µm, and in b) is 200 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.3.34 P2VP diblock copolymer film aligned, pre-treated with THF, exposed to PA vapors 

for 15 minutes, then a) soaked in AuNPs for 24 hours, and then b) soaked in a gold growth solution 

for 15 minutes. The scale bars in i) are 100 nm, and in ii) are 20 nm. c) Absorption spectra of the 

substrates in a) (pink) and b) (blue). The insets are pictures of the films. d) Polarized absorbance 

spectra of the substrate in a) and b). The solid lines indicate the spectra obtained with the film 

aligned with the incoming light’s polarization (0°), and the dashed lines indicate the spectra 

obtained when the film was aligned against the incoming light’s polarization (90°). 
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Figure 4.3.35 Reflectance spectra of the film in Figure 4.3.34 after exposure to the gold 

overgrowth solution. The red line is the spectrum obtained when the film is aligned with (0°) the 

incoming light’s polarization, and the black line corresponds to the spectrum obtained when the 

film is aligned against (90°) the incoming light’s polarization 

 

In conclusion, we investigated PS-P2VP diblock copolymer thin film swelling upon exposure to 

different P2VP selective solvents. With a THF vapor pretreatment, P2VP domain swelling 

significantly increases upon subsequent solvent exposure, occasionally yielding a unique, raised 

horizontal cylinder surface morphology. We determine that THF is a near-neutral solvent for the 

diblock, displaying a slight P2VP preference in freshly annealed films. However, after P2VP 

selective solvent exposure, THF can only swell the PS matrix due to fundamental changes that 

occurred in the P2VP domains. This has the unexpected result of de-swelling the films, eliminating 

their previous surface topographies. 

These results indicate that THF promotes P2VP swelling due to its incorporation into the 

PS matrix. This would make the matrix slightly polar, and therefore more permeable to the P2VP 

selective solvents, allowing them better access to the P2VP cylinders. However, neither P2VP 

swelling morphology arise through traditional descriptions of copolymer swelling, resulting in PS 

still being present on the films’ surfaces. Although the mushroom caps are consistent with polymer 

domains overswelling then collapsing, the P2VP only collapses into itself in this case, as opposed 
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to collapsing over the entire film. While these structures appear with periodicity within the P2VP 

domains, they are the results of local swelling events and not due to the development of Rayleigh 

instabilities. With further investigation, we show that these structures only occur when exposed to 

solvents with pHs or pKas very removed from P2VP’s, indicating that exclusive P2VP protonation 

or exclusive hydrogen bonding to P2VP moieties yield this topography. 

The development of the never-before-seen raised cylinders is more complex. They can only 

occur due to the P2VP domains swelling homogenously across their entire length, and cannot result 

through a more swollen structure’s collapse. A case can be made that the exposure methodology 

plays a role in their development, but this cannot explain how they arise. The solvents that induce 

these ridges have pKas above, but close to, that of P2VP’s, meaning that hydrogen bonding is 

primarily responsible for these structures. However, the closeness of the pKas indicates that these 

hydrogen bonds will be exceptionally polarized, and suggests that the carboxylate groups of the 

AA, PA, and BA solvent molecules could help stabilize the cylinders. Finding that electrostatics 

play a role in these structures’ swelling provides suggestive evidence for this idea. 

Finally, we demonstrate that these substrates can serve as excellent templates for 

controlling AuNP assembly and growth, even though their surface is complex. By aligning the 

P2VP cylinder domains, we can control the AuNP alignment, and create densely packed films that 

exhibit long range structural and optical anisotropies. Having developed an understanding of this 

diblock copolymer’s swelling, and demonstrated its utility for NP alignment, we believe these 

substrates can be integrated with other NP systems, thereby becoming a novel, exciting, 

springboard with which to study controlled NP assemblies and their optical properties.  

 

4.5 Pertinent Background Results 
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As was mentioned at the beginning of the chapter, this project was conceived to expand the results 

of chapter 3 to the cm2 level. Thus, I initially attempted to shear-align the same PS-b-PMMA 

diblock copolymer used there, but encountered two unresolvable issues. After every alignment, 

the film surface lost its heterogeneity, appearing as if coated in some material (Figure 4.5.1). After 

some research, PS was identified as the culprit. Due to its larger volume fraction and preferential 

PDMS wetting at the alignment temperatures, PS would coat the film-PDMS interface during the 

alignment process, thereby burying the PMMA hemi-cylinders.169 In addition to this, while an AA 

vapor treatment could express the PMMA domains, it could not change the film’s surface 

topography, and demonstrated that we could not apply enough force to align the hemi-cylinders 

(Figure 4.5.1b).169 

 Thus, I went in search of a commercially available, cylinder forming, diblock copolymer 

with shear-force alignable thin films. The only system I could find that fit these requirements was 

the PS-P2VP diblock used throughout this chapter. Given the issues with PS-b-PMMA, I first 

focused on the diblock’s alignment. Since the P2VP cylinders are encased in PS, this also required 

a P2VP selective solvent exposure, for which THF worked with great effect.152 Having established 

control over this issue, I moved on to improving the diblock’s corrugation. This was initially 

performed with long AA vapor exposures (~24 hour) after THF vapor treatments, and yielded 

raised cylinders with corrugation about half that in Figure 4.3.27b. Believing I finally had the film 

systems I wanted, I attempted to coat them with AuNRs. As can be guessed, this did not work 

(Figure 4.5.2a). While AuNRs appeared to occasionally deposit between the raised cylinders, they 

did not do so with any obvious regularity or reproducibility, and is most likely the result of the 

complex nature of these films’ surfaces. However, it was this seemingly perfect system’s failure 

that launched my investigation into this diblock copolymer film’s swelling. 
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Figure 4.5.1 i) Height and ii) phase AFM micrographs of PS-b-PMMA films like those used in 

chapter 3 after a) oven annealing, and b) shear-force alignment and 15 minute AA vapor treatment. 

All scale bars are 200 nm. 

 

 

 

 

 

Figure 4.5.2 a) Representative SEM image of the attempts to deposit AuNRs into the trenches of 

the PS-P2VP diblock copolymer films. b) PS-P2VP film soaked in a 10 mM HAuCl4 in AA 

solution. c) PS-P2VP films exposed to THF and PA vapors, then soaked in a 10 mM HAuCl4 in i) 

a 5% wt PA solution, or ii) a 20% wt PA solution. 

 

 As this work progressed, I was always considering the potential applications, advantages, 

and implications of my results. This PS-P2VP diblock has been successfully used to make thin, 

well defined metal fibers by intercalating the P2VP domain with negative metal ion complexes, 

then treating the system with oxygen plasma to reduce the metal and remove the polymer.152,156,159 

These reports almost exclusively use silicon substrates, in part because the only consistently 

reported way to intercalate the P2VP with gold required the use of hydrofluoric acid.152,159 In 
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addition to what I could achieve with the AuBP seeds (Figures 4.3.8, 4.3.9, 4.3.34), I hoped my 

organic acid exposures might provide a way to intercalate HAuCl4 without HF, and therefore allow 

these fibers to be made on glass. This sort of worked (Figure 4.5.2b,c). My best results were 

obtained with AA, though a large amount AuNS biproducts were present in the system as well 

(Figure 4.5.2b). I had limited success by pre-treating a film with THF and PA vapor exposures, 

then soaking the film in different wt % solutions of PA and 10 mM HAuCl4 for three hours (Figure 

4.5.2c). As I increased the percent of PA in the HAuCl4 solutions, the post-plasma gold structures 

became more fiber-esque (Figure 4.5.3c,ii). Unfortunately, due to time constraints, I have been 

unable to pursue this idea further. 
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Chapter 5. On-going Projects 

 

An overview of my two ongoing projects is contained in this chapter. In chapter 5.1, I cover my 

work as part of a collaboration to precisely assemble AuBPs and Ag/AuNSs on polymer –coated, 

ITO glass, and in chapter 5.2, I present my work to create and characterize AuBP – QD hybrid 

systems, both with and without collaborators. I describe the problems I encountered, and the 

solutions I employed during each project, and bring the reader up to date with their progress. These 

projects sought to exploit the AuBPs’ extreme electromagnetic field enhancement capabilities15 

(Figure 1.1.1b) in carefully designed constructs, enhancing the resulting systems’ optical 

properties. In the first case, we hoped to create arrays of AuBP – AgNS heterostructures with large 

SHG responses, and in the second case, we hoped to create AuBP – QD systems with enhanced 

PL properties. 

 

5.1 Polymer Templated Gold Bipyramid – Silver Nanosphere Heterostructures with Large 

Second Harmonic Generation Responses 

Collaborators: Dr. Xiaoying Liu, Dr. Yuval Yifat, Prof. Paul Nealey 

Special thanks to: Prof. Norbert Scherer 

 

Metallic nanostructures’ abilities to exhibit or enhance nonlinear optical (NLO) properties is well 

documented.170–175 Because of the precise location and orientation control,170,171,175 and the ability 

to make macroscopic arrays,172–174  research into this topic has almost exclusively used top-down, 

lithographically defined structures. This was true until recently, when the Nealey lab developed a 

methodology that made arrays of various sized AuNSs with controlled the locations and 
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orientations on polymer coated, ITO substrates.176–178 These structures also demonstrated 

enhanced SHG properties.176–178 Given my work to this point, and the general research interests of 

our lab, we decided to collaborate to make the first multi-metal and multi-structure plasmonic NP 

arrays, then study their optical properties. We hoped that, by coupling the large electromagnetic 

field enhancements of a AuBP excited at its plasmon resonance to a AgNS with a LSPR at half 

that wavelength, we could make systems with impressive SHG abilities.  

 

5.1.1 Experimental Methods 

New Materials. Benzyldimethylhexadecylammonium chloride (BDAC), poly(4-lithium styrene-

sulfonic acid) (30 wt. % solution in water, PSS), hydrogen peroxide (30 wt. % solution in water, 

H2O2), and ammonium hydroxide (28 – 30 % NH3, NH4OH) were purchased from Sigma Aldrich 

and used without further purification. Sodium Sulfate (≥99.0%) and Sulfuric Acid (95-98%) were 

bought from Fisher Scientific and used without further purification. 

Hexadecyltrimethylammonium chloride (CTAC, >95%) was purchased from TCI and used 

without further purification.  

New Methods. AuBPs were synthesized and cleaned as described in Chapter 2. They were then 

purified by soaking in synthesis-dependent concentrations of a BDAC solution at 30 °C overnight. 

The sample described here was soaked in 10 mL of a 125 mM BDAC solution for 10 hours. After 

this, the supernatant was carefully poured off, and the pellet resuspended with 10 mL of a 5 mM 

CTAB solution. To remove as much excess BDAC as possible, this colloid was centrifuged at 

4000 g and 30 °C for 10 minutes, followed by the decanting of its supernatant and the resuspending 

of its pellet with 2 mL of NPH2O. To reduce the free CTAB concentration and allow high AuBP 

deposition on the substrates, the solution was centrifuged again, at 2000 g and 30 °C for 10 
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minutes, followed by its supernatant being decanted and its pellet being resuspended with 2 mL of 

NPH2O. 

PSS coated AuBPs were prepared as described elsewhere.33 After the first post-purification 

cleaning, the AuBP colloid was diluted to 2.1 mL with NPH2O water. It was then divided into 

seven, 300 µL aliquots, to which another 1.2 mL of NPH2O were added. These were then 

centrifuged at 5000 g for 5 minutes, their supernatants decanted, and their pellets resuspended with 

1.0 mL of NPH2O and 500 µL of 0.1% wt PSS solution. The NPH2O must be added before the 

0.1% wt PSS solution, or the colloid will irreversibly aggregate. The AuBPs were allowed to soak 

for 2 hours. After this, the aliquots were centrifuged at 5000 g for 5 minutes, their supernatants 

decanted, their pellets resuspended with 300uL of NPH2O, and then were recombined into a single 

solution. It is important to note that dividing the AuBP colloid into smaller aliquots improves 

overall yield after PSS functionalization. Attempts to perform this coating with larger volumes 

resulted in large numbers of AuBPs lost due to aggregation.  

AgNS were synthesized as described elsewhere.179 47.5 mL of NPH2O were brought to 

boil in a round bottom flask with vigorous stirring. The silver precursor was prepared separately 

by mixing 1 mL of 34 mM Na3Cit, 1.47 mL of 10 mM AgNO3, and 30 µL of 100 mM Na2SO4 

under vigorous stirring for 5 minutes. 50 µL of 100 mM VC was added to the boiling NPH2O, and 

allowed to boil for 60 s. Then, the silver precursor was injected, and the reaction was allowed to 

run for 60 minutes. Due to the irreproducible nature of this synthesis, many tweaks to it were 

performed, including performing it under Ar. Unfortunately, nothing systematically improve the 

synthesis. 

Ag coated AuNS were synthesized as described elsewhere.180 A AuBP colloid was 

prepared as described in Chapter 2. To it was then added 3.75 mL of 160 mM CTAC solution, 750 
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µL of 40 mM AgNO3 solution, and 750 µL of 100 mM vit-C. The colloid was allowed to age for 

20 hours at 70 °C, followed by centrifuging at 2000 g and 30 °C for 30 minutes. The supernatant 

was decanted, the pellet resuspended with 10 mL of 50 mM CTAB solution, then aged at 30 °C 

for 4 hours. After this, the yellow supernatant, containing the Ag/AuNSs, and the grey pellet, 

containing the Ag coated AuBPs, were separated. The Ag/AuNS were centrifuged again at 4000 

g and 30 °C for 5 minutes, their supernatant decanted, and their pellet resuspended with 10 mL of 

NPH2O.  

The Ag coated AuBPs were resuspended to 5 mL with NPH2O, then mixed with 100 µL of 

base piranha (1:1 mixture of 30 wt % solutions of NH4OH and H2O2), and allowed to react for 16 

hours to selectively remove the Ag overcoating. When this didn’t appear to work, 200 µL more of 

base piranha were added, and the pellets were soaked for another 6 hours. They were then 

centrifuged at 5000 g and 30 °C for 15 minutes, their supernatants decanted, and their pellets 

resuspended with 2 mL of NPH2O. Due to the lack of AuBP purity and yield, this process was 

abandoned as a purification technique. 

AuBP-Ag/AuNS heterostructures on polymer coated, ITO glass were stored under vacuum 

when not being characterized, in order to prevent Ag oxidation. Dark field (DF) scattering spectra 

were recorded using a home-built microscope connected to a home-built spectrometer, similar to 

the setup used in Chapter 2. 

 

5.1.2 Nanoparticle Synthesis Considerations 

Two synthetic issues had to be addressed before the AuBP – Ag/AuNS arrays could be made. The 

first was improving the purity of the AuBP colloid,6 since any remaining AuNS biproducts would 

bind to the places intended for AgNSs. The second was determining the right ligand conditions to 
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allow both the AuBPs and AgNSs to bind to the polymer surface. The Weizmann lab’s recent 

development of a fairly straightforward methodology to separate the AuBPs from their AuNS 

biproduct9 handled the purity issue. Utilizing the depletion zone interaction concept,181 AuBPs 

were synthesized as described in Chapter 2, then purified by overnight soaking in BDAC. For this 

study, AuBP purity was vastly more important than AuBP concentration. Therefore, we used 

slightly lower BDAC concentrations than necessary to ensure high colloid purities (Figure 5.1.2.1). 

However, this does leave some AuBPs in the supernatant (Figure 5.1.2.1b). After purification, the 

colloid moves from being dark, wine-red in color to pink-brown, with the significantly reduced 

feature around 2.3 eV demonstrating the significantly improved purity of the colloid (Figure 

5.1.2.1). The AuBPs’ dimensions were calculated from TEM images.  

While this technique is relatively simple, its implementation is a bit more complex. The 

BDAC concentration needed for purification is heavily dependent on AuBP size.9 Since it is almost 

impossible to predict AuBP sizes before a synthesis, each colloid must be individually analyzed to 

determine its ‘correct’ BDAC concentration. I also found this process to be time sensitive, with 

similarly sized AuBPs soaked for 10, 11, or 12 hours requiring different (± 25 mM) BDAC 

concentrations for purification. Other complications arise while decanting the supernatant. The 

depletion zone interaction theory181 only indicates that the correctly sized NPs will sediment. 

Unfortunately, this sedimentation can happen on any surface of the container used to perform the 

soak, meaning a significant number of AuBPs can be lost during decanting. Relatedly, a thin film 

of residual supernatant coats the container walls after being decanted. This is almost exclusively 

AuNSs, and will settle on top of the pure AuBP sediment if not given enough time to drain. While 

the resulting purity issue could be corrected with another round of purification, the AuBPs 

eventually lose their sharp tips under these conditions,9 negatively impacting their electromagnetic 
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Figure 5.1.2.1 a) As synthesized and b) purified AuBP colloids. i) UV/Vis spectra of the colloids, 

with the insets pictures demonstrating their color. The red line in b,i) is the UV/Vis spectra of the 

decanted supernatant. All spectra were recorded at the same concentration, or scaled to account 

for dilution effects. ii) Representative TEM images of the colloids. The particles in b) were used 

for this study, and have a plasmon resonance of 1.411 eV, and are 138.4 +/- 7.5 nm long, and 42.2 

+/- 2.4 nm wide. 

 

field enhancements (Figure 1.1.1b).15 If purity issues are encountered, one subsequent soak at the 

optimum BDAC concentration can be performed without causing significant rounding. Finally, 

some of the purified AuBPs irreversible aggregate during the post-purification centrifugation, 

further decreasing overall yield. 
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 Having satisfactorily addressed the AuBP colloid’s purity, we moved to addressing the NP 

ligand – polymer surface interaction issue. Given the previous work of the Nealey lab,176–178 the 

fact that most AgNS syntheses use citrate as the capping agent,179 and our lab’s success in coating 

AuBPs in the negatively charged polymer PSS,33,50 I initially decided to use negatively coated 

noble metal NPs for this project. Unfortunately, this encountered several problems. First, the PSS 

coated AuBP’s surface density of was consistently low, indicating a poor interaction between the 

PSS and the polymer surface, and immediately limiting the potential yield of any AuBP – AgNS 

heterostructures. Second, even though citrate and PSS are negatively charged, the use of different 

capping agents actually increased the complexity of tuning the polymer – ligand interactions, as 

opposed to decreasing them. This usually resulted in one or the other NP depositing, but not both 

(Figure 5.1.2.2a). Lastly, the AgNS syntheses proved to be un-tunable and irreproducible (Figure 

5.1.2.2b,c). Despite many synthetic attempts, I could not consistently synthesize spherical AgNP. 

If I did make AgNSs, they did not have a consistent size dispersity, and their LSPRs could not be 

shifted from ~400 nm in water. Given the LSPR’s dielectric dependence,37 and since our optical 

and SHG studies are performed in air, these AgNSs’ LSPRs would be too blue to be useful. 

 The solution, as it turned out, was elegantly simple. Another recent methodology to purify 

the AuBP colloid involved overgrowing Ag on all of the AuNPs in the solution.180 The Ag would 

coat the AuNSs isotropically, and the AuBPs anisotropically, creating large AgNSs and long 

AgNRs. The NPs would then separate, due to the extreme differences in their depletion zone 

interactions,181 with the Ag encased AuBPs forming a pellet, and the Ag coated AuNSs remaining 

in the supernatant. While this method couldn’t separate the AuBPs with enough purity or yield 

(Figure 5.1.2.3b,c), it did create a large number of Ag/AuNSs with LSPRs in water close to what 

we needed (Figure 5.1.2.3d). More importantly, these were also coated in CTAB, the original 
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Figure 5.1.2.2 Representative a) SEM image, b) UV/Vis spectra, and c) TEM images of the issues 

encountered when trying to use negatively coated noble metal NPs in this project. a) SEM image 

of the polymer patterned substrate after exposure to both PSS coated AuBPs and citrate coated 

AgNSs. Only the PSS coated AuBPs anchored to the polymer, and they did so with a low surface 

density. b) and c) Demonstration of the issues with reproducibly synthesizing AgNSs. b) UV/Vis 

spectra of several AgNS syntheses, with the inset showing the frequently achieved, bad cloudy-

white, as opposed to clear yellow, solution color, and c) TEM images demonstrating the inability 

to reproduce similar AgNSs. The AgNS in c,i) are 39.1 +/- 4.4 nm, and the ones in c,ii) are 42.5 

+/- 8.4 nm. The SEM image in a) was provided by Xiaoying Liu. 

 

ligand of the AuBP synthesis. Since working with one NP ligand would simplify the polymer 

substrate optimization, CTAB coated, purified AuBPs (Figure 5.1.2.1b) and Ag/AuNSs were 

prepared (Figure 5.1.2.3d) to make the heterostructures. 
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Figure 5.1.2.3 UV/Vis and TEM images of AuBP colloid purified using the Ag overgrowth 

method. a) UV/Vis spectrum of as synthesized colloid. b,i) UV/Vis spectrum and b,ii) TEM image 

of Ag overgrown AuBPs. The plasmon resonance of the Ag overgrown AuBPs is located below 

0.67 eV, where our cuvette begins to absorb. c) UV/Vis spectrum of Ag overgrown AuBPs after 

base piranha etch. d,i) UV/Vis spectrum, with the inset demonstrating the color, and d,ii) TEM 

image of Ag/AuNSs. These were the AgNPs used for the rest of this study, with a plasmon 

resonance at 2.627 eV, and are 75.9 +/- 7.3 nm in diameter. 

 

One more synthetic tweak was required before we achieved success. Generally, the AuBP 

colloid is only high-g centrifuged once to concentrate it and remove excess reactants. A large 

amount of CTAB (estimated 2 – 5 mM) is still present after this, however, and since it is the 

AuBPs’ CTA+ ligands that attach them to the polymer surface, freely floating surfactant will 

interfere with the process. An additional, careful centrifugation removes enough CTAB to allow 

the AuBPs to stick to the polymer surface with high yield. Since the Ag/AuNS already bound well 

to the polymer surface, we immediately achieved AuBP – AgNS heterostructures. 
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5.1.3 Dark Field Optical Characterization 

Having created these new plasmonic systems, we next needed to characterize their optical 

properties. Since we again have NPs on a substrate, this done with DF microscopy (Figure 2.2.1). 

In order to excite both the AgNSs’ LSPRs and the AuBPs’ LSPs, a Xenon arc lamp was initially 

used as a light source. Unfortunately, it was rendered non-viable due to its intense UV emission 

making all of our index of refraction matching, low fluorescence DF oil fluoresce blue (Figure 

5.1.3.1). Thus, we investigated the near-IR spectra of the sixteen identifiable AuBP – AgNS 

structures. Of these, five didn’t show a significant shift, eight were significantly blue shifted, and 

three were significantly red shifted from the isolated AuBP scattering spectra (Figure 5.1.3.2a). 

The heterostructures’ plasmon resonances preserved the individual AuBPs FWHM (Figure 

5.1.3.2c) and exhibit polarization dependent responses (Figure 5.1.3.2d), meaning their spectra are 

the result of a single, new plasmonic mode.20,74,95  

While there is a correlation between the plasmon resonance of the heterostructure and the 

distance between its constituent AuBP and Ag/AuNS,28,89,182 the precise nature of this relationship 

is limited by the SEM’s resolution, and our desire to avoid electron beam induced damage183 to 

the sample until all optical data has been collected. The coupling between plasmonic modes of 

separated NPs is strongly distance dependent.20,28,89,93,95,182 Thus, the results of the five 

heterostructures with spectra almost unchanged from the individual AuBPs’ are explained by their 

large interparticle gaps, which we confirm with our own simulations (Figure 5.1.3.3). Although 

the majority of our structures exhibiting extremely blue-shifted or red-shifted plasmon resonances 

was unexpected, the same phenomenon explains these results. The spectra of coupled noble metal 

NPs consistently red-shifts from their individual plasmon resonances with decreasing interparticle 

distance.20,28,89,93,95,182 This continues until separations of about 1 nm are achieved, when electron 



100 
 

 

 

 

 

 

Figure 5.1.3.1 Pictures taken through the eyepiece objective in our DF setup, demonstrating the 

blue fluorescence of the refractive index matching dark field oil caused by the Xenon arc lamp. 

 

tunneling between the NPs can occur.93 Now, the spectra move back toward the NPs’ initial 

resonances, until they come into contact. This causes a completely new plasmon mode to appear.93 

Thus, we believe our heterostructures with resonances blue shifted from the AuBPs’ are most 

likely touching each other, while the structures with significantly red-shifted plasmons have 

exceptionally small interparticle separations. As previously mentioned, the resolution limitations 

of SEM may prevent direct confirmation of this idea. Therefore, we are also conducting more 

simulations to probe this very small gap regime. 

 

5.1.4 Second Harmonic Generation 

We are currently investigating the SHG properties of these heterostructures. Since the 

electromagnetic field enhancement in the gap between coupled, plasmonic NPs increases with 

decreasing interparticle distance,24,25 we initially hoped to make heterostructures with as little 

separation as possible to achieve the maximum SHG.171 However, these enhancements are also 

largest at the structures’ plasmon resonances,24,25 and given our unexpected optical results, we are 

now very interested in characterizing the SHG capabilities of all of our systems. Making  
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Figure 5.1.3.2 Optical characterization of AuBP – Ag/AuNS heterostructures. a) Representative 

DF scattering spectra of the three kinds of structures observed, with SEM image insets color coded 

to the spectra. The individual AuBP resonance is ~1.65 eV. b) and c) Histograms of the b) plasmon 

resonances and c) FWHM of the heterostructures (0.111 eV average). d) Representative DF 

scattering spectra, demonstrating the polarization dependence of the heterostructures’ plasmon 

resonances. The SEM image insets are color coded to the spectra, and the polarization angle is set 

by the polarizer’s orientation. All SEM images were provided by Xiaoying Liu. 

 

these measurements has required some creativity and troubleshooting with our optical setup, as we 

work to ensure maximum photon efficiency at half of our excitation laser’s wavelength (~400 nm). 

The setup is described in Figure 5.1.4.1. 
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Figure 5.1.3.3 Lumerical simulations of the AuBP – Ag/AuNS heterostructure’s plasmon 

resonances, as a function of decreasing interparticle separation. The AuBP LSP’s contribution is 

in the near-IR, and the Ag/AuNS response is located around 3.25 eV. Simulations probing the sub 

– 2 nm separation regime are being performed. Graph provided by Yuval Yifat. 

 

5.1.5 Conclusion 

As of the writing of this thesis, this collaboration has created, and theoretically and experimentally 

characterized, the first ever multi-metal and multi-structure plasmonic NP systems. We’ve 

overcome a variety of unexpected difficulties to ultimately prove the ability and versatility of this 

methodology to control the assembly of almost any noble metal NP. Our results open the door to 

making structures that were previously only the purview of lithography.175 While these results are 

themselves exciting, we are currently working to characterize the NLO properties of these systems, 

hoping to demonstrate that they show significant SHG. 
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Figure 5.1.4.1 Home built microscope system to collect DF scattering spectra, and SHG signal. 1) 

A prism, used so we can focus white and laser light from two different sources onto the sample. 

2) The sample holder, and 3) the nose-piece and objectives. The setup is on a standard, Thor Labs 

optical table. 

 

5.2 Gold Bipyramid – Quantum Dot Hybrid Structures with Enhanced Photoluminescence 

Properties 

Collaborators: Kyle Gibson, Prof. Yossi Weizmann, Dr. Joe Austin, and Dr. Pedro Rodriguez 

Special Thanks to: Igor Fedin, Prof. Dmitri Talapin, Dr. Pete Dahlberg, Sara Massey, Prof. Greg 

Engel 

 

From Fermi’s Golden Rule,  

𝑊2→1 =  
𝜋

2
 {

𝜇21∙�⃑⃑⃑�

ħ
}

2

𝑔(𝜔) (1) 
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where 𝑊 is the transition rate, 𝜇 is the dipole moment, �⃑⃑� is the electric field, and 𝑔(𝜔) is the 

density of states, we know that the local electric field strength experienced by a fluorophore will 

influence its transition rates.31,32 Thus, plasmonic NPs’ electromagnetic field enhancements15 will 

strongly affect the optical properties of emitters.32,184 Unfortunately, the precise nature of this 

effect is complex, since it depends on the distance between the NP and fluorophore,15,184,185 as well 

as the emitter’s radiative (𝛾𝑟) and non-radiative (𝛾𝑛𝑟) exciton recombination pathways:  

𝑊2→1 =  (
𝛾𝑟

𝛾𝑟+𝛾𝑛𝑟
) (

𝜋

2
 {

𝜇21∙�⃑⃑⃑�

ħ
}

2

𝑔(𝜔))  (2).32 

These facts help elucidate why so many reports in the literature seem to be contradictory (only a 

selection are provided as references).184,186–198 

 Thus far, the majority of systems that demonstrated enhanced fluorescence due to emitter 

coupling with plasmonic NPs either involve spherical NPs,189,190,193 or uncontrollable placing 

fluorophores near the plasmonic structure.184,186,187,192,194–196 In the first case, similar structures 

have been reported as quenching PL,191,193,197,198 and in the second, the critique that a large number 

of fluorophores could explain the observed PL enhancements is handled through some sort of 

normalization, where only the emitters within the region of ideal electromagnetic enhancement are 

the sources of PL events.187,192,195,196 

 The impetus of this project was to avoid these issues by making the ideal hybrid 

nanostructure involving a single plasmonic NP coupled to a single QD. By controlling the location 

of, and distance between, the QD and the noble metal NP, we could statistically study the electric 

field enhancement’s effect on the QD’s PL. AuBPs were picked as the plasmonic NP, since they 

exhibit the largest electromagnetic field enhancements of any noble metal NP,15 and because the 

Weizmann lab was working to anisotropically coat them with polymers. If this coating could be 

achieved, similar to what is in the literature,75 then we would be able to selectively place a QD 
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near a AuBP’s tip, in the region of maximum electric field enhancement.15 In this vein, DNA was 

chosen as the linking agent, due to its well defined length, and the Weizmann lab’s work with 

DNA that coils and uncoils with changes in pH.199 These strands offer a platform with which we 

could probe different interparticle separations with the same hybrid system, allowing us to 

controllably study the effect of distance on its PL properties. Fortuitously, recent advances in water 

solubilizing QDs also involved their functionalization with DNA, simplifying another aspect of 

this project.200 Finally, the maximum enhancement conditions of matching the excitation laser’s 

wavelength with the AuBP’s and QD’s pertinent optical properties,196 could be achieved because 

of the tunability of these NPs’ syntheses. This perfect storm of factors started this project, initially 

as a collaboration where I was to synthesize and water solubilize QDs, and then optically 

characterize the hybrid systems. Our ideal goal is depicted in Figure 5.2.1.1. 

 

5.2.1 Experimental Methods 

New Materials. Cadmium Oxide (99.99%, CdO), oleic acid (90%, OA), octadecene (90%, ODE), 

tellurium (99.997%, Te), octadecylphosphonic acid (97%, ODPA), trioctylphosphine (90%, stored 

in glovebox, TOP), selenium (99.999%, Se), tetrachloroethylene (≥99%, TCE), 1-decanthiol 

(96%, DT), 1-butanol (99.8%, anhydrous, BuOH), poly(maleic anhydride-alt-1-octadecene) (Mn 

30,000 – 50,000, PMAO), 11-azido-3,6,9-trioxaundecan-1-amine (≥90%, stored in glovebox, N3-

amine), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (BioXtra, stored in 

freezer, EDC), N-hydroxysulfosuccinimide sodium salt (≥98%, stored in glovebox, sulfo-NHS), 

sodium tetraborate (99.999%, stored under vacuum, NaBorate), poly(diallydimethylammonium 

chloride) (very low molecular weight, 35 wt % in water, PDC), bromine (≥99.99%, Br2), high 

purity hydrochloric acid (TraceSELECT, HCl), high purity nitric acid (≥69%, TraceSELECT,  
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Figure 5.2.1.1 Schematic depicting this project’s ideal goal. 

 

HNO3), and sucrose (≥99.0%) were purchased from Sigma Aldrich and used without further 

purification. 2-aminoethanethiol (95%, cysteamine) was purchased from Acros and used without 

further purification. Chloroform (0.75% EtOH as a preservative, CHCl3), glass coverslips (22 mm 

x 22 mm x 1 mm), and glass microscope slides were obtained from Fisher Scientific. The CHCl3 

was used without further purification, and the glass slides and coverslips were cleaned with piranha 

solution, rinsed thoroughly with NPH2O, and blown dry with N2 before. All common glassware 

(round bottom flasks, condensors) and stir bars were cleaned in a base bath, rinsed with water, 

blown dry with N2, rinsed with chloroform and ethanol, and blown dry with N2 again before use. 

Centrifuge tubes with 30 kDa membranes were purchased from Pall (microscep), and were used 

as received. Hydrophillic PTFE 0.2 µm filters were bought from IC Millex and used as received. 

ICP-OES standards (Te: 100 µg/mL in 2% HNO3 + trace HF, and Au: 100 µg/mL in 2% HCl) 

were bought from High Purity Standards and used as received. Polycarbonate ultracentrifuge tubes 

with their cap assembly were bought from Beckman Coulter and used as received. Secure-Seal 

Imaging Spacers (20 mm inner diameter, 0.12 mm depth) were bought from Grace Bio-labs and 

used as received. 
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New instrumentation. All ICP-OES experiments were performed on an Agilent Technologies 700 

Series ICP-OES. The rotovap used in this study was an IKA RV 10, and borrowed from either the 

Weizmann or Talapin labs. The ultracentrifuge used in this report was a Beckmann LE-80, and 

along with the gradient mixer, was borrowed from the Engel lab. Cryo-TEM images were taken 

using either a FEI Titan or Spirit TEM. PL measurements were taken using a Horiba Flurolog-3, 

with a 350 nm excitation wavelength. 

New Methods. CdTe/CdSe core-shell QDs were synthesized as described elsewhere.201 Cadmium 

oleate precursor (0.1 M, Cd(oleate)) was prepared by mixing 256.8 mg of CdO, 2.6 mL of OA, 

and 18 mL of ODE in a flask, degassing (heating the solution to 100 °C for 1 hour under vacuum), 

then cooking at 240 °C under Argon (Ar) for 30 – 120 minutes. It is important to run this reaction 

to completion, which is indicated by the solution being completely clear, as opposed to yellow, 

and to store it in under N2 to prevent degradation. Lastly, this precursor turns solid at room 

temperature (RT), meaning it must be melted before use. Te precursor was prepared fresh before 

each reaction by mixing 12.8 mg of Te, 50.2 mg of ODPA, 1 mL of ODE, and 0.15 mL of TOP at 

80 °C under vigorous stirring and N2 for 40 – 60 minutes. CdTe QD cores were synthesized by 

heating 2 mL of the 0.1 M Cd(oleate) precursor with 1 mL of ODE to 280 °C under Ar, then 

injecting all of the Te precursor. The reaction was allowed to run for 3 – 3.5 minutes, before being 

quenched by cooling to RT with blown air. The colloid goes from clear red-orange to milky-orange 

in color as it cools, with extremely bright yellow-green PL that is observable by eye. These QDs 

are not cleaned prior to shell growth, and are stored under N2 to ensure stability. 

The selenium precursor (0.085 M, TOPSe) was made by mixing 71.0 mg of Se, 1.6 mL of 

TOP, and 9 mL of ODE with stirring and mild heat (~50 °C) under N2.The CdSe shell was grown 

on the CdTe cores by heating half of the premade CdTe QD colloid to 230 °C under Ar, then very 
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carefully adding alternating aliquots of the Cd(oleate) and TOPSe precursors. This is very 

painstaking, and generally consists of adding 2 – 3 drops of Cd(oleate), waiting 60 s, then adding 

2 – 3 drops of TOPSe, waiting 60 s, and repeating. If more than the prescribed amount of either 

precursor is accidentally added, increase the waiting time to 4 – 5 minutes to ensure that as much 

precursor has reacted as possible before continuing. Aliquots are removed, diluted with CHCl3, 

and checked using UV/Vis and PL to monitor shell growth evolution. For the CdTe/CdSe QDs 

used in this study, this process takes 6 – 7 hours, and uses ~2.5 mL of each precursor. Once the 

QDs with the desired properties have been achieved, the reaction is cooled to RT with blown air, 

and the QDs precipated by centrifuging at 3000 rpm for 15 minutes, with BuOH used as the 

nonsolvent. The supernatant is decanted, the pellet dried with N2, and then resuspended with TCE 

and stored under N2. The CdTe and CdTe/CdSe QDs are compared in Figure 5.2.1.2. 

The concentration of the CdTe/CdSe QDs was determined using ICP-OES. An aliquot of 

the QDs was cleaned with BuOH at 3500 rpm for 10 minutes. The supernatant was discarded, and 

the pellet dried with N2. 3 – 5 µL of Br2 were then added to the pellet, followed by 2 mL of NPH2O 

and sonication. Finally, the solution was diluted to 5 mL with NPH2O. 1, 10, and 25 ppm standards 

were made by appropriately diluting the 100 ppm Te standard to a final volume of 5 mL in NPH2O. 

Because the ICP-OES has a saturation limit of 25 ppm, estimating the QD concentration assuming 

100% precursor efficiency is necessary to ensure accurate results. 

 QDs were water solubilized similar to the method described elsewhere.200 While the water 

solubilization procedure is the same, no matter how the QDs will be used, the PMAO must be 

amine functionalized if the QDs are to be coated with DNA. To this end, a 0.2 M solution of 

PMAO in anhydrous THF was mixed with N3-amine to functionalize 80% of its maleic moieties 

(this corresponds to 31.76 µL of N3-amine per mL of 0.2 M PMAO) at 55 °C for 1 hour under 
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Figure 5.2.1.2 a) Normalized UV/Vis and PL data of CdTe core and CdTe/CdSe core-shell QDs 

used in this report. b) TEM image of CdTe/CdSe core-shell QDs in a), which are 4.63 +/- 0.46 nm 

in diameter. 

 

stirring and N2. The solution was then cooled to RT overnight, still being stirred. Then, the THF 

was rotovapped off (RT bath, 20 rpm, ~170 mbarr of pressure for 1 hour), leaving behind a gooey, 

fluorescent substance. This was resuspended to its native volume with CHCl3. For QDs not being 

functionalized with DNA, a 0.2 M PMAO solution in CHCl3 was made directly. An aliquot of 

CdTe/CdSe QDs was removed, cleaned with BuOH at 3500 rpm for 10 min, and resuspended with 

CHCl3. To this was added an aliquot of the 0.2 M PMAO solution, such that the final solution 

volume was 20 mL, and the ratio of PMAO monomers to the surface area of the QDs was a 100 – 

300x excess. Explicitly, my best results were obtained by cleaning 472 µL of a 5 µM CdTe/CdSe 

QD solution, resuspending it with 19.132 mL of CHCl3, then adding 868 µL of 0.2 M PMAO. The 

solution was heated at 70 °C for 30 – 40 minutes, then allowed to cool to RT (~2 hours). It was 

then rotovapped at 35 °C and 20 rpm. For the first 10 minutes, a 500 mbarr pressure was used to 

remove the dissolved gasses. Then, the pressure was decreased to 350 mbarr for 2 – 3 hours, 

followed by a further decrease to 200 mbarr for 15 minutes to dry the sample. The solid was then 

resuspended with a 75 mM NaBorate solution, under heated (~40 °C) sonication for 2 – 3 hours. 



110 
 

To remove large aggregates, the solution was filtered using hydrophilic, PTFE syringe 

filters with 0.2 µm pores. To remove the empty polymer micelles,200 the solution must be 

ultracentrifuged. Therefore, the QDs were concentrated by centrifuging at 6000 g for 10 minutes 

in centrifuge tubes equipped with a 30 kDa membrane, then resuspended to a final volume of 1 

mL with NPH2O. A 30% - 70% wt/wt sucrose gradient was prepared in ultracentrifuge tubes using 

a standard gradient mixer. This is time consuming, since so much sucrose is needed that that the 

volume of the solid impacts the volume of the solution. Thus, the sucrose must be pre-dissolved, 

its volume checked, then diluted to the final volume. After this, the QDs were carefully added to 

the top of the gradient. This is important, because if the gradient gets mixed, this entire process is 

rendered useless. The QDs are then centrifuged at 30,000 rpm for 5 hours at RT. These 

ultracentrifugations were performed in pairs to ensure the ultracentrifuge remained balanced. Due 

to the extraordinary g forces exerted on them, the tubes (gradient, sample, tube, and top) must 

match within 0.1 g, to prevent dangerous unbalancing, and must be completely filled completely, 

to prevent crumpling. These tubes have a volume of 25 mL, of which I used ~24 mL for the sucrose 

gradient, and ~1 mL for the sample. After centrifuging, the samples were decanted, and centrifuged 

using the tubes equipped 30 kDa membrane to remove residual sucrose and concentrate the sample. 

This involved spinning the samples at 6000 g and RT for 10 minutes, decanting the supernatant, 

diluting the solution with NPH2O, and repeating. The samples were resuspended to a final volume 

of 1 mL, and an aliquot was dissolved in 3 – 5 µL of Br2 under sonication for ICP-OES analysis, 

as described above. The water soluble QDs (H2O – QDs) to be functionalized with DNA and bound 

to AuBPs were given to the Weizmann lab at this time. Figure 5.2.1.3 outlines the entire water 

solubilization process. 
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Figure 5.2.1.3 Characterization of the QD water solubility process. a) Picture of QD-polymer 

mixture in CHCl3. b) Picture of QD-polymer mixture after rotovapping. c) Picture of QD-

polymer mixture after resuspension with NaBorate. d) Picture of QD – polymer mixture after 0.2 

µm filtering to remove large contaminants. e) Picture of QD polymer mixture after 

ultracentrifuation. The band spreading is due to either dispersity in QD size, QD aggregation 

during the water solubility process (precipitate at the bottom), or the sucrose gradient smearing. 

f) UV/Vis and PL of water solubilized QDs, unchanged from the stock solution. g) Picture of the 

orange precipitate, highlighted with the orange box, which occurs when CdTe/CdSe QDs are 

dissolved with aqua regia for ICP-OES measurements. 

 

For liquid cell experiments, AuBPs were synthesized as described in chapter 2, then 

purified and PSS functionalized as described in chapter 5.1.1. Glass coverslips were 

functionalized with PDC as described elsewhere.50 After cleaning, the coverslips were soaked in a 

0.1 wt % solution of PDC for 2 hours, then rinsed with NPH2O and blown dry with N2. The 

coverslips were then soaked, face up, in a 1/50th dilution of a purified AuBP colloid for 75 – 105 
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seconds, then rinsed thoroughly with NPH2O, and blown dry with N2. To create the liquid cell, the 

adhesive secure-seal spacer was carefully placed on a clean glass microscope slide. It is very 

important, and difficult, to place this spacer uniformly on the slide to ensure that no leakage occurs. 

100 µL of an extremely dilute solution of H2O – QDs (~1/20,000th dilution) was placed in this 

well, and the coverslip, AuBP side down, was carefully placed and pressed onto the top of the 

adhesive.  

For my attempts to create AuBP – QD hybrids in solution, the concentration of the purified, 

PSS coated AuBPs was determined by removing an aliquot of the colloid, dissolving it with 500 

µL of aqua regia, then diluting it to a final volume of 5 mL with NPH2O for ICP-OES analysis. 

This is done because the ICP-OES can only work with solutions that are, at most, 10% acid by 

volume. 1, 10, and 25 ppm Au standards were made by diluting the 100 ppm Au standard as needed 

for a 5 mL final volume. Having determined their concentration, the PSS coated AuBPs were 

soaked in a 2000x surface-area excess of cysteamine at RT for 9 hours. Explicitly, this involved 

soaking 200 µL of a 230 pM AuBP solution in 18.4 µL of a 5 µM cysteamine solution overnight. 

The colloid was then centrifuged at 5000 g for 2 minutes, and its supernatant decanted to remove 

excess cysteamine. The pellet was resuspended to 100 µL with NPH2O. The H2O – QDs were 

mixed with a 10,000x PMAO monomer excess of both sulfo-NHS and EDC, enough acid to reduce 

the solution’s pH to 5, and allowed to react at 40 °C for 8.5 hours. Explicitly, this involved mixing 

200 µL of a 3.3 µM H2O – QD solution with 10 µL of a 1.53 mM HCl solution, 660 µL of a 10 

mM sulfo-NHS solution, and 660 µL of a 10 mM EDC solution. The QDs were cleaned by 

centrifuging at 5000 g for 5 minutes with a centrifuge tube that had a 30 kDa membrane, then 

being resuspended to a final volume of 20 mL with NPH2O. 50 µL of the cysteamine functionalized 

AuBPs, and 6.97 µL of the EDC/sulfo-NHS H2O – QDs were mixed, and allowed to react 
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overnight. For UV/Vis and PL measurements, the colloid was diluted to a final volume of 500 µL 

with NPH2O. 

Cryo-TEM samples of all solution prepared AuBP – QD hybrids were made by Joe Austin 

and Pedro Rodriguez, who also took some images using a FEI Titan TEM. The cryo-TEM images 

I took were obtained using the FEI Spirit TEM, using its cryo-holder attachment. 

 

5.2.2 Synthetic Considerations 

The first problem was to find a suitable QD system for this study. This was somewhat difficult, 

since there are not many syntheses to make near-IR emitting QDs that match the AuBPs’ plasmon 

resonances, and I couldn’t reproduce some of the literature results.202,203 After several attempts, I 

settled on a synthesis used by a former lab member that entailed growing a CdSe shell on a CdTe 

QD core.201 Making the CdTe QDs was easy, and the QDs were quite stable if stored under N2. 

Unfortunately, growing the CdSe shell was quite painstaking, due to CdSe’s ready ability to 

independently nucleate (Figure 5.2.2.1a). These CdSe QDs cannot be removed from the synthesis, 

give the colloid orange PL (~630 nm) that is visible by eye, and disrupts the shell growth because 

the Cd(oleate) and TOPSe precursors preferentially nucleate on them. This not only results in a 

more material and time being spent on this synthesis than necessary, but also renders the synthesis 

unusable. As was alluded to in the experimental methods, this can only be prevented by waiting 

long enough between adding the Cd(oleate) and TOPSe precursors, to ensure that their 

concentrations are kept below the CdSe nucleation limit. In addition to this, cleaning these QDs 

turned out to be non-trivial. Methanol and ethanol, the standard polar, non- solvents used to 

precipitate QDs and allow excess reactant removal, didn’t work. Acetone, another such solvent, 

etched the QDs. After some experimentation, I found that BuOH was the only solvent that would 
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Figure 5.2.2.1 Characterizations of CdTe/CdSe core-shell QDs. a) Demonstration of the CdSe 

independent nucleation during the synthesis, as seen by the PL shoulder around 2.0 eV. The data 

is recorded on a different instrument than the rest of the optical data in this text, hence its increased 

noise. b) Scheme depicting the type-II band structure of these thick CdTe/CdSe QDs, and the role 

of DT in increasing their PL. The black line covered by the grey sulfur atom depicts a passivated, 

surface trap state. c) Comparison of the UV/Vis and PL spectra of a stock CdTe/CdSe QD aliquot, 

and one treated with DT, demonstrating the ~4x PL increase. Figure 5.2.2.1b is adapted with 

permission from ref. 201. Copyright 2014 American Chemical Society. 

 

consistently precipitate the colloid.  

While these QDs’ optical properties can be pushed into the near-IR with thicker CdSe shell 

growth, they exhibit relatively low PL due to their band structure (Figure 5.2.2.1b).204,205 This 

occurs either due to the decreased overlap of the electron and hole’s wavefunctions, thereby 

decreasing their recombination probability,201 or by the electron becoming sequestered by surface 

trap states, decreasing the probability of radiative recombination.206 Regardless, the QDs exhibited 

sufficient post-synthesis PL to be usable to make the AuBP – QD hybrids (Figures 5.2.1.2a, 

5.2.2.1c). Then, through a fortuitous experiment, I managed to increase the QDs’ PL by at least 4x 

(Figure 5.2.2.1c), simply by changing their capping ligands from TOP to DT. The exchange is 

very easy, consisting of cleaning the dots as described above, resuspending them with TCE, then 
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adding a significant excess of DT, followed by another cleaning and resuspension. Given a 

previous study in the literature,207 and the belief that these QDs’ low PL was predominantly caused 

by the lack of wavefunction overlap,201 this result wasn’t expected. It indicates that electron surface 

trap states206 play a significant role in reducing these QDs’ PL. Thus, the PL increase can be 

understood as the result of DT’s electron rich sulfur atom206 passivating electron surface trap states 

on the CdSe shell, thereby allowing more radiative recombinations (Figure 5.2.2.1b). 

 The next issue to address was how to water solubilize the QDs. Due to known issues with 

direct ligand exchanges,207,208 and our desire to use DNA as a linking agent, the Mirkin lab’s ability 

to DNA functionalize a polymer that water solubilized QDs while preserving their surfaces200 

seemed like the perfect solution. The methodology is actually quite easy and robust, so long as you 

have access to a rotovap and ultracentrifuge, and can accurately calculate your QD’s concentration. 

I solved the equipment issue by borrowing them from other labs in the department. The 

concentration issue was not so easily solved, however, and was a persistent problem with this 

project. ICP-OES was employed to analyze the Te concentrations of aliquots of the CdTe/CdSe 

core-shell QDs. Since we know that the CdTe cores are ~3 nm in diameter,201 CdTe’s lattice 

constant209 and the Te concentration in an aliquot can be used to fairly accurately calculate the 

core-shell’s concentration. With their final size measured with TEM, the total QD surface area in 

an aliquot can be determined. This value is important, since the polymer wrapping procedure only 

works if the monomer concentration is >300 excess per nm2 of the QD surface area to be 

covered.200 Correctly calculating the QD concentration after water solubilization would also be 

very important to making the AuBP – QD hybrids. 

 The ICP-OES technique requires the thorough removal of organic compounds and the 

complete dissolution of NPs in water to give accurate measurements. For QDs, this is generally 
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achieved by sedimenting the colloid, then dissolving it in aqua regia. Unfortunately, aqua regia 

does not dissolve Te containing samples well, and instead forms an insoluble orange precipitate 

(Figure 5.2.1.3g). This precipitate is most likely a poly-telluride, and its presence means the 

measured Te concentration is much lower than is true. This renders all the concentration values 

too low, making the amount of polymer used for water solubilization too small, and ultimately 

resulting in only ~10% QD efficiency from synthesis to water solubility, when it should have been 

closer to ~90%.200 This issue would also affect the calculation of the H2O – QD’s concentration, 

unnecessarily complicating the AuBP – QD hybrid synthesis. 

After a chance discussion, I tried using the semiconductor etch solution of Br2 and 

methanol to dissolve my QDs. While the QDs completely dissolved, showing no orange residue, 

the methanol introduced enough organic contamination into the ICP-OES to keep it from 

performing the measurements. Luckily, 3 – 5 µL of pure Br2 could still dissolve the QDs, both 

before and after water solubilization, allowing accurate QD concentration calculations, and 

resulting in the expected water solubilization efficiency. As a safety note, Br2 behaves more like 

chlorine than iodine. Thus, to prevent vapor inhalation issues, Br2 should always be worked with 

in a fume hood, and all items used to handle it should be vented overnight. 

  

5.2.3 AuBP – QD Hybrid Systems with Polymer Protected AuBPs and DNA 

Per our synthetic protocol,200 water solubilizing the QDs with N3-amine functionalized PMAO 

would enable them to be DNA functionalized. Then, mixing these DNA – QDs with polymer-

protected AuBPs functionalized with the complementary DNA strands should create the structures 

shown in Figure 5.2.1.1. Unfortunately, we could not make this happen. Taking advantage of 

newly acquired instruments, we employed cryo-TEM to image the AuBP – QD structures in-situ. 
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We did this to prevent solvent evaporation complications, to ensure we had made the hybrids, and 

to gain insight into their solution phase structures, especially the interparticle separations of the 

AuBPs and QDs. Of the samples we made, only one may have had the AuBP – QD systems we 

sought (Figure 5.2.3.1b), and the rest either showed no hybrids, or structures that were attributable 

to random NP distribution (Figure 5.2.3.1a,c-f). Our inability to make these hybrids was further 

confirmed with bulk, solution-phase PL experiments that did not demonstrate a QD PL increase 

upon excitation at the AuBP LSP wavelength (Figure 5.2.3.1g,i), as compared bulk QD colloid’s 

PL when excited at the same wavelength (Figure 5.2.3.1g,ii). Thus, we eventually suspended this 

line of research.  

 Before moving on, the persistent cryo-TEM sample preparation problem we encountered 

is worth mentioning (Figure 5.2.3.1d,i). Cryo-TEM grids contain wells meant to hold the sample 

covered in a thin water coating. The water is then converted into ice when the grid is submerged 

in liquid propane or ethane, freezing the sample’s solution phase morphology. As explicitly shown 

in Figure 5.2.3.1d,i, neither our AuBPs nor our QDs enter the wells, instead selectively coating 

every other area of the grid. This hampers ice formation, and would’ve complicated the 

interpretation of our results, if we could’ve made the AuBP – QD structures. 

 

5.2.4 Liquid Cell AuBP – QD Systems for Enhanced Fluorescence Investigations 

In addition to making the water soluble QDs and trying to characterize the possible AuBP – QD 

systems, I was also modifying our home-built optical setup to so we could eventually perform 

single-structure DF and PL characterization of the hybrids. The setup was similar to the one 

described in Figure 5.1.3.4, except with a 790 nm continuous wave (CW) diode laser used as the 

excitation source. Given the extreme sensitivity of the AuBP resonance due to changes in its 
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Figure 5.2.3.1 a – f) Cryo-TEM images of several attempts to make AuBP – QD hybrid systems 

using polymer protected AuBPs, H2O – QDs, and DNA. g) UV/Vis and PL spectra of i) AuBP – 

QD hybrid system, ii) stock QD solution under different excitation wavelengths. The lack of PL 

intensity change when the AuBP – QD system was excited at the AuBP plasmon resonance 

indicated a lack of hybrid structure formation. d,i) Low magnification cryo-TEM image, 

demonstrating the persistent, cryo-TEM sample prep problem we encountered. 

 

dielectric environment,50 as well as previous reports in the literature,196 the system was tested on 

thin films of AuBPs immersed in a cell of water. When it became clear that our initial attempts to 

make AuBP – QDs were not working, the water cell was exchanged for a cell of dilute, H2O – 
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QDs. The goal was to correlate the AuBP scatterer locations, as determined by white light and 

low-power laser excitation, with PL events induced by QDs drifting into the regions of maximum 

electric field enhancement around the AuBPs.196 These events should turn ‘on’ and ‘off’ with time, 

as the QDs’ Brownian motion move them around the AuBPs.  

 Unfortunately, while we could correlate the AuBPs’ black-body and laser scattering 

locations, upon adding a long pass filter to remove the laser’s signal, we could not consistently 

correlate observed PL events with AuBP locations (Figure 5.2.4.1). Sometimes, no signal was 

observed (Figure 5.2.4.1a,iii), and in others, some events were recorded, but they either did not 

correlate to AuBP locations, or they did not change with time (Figure 5.2.4.1b,iii). These problems 

could have been caused by a wide range of issues, including the AuBPs quenching the QDs’ PL, 

too low of a QD concentration in the cell, the laser’s power being too low, or the introduction of 

the long-pass filter changing the focal distance of the setup. Without a known sample for 

comparison, however, determining what was wrong would be difficult.  

 

5.2.5 Amide Bond Based AuBP – QD Hybrid Systems  

In a final attempt to make AuBP – QD systems in solution, I decided to employ amide bond 

chemistry to coat AuBPs with QDs. Given previous work,50,192,210 and since amide bond reactions 

are well established in biochemistry,211 amine functionalized AuBPs were mixed with EDC and 

sulfo-NHS functionalized QDs. The first attempt of this reaction seemed to yield promising results 

(Figure 5.2.5.1c). Unfortunately, it failed to be reproducible. Subsequent reactions characterized 

with both UV/Vis and cryo-TEM could not confirm AuBP – QD hybrid formation (Figure 

5.2.5.1d-f). It is possible that, given the distinct temperature and pH sensitivity of these 

reactions,211 this mechanism is still worth further investigation. It must be noted that only 
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Figure 5.2.4.1 Examples of i) DF white light scattering, ii) low power laser scattering, and iii) 

high power laser illumination, after the introduction of the long-pass laser filter for two different 

spots, a) and b), of the same BP – QD liquid cell system. b,iii) is the first frame of a movie recorded 

over this particular region. The spots do not change in intensity, and several do not correspond to 

the locations of AuBP scatterers. 

 

polymer coated AuBPs can be used for these experiments, because CTAB, having an ammonium 

group and forming micelles independent of AuBPs, will interfere with amide bond formation 

between AuBPs and QDs. 

 

5.2.6 Conclusion 

Given the amount of effort exerted on this project, It is unfortunate that it did not yield the desired 

results. There are still many possible ways to make AuBP – QD hybrid systems, and with further 

refinement and investigation, the structures outlined in Figure 5.2.1.1 could be realized. The lack 
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Figure 5.2.5.1 AuBP – QD hybrid attempts using amide bond chemistry. a) UV/Vis and PL spectra 

of EDC/sulfo-NHS functionalized H2O – QDs. b) UV/Vis spectra of purified, PSS coated, 

cysteamine functionalized AuBPs. c,i) Comparison of AuBP UV/Vis spectrum in b) with the 

AuBP – QD system spectrum, after reacting overnight. c,ii) UV/Vis and PL spectra of the AuBP-

QD hybrid structures. The PL signal of the 795 nm excitation is due to incomplete cutoff of the 

excitation wavelength. d), e) UV/Vis spectra of subsequent attempts to make AuBP – QD hybrids. 

f,i) Time resolved UV/Vis spectra of the last, amide bond AuBP – QD attempt, demonstrating 

minor evolution with time. f,ii) Representative cryo-TEM image of sample in f,i). 



122 
 

of consistent, positive results using any of these methodologies eventually encountered the barrier 

of time, leading to this project being suspended. However, we hope it will be revisited in the future. 

On a related note, given a recent publication,205 the PL improvement of the type-II CdTe/CdSe 

QDs used in this study upon DT treatment is worth more study. 
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Chapter 6. Collaborations 

 

This chapter provides a brief commentary on the two collaborations in which I played a small but 

important part. The first (Chapter 6.1) resulted in my first publication and is still on-going, with 

another paper forthcoming. The second (Chapter 6.2) is in the submission process. I contributed 

to both projects as a nanoparticle expert, in terms of particle synthesis (Chapter 6.1) or 

characterization (Chapter 6.2). I enjoyed working on both, and look forward to their completion.  

 

6.1 Viscoelastic Flows in Simple Liquids Generated by Vibrating Nanostructures33 

Collaborators: Matt Pelton (first author), Debadi Chakraborty, and John E. Sader 

This paper was originally published in Physical Review Letters on December 13th, 2013, and is 

copyrighted by the American Physical Society. Parts of this paper are reproduced with the 

authors’ permissions in this chapter. 

 

As was presented in Chapter 1, the equation of motion for a LSPR is well described by the standard 

formulation of a damped harmonic oscillator. This means that LSPRs dissipate energy through 

some mechanism. In the case of a plasmonic NP excited by a powerful enough laser, this consists 

of the electrons dumping energy into the NP’s crystal lattice.51 This results in the NP heating and 

expanding quickly, generating nearly coherent acoustic oscillations.33,51 The study of these 

oscillations was hampered for a long time, due to the inherent inhomogeneity of most AuNP 

syntheses. These introduced inhomogenous dephasing effects that obscured the acoustic 

homogenous damping.33,51 Even though the AuBP synthesis is only ~30% shape efficient, AuBPs 

are the most monodisperse of all colloidally synthesized AuNPs,6,33,51 and the separation in energy 
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between the AuBP LSP and the AuNS biproduct LSPR is large enough to allow the AuBPs’ 

selective excitation.33,51 This makes them an ideal platform for these kinds of studies. Lastly, 

AuBPs can be polymer coated,50 completely removing free CTAB from the colloid. This allows 

the NPs to be resuspended in different solvents, and prevents complications due to the presence of 

excess surfactant ligands.33 

 Our lab previously studied how the acoustic vibrations changed the AuBP LSP.51 This 

project sought to explore how the solvent environment affected the damping of these vibrations, 

especially in highly viscous simple liquids.33 AuBPs were again used as the NP probes, and were 

my contribution to this project. AuBPs were synthesized as described in Chapter 2, not purified, 

PSS functionalized as described in Chapter 5, and resuspended in NPH2O (Figure 6.1.1a).33 Prof. 

Pelton made the high viscosity water-glycerol mixtures and performed the experiments, with 

Debadi Chakraborty and Prof. Sader performing the theoretical calculations.33 By monitoring the 

frequency shifts of the AuBP LSPs in solutions with increasing viscosity over time, we 

successfully investigated the viscoelastic flow regime of simple liquids for the very first time.33  

Since what we observed should be generalizable for all nanoscale liquid-structure 

interactions,33 the on-going work seeks to explore more simple liquids, as well as investigate the 

temperature dependence of this phenomenon. Thus, the AuBPs are being suspended in pure 

ethylene glycol too (Sigma Aldrich, anhydrous, 99.8%, EG) (Figure 6.1.1b). This necessitates 

some extra steps in the preparation process, since PSS coated AuBPs cannot be directly 

resuspended in pure EG from NPH2O. Trying to do this causes the colloid to turn a deep 

blue/purple in color, indicating that the AuBPs have aggregated. Unfortunately, this process is 

irreversible. Therefore, after functionalizing with PSS, AuBPs that will be transferred into EG are 

resuspended to 5.6 mL with NPH2O, to which 4 mL of 0.1 wt % PSS and 2.4 mL of EG are  
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Figure 6.1.1 a) and b) UV/Vis spectra of AuBP colloids as synthesized, PSS functionalized, and 

being in EG. The plasmon resonance shifts are as expected. c) Representative TEM image of the 

colloid in a), after PSS functionalization. 

 

added, making a 12 mL, 20% v:v EG solution. The solution was mixed, soaked overnight (15 – 19 

hours), and then centrifuged at 5500 g at RT for 60 minutes. The supernatant was then decanted, 

and the pellet resuspended with 500 µL – 1 mL of pure EG before characterization. As an 

experimental note, due to very large difference in dielectric constants between water and EG, 

significantly ‘blue’ AuBPs (i.e., with as-synthesized LSPs close to 700 nm) AuBPs must be used 

for these experiments. The group of Prof. Pelton at the University of Maryland, Baltimore County 

is currently studying these NPs. 

 

6.2 Scalable Ligand-Mediated Transport Synthesis of Perovskite Nanocrystals with Resolved 

Ultrafast Intraband Relaxation and Exciton Coherences34 

Collaborators: Lili Wang (first author), Nicholas E. Williams, John P. Otto, Dugan Hayes, Ryan 

E. Wood, and Gregory S. Engel 

This paper is currently in the submission process at ACS Nano. 
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Recent interest in bulk perovskites has been driven by their impressive photovoltaic efficiencies.212 

As is now the case with semiconductors, demonstrations of the bulk material’s utility has generated 

interest in QDs of that material.213–215 Unfortunately, all perovskite QDs are very unstable, existing 

at best for only a few hours, and most did not exhibit high quantum yields (QY).216  

 This project corrected both of these deficiencies, creating methylammonium perovskite 

QDs that are stable for months, anion exchangeable between bromide (Br) and iodide (I), and have 

QYs approaching 97%.34 My contribution to this project was to characterize these NPs, by taking 

TEM images and performing energy dispersive x-ray (EDX) elemental analyses (Figure 6.2.1). 

This turned out to be slightly difficult, due to how sensitive perovskite QDs are to polar solvents.34 

Thus, the colloids could not be cleaned (see Chapter 5.2) before imaging to remove excess organic 

ligands, causing large amounts of carbon to be swiftly deposited onto the grids.183 We eventually 

overcame this problem by significantly diluting the QD solutions before imaging, then performing 

multiple depositions to increase the particle density. Besides taking some of the first TEM images 

of these perovskite NPs, my EDX data provided a definitive comparison of the Br:I ratio in the 

two hybrid QD systems Lili synthesized. This paper is currently submitted to ACS Nano. 
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Figure 6.2.1 Characterization of the perovskite QDs in this study. TEM images of a) Br QDs, b) 

hybrid QDs, with more Br than I, c) hybrid QDs, with more I than Br, d) I QDs. e) EDX data of 

the QDs, demonstrating the change in Br and I concentrations between the QD types. The inset 

shows the characteristic I peaks in the 26 – 34 keV regime. 
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Chapter 7. Conclusion and Outlook 

 

This manuscript is the summary of the vast quantity of work I’ve performed over the course of my 

PhD. While the research had a consistent theme, the theme was broad enough that it lead me into 

fields fairly far from classic colloidal NP synthesis and characterization. From this, I gained 

valuable insight into advantages physics, biology, and other fields of chemistry can offer the NP 

community, especially as it relates to the controlled assembly of plasmonic, noble metal NPs. 

 In Chapter 1, I introduced the history and theory of plasmonic NPs, and discussed the 

motivation for my research. Although some synthesis and characterization of new noble metal NPs 

is still done,10 to actually benefit from these NPs interesting optoeletronic properties and increase 

their utility requires macroscopic control of their nanoscale assembly.20,22 In Chapters 2 and 5.2, I 

presented projects that sought to controllably assemble AuBPs in solution, creating novel 

structures with enhanced optical properties. The dimerization of AuBPs was not only their first 

ever realization,20 the methodology it used was easily transferable to any anisotropic AuNP system. 

This project elucidated the factors that needed to be controlled when solution-phase assembling 

AuBPs, helping me rationally design experiments to make AuBP – QD structures.  

A great many routes still exist to make these hybrids, and with further study, the original concept 

in Figure 5.2.1.1 is an achievable reality. 

 In Chapters 3 and 5.1, I presented work on the controlled assembly of AuNRs and AuBPs 

on polymer substrates. By precisely controlling the placement of these anisotropic particles, we 

harnessed their electromagnetic field enhancements,15 and studied their SERS22 and SHG 

properties. The methodologies used in both projects let us make macroscopic arrays of our 

particles, and can be readily extended to other types of NPs and geometries. My attempt to scale 
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up the work of Chapter 3 is presented in Chapter 4, with an explanation of how I stumbled into 

studying diblock copolymer thin films. Upon discovering new surface morphologies, I investigated 

how and why they occurred, ultimately developing a deeper understanding of copolymer film 

swelling, and how to align colloidal AuNPs with such substrates. Creating useful films of noble 

metal NPs is harder than making films of QDs due to the very different mechanisms that make 

each particle type interesting. These three projects demonstrate the rich polymer chemistries 

available that can be exploited to assemble plasmonic NPs on substrates, offering new ways with 

which to apply noble metal NPs. 

 The collaborations of Chapter 6 did not fit the theme my thesis. However, they utilized 

some of the knowledge I gained while working on the rest of my projects, and serve to further 

emphasize the multidisciplinary nature of colloidal nanomaterials research. In Chapter 6.1, AuBPs 

I synthesized were, and are being, used to investigate the mechanical properties of their 

environments.33 In Chapter 6.2, my knowledge of NP characterization helped the Engel lab study 

their incredibly stable and bright perovskite NPs.34 In the first case, my AuBPs were used to probe 

the viscoelastic, non-Newtonian fluid dynamic regime in simple liquids, and in the second, my 

expertise enabled some of the first images these NPs to be made, as well as directly demonstrating 

changes in their compositions. 

   Although the title of my thesis is The Solution and Substrate Assembly of Noble Metal 

Nanoparticles, it might be more correct to if it were The Interactions of Noble Metal Nanoparticle 

Ligands with Substrates and Other Particles instead. With the maturation of the colloidal 

nanomaterials field, scientists from other disciplines have been attracted to it. This includes 

chemists with backgrounds classically described as ‘inorganic’ or ‘organic,’ and they bring with 

them knowledge of techniques and reactions that have not been previously applied to colloidal 
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NPs. While this knowledge may need modifications before being directly applied to NPs,217,218 

they can provide colloidal NP researchers with new opportunities to learn about our systems, 

especially with respect to NP surface chemistries.219  

A better understanding of the ligands coating colloidal, noble metal NPs could be a broad 

direction of future research for this project. It would allow us to better manipulate the NPs, thereby 

improving their assembly and integration into different systems, and could even open up new 

applications. More immediately, many possible projects could follow directly from the work 

presented in this thesis. The most obvious is to continue to work to make the AuBP – QD hybrid 

systems (Chapter 5.2). There are many other possible methods to create such structures, and future 

refinements on the techniques presented here could still yield the ideal system. Another potential 

project would extend the end-to-end alignment of AuNRs in Chapter 3 to AuBPs. Building from 

unpublished work in our lab, as well as recent advances in the literature,220,221 silver coated AuBPs 

of different lengths could be deposited on the PS-b-PMMA substrates, followed by the selective 

removal of silver,222 leaving behind regularly spaced AuBPs. Similarly, our collaboration with the 

Nealey lab (Chapter 5.1) could be expanded to investigate structures involving other noble metal 

NP types, yielding a huge diversity of with controlled interparticle separations, orientations, and 

type and number of NPs. With this, we would challenge the lithographic monopoly lithography on 

such structures, and produce them at a new size regime. Cryo-TEM studies of the AuBP 

dimerization process in Chapter 2 could also be performed. This would remove structural artifacts 

that occur due to solvent drying on a substrate, and allow us to more easily study how the assembly 

process evolves with time.  

 A great many other possible avenues of research exist as well. DNA origami could be used 

to control the placement of AuBPs on surfaces, as well as to create hybrid structures with tunable 
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distances involving fluorophores.223 Research based on noble metal NPs with plasmon resonances 

in the near-IR10 could yield colloidal NPs that we could use to enhance the absorption efficiencies 

in some of our infrared detectors. Alternatively, pushing the syntheses of anisotropic NPs could 

yield structures ideal for telecommunication applications. Likewise, the AuBP seed synthesis 

could be systematically investigated to improve the AuBPs’ shape yield. One such report should 

exist, but hasn’t been published as of the writing of this thesis. While post-synthetic purification 

of the AuBP colloids9 has increased their utility, the quirks of the various procedures make them 

difficult to duplicate. Controlling the AuBP seed synthesis would improve the AuBP shape yield, 

dramatically increasing their efficacy. 

 My work on plasmonic NP assembly has barely touched the possibilities that exist for these 

particles. Further tailoring of these NPs the surface chemistries could yield structures with 

fascinating optical and electronic properties, as well as allowing their integration into devices. 

Directing the solution or substrate self-assembly of noble metal NPs will continue to be a fruitful 

area of research, as the implications of these NPs’ properties find interest in other fields and 

potential applications. 
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