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ABSTRACT

The plasmon phenomenon is the driving force behind noble matalparticle research. While
somework synthesizing newinds of particless still performeda wider range of opportunities is
available ifthesenan@ a r t i cdssembly insautioh and on substratas becontrolled This

text presents several dumethodologiesjescribing each assembly process and characterizing the
resulting structuresThe selective,aqueousdimerization of gld bipyramidsis the firststudy.
These novel antennae are creatggthbilizingtheg o | d b i Yigand aheilitheéndisking the
particles withamino acid. Because of the gold bipyramidsodo 1
the reaction, the assembly can be monitored to ensuralimgdryield. Gold nanorod alignment

on, and by, ahallowly corrugated diblock copgher thin flmdemonstrates the powertemplate
assisted assembly. Controlling the alignment of the underlying film controls the gold n@norods
alignment yielding mesoscalestructures withorientation dependent optical properti&gith
intentional design, other polymer substratesare used to construct gold bipyramiidsilver
nanosphere plasm@ heterostructuredlVith properligand-polymer interaction tailoringthis

result demonstrates how thechniquecanrationally createalmostany noblemetal nanopatrticle
based structureThe nonlinear optical properties of thdseterostructures areurrently being
investigated.

These assembliesare all unique and barely representa fraction ofwhat plasmonic
nanoparticle assembly researchcaner@il ven pol ymer tneongpolingtheses 6 e f f
p ar tsideposiiod and alignmera study ofa diblock copolyme t hi n fi |l més swel |
is also contained inthisworBy under st andi ng & sudacenwrphologek,| i ng

its efficacy for noble metal nanoparticdignment can be determing8old nanoparticles are used
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to probe thehemicahatureofd i b | o ¢ k &Gwfacgamdcdntugemtlidemonstratéhat it can
align small, highly charged, plasmonicanoparticlesSevera attemptsto synthesizesolution
basedlasmonic antennae and fluorophore hybadsalsodescribed, resultingy an introduction
to the realm of semiconductor nanocrystal syntheSihough these gold bipyramidi water
soluble quantum dadystens havenot yet been achieved, witsome refinementsuchsystems
should be possibleFinally, following the themeof unexpected research directiortsyo
collaborations are presented that utilizbé nanoparticle synthesis araharacterizatiorskills

required tgoerform the rest of this research.
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Chapter 1. Introduction

Gold nanoparticlesAuNPs) are the oldesof all colloidal nanomaterials. Used in thgcurgus
cup, red stained glassindaccidentallymade by Faradadtheir usefulnessvaslong limited due
to the inability tocontrol their optical properties. Thishanged withthe first syntheses of
anisotropic gld particles in theearly 2000s'° Since then, an gosion of research into AUNPs
has occurredyielding a wide range gbarticle shape%!* and composition&” '3 Gold nanorods
(AuNRs) and gold bipyramids (AuBPs) have attracted significant attention due to their simple
synthesesshape control, tunable optical propertiaad significant enhancemensf applied
electric fields>1+1415These particles have already foubimedica) sensof*1918 and even
catalytic* applications

More opportunities present themselifethe aggregatiorof these NPsan be controlled®
Whether in solutioff"?* or on a substratg??3 rationaly desigred electromagnetic hegpot$? 26
and exterded optical tuning?1?52"2° can be achieved by seissembling AuNRs and AuBPs.
The promise ohewusesfor these NP$® combined withthe interestingsynthetic challengeand
exciting optical properties motivated ne to researchnoble metal NPsel-assembly and
characterie the resulting structuredn the remainder of this chapter, | wilhtroduce the
phenomenon that makes noble metal NPs so interesting, and explain how it influenced the NPs
and methodologies with which | worketh chapter 2, | presemny first project, where |
synthesized and characteriz&aBP dimersfor the first timeDue tothe AuBR@ mono dfsper si
| was able to matckhe single particle scatterintp thein-situ solution UMVis spectra of the
dimers, which cannot be done with AUNRS.Chapter 3is the resulof a collaboration with the

Sibener lab, where we successfully controlled the assemi#ydR monolayerson shallowly



corrugated polymer templatéBhe AuNRsdeposited intdhe polymer trenchasearlyperfectly,

andby controlling he underlying polymefiimé s a | i g nommledthe alignenent of the
AuNRs. This resulted in our AuNR monolayers demonstratmgcroscopic, parization

dependensurface ahanced Raman scattering (SBRBectra?? which had never begsreviously

reported.

In chapter 5, | presettie unpublished work ©otwo ongoing projectghat intendo usethe
strong electromagnetic field enhancemenitthe tipsof AUBPS® to createnovel hybrid structures
with large optical nonlinearitie3 he first projectin chapter 5.1, has yielded the creationmfjue,
AuBP and silver coatedjold nanosphes (Ag/AuNS) heterostructures bgontrolling their
placement opre-patterned polymer substrat&Vith this resultpurcollaboration with the Nealey
lab demonstrateshe generalizability oftheir methodologyto make heterostructurarrays
involving almost any noble metal N®/efurtherhope tosshowthatcouplingthe field enhancement
of a AuBP toa Ag/AuNSscatteer createsa system withargesecond harmonic generatiddHG)
responsg The second project,nichapter 5.2,coversthe several mpublishedattempts to
synthesizesingle linked, AuBP1 quantum dot (QD) system&rom a simple application of
Fer mi 6 s G®¥odregoal wAsitd reake structures whtre electric field enhancements
of the AuBPssignificantly enhanced the photoluminescé®it) properties oh nearby QD We
hadalsowantedto probe the regimes of PL enhaneent and quenching by using gEnsitive
DNA strands, allowing us tdeterminether distance dependenegth one systemThis work is
still ongoing.

In chaptes 4 and6, | present workhatis slightly outdde the main scope of my thesis.
Chapter 4 is soon to be submitted project, where, in my attempts to expand the work of chapter

3, Imanaged to stumblgponnovelswelling morphologies of a diblock copolymer thin filithe



focus of my work theshifted tocharacterimg andinvestigatinghow these morphologiesose.

In the process, | demonstrated that these swollen films can control the macroscopic alignment of
small, spherical, highly chargediNSs from which largerpaticlescanbegrown. This proves to

serve a dual purpose, since gaticlesalso probe thé i | narsopic chemical natureChapter

6 contains my contributionsas a NP synthesis and characterization exp#st two other
collaborationsFor the first, | synthesized AuBRisat were used to probe the viscoelastic fluid
dynamics regime in simple liquidd,and for the second, | took TEM images and performed
elemental analysisn incredibly stable and bright perovskite NPs.

The conclusioniamorecompletess u mmar y o f sbfareesevibedhd provide e
several ideas for general and spedirectionsof futureresearchThe fact thaeachof myprojecs
was unique, presenting its own challengesethodologies,and results demonstrateshe
impressive number aksearch opportunitiesvailablein studying noble metal NP sedissembly.
Carefully manipulating thgghenomenorthat makes these NPs so spegialds systems with

exciting properties andnexpectegbotentialapplications.

1.1 The PlasmonPhenomenon
The fascinating optical properties aflsie metal NParisebecause the Drude mda the
free electron seaurvives the transition to theanoscale. This means thato bl e met al N
conduction band electrons can still be treated as a freely moving plaghdowever, the
positivdy charged backgroundore® e x i is hoe signiéicant Thus,when the plasma is
displaced through exposure to an oscillating electric feetipole develops that exertgestoring
force, and causeshe plasma taesonateat specific frequencie®:® When the source of the

oscillating electric field is a photon, this phenomenon is callddcalized surfacelasmon



resonance (LSPRand he frequencies at whighoccusdepend upon the metal, the mediand
the dimensions of theP.3%3¢

To understand how this frequency dependencsesyiwe must first understand the
frequency de p e mddemocfunctianiThe aquatian bfanbtidrsfaplasma when
displaced by an oscillating electric field vgell describedby that of a damped harmonic

oscillator?®
a— af— [90) Q)
wherewi s t he pl as mandssthe @&ffectiyel opticakmassnof an electrons the

electronic damping parameteris the charge of an electron, a@@ds theappliedelectric field>®

If we assuméhat the electric fields harmonicin time,

006 ©OA 2
then saoo is the displacement,

0o WA (3)
such that

o —3 (@)

The macroscopic polarizatiqdipole moment per unit volume) of the plasma is then

~

0 E® ——0O (5
where¢ is the number density of the electrorsSiven therelationshis between the dielectric
displacemen(O), andd andO,

0O -0 0 --1 0 (6
where- is the electric permittivity okacuumand- 7 is the dielectric function of the metal,

then



--1 0 -0 ——0 p — -0O(7)
meaning
-1 p —% (8
This is the dielectric functioof a free plasma whi ch doesndt account f
positive nuclei in a metal. Thus, the dielectric function for a metal reptpées wi t h ,a cons

- , appropriately named theedectric constant of the metal. Thus, threquency dependent

dielectric function for a metas
-] - — 3% (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 interaafdight with smallgold spheres,
using a multipole expansion from which the frequency dependent extinctass sectign
, 1 ,ofthe particles can be determin@’ For particleswith dimensions much smaller than
thei nci dent | i ghephase ofthaosallatiegrelgctrdmagnetic fieldomoonsidered
constant, makng all but the first ¢&Thinisthé quiditaticds e x p
or dipole, approximation, and describes the LSPR behavior of noble metal NPHORGOmM in

diameter very well, yielding

__7,—
o] w oos g (20)

whereis the speed of light, is the dielectric constant of the environmenis the NPs volume,
and the dielectric function of the metal is defined as iFf¥%In the small dampingmit, i.e.,
when the imaginary part of 7 can be ignored, 1 is maximizedwvhen

YQ ¢- 3 (11)
The frequency at which this occurs is the LSPR frequency GRuNsS.
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In 1912, Richard Ganextended Mié sheory toellipsoidal AuNPs®>3638 Now, for a

prolate spheroid, the extinction cross sectiathin the dipole approximatiois

. 1 w—-ToB —7 — . @)
where0 is the depolarization factor per axis, given by
0 ——11— p (13
for the major axis, and
0o 0 — (14

for the minor axe£® In this instanceQis the eccentricity of the partigldefined as

Q p — P - ) (15)
whereo is the length of the major axi§, 0 are the length of the minor axes, an the aspect

ratio of the NP® It is throughthis term that the dimension dependence of LSPRs in anisotropic

NPsarises The LSPR condition is now

YO — -,  (16)
andhas two solution®>**Theplasmoralong the minoaxisis called a transverse surface plasmon
(TSP), ands close to the LSPR frequencyM8s (Figure 1.114).%° The plasmon along the major
axis is called the longitudinal surface plasmon (LSP),ianddshiftedrom the TSP®3¢ As 'Y
increasesthe LSP redshifts even furthegiving rise tathe tunable optical properties of anisotropic
NPs (Figure 1.11a).3¢ As 0 increases past ~100 nm, the dip@pproximation no longer

completely describes 71 , and higher order terms of the Itipole expansion must be taken

into accoung>3®
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Figure 1.11 a) UV/Vis spectraand TEM images of AuNRs and AuBPs Isynthesized,
demonstrating the LSP tuning of the structures. In all three syntheses, the large spectral feature
around 2.3 eV is a combination of thd SP andthe AUNS hkproduct LSPR. b) Theoretical
simulations of the electric field enhancements of AUNPs of different shape and tip shatpness
their plasmon resonancepheres, being the most round, show the least enhancement, and AuBPs,
having the sharpest tips, show thest 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 thlismonicNPs can be treated as naoale antennaéocaly

enhancing the applieélectromagneticfield.®* St r ongest at a nobl e me
resonance his is known as the lightning rod effect, andce anénnae focus electric fields to

points, anisotropic NPs create mulanger enhancements than their spherical counter{fagisre

1.1.1b).*> While anisotropic, plasmoniPsof silver and copper existheytend to be less stable

thangold counterpart§l-*?areharderto synthesiz£® and are limited in shape $pheres orods*#



47 This last point is very pénent for electromagnetic field enhancensestncetheir magnitude
directly correlates h NP tip sharpnes@Figure 1.11b).*® Thus, the AuBPs first synthesized in
our lak® over a decade agare the noble metalNPs with the strongestelectromagatic field
enhancements date(Figure 1.11b),*® with the additional benefit of being the most monodisperse
colloidally synthesized anisotropjslasmonicNPs® Since atensive AuBP colloid and single
particle characterizationsad previously been performéal our 1ah®1>4852 the impetus fomy
researctwasto manipulatendutilize the AuBRs extreme lightning rod effecttxontrolling their
assemblyChapters 2 and 5) While this did not always woriChaptes 32 and 4), | wasalways
able topull from the synthetic library of AUNP® find plasmonic structures tase in my

investigations



Chapter 2. Gold Bipyramid Nanoparticle Dimers®

This paper was originally published iFhe Journal of Physical Chemistry C on February,28
2014, and is adapted with permission heiMalachosky, E. W.; Guy<tionnest, P. Gold
Bipyramid Nanopatrticle Dimersl. Phys. Chem. @014 118(12), 640%6412. Copyright 2014
American Chemical Society.

Special thanks to: Dr. Gang Chéd?rof. Yossi Weizmann

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

di mers. The methodol ogy, its selectivitay, and
darkfield 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 sepafatom 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 enhancem&msGold nanorods (AuNRs) are the most studied
example of these particlé$,14.15.24.25.29.398 b1t even the best AUNR samples exhibit aspect ratio
variations that cause their inhomogeneous linewidth to exceed their homogenous linewidth by at

least two fold. Gal bipyramids (AuBPs), however, have better shape homogeneity, the narrowest



ensemble linewidth of all plasmoneolioidal particles, and are predicted to have larger-fielar
enhancements due to their sharp fifs8798This makes them natural choicks seeking novel and
enhanced optical properties.

We have developed an agueous 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 charaetization of the resulting structures are presented and discussed. Previous work on
AuBPg>% and AuNR$*25295974 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, reghifted plasmon resonance as they psat; 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 dependencof t he di mer 6s pl asmon res
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. Hexadecyltrimethd mmo ni um br o mi d eold(ll§ hioiie triPda®e%) , g

( 099. 9% melAuglh), silvebritrate (89.9999%AgNDs), L-asc or bi ¢ a,eitt d ( O9 ¢
C,sodium citrateNaCithhsgydir ameb ¢ ©O8 B gptNaBH, kecysteld® 8 . 5 %
(97%), L.g| ut at hi omamer ¢ @9 8 e 1 h &meochptograPrdBicarid (BIBA,
O099%ysteami ne t(eta@thylehe, glycalyithiol (97%) were all puested from

Sigma Aldrich and used without further purificatiosb®mosalicylic acid (B S A, 098. 0%) w

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

10



purchased from Fisher and used without further purificatianm thick, indiumtin-oxide (ITO)

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

use.l 8 . 7 nanopure water (NP¥D) was obtained from the MRSEC filtration system.

Instrumentation. UV/Vis spectra were recordeding 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 TEMepting 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. D&ikld (DF) optical microscopy spectra were

recorded using a hosbuilt microscope with an Andor iDus CCD air cooled-7® °C as the

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

immersion condenser (NA t24), Zaber TechnologiesOS28E XY mechanized stages, a 60x
objectve (NA 0.85), and a hombuilt spectrometer consisting of a lens focused onto a
transmission grating. The system was calibrated using a Hélngon lamp. The ITGylass
Ssubstrates were patterned with a nunrbéapticad,
and structural matching.

Gold Bipyramid Nanoparticle Dimer Synthesis. AuBPs were symtesized as previously
described,which involves two steps. To synthesize the AuBP seeds, in 18.95 mL ofNRider
vigorous stirring at room temperature (R¥@re mixed 250 pL of 10 mM HAuGI500 uL of 10
mM NasCit, and 300 pL of NaBHsolutions. The colloid was allowed to age for two hours, and
should be clear, pirkrange color. To synthesize the AuBPs, 364 + 4 mg of CWAER: dissolved

in 10 mL of NPHO with vigorous stirring at 30 °C. Tihis was then added 5Q@ of 10 mM

HAuUCls, 100pL of 20 mM AgNGQ;, 200puL of 1 M HCI, and 8QuL of 100 mM vitC. The color

11
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Figure 2.2.1Picture of our hom#built dark field microscopel) is the mechanical sample stage,

2) marks the objectives and nqgsiece holder, and 3) marks the d&edd condenser.

will change from golebrange to clear as the Au(lll) is reduced to Au(l). 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 prédas, these reactions were
usually performed in quadruplicat&fter 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 CT ABBSAGtabilizathh s@ution. 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 storect 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 tiraesolvedJV/Vis spectra. An aliquot of the stock AuBP collgiR5
eL) was dNPHOwedewi (R. 725 mL) and mi xsoldtiowi t h 1
to obtain pH=3. An initial UV/ Vis spectrum wa

then swiftlyadded, mixed, and UV/Vis spectra recorded at constant intervals over the course of

12
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Figure 2.2.2a) UV-Vis absorption spectrum of as synthesiied AuBP colloid. b) Representative

TEM image of the particles in a).

the reaction. The final volume of evergaction mixture was 3 mL. The AuBP and CTAB
concentrations are estimated to be 30 pM and
concentration is 100 e€M. The diluted coll oid,
longer than theifetime of the reaction (Figure 2.2.3).

For the samples imaged with the DF microscope, mlffanuc h st ock <col | oi
mixed with the same volume of the stabilization solution, was used while all other reaction
conditions were kept the same. Theseeaddies 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 ITGglass substrate. The substrate was vaeduead for five minutes and analyzed
using DF ad 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 literatu®@;?®>8initial assembly experiments were performed on

diluted aliquots of stock AuBP colloids using only CTAB and the amino acid glutathione. A broad,

13
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Figure 2.2.3UV/Vis spectra of the reaction colloid monitorxt 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 plasmomesonance 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 éemjrega
However, these reactions suffered from large variability in their time and spectral feature evolution
(Figure 2.3.1¥° 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 impghevassembly
reproducibility. Thus, modifications to the storage temperature, the age of the stock*aihoid,
the pH of the reaction solution were studied. Ti@st reproducible results, for any sample age,
were achieved whethe stock colloids were stored at 8 °C before use and the reactions carried out
at a pH of 3, ensuring the zwitterionic formgdfitathicne and preventing its oxidation.

The remaining variability was assigned to inhomogeneous CTAB bil&yetich would

allow nonspecific binding interactions to occur. Aromatic saltghsas SBSA, areknown to

14
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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 tkaction mixtures were the same. The arrows indicate the how the

peaks evolve with time.

stabilize cylindrical CTAB micelles at | ower
packing parameté? 84 Ye et al. recently used this fact to improve AuNR synth&saisggesting
the existence of more homogeneous cylindrical bilayers on the particles. Thus, the stabilization
solution was changed to a CTABBESA mixture. Figure B.2 compares the UV/Vispectra of
assemblies performed with the CTAB and the CTAB&A 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 additidrtlee glutathione linker. For the assemblies performed with
CTAB, this is a ~4 meV redshiffFigure 23.3a, Figure 2.28), while it is a ~6 me\blueshift
(Figure 23.3h for reactions performed with the CTABBSA mixture. Because thishift
occurred inevery reaction, we attribute it to the glutathione binding to the AuBPassigh it to
the plasmon resonanceds de p¥Therefractie indicesofthes di e

molecules around the AuBPs are 1.435, 1.654, and estimated 1.55 for GTB$®A 5and
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Figure 2.3.2 a) Representative time resolved UV/Vis spectra of an assembly reaction using
glutathione and the 2mM CTRstabilization solution. b) Representative time resolved UV/Vis
spectra of an assembly reaction using glutathione after the stabilization solution was changed to

1mM CTAB/ -BSA.0kelrro®ws indicate the spectral evolution with time.

glutathione,re pecti vel y. T h u s-shift uporethe Addida of lglSt&thoose irrae d
CTAB solution is due to an increase in its local polarizability, while its-bhi& in the CTAB/5
BSA solution is due to a polarizability decrease. The fact that thesg sbditiron a much faster
time scale than the assembly indicates that the glutathione (in 100x excess for full surface
coverage) immediately adsorbs to the AuBPs&®6
can only access AuNP surfaces through locetiof poor CTAB bilayer coveradé’®such as the
tips, but we consider this unlikely given the strongtAiol bondcompared to the ACTAB non
specific interaction. Therefore, we propose that the lilmkisorption is not restricted to the tips
but rather that the AuBPs are fully coated with glutathiaretop of which is the CTABABSA
bilayer. The tip selective assembly then osalire toglutathioneexposure at regions where the
bilayer has broken down due to geometric stress.

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

point electrostatic interaction between the zwitterionic head groups on different p&ftiéBisace
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Figure 2.3.3 Comparison of assembly reactions performed using a) glutathione b) cysteine under
the standard reaction conditions. The-sbdted peaks in the cysteine assembly are better defined
than the same peaks in the glutathione assembly. c¢) and d): The spdwtraysteine assemblies

performed for characterization. <c¢) is the r

e a

colloid and d) is the reaction performed with

solution. The sample made fetructural 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 hydgen bonding interactiorfé;2>2%°%"7 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 shownRgure 2.3.4 To explicitly determine the
importan@ of the zwitterionic head group, assemblies were performed wRA at pH=9 ¢

COQ, Figure 2.3a) and cysteamine at pH=3NHs", Figure 2.34b). The 3MPA induced an
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immediate blueshift, which we interpret as its rapid diffusion through the bilayeraasorption

to the AuBPsO6 surfaces, but the spectral evol
could be due to the negatively charged carboxylate group stabilizing the CTAB bilayer in a similar
effect to 5BSA1*8384The cysteamie 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,nons peci fic aggregation. This was most | i kel
positively charged ammonium group. To test for hydrogen bonding, reactions were performed with
3-MPA and mercaptoethanol at pH=30OH and-OH, Figures2.3.4c,d respective)y Both

reactions exhibited a slow bhkshift and a small amount of slow, repecific aggregation,
indicating the slow diffusion of the neutral, hydrophilic species through the CTAB bilayer. This
would eventually result in a gold sade terminated in neutraDH 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 wetested using tetra(ethylene glycol)dithiol at neutral pH
(Figure 2.3.4e). Again, the spectral blsiaft occurred slowly, consistent with the neutral thiol
results, but no obvious aggregation occurred. Interestingly, both AuBP and AuNS peaks shifted
simultaneously, indicating neselective functionalization that was not previously observed. An
assembly reaction performed using glutathione as a control (Figure 2.3.4f) developeukitted
spectral features, indicating the specific effectiveness of thecaaaid. To test this, an assembly
was performed using cysteine, with the results shown in Figures 2.3.3a,b. With cyteine,
reaction exhibited the immediate AuBP LSP bhiéft, as well as better resolved spectral features

than those observed with glthéone. Thus, for the remainder of the work, cysteine wsaslas
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Figure 2.3.4 Comparison of assembly reactions performed using different thiol linking molecules.
a) 3MPA at pH=9 b) Cysteamine at pH=3 cVBPA at pH=3 d) Mercaptoethanol 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 saariy® other linker

developed similar features to those observed ghttathione

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 tWweo-point electrostatic interaction
previously proposeé:’® 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 confirnathadjquot of the
reaction mixture was spincast onto the fglass substrates at the final time point in Figure 2.3.3d,
and one of its 100 em x 100 em grids was comp
The results are shownTrable2.31. The regon contained over 3000 particles, with a ~30% AuBP
and ~70% AuNS distribution, which is typical of a AuBP synth&Jisere were 163 total dimers,
and 21, 6, 2, and 1 trimers, quadrimers, pentamers and hexamers, respectively.

27% of the AuBPs were taken upassembly, compared to only 4% of the AuNSs, which
can be assigned to a factor of 6 in their rel
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 evaporatfdri? is the cause of the dimerization. A nspecific
dimerization would yield structural ratios of: AuBRIBP: 1, AUBRAUNS: 4.7, and AuNS
AuUNS: 5.4, while the measured ratios were: AeBIBP: 1, AUuBRAUNS: 1.21+0.12and AuNS
AuUNS: 0.1&0.13, with errors from the counting statistics. These results caniespreted 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 cotithiidee AuBPs are aboutth
ti mes more Oreactive, 6 i . e. , furtberseppodrtsthespictyre t o a s

of a less stable CTAB bilayer at regions of sharp curvature guadhisgptropic AUNP
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Table 2.31 Complete AuBP Dimer Particle Count

AuBP- | AuBP- | AUNS
AuBP | AuNS | AuNS
69 83 11 23 6 3 1 0 800 | 2358

Trimer | Quadrimer| Pentamer Hexamer| Oligomer| AuBP | AUNS

assembly* 78

From the SEM images, the AuBP dimers can be subdivided into three structural categories:
28 bowtie, 14 longitudirlaedgeedge, and 27 Mhape dimersT@ble 2.3.2. To optically
characterize these structures, 59 AuBP dimers were isolated using both DF and SEM, with the
results presented iRigures 2.3.5 and 2.3.€igure 2.3.7outlines the DF and SEM matching
process for the representative bowtie dimefigtire 2.3.5aThe bowtie dimers range from tip to
tip (Figure 2.3.5ato0 structures whose tips overlap by no more than half the facet Igrigtite
2.3.51. They exhibit thenost redshifted resonances, with a distribution from 1.25t0 1.4 eV (1.30
eV averageFigure 2.3.5¢c)and the majority of the structures have less than 10 nnteyparticle
overlap (Figure 2.3.5d The longitudinal edgedge dimers have a less +#ifted resonance,
centered at 1.46V (Figure 2.3.6p while the \fshape AuBP dimer structures have a distinctly
blue shifted plasmon resonance centered atdV7@igure 2.3.6b)With the lone AuBP LSP on
the substrate entered at 1.62+0.017 eV, these nesesare a ~7% blueshift for thestiape, 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 widthalf maximum (FWHAM) (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 NP&.8%94 This matches the qualitative expation from a
simple dipoledipole coupling model, where dipoles aligned end to end yield an opticahiied

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

Type Bowtie Longitudinal EdgeEdge V-Shape
Counts 28 14 27
Ratio, per lone
AUBP 0.035 0.018 0.034
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Figure 2.3.5Characteristic DF spectra and SEM images of bowtie AuBP dimers. a) Tip to tip and
b) tip overlap structures. The counts are normalipethe 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 arerl

optical blueshift, like the \A\shape dimers. Even thougie 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 resoffeii¢&$°The bowtie spectra have

a similar ®@E/E shift to Shao?®»anttheaHRTEMsmaflesr t he
of AuBP dimers oriented perpendicular to the beam path show a smabanigle gap (Figure

2.3.9). These factors indicate that the overlap does not correspordi@rticles fusing together,
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Figure 2.3.6Characteristic DF spectend SEM images @,i) longitudinal edgeesdgeand b,i) \*
shape dimersThe counts are normalized to the lamp spectrum. Histogram afithiengitudinal

edgeedge and,ii) V-shapestructued p | a s mo n. Thmedis widtha are 00% eV.

but is rather an issue of orientation on the substrate.

To elucidate the relattos hi p bet we en tesorancésuaBdPthe couptiegr s 0
between theimdividual AuBPs, the resonances were divided into two graunaiplotted against
t he ¢ omp o ncentetto cenieB distad. The VVshapedimers (Figure 2.3.10a) displap
relationship with partile separation, indicating thdtdir shapes the factorthatdetermirestheir
resonance. The bowtie and longitudinal eddge dimers, however, exhibit a slight negative
relationship between their plasmon resonances and the sfiagtistance between the centers
of their individual AuBPs (Figure 2.20b). The resonancenergy is minimized for structures
whose center to center separatamresponds to <1Am of tip overlap (6670 nm of centerd

center separation), indicatitigat thecoupling strength between the particles increases as their
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