


 

 

ABSTRACT 

Strong Coupling of Nanoparticle Plasmons in Quasi One-Dimensional 

Assemblies 

by 

Liane Slaughter 

Single particle microscopy and spectroscopy strategies reveal hidden relationships 

between the surface plasmon resonances (SPRs) and the sizes, shapes, and arrangements 

of gold nanoparticles (Au NPs).  The SPR, the coherent oscillation of the conduction 

electrons, leads to intense absorption and scattering of light at frequencies satisfying the 

resonance condition determined by the size, shape, and spacings between NPs.  Growing 

and assembling NPs through wet chemistry yields a diversity of geometries.  Together, 

optical spectroscopy, scanning electron microscopy (SEM), and computational modeling 

of individual NPs and NP assemblies elucidate the resulting variety of SPRs.  Strong 

coupling of the SPRs in linear assemblies provokes particular interest for tunable 

structures that will benefit surface enhanced spectroscopies and optical computing.  The 

influence of the constituents and imperfections in such assemblies, which deviate from 

idealized model systems, must be established one assembly at a time.   

This thesis demonstrates previously unknown and sensitive relationships between 

the SPRs and these geometric parameters through systematic single particle experiments 

of self-assembled ring superstructures, nanorod dimers, individual nanorods populating 

different size regimes, and short linear chains of Au NPs through single particle 

spectroscopy.  Dark-field scattering of self-assembled ring superstructures of 40 nm Au 

NPs reveals new plasmon modes that are redshifted from the single NP SPR by hundreds 



 

 

of nanometers, highly polarized along the axis of alignment, and indifferent to 

irregularities in the NP arrangement.  SPRs of Au nanorod dimers, however, are 

dramatically altered by NP size heterogeneity, reduced symmetry, and metallic contact, 

consistent with previous studies of small assemblies.  Broad band single particle 

extinction measurements of individual Au nanorods and short chains of 200-1000 nm 

long demonstrate the importance of the overall dimensions of an NP or an assembly of 

NPs.  Finally, extinction measurements of these chains provide a compelling comparison 

to chemical polymers via the redshifting of the lowest energy SPR, tolerance to disorder, 

and the influence of the repeat unit.  This result extends already well-defined analogies 

between plasmonic assemblies and chemical molecules to the ‘plasmonic polymer’.  The 

findings presented in this thesis bring deeper and more detailed understanding to the 

tunable optical properties of real NP assemblies. 
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Chapter 1 

Introduction 

The studies presented in this thesis evaluate how the geometric parameters of size, 

shape, and interparticle spacings determine the resonant plasmon modes of individual 

gold nanoparticles (Au NPs) and their assemblies.  These relationships are revealed by 

correlating electron microscopy, which resolves the sizes, shapes, and distances among 

Au NPs, and single particle level optical spectroscopy, which assesses which 

wavelengths of light the nanostructures interact most strongly with.  The systems 

discussed here are self-assembled ring superstructures, nanorod dimers, individual 

nanorods populating different size regimes, and short linear chains of Au NPs.   The 

correlated single particle spectroscopy experiments combined with theoretical 

investigations of both ideal and nearly realistic geometries provide new insight into the 

sensitivity and tunability of the optical properties of Au NPs and their assemblies via the 

geometric parameters tested here.   
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1.1. Background and motivation 

The brilliant colors of noble metallic nanocrystals have fascinated observers long 

before scientists identified the underlying physical mechanism now known as the surface 

plasmon resonance (SPR).  The SPR is a coherent oscillation of the conduction electrons 

driven by light of specific frequencies that match the resonance conditions.
1
  Just as one 

must adjust the frequency for applying force to sustain a standing wave on a spring 

according to its resonance condition determined by its length, width, and stiffness, the 

size, shape, and surroundings of the nanoparticle (NP) determine the resonance condition 

of the SPR.
2, 3

  NPs of gold, silver, copper, and certain alloys of these metals have SPRs 

at visible wavelengths.  Within the choice of a single material such as gold, many 

fascinating colors arise as well as potentially useful properties that may be tuned for 

enhancing electronic and vibrational spectroscopies,
4-8

  sensing,
9-14

 and nanoscale optical 

devices and circuitry.
15-17

 

The intense scattering and absorption by individual NPs at wavelengths 

corresponding to the SPR already benefits a variety of applications in imaging, sensing, 

and surface enhanced spectroscopies if the SPR is appropriately tuned.
2, 14, 18-22

  Among 

materials that serve as labels detected at desired wavelengths, adapting the physical 

parameters of the NPs to the application provides a flexible advantage over synthesizing 

a chemically different material.  For example, targeting specific SPR wavelengths by 

tailoring the chemistry to produce NPs of necessary sizes and shapes is often easier than 

synthesizing a chemically different molecular dye.  The chemical inertness of gold 

relative to that of silver and copper as well as its well-understood surface chemistry 
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renders it the material of choice for biological applications and nanoscale technological 

components and is thus the material focus of this thesis.   

Designing and applying nanostructures with optical properties appropriate to 

these emerging technologies requires fundamental understanding of how the size, shape, 

and surroundings of Au NPs affect their SPRs.  The sensitivity of the SPR to small 

changes in these geometric parameters has made single particle spectroscopy strategies 

indisputably necessary, especially for studying the SPRs of closely assembled NPs.
23-32

  

Decreasing the distances between NPs increases the coupling of the conduction electrons 

over multiple NPs to create SPR modes with different energies and polarizabilities not 

possible with individual NPs.  The geometry of the interparticle gap also determines the 

extent to which the electric field between the NPs is enhanced.  Myriad single particle 

level studies have proven that the variety of shapes, sizes, interparticle spacings, and in 

the case of anisotropically shaped NPs, relative orientations of the NPs, possible in one 

sample of NPs yields a broad, seemingly featureless spectrum if sampled as an 

ensemble.
24, 25, 28, 33-36

  Single particle strategies therefore provide a basic understanding 

of the sensitive relationships between geometry and the SPRs of individual NPs and 

isolated collections of NPs, otherwise unattainable through ensemble measurements.  

Such an understanding enables researchers to intelligently exploit the extraordinary 

degrees of freedom for designing NPs and NP assemblies that manipulate specific 

wavelengths of light.   

One dimensional (1D) nanostructures and assemblies of NPs point toward optical 

components with dimensions below the diffraction limit, which places a lower boundary 

on the dimension of fiber optics.  Individual nanorods (NRs) exhibit unique SPRs which 
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occur at different energies and are orthogonally polarized along the longitudinal and 

transverse axes.  Increasing the aspect ratio of an NR in the quasistatic size regime 

(diameters < 40 nm) redshifts the wavelength of the longitudinal SPR and causes the peak 

to narrow and gain intensity because of stronger separation of the charges over a longer 

distance and increased oscillator strength.
37-40

  These features enhance the sensitivity of 

NRs to the surrounding refractive index and make them highly effective sensors that can 

detect the binding of even single proteins.
10, 41, 42

   Extending the aspect ratio from NRs to 

nanowires provides 1D structures with dimensions below the diffraction limit that can 

guide and direct specific wavelengths of light.   

1D structures of similar overall dimensions and functionalities are also realized by 

assembling NPs.  More than a decade of theoretical research has already established that 

chains of NPs can transport light energy on well-ordered assemblies thanks to strong 

plasmon coupling.
43-46

  While Maier and Atwater’s 2003 experiment showed transport of 

light energy on a linear array of Ag blocks, the limited propagation length of ~500 nm is 

likely due to the large interparticle gap of 30 nm.
47

  Polman and coworkers nonetheless 

demonstrated localization of unfocused light by tuning the incident wavelength on a 

chain of gold nanodisks with comparable gaps, confirming that NP chains with gaps as 

large as tens of nanometers serve as receivers and antennas.
48

  Strong near-field plasmon 

coupling, however, does not occur until the NPs are within just a few nanometers of each 

other, and thus NPs assembled closely together present unique properties over NPs with 

interparticle gaps of tens of nanometers.
24, 28, 29, 33, 49-52

   

Until recently though, few researchers experimentally visited waveguiding on 

structures with gaps ~1 nm between NPs and therefore stronger near-field plasmon 
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interactions.
53, 54

  This void in the literature can be explained by the difficulty for 

achieving such small gaps using top-down lithography methods, which are most common 

in the physics community for making precisely sized and placed NPs, and the 

complication of discerning plasmon interactions in inherently disordered chemical 

systems.  Nonetheless, recent experiments show that NP chains assembled through 

chemical techniques, by examples discussed next, can indeed sustain and transport light 

energy.  The extent to which these assemblies can be tuned to control specific 

wavelengths of light by changing their geometric parameters has not been revealed in 

detail.  Investigations such as this one therefore provide deeper understanding of the 

plasmonic interactions that develop as one manipulates the sizes, shapes, and 

arrangements of NPs.  Such a deeper understanding will guide how scientists improve 

and optimize assemblies of NPs to achieve desired functions and potentially reveal new 

optical properties of specific realistic geometries.   

One can prepare functional nanoscale components from NP building blocks that 

exploit the strong interactions between SPRs of closely spaced NPs and customize their 

interactions by adjusting the geometries and positions of the NPs.
55-57

  The close packing 

necessary for strong plasmonic interactions can be achieved more quickly among many 

NPs at once using self-assembly than with most top-down methods and without the 

tedium of manipulating single NPs.
58-62

  Optical measurements comparing nanostructures 

with different crystal structures provide further motivation for choosing bottom-up 

chemical fabrication strategies to improve and influence the plasmonic responses of 

individual NPs.  Tang et al. modified the SPR wavelength and relaxation time by 

chemically engineering Ag NPs to be single crystalline or multiply-twinned.
63

  Studies of 
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Au and Ag nanowires have additionally proven that chemically grown nanowires are 

superior to lithographically prepared resonators due to fewer grain boundaries.
64-66

   

Chemically grown and assembled plasmonic NPs may therefore provide more desirable 

optical properties in addition to the wider availability and inexpensiveness of these 

methods.   

Indeed, a plethora of chemical methods can arrange NPs into both single layer and 

multilayered assemblies that span macroscale dimensions from single isolated structures 

to regular arrays.
57, 67-73

  These methods are becoming increasingly beneficial for 

simultaneously creating and placing assemblies on a substrate in a high-throughput 

fashion.   Nano-imprinting techniques, for example, allow researchers to easily transfer 

nanoparticles from solutions to substrates multiple times using the same stamp.
74-76

  Such 

an option cannot be considered if one must thermalize and deposit metal to create 

reproducibly positioned nanostructures on a substrate.  Peptides and DNA provide 

elegant and natural templates and relieve the need for elaborate and expensive 

instrumentation.
20, 70

  Assembling functional nanostructures from NP building blocks thus 

complements top- down methods and in some cases has distinct advantages for ease of 

fabrication and the optical properties achieved.   

How the geometries and arrangements of the NPs determine the optical properties 

in the prospective nanoscale optical waveguides and antennas produced by these 

methods, however, require the kind of detailed correlated single particle strategy 

presented in this thesis.
31, 77-79

  Such studies of assemblies of many NPs similar to those 

just described are rare though.  Reasons for this dearth include the availability of the 

necessary instruments, limited capabilities of the instruments available, preparing the 
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sample so that the assemblies can be resolved in such instruments, and the difficulty of 

discerning among plasmonic interactions in inherently disordered systems.  Microscopes 

that examine and measure the optical spectra of individual nanostructures are generally 

‘home-built’, i.e. if they are commercially available, which is already rare, they often do 

not comprehensively fulfill the needs of the investigation at hand.  For example, Si 

charge coupled device (CCD) detectors are sensitive enough to detect the limited 

scattering signal from individual nanostructures, but mostly at visible wavelengths 

because the quantum yield of Si starkly decreases outside this range.  The plasmon 

resonance redshifts substantially into and beyond the near infrared wavelengths when 

several NPs are assembled together along one dimension; therefore these spectrometers 

may not resolve the full spectrum of the assembly of interest.  As demonstrated in 

Chapters 4-6, extending the wavelength range of the spectroscopic apparatus often 

involves significant adjustments to the instrument and measurement scheme to 

accommodate different sensitivities of different detectors.
31, 80

 Single particle level 

spectroscopy has significantly advanced our understanding of the optical properties of 

individual plasmonic nanostructures and small assemblies for a decade; 
26, 28, 34, 36, 37, 42, 78, 

81-84
 studies that resolve the full spectrum of tens of plasmonic NPs assembled closely 

together, however, present unique challenges for instrumentation and are therefore only 

beginning to burgeon.   

Single particle spectroscopy, like other characterization methods, requires the 

sample to be properly prepared for the instruments used.  Nanostructures must first be 

separated beyond the resolution of the optical measurements, usually 500-1000 nm, 

depending on the instrument used.  To correlate optical and electron microscopy, sample 
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preparation must enable exact location and identification of nanostructures in different 

instruments, often housed in different buildings.  Depending on the nanostructures of 

interest and the substrate, these criteria may require only the simple addition of 

registration markers to the substrate on which NPs are already dispersed, or a new and 

carefully developed patterning and fabrication schemes.  Adequately controlling the 

placement and separations among NPs are thus additional challenges that limit the extent 

to which chemically self-assembled structures have been characterized at the single 

particle level.   

Finally, interactions within assemblies of many NPs, such as those discussed in 

Chapters 2, 5, and 6, lead to a broad range of plasmonic interactions that 

spectroscopically superimpose upon one another.  Distinguishing between peaks within 

one spectrum becomes difficult and determining which NPs interact to produce these 

convolved spectral features becomes seemingly impossible.  Disorder arising from a 

distribution of NP sizes and shapes and more randomized arrangements of NPs is natural 

to experimental systems but further obfuscates how the resonant modes of the individual 

and interacting NPs contribute to the spectrum.  Disorder does not, however, necessarily 

disrupt plasmon coupling.  In fact, the coupled SPRs in assemblies of many closely 

spaced NPs tolerate a variety of constituent sizes, shapes, and arrangements.
85, 86

  

Therefore, realistically achieved structures robustly sustain coupled SPR modes despite 

the sensitivity of the SPRs of individual and small assemblies to small changes in the 

geometric parameters.   

The future of functional plasmonic materials prepared through chemistry thus lies 

in both optimizing their assembly and in understanding the collective plasmonic 
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properties of the resulting assemblies.  This thesis demonstrates relationships between the 

SPR and the sizes, shapes, and arrangements of Au NPs in four distinct systems which 

shall be discussed in the order in which the projects were carried out: self-assembled ring 

superstructures, dimers of gold nanorods, individual Au nanorods (Au NRs) populating 

two distinct size regimes, and short chains of Au NPs.  Bottom-up growth and assembly 

methods provided all of the nanostructures discussed here. In all of these studies, the 

sizes, shapes, locations, and orientations of individual NPs were identified by scanning 

electron microscopy (SEM) and the SPRs of the same individual nanostructures were 

characterized through dark-field scattering or extinction spectroscopy.  Computational 

modeling performed by Dr, Britain Willingham and Lin-Yung Wang in Prof. Stephan 

Link’s research group and with other research groups at Rice University further validated 

the experimental findings and brought deeper understanding of the interactions among 

charges occurring at specific plasmon modes.  In each system, the collaborative 

combination of my sample preparation and single particle spectroscopy measurements 

with modeling elucidated relationships in detail that would be otherwise unknown 

without such a strategy.   

1.2. Overview  

1.2.1. Strong Plasmon Coupling in Self-Assembled Ring Superstructures 

The self-assembly of Au NPs into ring superstructures was a fascinating and 

unexpected result discovered in Prof. Eugene Zubarev’s research group at Rice 

University.
56

  Their investigation identified water droplets as the templates for the rings.  

Water droplets condense onto the surface of the nanoparticle solution due to evaporative 
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cooling of the highly volatile organic solvent.  The polystyrene ligands rendered the 40 

nm Au NPs extremely hydrophobic and soluble in a variety of organic solvents, such as 

dichloromethane, the solvent for the NPs used here.  The majority of NPs therefore 

condensed at the interface of water and dichloromethane instead of precipitating out of 

the solution sooner during evaporation.   

 My colleague, Dr. Wei-Shun Chang, and I coauthored a study of new 

plasmon modes due to strong coupling revealed through dark-field scattering spectra of 

segments of these self-assembled rings.  These modes are redshifted hundreds of 

nanometers from the resonance of the single NP and highly polarized along the assembly 

axis.  Spectra from many segments along the same ring qualitatively exhibited the same 

spectral features and polarization dependence despite a distribution of sizes and shapes of 

the NPs and irregular spacings and aggregation along the ring.  The peaks due to plasmon 

coupling thus tolerate disorder, indicating that such a facile and high throughput method 

to chemically assemble NP building blocks can yield functional nanoscale components 

despite irregularity.  Given the sensitivity of the SPRs of individual NPs and small 

assemblies to small changes in morphology discussed next in the context of nanorod 

dimers, realizing the robustness of plasmon coupling despite disorder relaxes the 

requirement that larger assemblies must be ‘perfectly’ arranged to be useful.  We 

published this work in Nano Letters in the spring of 2009.   

1.2.2. Dimers of Gold Nanorods 

While the coupled response of large assemblies of NPs appears tolerant to 

irregularities, the SPRs of small assemblies, like dimers and trimers, are extremely 
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sensitive to heterogeneities. Changing from an isotropic shape, such as a sphere, to an 

anisotropic shape, such as a rod, already increases the number of possible geometries for 

an assembly of only two particles thanks to the additional non-degenerate orientational 

degree of freedom.  A collaboration with Prof. Peter Nordlander and his former student, 

Dr. Yanpeng Wu, at Rice University exposed the delicate sensitivity of coupled plasmon 

modes of Au NR dimers to size heterogeneity, symmetry breaking, and conductive 

contact between the NRs.
24

  I correlated SEM images with polarized dark-field scattering 

spectroscopy of individual dimers of ~25 x 75 nm Au NRs to reveal the plasmon modes 

of individual dimers with known sizes, shapes, spacings, and angles between the NRs.  

The collaboration developed a finite difference time domain (FDTD) model that 

reproduced the physical parameters of the NRs experimentally investigated and also 

incorporated the excitation and detection geometries of the dark-field scattering 

spectrum.   This strategy identified bright antibonding modes that would be dark in the 

absence of size heterogeneity and a new vastly shifted plasmon mode due to conductive 

contact at the ends of the NRs.  The detailed trends uncovered inform how the optical 

properties of NR dimers change due to the heterogeneity present in realistic systems.  We 

published this work in ACS Nano during the summer of 2010.     

1.2.3. Spectroscopy of Quasistatic and Non-Quasistatic Gold Nanorods 

Distinct challenges arise when performing spectroscopy of NPs and assemblies of 

NPs populating different size regimes.  Large NPs are easier to locate and visualize 

thanks to their increased scattering cross section, but their departure out of the quasistatic 

size regime subjects them to retardation (increased radiation damping and dynamic 

depolarization), often redshifting their plasmon modes outside of the window of 
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wavelengths that most detectors with single particle sensitivity can detect.
87

  Chapter 4 

presents research of Au nanorods (Au NRs) with diameters of 20-30 nm and therefore 

within the quasistatic size regime, and Au NRs with diameters of 80-120 nm, well outside 

the quasistatic size regime from another collaboration that I led with Prof. Zubarev’s 

group, which we published in The Journal of Physical Chemistry C in 2010.
80

  The SPR 

wavelength of Au NRs with diameters, d < 40 nm scales linearly with the aspect ratio, a 

trend too often generalized for Au NRs of all sizes.  For broader Au NRs outside this 

quasistatic size regime, however, the phase of the incident light varies over the breadth of 

the particle, leading to inhomogeneities in the electric field inside and outside the rod.  

The resulting increase in radiation damping broadens and redshifts the dipole SPR mode 

hundreds of nanometers even if the aspect ratio is maintained.
88, 89

  While these broad 

NRs are easier to visualize in both optical and electron microscopes, fully resolving their 

spectra is not possible without combining the 500-1000 nm detection window of the Si 

charge coupled device (CCD) used for dark-field scattering with an InGaAs array to 

extend the detection range to 2000 nm.  The lower sensitivity of this second spectrometer 

prevented us from acquiring adequate signal in our dark-field geometry.  We therefore 

adapted a transmission geometry to acquire ultra broadband single particle extinction 

spectra.  This scheme can reveal the SPR redshift of > 600 nm when increasing d from 24 

nm to 120 nm while maintaining an aspect ratio of 3.1.  My colleague, Dr. Alexei 

Tcherniak, used the discrete dipole approximation to further validate this result and the 

higher order SPR modes observed in the spectra of larger rods.  This study provided the 

first systematic investigation at the time that isolated the effect of the NR size on the SPR 
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while maintaining the shape, composition, and surface chemistry of NRs populating two 

different size regimes.   

1.2.4. Toward Plasmonic Polymers 

Finally, in an internal collaboration, I found compelling points of comparison 

between finite chains of 50 nm Au NPs that I fabricated and measured, and chemical 

polymers, which we published as an article entitled ‘Toward Plasmonic Polymers’ in 

Nano Letters in 2012.
90

  Chapter 5 reports the SPRs of finite chains of closely interacting 

50 nm Au NPs using the same broadband single particle extinction spectroscopy setup 

previously described. Trenches drawn in a polymer through electron beam lithography 

provided a template for assembling 50 nm Au NPs together from solution.  The template 

was dissolved away to leave free standing chains.   

My colleague, Dr. Britain Willingham, combined a parallelized generalized Mie 

theory code with an image analysis algorithm to reproduce the diameters and positions of 

the NPs imaged in SEM and therefore to analyze the spectra of the realistic, non-ideal 

systems.  This experimental and theoretical analysis revealed three important 

characteristics of our ‘plasmonic polymers’: 1) Redshifting of the lowest energy mode 

saturates at a chain length of ~10 NPs for 50 nm Au NPs, similar to a finite exciton 

delocalization length in conjugated polymers.  2) The lowest energy chain mode tolerates 

disorder in the arrangement of NPs, similar to chemical defects in polymer chains. 3) 

Most fundamental to the definition of a polymer, the optical properties depend on the 

identity of the repeat unit and how the repeat units are arranged along the chain. 

Redshifting of the lowest energy super-radiant mode, which results from the parallel 
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alignment of the dipoles of the constituent NPs along the chain, saturates at different 

chain lengths depending on the sizes of the NPs and whether the repeat unit is a single 

NP or NP dimer.  Simulations confirmed that the dimer repeat unit imparted additional 

modes to the spectrum not observed in the spectrum of a single-column chain.  The 

plasmonic polymer presents an elegant addition to known analogies between plasmonic 

assemblies and chemical molecules, a finding which also highlights the tunability of 

plasmonic systems based on the choice of constituents and assembly geometry. 

1.2.5. Plasmonic Polymers Further Unraveled 

Chapter 6 extends Chapter 5 to define the role of the repeat unit through more 

detailed measurements.  Most of the trends regarding the length and importance of the 

repeat unit in the plasmonic polymer were established through theory in Chapter 5.  

Using the same fabrication, characterization, and theoretical techniques, I experimentally 

test how the number of monomer repeat units, and overall chain length determine the 

wavelengths, intensities, and shapes of the peaks in the extinction spectra of plasmonic 

polymers having the same width but comprising three different sizes of NPs.  First, 

extinction spectra of chains composed of Au NPs with diameters of ~94 nm showed the 

saturation of the redshifting for the lowest energy mode at a chain length of 

approximately 9 NPs.  I then compared chains of approximately 9 repeating monomers 

where the monomers were either a single 94 nm Au NP, a dimer of ~47 nm Au NPs, or a 

linear quadrumer of ~25 nm Au NPs.  Despite the drastically different compositions and 

overall lengths of these plasmonic polymers, they exhibited two principle extinction 

peaks at similar wavelengths.  To test the role of only the composition of the plasmonic 

polymer on the shape of its optical spectrum, I then compared plasmonic polymers 
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having the same overall lengths while still maintaining the same width.  In other words, 

the number of repeat units varied by factors of two as the size of the Au NP building 

block decreased each time.  Again, the spectra showed two peaks of dominant intensity at 

similar wavelengths for the three plasmonic polymers with the same length and also 

when compared to the other three plasmonic polymers with 9 repeat units each.  When 

considered collectively, this data suggests that at the infinite chain limit, neither the 

number of repeat units nor overall length noticeably tunes the wavelengths of the 

resonant modes, although the integrated intensity of the spectral peaks generally increases 

with the volume of Au in the observation volume.   

This conclusion differs from the tunability predicted by the GMT, performed by 

Lin-Yung Wang and Dr. Britain Willingham, for the well-ordered square-packed 

counterparts to the assemblies used in each of these comparisons.  In particular, the 

superradiant mode should redshift by hundreds of nanometers when the overall length of 

the chain grows due to the size of the repeat unit increasing or when the composition of 

the chain changes from small NPs to large NPs while the overall length and width are 

maintained.  We conclude that, in the presence of disorder, the wavelengths of the 

characteristic strongly coupled modes of the plasmonic polymers become less sensitive to 

changes in the geometric parameters of the chain if their lengths are at or beyond the 

infinite chain limit.  Disorder does, however, noticeably attenuate the relative intensities 

of the modes within a single spectrum and the shapes of the peaks.   These comparisons 

are the first step toward isolating the influence of specific geometric parameters of 

plasmonic polymer chains on their overall optical response and revealing whether or not 
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these parameters can tune the wavelengths, intensities, and shapes of the resonant modes.  

We are presently preparing this work for publication.   

1.3. Summary 

This thesis conveys the unique influence of size, shape, and assembly geometry 

on the SPRs of Au NPs and their assemblies through detailed experimental and 

theoretical analysis of a single NP or one assembly of NPs at a time.  The work 

collectively advances our knowledge and understanding of the role of specific physical 

parameters in tuning the optical properties of NP assemblies.  These advances better 

inform and guide the design of functional nanoscale components that can be assembled 

inexpensively and easily from NP building blocks.   
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Chapter 2 

Strong Plasmon Coupling in Self-

Assembled Ring Superstructures 

2.1. Abstract 

Plasmon coupling in ordered metal nanoparticle (NP) assemblies leads to tunable 

collective surface plasmon resonances (SPRs) that strongly depend on the interparticle 

distance.  Here we report on the surface plasmon scattering of polystyrene-functionalized 

40 nm gold nanoparticles (Au NPs) self-assembled into close-packed rings.  Using single 

particle dark-field scattering spectroscopy, we observed strong near-field coupling 

between neighboring NPs, which results in red-shifted multipolar plasmon modes highly 

polarized along the ring circumference.  Correlated optical spectroscopy and scanning 

electron microscopy of individual rings with different diameters revealed that the 

plasmon coupling is independent of ring curvature and mostly insensitive to the local NP 
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arrangement.  Our results further suggest that a one-dimensional Au NP assembly yields 

long-range collective plasmonic properties similar to those of metallic nanowires.  

This chapter in its entirety has been published as an article with equal contribution 

between Dr. Wei-Shun Chang and myself and has the citation:
85

 

Chang, W.-S.; Slaughter, L. S.; Khanal, B. P.; Manna, P.; Zubarev, E. R.; Link, S. 

"One Dimensional Coupling of Gold Nanoparticle Plasmons in Self-Assembled 

Ring Superstructures." Nano Lett. 2009, 9 (3), 1152-1157. 

 

2.2. Background and Motivation 

Changes in the size, shape, and dielectric environment provide an extraordinary 

degree of freedom for manipulating the localized surface plasmon oscillation frequency 

and lifetime in isolated metal particles.
1, 91, 92

  Applications of the SPR in novel solid-state 

devices require the assembly of NPs into ordered structures.  When the interparticle 

distance becomes comparable to the wavelength of the interacting light, far-field radiative 

coupling
93-95

 strongly modifies the plasmon resonance energy and width.  In linear NP 

chains with the  interparticle distance close to the single particle resonance wavelength, 

far-field interference causes a narrow plasmon mode polarized perpendicular to the NP 

chain to emerge, as observed for 100 nm x 30 nm silver disks.
93

  Calculations using the 

coupled dipole approximation predict that the width of this plasmon resonance can be 

smaller than 1 nm with a refractive index sensing sensitivity, which is four times larger 

than that of the corresponding isolated NP.
96
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As the interparticle separation is decreased to distances equal or less than the NP 

diameter, near-field interactions become important and, in linear chains,
47, 48, 50, 97-103

 lead 

to splitting of the plasmon resonance into two propagating plasmon modes polarized 

parallel and perpendicular to the major chain axis.  Within the quasistatic point dipole 

approximation, the energy splitting, caused by a blueshift of the transverse and redshift of 

the longitudinal plasmon mode, is directly related to the plasmon propagation loss.
97

  

Propagation lengths as large as micrometers have been predicted for plasmon waveguides 

constructed from NP chains.
104, 105

  Using near-field scanning optical microscopy 

(NSOM) and fluorescence markers, energy transport by the coupled transverse mode over 

a distance of 500 nm has been confirmed in a linear chain of 90 nm x 30 nm silver 

nanorods with 50 nm gaps.
47

  But even at small interparticle distances, far-field radiative 

coupling cannot be neglected and its effect must be considered in the design of novel 

plasmonic elements.
48, 99, 100, 106

  For example, phase retardation and interference in a 

linear chain of 110 nm x 50 nm silver nanodisks and center-to-center separations of 150 

nm lead to the localization of different wavelengths at the opposite ends of the chain.
48

 

The ability to produce arrays with homogeneous particle size and shape as well as 

regular interparticle separations using lithography techniques has provided invaluable 

insight into the far- and near-field interactions of surface plasmons in ordered metal 

nanoparticle structures.
47, 48, 94, 95, 98, 99

  The results obtained to date clearly demonstrate 

the tremendous potential of using metal NPs in plasmonic devices to receive and transmit 

light.  However, it is difficult to reproducibly fabricate gaps of only a few nanometers 

that result in even larger near-field coupling
102

 using e-beam lithography.  In self-

assembled mesostructures of chemically prepared metal NPs, the length and the grafting 
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density of the surface capping material determine the minimum interparticle distance.  

The redshift of the plasmon resonance due to near-field interactions has already been 

exploited for sensitive colorimetric detection of biomolecular recognitions events using 

DNA-functionalized Au NPs.
107, 108

  For NP dimers, the distance-dependent plasmon 

coupling has been utilized in a plasmon ruler to measure the size of biopolymers in 

solution.
109, 110

  However, while the controlled assembly of chemically prepared NPs into 

larger superstructures with an overall defined microscopic shape has attracted much 

interest,
111-122

 only little is known about far- and near-field plasmon interactions in such 

assemblies.
123, 124

  An advantage of chemically synthesizing and assembling metallic NPs 

is the relative low cost.  Nevertheless, if plasmonic components made by chemical 

methods are supposed to rival those made by other fabrication techniques, it is necessary 

to first investigate and understand the plasmon coupling in chemically prepared NPs 

assemblies, which typically provide favorably smaller, but inherently more irregular, 

interparticle separations. 

Here we report on the plasmonic properties of chemically prepared 40 nm Au NPs 

self-assembled into rings of different diameters.  Covalent functionalization of the Au 

NPs with polystyrene linear chains facilitated the breath figure assembly into ring 

structures with minimum interparticle distances of a few nanometers.
125

  We chose rings 

of NPs here because of the ease with which we could prepare them and vary their 

diameter.  We observed redshifted multipolar plasmon modes, which are highly polarized 

parallel to the ring circumference and suggest long range one-dimensional plasmon 

coupling along tens of NPs.  These higher order modes have not been observed 

previously in NP dimers with comparable interparticle distances or in linear chains with 
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larger interparticle distances.
47, 48, 50, 97-103

  Combining scanning electron microscopy 

(SEM) with single particle dark-field scattering spectroscopy allowed us to correlate 

optical properties with the structural details of ring assemblies, which is essential for the 

systems that are inherently less ordered than NP arrays produced by e-beam lithography. 

2.3. Experimental Methods 

2.3.1. Sample Preparation 

Au NPs with a polystyrene surface coating (Mw = 10,000 g/mol) were prepared 

following the procedure described elsewhere.
56

  Cetyltrimethylammonium bromide 

(CTAB) stabilized NPs were synthesized using a modified method introduced by Sau et 

al.
126, 127

  This synthesis procedure typically results in a mixture of different shapes.  

Spherical NPs are the most abundant (80%) component of the mixture, followed by 

~10% of triangular prisms and 10% of other shapes including cubes and rods.
126

  The 

sample used in this study had an average diameter of 40 ± 5 nm  as confirmed by 

transmission electron microscopy (JEOL 1230 HC-TEM operated at 120 kV).  To 

functionalize the NPs, CTAB was exchanged with p-mercaptophenol, to which 

biphenylcarboxy-terminated polystyrene (Mw = 10,000 g/mol) chains were attached via 

ester linkage, rendering the NPs highly soluble in organic solvents.  Purified polystyrene-

functionalized NPs were suspended and stored in chloroform.  By allowing a drop of the 

functionalized NP solution to dry on an indium tin oxide (ITO)-coated glass slide (Delta 

Technology, CG-51IN, Rs = 8 - 12 ohms), rings of various sizes were formed at the 

interface between the organic solvent and water droplets that condensed from the air due 

to evaporative cooling of chloroform.
56

  A gold pattern was formed using an indexed 
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copper TEM grid (Ted Pella, 79021C), allowing us to locate the exact same structures in 

scanning electron and optical microscopy.  Samples for acquiring single NP spectra were 

prepared separately by replacing chloroform with tetrahydrofuran (THF) as the solvent.  

THF is miscible with water in many proportions and the interface between the water 

droplets and the organic solution does not form, thus preventing the self-assembly of the 

NPs into rings.  Before each optical measurement, the rings and individual NPs were 

characterized using an FEI Quanta 400 ESEM2 scanning electron microscope operated 

under high vacuum at 15 kV. Figure 2.1 provides an example of a series of SEM images 

taken at different magnifications. 

 

Figure 2.1 The SEM images with low to high magnification to locate a ring sample. 
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2.3.2. Single Particle Spectroscopy 

Scattering images were collected on a home-built microscope illustrated in Figure 

2.2A.  Dark-field excitation was performed in a reflected light geometry using an 

inverted microscope (Zeiss, Axiovert 200) with a tungsten lamp as an excitation source.  

To allow for coarse and fine adjustments of the sample, a home-built sample holder was 

attached to a manual translational stage and mounted on a xyz piezo scanning stage 

(Physik Instrumente, P-517.3CL) connected to a surface probe microscope controller 

(RHK Technology, SPM 1000).  Scattered light was collected using a Zeiss Epiplan-

Neofluar 100X/0.9 objective and, after passing through a 50 μm pinhole and a polarizing 

beam splitter, focused onto two avalanche photodiode detectors (Perkin Elmer, SPCM-

AQR).  Images were collected point by point by scanning the sample, shown in Figure 

2.2B, and a line section demonstrating the resolution is shown in Figure 2.2C.  We used 

filters of known optical density in the detection path as necessary to prevent saturating 

the detectors.  No spectral correction for the quantum efficiency of the detectors was 

performed.  Scattering spectra were acquired with a spectrometer (Princeton Instruments, 

Acton SP2150i) and a CCD camera (Princeton Instruments, PIXIS 400BR,).  When 

taking a spectrum, the scanning stage moved the sample to the desired location so that 

only the scattered light from the selected location could pass through the pinhole.  The 

scattered light was directed to the entrance of the spectrometer using a motorized flipper 

mount (New Focus), dispersed by a grating (300 l/mm, blaze wavelength: 500 nm), and 

detected by the CCD camera.  The spectra were averaged over six frames, each having an 

integration time of 10 seconds.  The background was measured at a region with no NPs 

present, dark counts were measured with the lamp off, and we corrected for the scattering 
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of the substrate using clean glass slides.  A polarizer was placed in the detection path 

after the pinhole to measure the polarization dependence of the scattered light.  A 

depolarizer followed the polarizer to avoid any polarization bias due to the spectrometer.  

Matlab programs were written to correct for the efficiency of the lamp, collection 

efficiency of the spectrometer, any filters used in the detection path, compute intensity 

distributions, and calculate and fit the spectra.   

 

Figure 2.2 (A) Experimental setup for the dark field measurement. L: Halogen lamp, O: 

Objective, D: Mirror for dark field illumination, M: Mirror, PH: 50 μm pin hole, P: 

Polarizer, FM: Flip Mirror, S: Spectrometer and CCD camera, PBS: Polarizing beam 

splitter, A:APD. (B) is the dark field image of 90 nm Au NP taken by the CCD camera 

and APD, respectively. (C) the cross section of dark field image on a Au NP marked by 

white line in (C). The FWHM of the peak is 560 nm. 

2.4. Results and Discussion 

Although the assembly of rings can be achieved with NPs of any shape as long as 

they are functionalized with polystyrene,
125

 we chose here to study rings composed of 

NPs with almost spherical shape.  A scattering and SEM image of the ring studied in 

depth are shown in Figure 2.3.  The interparticle distance varied along the assembled 
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rings and depended on the concentration of the solution.  Typical interparticle distances 

for the rings investigated here were 3 - 4 nm, in good agreement with the thickness of the 

polymer coating as determined by TEM. 

 

Figure 2.3 Correlated dark-field scattering (A) and SEM (B) images of a 6 μm diameter 

ring composed of polystyrene-functionalized 40 nm Au NPs. Magnified views of the ring 

segments marked by the green and red rectangles in (B) are shown in Figure 2.4. 

Figure 2.4A shows the scattering spectrum of a single NP as confirmed by SEM.  

The insensitivity of the spectrum to the polarization of the scattered light and the 

presence of only a single plasmon maximum confirms the spherical shape of the NPs.  

Figure 2.4B shows the intensity at the plasmon resonance maximum as a function of the 

angle of a polarizer placed in the detection path after the pinhole.  The weak polarization 

dependence and the limited spectral dispersion of the scattering spectra for the 

unassembled isolated NPs aided in unambiguous observation of coupled plasmon modes 

in the spectra of the rings.    

1m 1m

(A) (B)
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Strong near-field interactions of the NP plasmons in the 6 μm self-assembled ring 

shown in Figure 2.3 are evident from the scattering spectra that were recorded along the 

ring circumference for quasi one-dimensional segments with dimensions of ~ 500 - 600 

nm in length determined by the size of the pinhole.  Figure 2.4C and Figure 2.4E display 

the scattering spectra polarized parallel (thick line) and perpendicular (thin line) to the 

ring circumference for the two segments marked in Figure 2.3B with magnified views 

given in the middle column of Figure 2.4.  In comparison to the single NP scattering 

spectrum with only one plasmon resonance at 570 nm (Figure 2.4A), the spectra taken 

from 9 ring segments show at least three distinct plasmon resonances within our spectral 

observation window, having average maxima at 935  28 nm, 735  15 nm, and 619  24 

nm.  The polarization dependence of the two most red-shifted plasmon modes in the ring 

scattering spectra reveals that the plasmon coupling preferentially occurs in a quasi one-

dimensional direction along the ring circumference.   

In addition to the spectra shown in Figure 2.4D and Figure 2.4G recorded with 

polarization horizontal and vertical with respect to the image plane, we also measured the 

scattering spectra as a function of polarizer angle.  The intensities of the three plasmon 

resonances identified in Figure 2.4C and Figure 2.4E are plotted vs. polarizer angle in 

Figure 2.4D and Figure 2.4F, respectively.  An angle of zero corresponds here to 

horizontal polarization.  In Figure 2.4D and Figure 2.4F the longest wavelength coupled 

plasmon mode (open circles) reaches a maximum intensity when the polarization is 

parallel to the local alignment of the NPs and a minimum intensity for the perpendicular 

polarization.  As expected from the orthogonal orientation of the two ring segments, the 

intensities oscillate 90˚ out of phase with respect to each other.  The polarization 
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dependence of the longest wavelength scattering resonance can be fitted well to a cos
2
(θ) 

function (solid lines) consistent with a dipole or higher odd-order longitudinal plasmon 

oscillation.  The large modulation depth of almost 90% indicates nearly complete 

longitudinal oscillation tangential to the ring circumference as was further confirmed by 

all polarized spectra taken at other positions. 

 

Figure 2.4 Dark-field scattering spectra of a single Au NP (A), the two ring segments 

highlighted in Figure 2.3B (C, E), and a NP aggregate (G).  The thick (thin) lines show 

spectra recorded for scattered light polarized parallel (perpendicular) to the major axis of 

the NP assembly.  The corresponding SEM images are given in the middle column with 

the size of the detection area highlighted by the colored circle, according to the 

measurement in Figure 2.2C.  The right column shows the polarization dependence of the 

plasmon resonances for the single particle (B), the two ring segments (D, F), and the NP 

aggregate (H) measured at the three different resonance maxima. Note that the intensity 

scale on the right matches the one on the left. 
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Despite a slightly lower modulation depth of ~ 65%, the plasmon resonance at 

735  15 nm shows a similar polarization dependence as the lowest energy plasmon 

resonance (Figure 2.4D and Figure 2.4F, solid circles), suggesting that it is also a coupled 

plasmon mode.  In contrast, the scattered light intensity of the highest energy peak is 

almost completely unpolarized.  Given the large resonance width, it is unlikely that this 

peak simply arises from the sum of the scattering spectra of the single NPs within the 

detection area.  We therefore assign the highest energy plasmon resonance to a 

superposition of a coupled transverse mode with a higher order longitudinal mode.  A 

pure transverse mode is however not observed in any of the rings measured. 

To examine the significance of the linear arrangement of NPs in the ring and its 

effect on the plasmon coupling we also investigated a circularly shaped aggregate 

assembled from the same NPs with a diameter of about 900 nm.  The polarized scattering 

spectra are given in Figure 2.4G together with corresponding SEM image.  The spectra in 

Figure 2.4G show a broad peak centered around 700 nm with a shoulder at 900 nm 

indicating that near-field interaction between the plasmons are also important in this 

close-packed NP assembly.  However, the absence of a distinct polarization dependence 

of the scattering peaks (Figure 2.4H) for the circularly shaped aggregate in comparison to 

the ring corroborates our conclusion that a one-dimensional NP alignment results in a 

directional coupling of the localized surface plasmon.  These measurements highlight the 

importance of the overall geometry of the assembled structure for the design of 

plasmonic components based on near-field interactions between NP plasmons. 

To spatially visualize the coupled plasmon modes of the assembled ring, we 

performed polarization- and wavelength-selective dark-field microscopy by imaging the 
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scattering intensity with filters inserted in the optical detection path and splitting the 

signal into orthogonal polarizations.  Dark-field images of the same 6 μm ring shown in 

Figure 2.3 recorded at wavelengths of 550 ± 20 nm (Figure 2.5A and Figure 2.5B) and 

900 ± 20 nm (Figure 2.5C and Figure 2.5D) confirm the presence of a coupled plasmon 

mode at 900 nm that is polarized along the ring circumference.  These results differ from 

those reported for continuous nanorings with sub-micrometer diameters, for which the 

lowest energy SPR originates from the coupling of dipolar modes at the inner and outer 

surfaces of the nanorings resulting in an opposite polarization dependence as observed 

here.
128, 129

 

 

Figure 2.5 Polarization- and wavelength-selective dark-field microscopy of the 6 μm ring 

shown in Figure 2.3. (A, B): 550  20 nm; (C, D) and 900  20 nm. The polarization of 

the scattered light is indicated by the arrows. A constant background has been subtracted 

from all images. 
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Our results also differ from scattering spectra measured on 2 μm diameter rings of 

NPs prepared by e-beam lithography.
130

  Those rings consisted of 100 nm gold disks 

spaced 200 nm apart.  The scattering spectra of the rings and the isolated disks were 

identical indicating weak or no near-field interactions as verified independently by 

Raman scattering experiments
130

 and as expected for interparticle distances on the order 

of twice the particle diameter.
98, 103, 131

  Instead, far-field interference due to phase shifts 

between the scattered light originating from different NPs in these self-assembled rings 

dominates the scattering images and leads to bright and dim ring segments for 

perpendicular and parallel polarization of the incident light, respectively.
130

  In contrast, 

far-field interactions most likely play only a minor role in the scattering images of the 

rings of NPs studied here because far-field diffractive coupling occurs for polarization 

perpendicular to the NP chain
48, 93, 96, 106

 and requires long-range periodicity in the NP 

arrangement.
94

 

Next nearest neighbor dipolar coupling has been reported to be small in linear NP 

chains,
98, 104

 consistent with the exponential distance dependence of near-field 

interactions in NP dimers.
50, 102, 103

  Although multipole coupling becomes important for 

interparticle separation of a few nanometers,
50, 83, 102

 nearest neighbor interactions are also 

expected to dominate in the rings assembled from 40 nm Au NPs.  This is confirmed in 

Figure 2.6, in which polarization-dependent images were analyzed for scattering intensity 

vs. relative ring position at the longest wavelength resonance.  The series of scattering 

images for an 8 μm ring included in Figure 2.6 gives a pictorial overview of this analysis, 

which involves averaging the intensity for all semi-circles with the detected polarization 

axis (white arrows) determining 0 and π for each setting of the polarizer angle.  The 



 31 

relative ring position intensities are overlain in Figure 2.6A and Figure 2.6B with a 

sin
2
(θ) function scaled to the measured scattering intensity (green line).  The excellent 

agreement between the experimental data and the expected sin
2
(θ) distribution 

demonstrates that for all positions along the ring circumference the scattering intensity 

originates from a dipole-like plasmon mode and is determined by the relative orientations 

of the light polarization and the nearest neighbor alignment.  This relationship also 

implies that the intensity distribution should scale with the ring curvature, and this is 

indeed observed when comparing the analysis of the 6 μm diameter (Figure 2.6A) ring 

with a larger 8 μm diameter (Figure 2.6Error! Reference source not found.B) ring.  

Note that the intensity distribution as a function of absolute distance along the ring 

circumference is given by the angle given in Figure 2.6A and Figure 2.6B multiplied by 

the ring radius, which then gives the dependence of the scattering intensity on the ring 

curvature. 

Although larger interparticle gaps combined with thicker regions of the ring gave 

rise to variations in the scattering intensity (see Figure 2.3 and Figure 2.5), analyzing the 

spectra taken along the 6 m ring and comparing the spectra to the structural information 

obtained by SEM surprisingly indicates that the scattering spectra are mostly insensitive 

to the precise local arrangement of the NPs.  This can be seen from the magnified SEM 

images and the corresponding spectra shown in Figure 2.4, as well as by comparing the 

spectra with each other.  The individual scattering spectra are in fact well described by 

the ensemble ring spectrum constructed from averaging 9 individual spectra taken with 

polarization parallel to the local ring segment (Figure 2.6C).  The insensitivity of the 

coupled plasmon resonances to ‘defects’ in the NP arrangement suggests that, in addition 
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to nearest neighbor coupling, long range plasmon interactions over distances spanning 

many NPs must also contribute to the spectral profile here. 

 

Figure 2.6  Dependence of the scattering intensity on the ring curvature (A, B) and 

spectral insensitivity of the coupled plasmon modes on the ring position and diameter (C, 

D). The scattering intensity at 900  20 nm, obtained by taking images as a function of 

polarizer angle and averaging the intensity for all semi-circles, is plotted as a function of 

relative ring position for a 6 μm (A) and 8 μm (B) diameter ring. Images of the 8 μm ring 

are shown on the right with the detected polarization axis given by the white arrows. The 

solid green lines are plots of sin2(θ) scaled to the experimental scattering intensity. 

Ensemble spectrum of the 6 μm ring (C) measured at 9 different locations and scattering 

spectrum of the 8 μm ring (D) taken at a single location. 

Previous studies on linear NP chains
47, 48, 97-100

 and NP dimers
50, 101-103

 showed a 

distinct energy splitting into transverse and longitudinal plasmon modes.  However, this 
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is not observed here.  Instead, we assign the redshifted coupled plasmon resonances of 

the ring to multipolar plasmon modes similar to those observed for long nanorods or 

nanowires.
132-137

  The extinction spectra of colloidal gold nanorods
135

 with diameters of 

85 nm and aspect ratios greater than 4 as well as silver nanowires
136, 137

 prepared by 

electron e-beam lithography (85 nm wide, 25 nm high) show several multipolar plasmon 

resonances in addition to the transverse and longitudinal modes expected from smaller 

nanorods.
138

  Theoretical studies have confirmed that the dipole and higher odd-order 

multipole modes are polarized along the long axis, that the scattering intensity increases 

with decreasing order of the multipole, and that the highest energy resonance is 

composed of multipole longitudinal and transverse modes.
132, 133

  The ring spectra show 

all of these properties of such multipolar plasmon modes.  Multipole plasmon resonances 

can be understood as standing waves excited in an extended metallic structure
132, 133, 137

 

and a direct visualization of a standing plasmon wave has been accomplished using 

NSOM.
139

 

Upon comparing the spectral features of the self-assembled ring with the 

plasmonic properties of nanowires, we therefore interpret the multiple plasmon 

resonances in the ring scattering spectra as a result of the NP assembly collectively 

behaving as a continuous elongated quasi one-dimensional nanostructure that supports 

multipolar plasmon modes.  Assuming that a quasi linear segment of the close-packed 

NPs resembles a nanorod and approximating the thickness of the 6 μm diameter ring to 

be 120 nm (i.e. 2 - 3 particles thick), we can estimate the equivalent nanorod length by 

assigning the two longitudinally polarized plasmon resonances at 935  28 nm, 735  15 

nm to odd-order multipole modes l according to published results obtained from 
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calculations using the discrete dipole approximation (DDA).
132

  The best agreement 

between the measured scattering spectra of the ring and theory for 120 nm thick nanorods 

is achieved when the two lowest energy ring resonances correspond to either l = 5 and l = 

7, equivalent to a nanorod length of 1200 nm, or l = 3 and l = 5, equivalent to a nanorod 

length of 800 nm.
132

  For this comparison we used an average medium refractive index of 

ITO glass and air.
102

  Further experiments covering an extended wavelength range are 

planned to verify this interpretation and allow for an explicit mode assignment. 

Interestingly, the scattering spectrum is not only insensitive to the ring position, 

but we also find that the spectral features of the 8 μm ring ((Figure 2.6D) are very similar 

to those of the smaller 6 μm ring ((Figure 2.6C), suggesting that a standing plasmon wave 

could be delocalized over a comparable distance despite the change in ring curvature and 

a different local ordering of the NPs.  It is not yet clear if an intrinsic limit is reached here 

as observed for a linear chain of 50 nm Au NPs with a center-to-center separation of 75 

nm prepared by e-beam lithography.
97

  For the latter system the magnitude of the energy 

splitting between the transverse and longitudinal plasmon modes saturates for 7 NPs, 

agreeing with calculations predicting that the infinite chain limit is reached for 10 

particles.
44, 140

  

2.5. Summary 

In summary, using correlated SEM and dark-field scattering spectroscopy, we 

have observed strong near-field plasmon coupling in a self-assembled ring of Au NPs.  

The short interparticle distances, limited only by the covalently attached polystyrene 

chains, most likely facilitate the near-field interactions.  We found that the geometry of 
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the assembly is very important as quasi one-dimensional coupling occurred evenly along 

the ring circumference, but was independent of the ring curvature.  The spatially-resolved 

scattering spectra revealed the presence of two additional plasmon bands that are 

redshifted from the single NP resonance and are polarized parallel to the local ring 

segment.  Such additional multipolar modes have not been observed previously in linear 

chains made by e-beam lithography, most likely because of larger interparticle 

separations.  The spectral features of the rings are similar to those observed in long 

nanorods and nanowires.  Comparing these features to DDA calculations on nanorods led 

us therefore to assign these spectral features to higher odd-order multipole plasmon 

modes, suggesting that the NP plasmons couple in such a way as to behave together as a 

one-dimensional nanostructure that is ~ 20 times larger than the individual particles.  

Importantly, the persistence of the spectral features at almost all locations around the 

rings accentuates the robustness of plasmon coupling and its ability to tolerate defects 

within an assembly of NPs.  These results are important because they suggest that, for 

small interparticle distances, NP assemblies can behave similarly to continuous 

plasmonic structures.  Hence, this study presents a promising first step towards 

characterizing and manipulating plasmon coupling in chemically assembled one-

dimensional structures, and is central to realizing functional plasmonic components such 

as antennae and waveguides constructed from NP building blocks using bottom-up 

design strategies. 
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Chapter 3 

Effects of Symmetry Breaking and 

Conductive Contact on the Plasmon 

Coupling of Gold Nanorod Dimers 

3.1. Abstract 

We have explored the consequences of symmetry breaking on the coupled surface 

plasmon resonances in individual dimers of gold nanorods (Au NRs) using single particle 

dark-field scattering spectroscopy and numerical simulations.  Pairs of chemically grown 

nanorods can exhibit wide variation in sizes, gap distances, and relative orientation 

angles.  The combination of single particle spectroscopy and theoretical analysis allowed 

us to discern the effects of specific asymmetry-inducing parameters one at a time.  The 

dominant influence of symmetry breaking occurred for longitudinal resonances in 

strongly coupled nanorods in linear end-to-end configurations.  In particular, we found 

that the normally dark antibonding dimer mode becomes visible when the sizes of the two 

nanorods are different.  In addition, we observed a conductively coupled plasmon mode 

that was redshifted by at least 250 nm from the bonding plasmon mode for the 

corresponding non-touching geometry.  Gaining detailed insight into how symmetry 
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breaking influences coupled surface plasmon resonances of individual nanorod dimers is 

an important step towards the general understanding of the optical properties of 

assemblies of chemically synthesized nanorods with unavoidable irregularities in size and 

orientation. 

The collaborative work with Prof. Peter Nordlander’s group presented here is 

published in its entirety in ACS Nano with the following citation:
24

 

Slaughter, L. S.; Wu, Y.; Willingham, B. A.; Nordlander, P.; Link, S. "Effects of 

Symmetry Breaking and Conductive Contact on the Plasmon Coupling in Gold 

Nanorod Dimers." ACS Nano 2010, 4 (8), 4657-4666. 

 

3.2. Background and Motivation 

A plethora of studies have illuminated the diverse optical properties of gold and 

silver nanostructures.  The sensitivity of the localized surface plasmon resonances 

(LSPRs) to size, shape, and surrounding media provides multiple avenues for tuning the 

way nanoparticles (NPs) interact with light in imaging and sensing systems.
38, 141-143

  The 

number of possibilities for exploiting the LSPRs further increases when taking advantage 

of the interactions between the LSPRs for particles in close proximity.  In NP dimers, the 

redshift of the LSPR maximum to longer wavelengths can serve as a plasmonic ruler, 

especially useful for measuring biomolecular distances.
50, 51, 144

  In addition, the strong 

local enhancement of the electric field between the particles is beneficial to surface 

enhanced spectroscopies to a greater extent than the field enhancement around single 

particles.
5, 8, 145

  The spectral changes from the LSPR of isolated NPs are most easily 
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observable in the closely coupled regime, where the distance between adjacent NPs is on 

the order of one radius or less.
32, 49, 52, 83, 146-151

  

A dimer is also the simplest building block in a NP waveguide.  Chemical 

synthesis and assembly methods yield 1-dimensional arrays of NPs having much smaller 

separations than what can typically be achieved using electron-beam lithography 

fabrication methods,
118, 152, 153

 potentially improving the efficacy of plasmonic 

waveguides.
47, 48

  Although chemical synthesis creates NPs with few defects and a very 

pure plasmonic response, the resulting particles exhibit a distribution of sizes and shapes.  

Thus, an assembly of such NPs will naturally contain local irregularities in the geometries 

and spacings among neighboring particles.  Such variations will influence the wavelength 

of the coupled LSPRs, especially if the particles touch each other, allowing the excitation 

of charge transfer plasmons.
52, 154

  A recent study of Au heterodimers has already 

demonstrated the rich variety of properties that arises when the two particles are 

intentionally mismatched in size or composition.
28

  The variety of new phenomena that 

can occur increases in complexity for dimers consisting of anisotropic particles, such as 

NRs where the relative orientation also becomes an important parameter.
25, 34, 141, 147, 155-

158
   

The longitudinal LSPR of a NR is highly tunable and sensitive to polarization, 

which enables individual NRs to act as efficient orientation sensors.
38, 159, 160

  The 

anisotropic shape and surface chemistry furthermore allow for their oriented assembly.
152, 

153, 161
  Despite these potentially advantageous features, the angular degree of freedom in 

an assembly of NRs complicates predicting the interactions of LSPRs even within a 

simple dimer.  To address this issue, correlated scanning electron microscopy (SEM) and 



 40 

single particle dark-field scattering spectroscopy have been performed for Au NR dimers 

with rods in specific geometries such as side-by-side, end-to-end, as well as L- and T-

shaped arrangements.
25

  Furthermore, the effect of rotating one rod with respect to the 

other was investigated for both NR dimers that were formed by lithography
157

 with 

separations no smaller than 20 nm as well as for chemically linked NRs with ~ 1 nm 

gaps.
34

  While the effects of orientational symmetry breaking have been addressed in 

these previous studies, to our knowledge, a detailed understanding of the influence of size 

mismatch on the collective optical properties of NR dimers is still missing.  Symmetry 

breaking due to the unequal sizes of the particles composing the dimer is of particular 

concern for dimers formed from chemically grown NRs which naturally exhibit a size 

mismatch.   

We have therefore explored the consequences of incongruities of individual NR 

dimers on their coupled LSPRs using polarization sensitive single particle spectroscopy, 

SEM, plasmon hybridization calculations, and finite-difference time domain (FDTD) 

computations.  The dimers of chemically grown NRs were formed fortuitously during 

evaporation from their aqueous solution, and therefore exhibited wide variation in 

mismatched sizes, gap distances, and angles.  The FDTD simulations were performed 

using excitation and scattering geometries that matched the experimental setup of the 

dark-field scattering microscope.  The theoretical analysis of the experimental data 

allowed us to discern the effect of specific asymmetry-inducing parameters one at a time.  

Correlating these structural variations with the intensities and peak positions of coupled 

LSPRs in NR dimers is important for a general understanding of how plasmon coupling 

depends on irregularities that are ubiquitous in assemblies of chemically prepared NPs.   
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3.3. Methods 

3.3.1. Correlated dark-field scattering spectroscopy 

Au NRs synthesized in solution using the standard seed-mediated growth method 

and stabilized with cetyltrimethylammonium bromide (CTAB)
141

 were obtained from 

Nanopartz, Inc.  Samples of single NRs and dimers supported on a patterned glass 

substrate were prepared by drop casting.  Individual Au NRs and dimers deposited on 

patterned glass substrates were located exactly in both an SEM (FEI Quanta 400 

ESEM2), operating in wet mode to offset charging on the non-conductive substrate, and 

in a home-built single particle spectrometer with a cooled Si CCD camera.
85

  SEM 

images were typically taken at a magnification of 60,000X and the error in determining 

the NP size was about 5 nm.  Dark-field excitation was performed in a reflected light 

geometry using an inverted microscope (Zeiss, Axiovert 200) with a halogen lamp as an 

excitation source.  To allow for coarse and fine adjustments of the sample, a home-built 

sample holder was attached to a manual translational stage and mounted on an xyz piezo 

scanning stage (Physik Instrumente, P-517.3CL) connected to a surface probe microscope 

controller (RHK Technology, SPM 1000).  Scattered light was collected using a Zeiss 

Epiplan-Neofluar 50X/0.8 objective and, after passing through a 50 μm pinhole and a 

polarizing beam splitter, focused onto two avalanche photodiode detectors (Perkin Elmer, 

SPCM-AQR).  Images were collected point by point by scanning the sample.  We used 

filters of known optical density in the detection path as necessary to prevent saturating 

the detectors.  Scattering spectra were acquired with a spectrometer (Princeton 

Instruments, Acton SP2150i) and a CCD camera (Princeton Instruments, PIXIS 400BR).  
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When taking a spectrum, the scanning stage moved the sample to the desired location so 

that only the scattered light from the selected location could pass through the pinhole.  

The scattered light was directed to the entrance of the spectrometer using a motorized 

flipper mount (New Focus), dispersed by a grating (300 l/mm, blaze wavelength: 500 

nm), and detected by the CCD camera.  The spectra were averaged over six frames, each 

having an integration time of 30 seconds.  The background was measured at a region with 

no NPs present, dark counts were measured with the lamp off, and we corrected for the 

lamp and optical components by dividing by the spectrum of a white light reflectivity 

standard (Labsphere, SRS-99-010).  A polarizer was placed in the detection path after the 

pinhole to measure the polarization dependence of the scattered light.  A depolarizer 

followed the polarizer to avoid any polarization bias due to the spectrometer.  The center 

wavelength of the grating was set to 650 nm.  To extend the detection window to 

wavelengths beyond 1000 nm, the center wavelength was changed to 950 nm and a 610 

nm long pass filter was inserted to remove secondary reflections by the spectrometer 

grating. 

3.3.2. Calculations 

3.3.2.1. FDTD Simulations 

Electromagnetic simulations of the plasmonic properties for the different NR 

dimer structures were carried out using the FDTD method.  The Au metal was modeled 

using a Drude dielectric function with parameters fitted to the experimental data for Au.  

This fit provides an accurate description of the plasmonic properties of Au for 

wavelengths larger than 500 nm.
162

  The individual NRs were modeled as cylinders with 
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two hemispherical end caps.  The calculations included the detailed modeling of the 

geometry of the dark-field scattering microscope and also the glass substrate which was 

modeled as an infinite thick dielectric layer of permittivity ε = 2.31.
163

 

3.3.2.2. Plasmon Hybridization 

The individual NRs were modeled as prolate spheroids with aspect ratios defined 

as the ratio of their major to minor axes.  The physical sizes of the dimers were scaled 

down to the quasistatic limit by dividing all dimensions by a common scaling factor.  The 

calculations were carried out including all primitive NR plasmon modes up to multipolar 

order lmax = 50, although the calculations typically converged for lmax = 15.  The dimers 

were assumed to be in vacuum, with each NR having a bulk plasmon frequency of ωB = 

8.95 eV, a dielectric constant of ε∞ = 9.5 representing the polarizable background of the 

metal, and an intrinsic damping of γ = 0.069 eV as appropriate for a Drude fit to the 

dielectric function of Au.  The incident electrostatic field was polarized along the long 

axis of the dimers. 

3.4. Results and Discussion 

The unpolarized spectrum of a single NR with dimensions (70 x 37) ±5 nm and 

aspect ratio AR = 1.8 in Figure 3.1a shows the primary scattering peak occurring at 620 

nm.  A polarization sensitive detection scheme allowed us to isolate the longitudinal and 

transverse nature of the plasmon modes.  In Figure 3.1b, for example, the angle of the 

detected polarization, θ, is varied relative to the rod’s major axis.  The maximum 

intensity at 620 nm occurs for θ = 180° when the polarization is parallel to the major axis 
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of the NR, while the intensity at this wavelength becomes zero for perpendicular 

polarization.  As shown in Figure 3.1a, the transverse LSPR is too weak to be detected in 

the single particle spectrum.  Both the wavelength of the longitudinal LSPR and absence 

of the transverse mode in the single particle scattering spectrum are typical of small rods 

that fall within the quasistatic limit, where the aspect ratio determines the surface 

plasmon resonance energy.
38

  The inset of Figure 3.1b confirms a linear relationship 

between the wavelength of the longitudinal LSPR and the aspect ratio.  Given that the 

widths of the rods varied from 20-35 nm, this trend implies that among the rods studied 

here, the aspect ratio is the most important parameter in governing the plasmon resonance 

maximum.   

In the FDTD calculations, the scattering spectra were calculated by collecting all 

of the scattered far-field within a cone-shaped domain above the nanostructures defined 

by the numerical aperture (NA) of the objective
163

 and integrating the optical cross 

sections for all different excitation directions.  The incident k-vectors were orientated 85
o
 

from the normal to the substrate, consistent with the illumination NA of the objective, 

and s- and p-polarizations were equally weighted.  The calculated scattering therefore 

represents the average for the different excitation angles, which varied in 15° increments 

around the cone.  We also introduced in the FDTD calculations a virtual polarizer having 

an angle θ relative to the NR to select the polarization components of the far-field 

projected onto the sample plane.  This procedure allowed us to calculate both unpolarized 

and polarization dependent scattering spectra for direct comparison with the experiments.   
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Figure 3.1 a)  Unpolarized dark-field scattering spectrum and SEM image (inset) of a 

single Au NR with dimensions of (70 x 37) ± 5 nm.  The scale bar represents 100 nm.  b)  

Dependence of the scattering amplitude at 620 nm on the angle of the detected 

polarization relative to the rod.  Inset: Dependence of the maximum of the longitudinal 

surface plasmon resonance λmax on the aspect ratio.  c)  Schematic of the geometry 

employed to calculate integrated dark-field scattering in reflection mode in FDTD.  θ 

indicates the angle of the polarization selected by the virtual filter.  d)  Simulated 

dependence of the scattering amplitude at λmax on θ for the rod shown in a).  

The calculated scattering intensity at the maximum of the longitudinal dipole 

mode, λmax, as a function of filter angle θ is shown in Figure 3.1d.  Comparing Figure 

3.1d with the experimentally measured polarization dependence in Figure 3.1b illustrates 

that the same cos
2
(θ) dependence is recovered and that the calculated trend obtained by 

varying the filter angle is therefore a realistic representation of the experimental 

excitation and collection geometry.  The slight offset from zero intensity for 

scattering

k

85°

Virtual Filter

θ

scattering

k

85°

Virtual Filter

θ

scattering

k

85°

Virtual Filter

θ



 46 

perpendicular polarization in the theoretical calculations (Figure 3.1d) is caused by 

numerical errors generated when modeling a spherically symmetric far-field collection 

area using a virtual filter defined on a Cartesian FDTD grid.  Such an offset will therefore 

also be present in the polarization dependence of the scattering amplitudes for the other 

NR dimer structures such as the end-to-end dimer discussed below.   

It is important to mention here that the peak positions calculated in FDTD were 

not well matched to the experiment unless the CTAB coating and the glass substrate were 

included.  The dielectric constants for glass and CTAB were ε = 2.31 and ε = 4, 

respectively.  The latter was chosen by tuning this value in the simulated spectrum of a 

single rod to match the experiment.  We assumed a thickness of 4 nm for the CTAB 

bilayer.  Although the thickness may vary around the dried particles, our estimate is 

consistent with previous reports.
164

  Simulations performed for individual rods and 

dimers with and without the substrate consistently demonstrated that the substrate 

induced a redshift but no other spectral features.  In addition, the NRs were modeled as 

perfect hemispherically capped cylinders with smooth surfaces.  Such an idealization 

neglects any defect induced damping likely to be present in the experimental structures.  

Therefore, all simulated spectra have slightly narrower resonances. 

The same experimental and computational strategies were then applied for 

characterizing plasmon coupling for a dimer of NRs aligned side-by-side.  Figure 3.2a 

plots the scattering spectrum of the dimer shown in Figure 3.2c and the scattering spectra 

of individual rods with aspect ratios similar to those in the dimer.  Note that the 

individual rods did not necessarily have the same dimensions as the rods making up the 

dimer.  The inset of Figure 3.1b, however, shows that the aspect ratio is the primary 
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variable affecting the LSPR wavelength for these rods.  The dimer displays one 

resonance peak at 620 (645) nm observed in the experiment (simulation), which is 

blueshifted relative to the peaks of each individual rod at 705 (679) nm and 680 (679) 

nm.  These spectra are consistent with the FDTD result in Figure 3.2b.  The electric field 

enhancement and charge distributions depicted in Figure 3.2d and Figure 3.2e show that 

the dipole modes of the individual NRs are aligned parallel to each other.
162, 165

  This anti-

bonding interaction has higher energy compared to the bonding mode with its antiparallel 

dipolar alignment.
155, 166

  This finding is consistent with a mode analysis performed 

within the framework of plasmon hybridization theory.
29, 167

  The lower energy bonding 

mode with its oppositely aligned dipoles has no total dipole moment and is thus 

unobservable.  The higher energy antibonding mode has a net dipole oriented along the 

long axes of the rods, consistent with the fitted cos
2
(θ) polarization dependences in 

Figure 3.2f and Figure 3.2g and the fact that the scattered light intensity reaches a 

maximum when the polarization is parallel to the long axes of the rods.  The small but 

non-zero intensity in Figure 3.2f and Figure 3.2g for polarization perpendicular to the 

major dimer axis suggests that plasmon coupling in this side-by-side dimer also involves, 

although to a much smaller extent, other higher order multipolar plasmon modes with 

transverse character.
167

  Scattering spectra analyzed polarization angles of  0º, 30 º, 60 º, 

and 90 º for the side-by-side and end-to-end dimers studied in Figure 3.2 and Figure 3.4 

are plotted in Figure 3.3.   
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Figure 3.2  a) Unpolarized dark-field scattering spectra of a dimer (red) with rods aligned 

side-by-side and individual rods with aspect ratios comparable to those comprising the 

dimer (green and blue). b) Integrated dark-field scattering spectra simulated by FDTD of 

the dimer (red) and the individual rods comprising the dimer (blue and green) without the 

polarizing virtual filter. c) SEM image of the side-by-side dimer measured in a) and 

simulated in b) showing that the dimer consists of Au NRs with dimensions of (70 x 25) 

± 5 nm (top rod) and (76 x 28) ± 5 nm (bottom rod) and aspect ratios of 2.8 and 2.7, 

respectively.  The scale bar indicates 100 nm.  d) and e) are the calculated electric field 

enhancement and charge distribution from FDTD, respectively. f) Measured and g) 

simulated intensity at 620 nm showing how the side-by-side dimer peak depends on the 

detected polarization angle θ. 
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Figure 3.3  Scattering spectra of the side-by-side a) and end-to-end b) dimers at varying 

angles of the analyzing polarizer.  The angles are measured relative to the longitudinal 

axes of the NRs, consistent with Figure 3.2 and Figure 3.4.  The scale bars represent 100 

nm.   

In Figure 3.4 we show the experimental (Figure 3.4a) and theoretical (Figure 

3.4b) scattering spectra for a NR heterodimer in an end-to-end configuration with an 

approximate separation of 12 nm according to the SEM image.  The spectra of individual 

rods with similar aspect ratios as those which compose the dimer are also shown in 

Figure 3.4a and Figure 3.4b.  The individual rod resonances occur at 745 (700) nm for 

AR = 2.8 and 680 (650) nm for AR = 2.3 in the experiment (simulation).  The intense 

lower energy peak in the dimer spectrum, which occurs near 760 nm in the experiment 

and near 740 nm in the simulation, occurs at a longer wavelength than either of the 

longitudinal dipole LSPRs for the individual particles.  In contrast, the weaker higher 

energy peak at 660 (635) nm in the experimental (simulated) spectrum, is blueshifted 

compared to the longitudinal LSPRs of both individual NRs.  Thus, both resonances in 

the scattering spectrum of the end-to-end dimer result from near-field interactions 

a ba b
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between the rods, and cannot be accounted for by a superposition of the scattering from 

the constituent particles.   

 

Figure 3.4   a) Unpolarized dark-field scattering spectra of an end-to-end dimer (red) and 

individual rods with aspect ratios comparable to those comprising the dimer (green and 

blue).  b) Integrated dark-field scattering spectra simulated by FDTD of the dimer (red) 

and the individual rods comprising the dimer (blue and green) without a polarizing virtual 

filter. c)  SEM image of the end-to-end dimer measured in a.). and simulated in b) 

showing that the dimer consists of Au NRs with dimensions of (80 x 29) ± 5 nm (left rod) 

and (74 x 32) ± 5 nm (right rod) and aspect ratios 2.8 and 2.3, respectively.  The scale bar 

represents 100 nm.  d) and e) are the electric field enhancement (top) and charge 

distribution (bottom) calculated by FDTD at the maxima for the short (secondary) and 

long (primary) wavelength scattering peaks, respectively  f) Measured and g) simulated 

intensity at the maximum of the primary (circles) and secondary (crosses) scattering 

resonances showing how the modes illustrated in d) and e) depend on the detected 

polarization angle θ.  
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The FDTD field and charge plots in Figure 3.4d and Figure 3.4e show that the 

peaks result mainly from the interaction of the longitudinal NR dipole modes.  The strong 

enhancement of the electric field within the gap and the charge plot at 735 nm in Figure 

3.4e demonstrate that this mode is the bonding dimer mode with a parallel alignment of 

the dipoles of each NR.  The field and charge plots for 635 nm in Figure 3.4d reveal an 

antiparallel alignment of the individual dipoles which is characteristic of the antibonding 

dimer mode.  The experimental (Figure 3.4f) and simulated (Figure 3.4g) polarization 

dependences for the two modes confirm that both are longitudinal in nature.   

For a linear homodimer, the longitudinal antibonding mode would be dark, since 

antiparallel dipoles result in no net-dipole for the dimer.  To understand why the 

antibonding mode appears in the spectra, we then analyzed the effects of different factors 

that break the symmetry.  The experimental and simulated conditions differed from the 

perfectly symmetric case and two obvious sources of broken symmetry are present:  the 

size heterogeneity between the two NRs and the slight angular offset of ~ 10 degrees 

relative to a linear alignment.   

In the FDTD simulations shown in Figure 3.5, we investigate both the effect of 

relative orientation of the NRs (Figure 3.5a) and size mismatch (Figure 3.5b).  The results 

demonstrate that the major factor governing the intensity of the antibonding mode is size 

heterogeneity.  The homodimers in Figure 3.5a consisted of two identical (80 x 30) nm 

rods (AR = 2.7) with a gap size maintained at 10 nm, and the second rod was given an 

offset angle, δ, as a measure of the deviation from the linear geometry.  For the bent 

dimer only a bonding mode is present for δ < 45°. Comparing these results to Figure 3.4, 
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we conclude that it is unlikely that the offset angle of δ = 10° in the experiment is the 

primary factor imparting brightness to the antibonding mode.   

 

Figure 3.5  Integrated dark-field scattering spectra with a) varying angular offset, δ, from 

a linear alignment, and b) with increasing β = AR2/AR1, i.e. increasing the length of the 

right rod in increments of 10 nm.  In panel a) the rods are modeled having dimensions of 

(80 x 30) nm with a 4 nm thick dielectric coating and a 10 nm end to end gap size.  In 

panel b) the dimensions of the left rod are held constant at (80 x 30) nm while the length 

of the right rod was varied.  For comparison, the dimer studied in Figure 3.4 has δ = 10° 

and β = 1.21. All spectra are normalized to the peak intensity for the linear homodimer 

case.   

Figure 3.5b shows the FDTD results for heterodimers consisting of NRs with 

different sizes.  The geometry of the dimers is defined by the variable β = AR2/AR1 

where the subscripts 1 & 2 refer to the left and right rods.  The spectrum for the linear 
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homodimer (β = 1) shows only one peak, the bonding mode.  As the value of β increases, 

this mode redshifts and the antibonding mode begins to appear with increasing intensity 

around 680 nm.  For the linear heterodimer the net dipole moment of the antibonding 

mode is nonzero because the individual NP dipoles have different magnitudes.  This 

renders the antibonding mode bright and excitable.  Recently, Chu et al. observed the 

antibonding mode for a dimer consisting of Au NRs with similar size (β ~ 1.1) and an 

angular offset of δ = 18° using electron energy loss spectroscopy (EELS).
168

  However, 

EELS is sensitive to both bright and dark plasmons independent of the value for δ, and 

their calculated optical spectra for this dimer showed that the antibonding mode is indeed 

more than an order of magnitude lower in intensity than the bonding mode.  Also, Shao et 

al. have studied single dimers of Au NRs having a wide range of offset angles using 

dark-field spectroscopy and found that the scattering spectra for dimers with δ = 40° - 

140° showed two peaks while angles closer to a linear or parallel arrangement did not 

induce a second observable mode.
34

  Both of these studies are in good agreement with our 

results in Figure 3.5. 

The plasmonic interaction between two arbitrarily sized and aligned NRs can be 

calculated using the plasmon hybridization method.
25, 155, 167

  In this approach, which is 

exact in the quasistatic limit, the plasmon modes of the NR dimer are expressed as linear 

combinations of the multipolar plasmon modes of each NR (primitive modes).  For an 

individual NR, plasmon modes of different multipolar symmetry cannot interact. 

However, in the dimer geometry, multipolar plasmons of different orders on different 

particles can interact.  These complex interactions result in hybridized dimer modes with 

mixed multipolar compositions.  
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Figure 3.6 shows an application of plasmon hybridization to the end-to-end NR 

dimer discussed in Figure 3.4 and Figure 3.5.  The NRs are modeled as prolate spheroids 

of uniform electron density.  The dimensions of the dimer have been scaled down to an 

overall size that is within the quasistatic regime.  The insets show the evolution of the 

longitudinal bonding and antibonding eigenvalues as a function of the gap size for the 

mode orders l = 1-3.  The scaled interparticle separation that corresponds to the 

heterodimer discussed in Figure 3.4 is dgap = 2.4 nm and indicated by the dashed line in 

the inset of Figure 3.6.  Figure 3.6a depicts the extinction spectrum of a linear homodimer 

with each particle having an AR = 2.5, similar to the average for the experimental NR 

sample.  The calculated spectrum shows only one resonance, the bonding dipolar mode 

(green) at 570 nm (2.19 eV).  The dipolar antibonding mode (red) remains dark, with an 

energy between the bonding dipolar and quadrupolar modes.   

In contrast, for the heterodimer (Figure 3.6b) with β = 1.2, the antibonding dimer 

mode is now visible on the blue side of the bonding peak.  The charge distribution at 550 

nm (2.25 eV) in the inset of Figure 3.6b confirms the assignment of the antibonding 

mode.  A closer inspection of the charge distribution for the antibonding mode in Figure 

3.6b shows a slight depletion of the charge at the tip of the lower AR NR.  This non-

dipolar charge polarization is a result of the admixture of higher multipolar primitive 

plasmon modes in the hybridized dimer modes.   
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Figure 3.6  Extinction spectra calculated using plasmon hybridization theory for a) a 

homodimer ( = 1) of prolate spheroids with major and minor axes of 14 and 5.6 nm and 

b) a heterodimer ( = 1.2) consisting of a (14 x 5.6, AR = 2.5) nm and a (15.2 x 5, AR = 

3) nm prolate spheroid.  The interparticle distance was adjusted to 2.4 nm (dashed line in 

inset) to approximate dgap/Lrod for the dimer shown in Figure 3.4, where dgap is the size of 

the gap and Lrod denotes the length of one rod, the shorter one in the case of the 

heterodimer.  The insets show how the eigenvalues of the bonding and antibonding 

combinations for the l = 1-3 primitive rod modes evolve as a function of the gap size.  

The charge distributions are shown for all visible peaks for each extinction spectrum: at 

570 nm (2.19 eV) for the homodimer; and at 595 nm (2.09 eV) and 550 nm (2.25 eV) for 

the heterodimer. Diagrams c) and d) illustrate the interactions of the primitive dipoles for 

the c) homodimer and d) heterodimer.   

Figure 3.6c and Figure 3.6d depict hybridization diagrams for the homo and 

heterodimers.  For the homodimer, the interactions are strong and the hybridized plasmon 

functions consist of equal contributions of plasmons from both NRs.  For the 

heterodimer, the interaction is a little weaker resulting in smaller shifts of the hybridized 
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states from the primitive (individual) NR modes (see insets).  The bonding mode is 

dominated by the LSPR of the higher AR NR and the antibonding mode by the smaller 

AR NR.  For simplicity, the hybridization schemes in Figure 3.6c and Figure 3.6d only 

show the interactions between primitive dipolar plasmon modes. 

The final validation of our mode assignments can be accomplished by rescaling 

the dimer from the quasistatic regime where an exact mode analysis can be performed to 

the actual size in the experiment.  Figure 3.7a shows such FDTD simulations for a 

heterodimer with β = 1.2.  As the size of the dimer is scaled up into the retarded regime, 

the plasmon modes are redshifted and broadened.  However, no new modes, no mode 

crossings, and no significant redistribution of spectral weights of the peaks result.  This 

means that the two modes in the actual heterodimer indeed are the ones inferred from the 

plasmon hybridization calculations.  Figure 3.7b shows the normalized integrated dark-

field scattering spectra for each of the scaled dimers.  Because extinction includes 

absorption and scattering into all angles while scattering only includes back-scattering 

within the experimental collection cone, the scattering intensity is much smaller than the 

extinction intensity.   

Just as symmetry breaking can introduce new spectral features for a linear 

homodimer, bringing the rods into conductive contact also drastically modifies the optical 

properties of the dimer.  Specifically, conductive contact allows a dimer to support a 

charge transfer plasmon mode which involves both a continuous polarization of the 

charge distribution over both particles and an oscillating electric current across the 

junction between the two NPs.
52, 83

  Figure 3.8 shows the spectra for a linear and bent (δ = 

40°) touching dimer.  The geometries are depicted in panels Figure 3.8e and Figure 3.8h 
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and the corresponding spectra are given in panels Figure 3.8a and Figure 3.8b.  Both 

spectra exhibit a long wavelength rising feature suggesting a peak beyond 1100 nm, the 

upper limit of the CCD spectrometer.   

 

Figure 3.7 Calculated spectra for the heterodimer with β = 1.2 with different NR sizes 

from the quasistatic regime to dimensions similar to and larger than the experimental 

case.  Spectra in a.) are normalized to the extinction while each plot of integrated 

scattering simulated including the dark-field geometry is normalized to itself in b).   
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Figure 3.8  a) shows the experimental unpolarized dark-field scattering spectrum of a 

linear dimer comprising rods with dimensions of (77 x 29) ±5 nm (left) and (72 x 34) ±5 

nm (right) shown in the SEM image in e).  b) shows the measured scattering spectrum of 

the bent dimer with δ = 40° in h), comprising rods that are (72 x 38) ±5 nm (top) and (78 

x 38) ±5 nm (bottom).  The arrows in a) and b) indicate the predicted λmax of the 

individual rods within each dimer based on the aspect ratio dependence in Fig. 1b.  The 

inset of a) shows FDTD calculations of how λmax of the dipole bonding mode evolves as a 

function of the dielectric constant of the material between a linear dimer with a 1 nm gap 

distance.  The spectra in c) are the integrated scattering intensities calculated by FDTD as 

a function of gap between the rods (d = 2, 1, 0, -1, -2 nm).  A simulation of two particles 

in conductive contact with d = -1 nm and δ = 40° is shown in d) to accompany b).  f) 

shows the calculated electric-field enhancement (top) and charge distribution (bottom) for 

the linear touching dimer with d = -1 nm (red curve in e) at 619 nm and 1075 nm.  

Likewise, g) shows the electric-field enhancement and charge distribution at 610 nm and 

1032 nm for the bent touching dimer with d = -1 nm. 

It is very difficult, however, to confirm experimentally that the two NRs are 

indeed touching.  An SEM has limited resolution and could potentially melt the dimer at 

the highest magnification.  To verify that the observed scattering spectrum results from 



 59 

metallic contact of the rods and not just an overlap of their dielectric coating, we resort to 

theoretical simulations.  The inset in Figure 3.8a shows that the energy of the bonding 

mode redshifted by ~160 nm when the environment in the junction was changed from 

vacuum (ε = 1) to CTAB (ε = 4).  However, further increasing ε to an unrealistically high 

value of 8, only shifts the peak 30 nm to ~880 nm.  This limited shift suggests that the 

NRs are in conductive contact and that the low energy mode arises from the charge 

transfer plasmon.   

Figure 3.8c shows the calculated scattering spectra for varying dimer separation 

and conductive overlap.  As d decreases from 2 nm to 1 nm, the principal peak 

corresponding to the bonding dimer plasmon redshifts from 690 nm to 720 nm.  When 

the rods begin to make conductive contact at d = 0 nm, the bonding plasmon mode 

blueshifts to 619 nm and a charge transfer plasmon appears at a wavelength beyond 1100 

nm, which is not accessible with our detector.  The sudden blueshift of the bonding 

plasmon mode for d = 0 is due to the interaction with the low energy charge transfer 

plasmon mode.  With increasing conductive overlap, both resonances blueshift.  This 

blueshift can be qualitatively understood from the dependence of the plasmon energies of 

individual NRs on their aspect ratios.  Making d more negative in the simulation 

corresponds to reducing the length of an almost continuous single NR structure.  The 

charge transfer plasmon resembles a dipolar (l = 1) NR resonance and the bonding dimer 

plasmon resembles an octupolar (l = 3) mode of a NR that is approximately (150 x 30) 

nm.  The interactions that occur for dimers with d ≤ 0 result from conductive interactions 

between the particles and do not depend on the dielectric surrounding.  We therefore 

omitted the CTAB coating in the simulations in Figure 3.8.   
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Comparing the series of simulated spectra in Figure 3.8c to the experimental 

scattering spectrum in Figure 3.8a shows that the best qualitative agreement is reached 

for an interparticle distance of d = -1 nm (red curve) for this linear touching dimer 

(Figure 3.8e).  We have also performed extensive classical electromagnetic simulations 

for sub-nanometer separations.  In this region the capacitively coupled bonding dimer 

resonance redshifts monotonically with decreasing interparticle distance as also shown in 

Figure 3.6.  For this mode to shift to beyond 1100 nm would require sub-angstrom 

separations.
33

  However, for such small separations quantum effects such as tunneling 

and screening would remove this mode resulting in a charge transfer plasmon.
154

   

The bonding dimer plasmon is too weak to be observed experimentally in Figure 

3.8a.  Expanding the detection window to shorter wavelengths by changing the center 

wavelength of the grating from 950 to 650 nm did not yield an observable peak either.  

The energy and intensity of this mode depends strongly on d as shown in Figure 3.8c, and 

also on the touching profile,
52

 which is extremely difficult to access from the SEM 

images.  A more detailed investigation of the touching profile for conductively coupled 

plasmons will be presented in a future study. 

In contrast to the linear dimer (Figure 3.8a), a simulation shown in Figure 3.8d of 

the bent touching dimer (Figure 3.8h) assuming a conductive overlap of d = -1 nm results 

in an excellent account of the experimental spectrum in Figure 3.8b.  The intensity of the 

bonding dimer mode is strongly enhanced compared to the charge transfer plasmon in 

both experiment and simulation, presumably due to the significant angular offset.  These 

results are consistent with a recent study on near-field imaging of the induced electric 

fields in touching and nearly touching nanocubes.
32

  It should also be mentioned that 
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conductive contact is unlikely to occur for rods aligned side-by-side because CTAB binds 

preferentially to the [100] sides of Au NRs instead of the [111] ends, leaving the tips 

mostly unprotected and hence allowing much smaller end-to-end distances.
169

   

The charge distributions calculated for d = -1 in the case of the linear, Figure 3.8f 

(right) at 1075 nm, and bent, Figure 3.8g (right) at 1032 nm, touching dimers both 

represent a dipole mode delocalized over the entire length of the dimer.  This is typical 

for a charge transfer plasmon where the charge on each NR oscillates because of an 

alternating electric current across the junction.  The higher energy modes at 619 nm 

(Figure 3.8f, left) and 610 nm (Figure 3.8g, left) for both heterodimers are essentially 

screened bonding dimer plasmon modes where the capacitive coupling has been reduced 

by electrically ‘short circuiting’ the junction due to the metallic contact.   

Mulvaney and coworkers have previously observed two LSPR peaks for end-to-

end dimers of chemically prepared NRs with smaller average diameters of 15 nm.
25

  In 

particular, a strongly coupled linear dimer with NRs of very similar size yielded two 

peaks, which were assigned to a lower energy dipolar bonding LSPR and a higher energy 

bonding multipolar mode, which is expected to be optically active at small separations 

due to additional hybridization with primitive dipolar modes.
83, 151

  The antibonding mode 

was ruled out as the origin of the second higher energy peak due to the absence of two 

distinct peaks for a different linear dimer consisting of two very differently sized rods.  

As seen in Figure 3.5-Figure 3.7, such a dimer is expected to yield an observable 

antibonding mode in the non-touching configuration.  Two modes can also arise from 

dimers with touching particles, but these modes are fundamentally different as illustrated 

by the charge distributions in Figure 3.8f and Figure 3.8g, especially for the lower energy 
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charge transfer plasmon.   However, it is nearly impossible to precisely determine the gap 

size and distinguish if the NRs are touching given the resolution of SEM.  The trends 

observed in this work however, are consistent with recent studies of (barely) touching 

NPs, which have specifically addressed spectral changes due to creating or modifying the 

conductive contact region, strongly suggesting that mixing of primitive rod modes does 

not sufficiently describe the optical response of nanostructures in the presence of metallic 

contact.
32, 83, 148-150

 

3.5. Conclusions and Prospects 

We have investigated the role of symmetry breaking and conductive overlap on 

the plasmon coupling in Au NR dimers through correlated SEM imaging, polarization 

sensitive single particle dark-field scattering spectroscopy, and simulations using both 

FDTD and plasmon hybridization theory.  In the FDTD calculations, we were able to 

match the experimental conditions very closely including the CTAB coating, glass 

substrate, and the excitation and collection geometries.  Plasmon hybridization analysis 

enabled us to further verify the mode assignments.  We found that symmetry breaking 

due to a size mismatch had the strongest effect on the collective plasmon modes.  For a 

heterodimer, where a mirror plane in the junction is absent, antibonding dimer modes that 

would not be visible for a homodimer appear clearly in the spectrum.  When a conductive 

overlap is present between the two particles, a low energy charge transfer plasmon mode 

appears prominently in the spectrum.  These results are important for understanding the 

plasmonic properties of self-assembled aggregates of chemically synthesized NPs which 

are prone to imperfections in the form of irregular spacings, random orientations, and 



 63 

inhomogeneous sizes of the individual NPs.  The trends established here can then be 

extended to more complex assemblies having a larger number of constituent NPs, which 

are currently of special interest for plasmonic antennas, waveguides, and substrates for 

surface enhanced spectroscopies.   

The appearance of a distinct charge transfer plasmon in the optical spectrum of 

NP dimers opens new directions among plasmonic applications.   In a recent fully 

quantum mechanical calculation of the optical properties of NP dimers, it was shown that 

conductive coupling can occur through electron tunneling even at dimer separations as 

large as 1 nm and does not require direct physical contact between the particles.
154

  Using 

chemical linkers it may be possible to control the width of the dimer junctions with 

(sub)nanometer accuracy.  Furthermore, using conductive molecules as linkers may 

enable conductive coupling even for dimer separations beyond 1 nm.  Dimers with small 

interparticle gaps present interesting experimental and theoretical challenges in 

plasmonics, which require further studies using higher resolution spatial imaging, direct 

mapping of the charge distributions for the different plasmon modes, and quantum 

mechanical modeling in addition to electromagnetic simulations.  For larger, more 

realistic structures in close contact, quantum mechanical calculations would not be 

possible due to the large number electrons.  Instead one would have to resort to classical 

electromagnetic calculations such as FDTD, and modeling the individual NPs using local 

dielectric functions. 
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Chapter 4 

Single Particle Spectroscopy of Gold 

Nanorods Beyond the Quasistatic 

Limit:  Varying the Width at Constant 

Aspect Ratio 

4.1. Abstract 

We have examined how the surface plasmon resonances (SPR) of chemically 

grown gold nanorods with tunable widths and lengths evolve due to phase retardation.  

For NRs with diameters d > 30 nm, the aspect ratio is not a sufficient parameter for 

determining the energy of the longitudinal SPR.  To rigorously study the effects of the 

size, we performed correlated scanning electron microscopy and single particle 

spectroscopy on broad gold NRs that were chemically grown wider (d > 100 nm) and 

longer while maintaining the surface chemistry and hemispherical end cap geometry as 

the slim rods we compared them to (d < 30 nm).  At a low aspect ratio of 2.2, the 
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longitudinal SPR of the broad NRs significantly redshifted and broadened as the width 

increased.  In addition, broad gold NRs with diameters > 100 nm displayed higher order 

plasmon modes that were not observed for slim NRs of similar aspect ratio.  To measure 

the full spectrum of the largest NRs, we implemented a new strategy for acquiring single 

particle extinction spectra with an extended window of 500-1700 nm by combining a Si 

CCD camera and an InGaAs array detector.  This experiment revealed that changing the 

width from 25 nm to 120 nm while maintaining an aspect ratio of only 3.1 caused the 

longitudinal dipole SPR to redshift 560 nm to 1300 nm.  The spectroscopic studies were 

complemented by theoretical modeling using the discrete dipole approximation.  While 

we found excellent agreement between the measured and predicted maxima of the 

longitudinal dipole SPR, the intensities of the multipolar plasmon modes were 

significantly enhanced in the single particle spectra compared to calculations.   

The figures and text of this chapter were published in their entirety in The Journal 

of Physical Chemistry C with the following citation:
80

 

Slaughter, L. S.; Chang, W.-S.; Swanglap, P.; Tcherniak, A.; Khanal, B. P.; Zubarev, 

E. R.; Link, S. "Single-Particle Spectroscopy of Gold Nanorods beyond the 

Quasi-Static Limit: Varying the Width at Constant Aspect Ratio." J. Phys. Chem. 

C 2010, 114 (11), 4934-4938. 

 

4.2. Background and Motivation   

Myriad experiments have exploited the sensitivity and efficacy of the localized 

surface plasmon resonance (SPR) of a variety of Au NPs to detect changes in the 

surrounding medium for chemical sensing or probing the dynamics of biological 
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molecules.
14, 39, 42, 51, 141, 170

  The longitudinal SPR of gold nanorods (Au NRs) in 

particular manifests itself as a sharp peak in the extinction spectrum.  Decreased damping 

relative to the spherical NPs leads to a significantly narrower peak
37, 171

 which is very 

sensitive to changes in the surrounding refractive index and incident polarization and 

forms the basis for highly effective nanostructure probes.
159, 172, 173

  Improvements in 

synthesis and purification of Au NRs have enabled facile tuning of the longitudinal SPR 

maximum, λmax, by adjusting the length and hence aspect ratio.
173, 174

  Controlling λmax is 

important for optimizing the SPR response for specific applications.  For example, the 

longitudinal SPR of Au NRs needs to fall within the optically transparent window of 

biological tissue (650 - 900 nm) during in vivo imaging. 

Among the most common Au NR synthesis methods is solution phase chemical 

growth, which produces Au NRs with surface chemistry which can be easily modified.
20, 

56, 141, 152, 153
  Surface functionalization enables one to target specific molecules through 

selective binding.  Examples include exploiting the strong interactions between 

streptavidin and biotin
42, 141

 or oligonucleotides.
20

   The combination of an anisotropic 

shape and adjustable surface chemistry impart the additional ability to tailor Au NRs as 

oriented building blocks for rational assembly using small functional molecules 
153

 or 

macromolecules such as block co-polymers.
152

  Chemical preparation methods typically 

yield Au NRs with diameters, d = 10 - 30 nm, aspect ratios < 5, and a narrow distribution 

of widths.
141, 175, 176

  In this size regime, the longitudinal dipole SPR λmax scales linearly 

with the aspect ratio almost independently of the actual dimensions, thereby emphasizing 

the effect of the Au NR length.
172

  This fact is routinely used in characterizing Au NRs 
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based on their optical extinction spectra and agrees well with calculations using the 

quasistatic, i.e. dipole, approximation.
141, 175

 

On the other hand, the similarity to radio antennas has sparked considerable 

interest in using plasmonic Au NRs to concentrate and localize optical radiation thereby 

beating the diffraction limit of conventional optics.  For such device applications, 

template-assisted preparations are typically employed yielding Au NRs with significantly 

larger dimensions,
177, 178

 as the Au NR length has to approach about half the wavelength 

of the light in order to act as a resonant antenna.
87, 179

  For Au NRs with diameters of ~ 80 

nm but high aspect ratios (>10) the length remains the more important parameter.
147, 180

  

As the overall size increases, however, the longitudinal dipole SPR λmax starts to depend 

sensitively on the width as well.
87, 181, 182

  Phase retardation and dynamic depolarization 

effects
88, 183

 become important and a simple relationship between λmax and the aspect ratio 

therefore no longer applies.  Numerical simulations accounting for the absolute 

dimensions of the Au NRs have predicted this departure from the quasistatic scaling of 

the longitudinal dipole SPR λmax with aspect ratio.
87, 182, 184, 185

  In particular, it was shown 

that changing the Au NR diameter by only a factor of 2 from 40 nm to 80 nm while 

maintaining the aspect ratio as low as 3 redshifts λmax by as much as 200 nm.
87

  

Furthermore, with increasing size, higher order SPR modes with both transverse and 

longitudinal polarization components are excited due to the fact that the phase of the 

interacting electromagnetic field varies across the Au NRs.
87, 185

 

Experimentally, the redshift of the longitudinal dipole SPR λmax and the 

emergence of mulipolar SPR modes have been demonstrated using ensemble vis-NIR 

extinction spectroscopy for 85 nm wide Au NRs with lengths varying between 96 and 
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1175 nm.
135

  These Au NRs were synthesized by electrochemical deposition of gold into 

anodized aluminum oxide templates.
135, 177, 186

  For Au NRs with d = 83 nm and aspect 

ratios less than 3, the spectrum revealed a longitudinal dipole SPR λmax near 1100 nm,
186

 

which represents a drastic spectral shift from the 700 - 750 nm range for Au NRs with d 

 30 nm and similar aspect ratios.
141, 175

  Similar results were also obtained for Au NRs 

with widths of 91 nm and lengths ranging between 90 and 1600 nm, which were prepared 

by electron-beam lithography on a glass surface.
187

 

Despite these important contributions, a detailed comparison of the plasmonic 

properties of Au NRs over an extended range of widths is complicated by several factors.  

First, the typical diameters of chemically grown Au NRs differ from those of template 

synthesized Au NRs by a factor of almost 3, for which theory predicts drastic shifts of the 

longitudinal dipole SPR λmax.
87

  Second and more importantly, to minimize the variables 

that affect the SPR other than the absolute dimensions, such a study requires that all Au 

NRs have similar surface chemistry as well as geometry.  While chemically grown Au 

NRs consist of pentahedrally twinned single crystalline domains,
169

 have nearly rounded 

end caps, and their surfaces are terminated by molecular ligands,
141, 175, 176

 template-

assisted preparation methods typically yield Au NRs that are more polycrystalline, have 

irregular end cap geometries, or have no surface capping material.
177, 186

  Although a 

method was recently developed for smoothing the ends of Au NRs prepared from 

templates, the resulting products still retain surface features on the order of 5 nm at the 

ends.
178

  Numerical calculations have explored the changes induced by different end cap 

geometries,
182, 188

 but they often neglect other details or account for them with 

approximations such as the use of an adjustable effective refractive index to describe the 
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Au NR surface chemistry and the surrounding medium.
35, 188, 189

  It is therefore crucial to 

test how well theoretical predictions compare to actual experiments in which the Au NR 

width is changed while keeping the aspect ratio, the end cap geometry, and surface 

chemistry constant. 

Here, we present an investigation of low aspect ratio Au NRs with broadly 

tunable widths using correlated scanning electron microscopy (SEM) and single particle 

spectroscopy.  We measured the scattering and extinction spectra of Au NRs that were 

chemically synthesized and then grown wider and longer while preserving the geometry 

and surface chemistry of the particle, hence overcoming the aforementioned difficulties.  

We show how, with increasing width, the absolute dimensions and not just the aspect 

ratio determine the plasmonic properties of chemically grown Au NRs, which opens new 

possibilities for tuning Au NR based chemical sensors.  Furthermore, single particle 

spectroscopy together with structural imaging allowed us to remove the size 

heterogeneity present among the Au NRs and compare the resonant modes for a 

particular Au NR width and length to calculations using the discrete dipole 

approximation (DDA).  These measurements were enabled by an advanced single particle 

extinction setup that combines a Si CCD camera with an InGaAs array detector giving us 

access to an extended spectral window from 500 - 1700 nm. 
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4.3. Methods 

4.3.1. Sample Preparation and Single Particle Spectroscopy 

Cetyltrimethylammonium bromide (CTAB)-stabilized Au NRs were drop cast 

from a dilute aqueous solution onto a glass coverslip patterned by depositing gold 

through an indexed transmission electron microscopy grid.  Excess CTAB was removed 

from the Au NRs by gently rinsing the coverslip in warm water.  The dimensions of the 

Au NRs were measured using scanning electron microscopy (FEI Quanta 400 ESEM2) 

operating in wet mode to offset any charge that might build up on the nonconductive 

substrate.  The spectra were collected on a home-built single particle spectrometer based 

on an inverted microscope (Zeiss Axiovert), spectrograph (Acton SP2150i, Princeton 

Instruments), and Si CCD camera (PIXIS 400BR, Princeton Instruments).  The dark-field 

scattering scheme was modified using a pinhole to reject out of focus excitation light and 

acquire spectra from specific areas of the sample as previously described.
85

  As before, a 

polarizer (followed by a depolarizer) placed in the detection path allowed us to collect 

scattering parallel or perpendicular to a rod’s major axis.  To extend the spectral window 

necessary for the large Au NRs while maintaining the spectral resolution, spectra of the 

short and long wavelength regions were acquired separately using a different setting of 

the spectrograph’s center wavelength and appropriate filters, then combined using a 

multiplicative correction factor giving an overall spectral window of 500 – 1000 nm. 

Unpolarized single particle extinction spectra were acquired on the same 

microscope setup modified according to Figure 4.2.  Light from the same halogen lamp 

used in the dark-field scattering experiments was coupled into a fiber bundle, which was 
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mounted above the sample to allow for excitation at normal incidence.  The transmitted 

light was again collected by a Zeiss EC-Epiplan Neofluar objective and directed either 

through the 50 m pinhole towards the Si CCD camera or focused into a fiber with a core 

size of 100 m.  The fiber was connected to a spectrometer (Andor Technology SR-163) 

equipped with an InGaAs array detector (Andor Technology DU491A-2.2), which 

allowed us to take spectra from 900 to 1700 nm.  The extinction spectra were calculated 

according to: 

)log(
0 dc

dc

II

II
Extinction




      Equation 1 

Here, I is the transmitted light intensity with a particle present in the observation 

volume, I0 is intensity without a particle present, and Idc are the dark counts, which were 

measured with the lamp switched off.   

 

Figure 4.1  Schematic of the instrument used to acquire single particle extinction spectra. 
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4.3.2. Discrete Dipole Approximation (DDA) 

DDA discretizes the target object into small dipolar subvolumes, where each 

dipole moment is affected not only by the incident electric field, but also by the fields of 

all other dipoles in the volume.
190, 191

  DDA can thus account for phase retardation effects 

and the excitation of multipolar surface plasmon resonances when the particle’s volume 

increases, making it highly appropriate for modeling large as well as small Au NRs.  We 

performed calculations using the DDSCAT code.
192

  Au NRs with the same dimensions 

as measured in the experiment were modeled as round cylinders with hemispherical end 

caps.  We incorporated into all calculations Johnson & Christy data for the Au dielectric 

function and a published size correction factor to account for the scattering of electrons 

from the surface when the dimension of the Au NR is smaller than the mean free path of 

the electrons.
193

  The medium dielectric constant was approximated as the average 

between the supporting substrate and air.  The model for the largest Au NR simulated 

here contained 140,000 dipoles, and increasing the number of dipoles had no effect, 

indicating that the calculation had converged for 140,000 dipoles.  The incoming wave 

vector k and polarization E were fixed in the simulation.  To simulate excitation with 

polarized light parallel or perpendicular to the Au NR axis, the rod was rotated in the 

plane defined by k and E.  Unpolarized light excitation was obtained using circularly 

polarized excitation light at normal incidence, although this only represents a rough 

approximation for the experimental geometry. 
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4.4. Results and Discussion 

We investigated individual Au NRs selected from two samples with the goal to 

compare similar aspect ratios over a range of diameters.          Figure 4.2 shows SEM 

images of these Au NR samples labeled ‘slim’ rods with d = 25 ± 5 nm (Figure 1a) and 

‘broad’ rods with d = 100 ± 20 nm (Figure 1b).  Slim Au NRs stabilized with 

cetyltrimethylammonium bromide (CTAB) were synthesized in solution using the 

standard seed-mediated procedure.
141

  Broad Au NRs were also formed in solution 

through a reversible tuning strategy previously published for Au NRs.
194

  Briefly, they 

were synthesized in the Zubarev lab by first amplifying pentahedrally twinned slim Au 

NRs through fast deposition of Au(I) ions to form longer and wider Au NRs followed by 

partially dissolving their ends in Au(III)/CTAB solution to give broad Au NRs with 

rounded ends.  Distinct from common methods for growing Au NRs, this procedure 

requires extra manipulation of the Au(I) and Au(III)/CTAB concentrations.  Typically, 

modest amounts of Au(I) in solution are reduced and deposited only at the ends of the Au 

NRs because CTAB preferentially binds to the [111] sides of the Au NRs.
169

  Increasing 

the Au NR diameter requires an excess of Au(I), in which case growth occurs along all 

crystal faces.  One therefore cannot selectively amplify the diameter of the Au NRs 

without increasing their length.  Following growth in both dimensions, we then 

selectively oxidized and hence dissolved gold from the ends of the Au NRs using a 

solution of Au(III)/CTAB complex as previously reported.
194

  This approach allowed us 

to adjust the lengths of broad Au NRs to ~ 300 nm after first growing the slim Au NRs to 

~ 600 x 100 nm.
194, 195
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        Figure 4.2 SEM images at 80,000X of a.) slim Au NRs and b.) broad Au NRs 

Figure 4.3a-c display the experimental scattering spectra recorded for 

polarizations parallel (Φ║, red) and perpendicular (Φ┴, blue) to the longitudinal axes of 

three single Au NRs, each having a similar aspect ratio of ~ 2.2 (± 0.1) but increasing in 

overall size from Figure 4.3 a-c.  For the smallest Au NR in Figure 4.3a (32 x 69 (± 2) 

nm), only a narrow longitudinal dipole SPR dominates the spectrum and reaches its 

maximum at 620 nm.  The scattering from the transverse SPR was too weak to be 

detected.  In contrast, the two broad Au NRs reveal markedly different scattering profiles.  

As the Au NR size increases to 84 x 174 (± 5) nm in Figure 4.3b, the longitudinal dipole 

SPR redshifts to 740 nm and broadens significantly due to a combination of increased 

radiation damping and dynamic depolarization.
88, 143

  In addition, a transverse SPR peaks 

at 600 nm because of the larger width of the Au NR.  The maximum of the longitudinal 

dipole SPR in Figure 4.3c increases even further to 900 nm for the largest Au NR (100 x 

227 (± 5) nm), while an additional shoulder appears at shorter wavelengths.  Fitting the 

spectrum with Φ║ using two Lorentzians gives a high energy peak centered at 730 nm, 

which reaches its maximum for Φ∥ and minimum for Φ┴, consistent with an oscillation 

mainly polarized along the main rod axis.  The fact that the broad scattering feature 
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recorded for Φ┴ in Figure 4.3c is redshifted to 660 nm compared to the one in Figure 

4.3b, however, suggests that this mode also has partial transverse character.
87, 147, 182

  We 

therefore assign the shoulder to a multipolar SPR mode.  

 

Figure 4.3  Scattering spectra of single Au NRs with a.) d = 32 nm, b.) d = 81 nm, and c.) 

d = 100 nm, all having an aspect ratio of ~ 2.2 ± 0.1, and the corresponding DDA 

calculations, d.), e.), and f.), respectively.  The spectra were recorded for scattered light 

polarized parallel (red) and perpendicular (blue) to the orientation of the main rod axis.  

A fit to a sum of two Lorentzian curves is included as black lines in f.).  In all images, the 

scale bar represents 100 nm. 

The DDA calculations in Figure 4.3d-f show good agreement with the 

experimental scattering spectra considering the fact that no adjustable parameters were 

used to improve the match with each of the three Au NRs.  The major trends as functions 

of the overall Au NR size were all reproduced.  In particular, the longitudinal dipole SPR 

redshifts with increasing Au NR dimensions from 630 nm (Figure 4.3d) to 765 nm 
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(Figure 4.3e) and 930 nm (Figure 4.3f), which is accompanied by broadening of the 

resonance peak.  The calculated spectra using perpendicular excitation furthermore reveal 

transverse SPRs with maxima at 550 nm (Figure 4.3e) and 570 nm (Figure 4.3f), 

confirming at least the assignment of the band in the perpendicularly polarized spectrum 

of the 81 x 174 nm Au NR. 

For the largest Au NR in Figure 4.3, the calculated spectrum with parallel 

polarization also has a shoulder at shorter wavelengths and a fit yields a maximum at 760 

nm for this multipolar SPR.  However, the same mode is much more pronounced in the 

corresponding experimental spectrum and also appears to contribute to the broad 

spectrum having perpendicular polarization in Figure 4.3c.  The different amplitudes for 

this band in Figure 4.3c compared to Figure 4.3f partly result from the differences in 

scattering geometry between the experiment and theory.  In the experiment, the Au NRs 

were excited with a circular cone of unpolarized light containing wave vectors from all 

directions in the sample plane as well as those out-of-plane allowed by the dark-field 

excitation scheme.  The polarizer in the detection path then selected either the parallel or 

perpendicular polarization component of the scattered light.  In contrast, the DDA 

calculations in Figure 4.3f only considered one fixed in-plane wave vector orthogonal to 

the long rod axis.  In addition, the simulations completely neglected the glass substrate, 

subsequently ignoring the effects of the interface which can observably affect the peak 

linewidth.
196

  Symmetry breaking due to the substrate together with the coupling of 

multipolar modes to their image charges are expected to greatly enhance their oscillator 

strengths, thereby increasing especially the relative enhancement of the quadrupole SPR 

compared to the dipole SPR.
81, 197
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The drastic redshift of the dipole SPR in the experimental scattering spectra as the 

size increases is consistent with previous theoretical investigations, which showed that 

for Au NRs with d > 40 nm, the quasistatic approximation becomes invalid and the 

dimensions of the Au NR critically affect the spectra.
87, 147

  Notably, these calculations 

using the boundary element method simulated capsule-shaped Au NRs with rounded 

ends, which closely resemble the broad Au NRs studied here.  Fully mapping the 

dependence of the longitudinal dipole SPR λmax with increasing width and length 

predicted drastic redshifts without changing the aspect ratio.
87, 147

  The measured scaling 

of the longitudinal dipole SPR with size reported here agrees well with this mapping as 

well as analytical expressions derived by Encina and Coronado for the dependence of 

each multipolar SPR on the Au NR size through an extensive series of DDA 

calculations.
184

  A higher order mode with partial transverse character was also predicted 

to arise upon the onset of retardation effects, and is enhanced by rounded ends relative to 

sharp ends.
181

  This mode is similar to the quadrupole mode of a sphere which, as the 

aspect ratio increases, will gradually become obscured as the particle gains asymmetry.
143

  

Based on comparison to these theoretical studies we assign the SPR at 730 nm in Figure 

4.3c to the quadrupole mode. 

The Au NRs discussed so far have a low aspect ratio of 2.2.  Increasing the aspect 

ratio of a slim Au NR to 3.1 (24 x 74 (± 2) nm) caused the longitudinal dipole SPR λmax 

to redshift from 620 to 740 nm.  For a broad Au NR with a similar aspect ratio, however, 

the same SPR mode occurs well outside the experimental window of our Si CCD camera 

based on the spectra in Figure 4.3 and our DDA calculations.  We thus required a 

different strategy to resolve the full optical spectrum of broad Au NRs with larger aspect 
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ratios.  Figure 4.4 illustrates the results using this new strategy for a broad Au NR with 

dimensions of 120 x 370 (± 5) nm and aspect ratio of 3.1.  The extinction spectrum was 

captured in transmission geometry, where the spectrum from 900-1700 nm was acquired 

from the microscope with a fiber coupled to an InGaAs array spectrometer (see 

supporting information).  We recorded the unpolarized extinction spectrum in Figure 4.4 

in transmission geometry instead of collecting the back scattering as was done for the 

data shown in Figure 4.3.  This arrangement was more feasible for optimizing the signal 

because the InGaAs array detector, despite being able to detect wavelengths up to 2.2 μm, 

is less sensitive than the Si CCD camera.  We also measured the extinction spectrum 

from 500-1000 nm in transmission geometry using the same Si CCD spectrometer 

described above and then combined data from the two detectors to obtain the full 

extinction spectrum shown in Figure 4.4a. 

In addition to the dipole SPR of the Au NR at 1300 nm, another strong peak 

occurs at 700 nm in the extinction spectrum.  The corresponding scattering spectra for Φ║ 

and Φ┴ show that scattering both longitudinal and transverse to the rod axis contribute to 

this peak, although it contains more transverse character.  Because of the large linewidth 

of the 700 nm band, we assign this resonance to the superposition of the transverse 

oscillation and multiple higher order SPR modes.  This assignment is further supported 

by DDA calculations of the extinction spectrum for a Au NR with the same dimensions 

and circularly polarized excitation light shown in Figure 4.4b.  The spectra in Figure 4.4a 

and Figure 4.4b are in good agreement for the longitudinal dipole SPR.   
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Figure 4.4  Unpolarized extinction spectrum (green) and polarized back-scattering 

spectra (red and blue), a.), of a 120 x 370 nm Au NR and the extinction calculated by 

DDA, b.), of the same size Au NR excited with circularly polarized light.  The scattering 

spectra in a.) are vertically offset from the extinction spectrum for clarity. 

Apart from a featureless offset from zero intensity between 600 and 1000 nm, 

however, the theoretical spectrum only shows a weak and narrow SPR mode peaked 

around 540 nm.  The latter is the transverse SPR based on its polarization dependence.  

Hence, the intensity of the peak at 700 nm in the experimental spectrum is strongly 

enhanced, presumably again because of interactions with the surface and the specific 

geometry of the experimental setup.  Small shape deviations from an ideal symmetric 

cylinder would also affect the charge distribution at the surface and increase the intensity 

of otherwise barely detectable modes.
188

  Consistent with an increased redshift of higher 
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order SPR modes for larger nanostructures,
135, 182

 the quadrupole mode for the 120 x 370 

nm Au NR is expected to overlap with the onset of the longitudinal dipole SPR, while 

several multipolar modes of even higher order likely contribute to the broad band 

observed at 700 nm.  Future polarization dependent extinction measurements might be 

able to resolve this issue. 

Despite the less than perfect match between experiment and theory for the higher 

order SPR modes, we found very good quantitative agreement for the longitudinal dipole 

SPR λmax based on our own DDA calculations and published scaling laws as shown in 

Figure 4.5.  It should be noted that the input parameters were limited to the overall shape 

and dimensions of the Au NRs and an effective medium dielectric constant.  In Figure 4.5 

we have used an empirical formula derived by Encina and Coronado given in Equation 

2.
184

  They obtained relationships to predict the maxima of multipolar SPRs for rods of 

varying aspect ratio R for a given diameter d and medium dielectric constant εm.
184

  For 

the dipole mode, l = 1, the longitudinal SPR λmax is given by: 
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Equation 2  Scaling law empirically derived by Encina and Coronado. 

The coefficients A, B, and C were derived from an extensive series of DDA 

calculations aimed at characterizing the nonlinear scaling of the resonance condition as 

each of the parameters d, R, and l change.  Using these coefficients, the relationship was 
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generalized to the equation given above assuming that the real part of the metal dielectric 

function is given according to the Drude-Sommerfeld model by: εm=α-β
2
λ

2
, where α = 9.8 

and β = 7.3 μm
-1

 for gold.  Figure 4.5 plots the predicted scaling of the longitudinal 

dipole SPR λmax with the aspect ratio for the widths of each individual Au NR described 

herein.  The measured λmax values for the dipole mode are included as points.  Without 

employing any adjustable parameters, the experimentally observed redshift of the dipole 

peak as a function of both the diameter and the aspect ratio agrees very well with the 

predicted trends.
87, 184

  It should be noted that Equation 2 was derived for rods with 

diameters outside the quasistatic limit, but for d ≤ 40 nm.  Our experiments suggest that 

Equation 2 is also applicable to Au NRs with even larger diameters. 

 

Figure 4.5  Scaling of the longitudinal dipole SPR λmax with the aspect ratio simulated 

using a medium dielectric constant of 1.26.  The experimentally measured values for the 

individual Au NRs discussed here are included as points. 
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4.5. Summary and Conclusions 

In summary, we have examined the plasmonic properties of chemically grown Au 

NRs with nearly the same geometry and surface capping material covering a large size 

range.  For Au NRs much wider than 30 nm, the quasistatic approximation does not apply 

as the longitudinal dipole SPR redshifts and broadens due to phase retardation even as the 

aspect ratio remains constant.  We observed here that an additional higher order multipole 

emerges for Au NRs with aspect ratios as low as 2.2 but d ≥ 100 nm, which we assign to 

the quadrupolar plasmon oscillation.  Furthermore, we have presented the IR extinction 

spectrum of a broad Au NR with a low aspect ratio of 3.1 but with d = 120 nm, so wide 

that the dipole SPR peaks at 1300 nm.  Correlated single particle spectroscopy and SEM 

characterization furthermore allowed for a detailed modeling of the shape-dependent SPR 

response.  While we found very good agreement for the longitudinal dipole SPR λmax 

with DDA calculations and predicted scaling laws despite limiting the number of 

variables, other spectral features such as the relative intensities of multipole SPR modes 

or linewidths require a more complex theoretical approach taking explicitly into account 

the experimental geometry including the substrate.  The comparison of the plasmonic 

properties of low aspect ratio Au NRs with variable diameters was made possible through 

a combination of a unique chemical synthesis and ultra-broadband single particle 

spectroscopy.  Because of the common surface chemistry independent of the Au NR size, 

these results offer new possibilities for creating sensitive and tunable chemical SPR 

probes with significantly enhanced scattering cross-sections. 
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Chapter 5 

 

Toward Plasmonic Polymers 

5.1. Abstract 

We establish the concept of a plasmonic polymer, whose collective optical 

properties depend on the repeat unit.  Experimental and theoretical analyses of the super- 

and sub- radiant plasmon response of plasmonic polymers comprising repeat units of 

single nanoparticles or dimers of gold nanoparticles show that (1) the redshift of the 

lowest energy coupled mode approaches the infinite chain limit at a length of ~10 

particles, (2) the presence and energy of the modes are sensitive to the geometries of the 

constituents, i.e. repeat unit, but (3) spatial disorder or nanoparticle heterogeneity has 

only small effects on the super-radiant mode.   
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The figures and text of this chapter were published in their entirety in Nano 

Letters with the following citation:  

Slaughter, L. S.; Willingham, B. A.; Chang, W.-S.; Chester, M. H.; Ogden, N.; 

Link, S. "Toward Plasmonic Polymers." Nano Lett. 2012, 12 (8), 3967-3972. 

 

5.2. Background and Motivation 

Chemical polymers derive their electronic and optical properties from the 

molecular repeat unit
198-202

.  Here we show that the collective optical response for linear 

assemblies of plasmonic nanoparticles (NPs) similarly depends on the main building 

block.  We assembled gold NPs into linear chains containing either single NPs or NP 

dimers as the basic repeat unit and used polarization-sensitive broadband single particle 

extinction spectroscopy and correlated scanning electron microcopy (SEM) to 

characterize them as a step towards rationalizing plasmonic assemblies based on their 

molecular analogues.  For these NP chains, or plasmonic polymers, we identified super-

radiant and sub-radiant plasmon modes that were distinctively different if the repeat unit 

was a single NP or a dimer.  Analytical calculations comparing the experimental 

assembly geometry with ideal linear chains furthermore showed that disorder in the NP 

arrangement for a plasmonic polymer - similar to chemical defects in a polymer - minorly 

affects the collective super-radiant plasmon mode. 

Surface plasmon resonances of NPs interact strongly and analogously to 

molecular bonding to produce plasmonic molecules, such as dimers,
28, 33, 34, 157, 203, 204

 

trimers,
36, 55, 205

 and oligomers with properties that depend on the spacings and relative 

orientation among the NPs.
55, 205-207

  Studies of plasmonic oligomers like hexamers and 
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heptamers with both symmetric and satellite arrangements show a rich variety of sub-

radiant plasmon modes in addition to the lowest energy super-radiant mode.
55, 206, 208

  

Compared to most top-down methods, the close packing necessary for the strongest 

interaction among the constituent NPs in plasmonic molecules can be achieved in parallel 

using self-assembly and without the tedium of manipulating single NPs.
58, 59, 62, 67, 74, 152, 

209-213
  Chemical methods can therefore be used to provide functional nanoscale 

components from NP building blocks that exploit the strong interactions between surface 

plasmons of neighboring NPs and to tune the geometries and positions of the NPs.
28, 55, 85

  

In addition, fewer grain boundaries and larger crystalline domains cause chemically 

grown nanostructures to generally have purer responses than those prepared by thermal 

evaporation.
64-66

  Because of the inherent disorder present in bottom-up assemblies, 

correlating single particle optical and electron techniques has become indisputably 

necessary for revealing the close and sensitive relationships between the geometries and 

arrangements of NPs and their resulting optical responses.
28, 31, 33, 34, 79, 214

 

Among the most common NP assembly geometries are chains,
31, 211, 212, 214, 215

 

which can be regarded as a macromolecule or plasmonic polymer in the plasmon 

hybridization picture.  Previously well-studied systems typically either consisted of 

nanoparticles with uniform size, shape, and interparticle spacing, longer interparticle 

distances where far-field rather than near-field coupling dominates, perfectly linear 

chains, infinitely long chains, or some combination thereof.  
43, 45, 46, 211, 216

 In addition, 

many experiments address ensembles of such assemblies rather than individual 

assemblies, often because the chains were fabricated by top-down methods where 

disorder is not (as) important.
47, 206, 208, 217

  In contrast, we have provided a combination of 
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optical measurements and simulations of individual chains that represent systems that are 

realistically achieved when creating plasmonic assemblies that exploit strong near-field 

coupling due to very close interparticle distances.   

In addition to a general analogy based on the evolution from a molecule to an 

oligomer and then a polymer, this comparison is most compelling in the strong coupling 

regime for several reasons.  (1) For linear NP chains, the redshift of the bright super-

radiant mode saturates for chains ~ 10 NPs long.
43, 46, 54, 79

  The optical properties of 

conductive polymers are determined by the exciton delocalization length, which also only 

extends over a finite domain of a polymer chain independent of its total length.
199, 201, 218

  

(2) Chemical preparation methods for polymeric systems, both plasmonic and organic, 

typically yield chains with structural defects and a distribution of lengths as well as 

conformations.
67, 152, 201, 212, 214, 218, 219

  (3) The overall properties of the polymer are 

derived from its repeat unit.
198, 199, 202

  This last point, which we validate here both 

experimentally and theoretically, is critical for conceptually describing a NP chain as a 

polymeric system. 

5.3. Methods 

5.3.1. Preparation of Plasmonic Polymers 

Model plasmonic polymers with single NPs and NP dimers as repeat units were 

fabricated using a combination of top-down and bottom-up approaches (Figure 5.1) 

resulting in the smallest possible interparticle separations and therefore strongest plasmon 

coupling.  Gold NPs were assembled through the Marangoni effect into trenches of 

variable width and 400 nm long created in a polymer resist by an electron beam.
57

  Lift-
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off of the unexposed polymer resist removed NPs that were non-selectively deposited 

onto the polymer surface instead of into the trenches, yielding free-standing 400 nm long 

chains.  For 50 nm gold NPs, this chain length therefore coincided with the onset of the 

infinite chain limit.
43, 46, 79

  The electron-beam generated templates successfully defined 

the dimensions of the overall assembly, but the NPs did not pack uniformly within the 

trenches.  By adding a unique identification pattern to the substrate, we were able to 

locate individual NP chains for detailed structural characterization by SEM and 

correlated optical spectroscopy using polarization-sensitive broadband single particle 

extinction spectroscopy. 

A commonly used positive photoresist, polymethylmethacrylate (PMMA) A4 in 

anisole (Microchem, Mw = 495k), was spin cast at 3000 rpm for 40 seconds onto a glass 

chip with an indium tin oxide (ITO) coating and then soft-baked at 180°C for 90 seconds.  

The ITO coated glass substrates were obtained from Delta Technologies and cleaned 

using the RCA Standard Clean-1 procedure.  Trenches that were 60 nm (one NP) or 100 

nm (two NPs) wide and 400 nm long were written into the resist using electron-beam 

lithography.  A JEOL 6500 SEM operating at 30 kV equipped with the Nabity Pattern 

Generation System was used to expose patterns in the PMMA.  The chip was then 

developed for 25 seconds in a 3:1 solution of methyl-isobutyl-ketone (Sigma-Aldrich): 

isopropanol (HPLC-grade) followed by soaking in isopropanol for several minutes to 

stop the development before blow drying with compressed N2. 
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Figure 5.1  Fabrication and characterization strategy. (a) Trenches which constrained the 

size and geometry of the assemblies were formed in a polymer resist.  Free-standing NP 

chains were obtained by depositing the NPs into these trenches followed by lift-off of the 

remaining polymer resist.  (b) Representative SEM image of an array of chains.  (c)  

Sketch of the set-up used for broadband extinction spectroscopy.  The NP assemblies 

faced the collection objective and were illuminated from the top by a white light source 

coupled into an optical fiber.  Spectra were collected sequentially by the Si CCD and 

InGaAs array detectors and then combined using a multiplicative scaling factor.  A 

polarizer placed between the lamp and the sample selected the excitation light 

polarization. 

The template remained hydrophobic without further treatment, providing a high 

water-substrate contact angle to facilitate the assembly of NPs into the trenches during 

evaporation of a small drop of the solution.  To preserve the hydrophobicity of the 

PMMA, the template was therefore not treated with an O2 plasma, typically used to 

descum patterns post-lithography.  Upon complete evaporation of the solvent, NPs were 
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deposited both inside the trenches and on top of the photoresist surface.  Gold NPs with 

an average size of 47 ± 4 nm were obtained from Nanopartz at an optical density of 1.0 

and used without further dilution or purification.  A 5 µl drop was placed on the sample 

near the patterned area and was allowed to dry at room temperature with a cover to 

prevent contamination from dust.  Lift-off in acetone left behind free-standing chains of 

NPs directly on the ITO coated substrate, which were immobilized strongly enough 

through van der Waals forces to avoid being removed.
57

  The lift-off was preformed by 

placing the chip in acetone with light agitation for 1-2 minutes and then blow drying with 

compressed N2.  The presence of the chains was confirmed by optical scattering 

microscopy prior to detailed characterization with SEM.  Completely developing the 

polymer resist in the patterned areas and the hydrophobicity of the polymer in the 

unpatterned regions influenced the assembly of the NPs into the trenches.  The samples 

were then patterned by evaporating 30 nm of aluminum through an indexed TEM grid 

(Ted Pella) to provide a map for locating and identifying individual chains. 

5.3.2. Extinction Spectroscopy of Au NP Chains 

Extinction spectra of individual chains were acquired using the scheme previously 

published and described in Chapter 4.
80

  Upon analyzing the spectra from the two 

detectors, the spectra were ‘stitched’ together for presentation in Figure 5.3 and Figure 

5.4 by comparing their intensities in an overlap region of approximately 100 nm and 

scaling the intensity of the IR spectrum to match that of the visible spectrum.   Spectra 

were acquired for different polarizations using a polarizer (LPVIS100, Thorlabs) placed 

between the lamp and the sample to polarize the excitation light. 
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5.3.3. Numerical Simulations 

For a single sphere, the electrodynamic solution is the well known Mie theory 

solution in which the scattered and incident fields are represented as a complete 

expansion of vector spherical harmonics with appropriate weighting coefficients.  

Analysis of energy flow provides analytical equations for the optical cross-sections as 

functions of the scattered field coefficients.  By extending this solution to N spheres, 

whereby the incoming scattered fields from neighboring spheres act as further 

excitations, the scattering coefficients for each of the N spheres was solved by 

considering a system of linear equations.
220

  Analogous to Mie theory for N = 1, 

analytical solutions for the electrodynamic fields and optical cross-sections were obtained 

within the framework of GMT.  The geometry of the assembly as determined by SEM 

was reproduced by an image analysis algorithm, allowing the user to determine both 

diameter and location of individual constituent NPs.  Unpolarized spectra were obtained 

by averaging over multiple polarizations of the excitation light within the plane of the 

NPs.  The material response of each NP was modeled using the bulk response of gold, 

with complex dielectric components interpreted from values tabulated by Johnson and 

Christy.
192, 220

 

 In all calculations, the minimum surface-to-surface separation was ~ 1 nm, 

ensuring an optical response that is due to capacitive near-field coupling of the plasmon 

modes for each coupled NP system.  NP separations smaller than 1 nm and still in the 

non-touching regime are in principle possible, considering the limited resolution of the 

SEM, and would lead to increased redshifts of the super-radiant plasmon modes and 

closer agreement with experiment.  For smaller interparticle distances, nonlocal and 
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quantum mechanical effects would then have to be incorporated into the theory though, 

making the calculations more complex while not necessarily contributing more physical 

insight.  Conductive interactions due to touching NPs, however, yield modes that are 

redshifted beyond those that can be sustained through solely capacitative, near-field 

coupling
204, 206, 221

.  Allowing just two NPs to touch, i.e. one conductive interaction 

among a collection of many NPs, causes an additional peak near 1400 nm to arise, which 

cannot be produced with separations of 1 nm and no conductive interactions.
33, 222-224

  

However, the modes observed here for the 1D and 2D chains did not redshift to that same 

extent as predicted for conductive plasmon coupling.  We therefore attribute the 

measured spectral features to collective plasmon resonances of the chain due to strong 

near-field interactions but not to charge transfer plasmons. 

Numerical methods such as the discrete dipole approximation, finite difference 

time domain simulations, and finite element methods can model geometries more similar 

to the faceted NPs resting on a substrate, but these methods are computationally 

expensive for the number of NPs at the small separations considered here.  In contrast, a 

parallelized GMT code implemented for this work calculates the extinction spectra 

presented herein within minutes.  For example, for a chain of 30 NPs, each expressed as a 

vector spherical harmonic expansion of maximum order Lmax = 20, with a interparticle 

separation of 1 nm apart and a diameter of d = 50 nm, the complete spectrum of 150 

wavelengths is produced within ~0.25 hours using 6 quad core 2.4 GHz Intel Xeon 

(Nahalem) CPUs with 8 MB cache. 
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5.4. Results and Discussion 

Strong plasmon coupling between the gold NPs results in a lowest energy mode 

dramatically shifted by ~ 400 nm from the single NP resonance at 545 nm (Figure 5.2) as 

well as a higher energy resonance (Figure 5.3).  These two distinct plasmon resonances 

are seen in Figure 5.3, which compares the measured (Figure 5.3a) and calculated (Figure 

5.3b) unpolarized extinction spectra of the NP chain shown in the corresponding SEM 

image.  This chain is mostly one NP wide (1D chain), i.e. a plasmonic polymer with 

single NPs as repeat units.   

 

Figure 5.2 Dark-field scattering spectrum of a single gold NP. Scattering spectra of 

isolated gold NPs from the same batch used to assemble the chains were acquired using a 

dark-field single particle spectrometer described previously.
80

  The gold NPs were drop 

cast onto the same ITO coated glass used as the substrate for the assemblies.  These NPs 

were also patterned with an indexed TEM grid and characterized by SEM after the 

scattering measurements to confirm the presence of only individual NPs and not dimers 

or small aggregates for a particular spectrum. 
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The lowest energy mode occurs near 950 nm in Figure 5.3a while a second peak is 

observed at 680 nm.  The shape of the simulated spectrum in Figure 5.3b shows excellent 

agreement with the reddest mode at 860 nm and the second peak at 690 nm.  The spectra 

were calculated using Generalized Mie Theory(GMT),
46, 220

 which approximates the NPs 

as perfect spheres in an effective medium, but directly accounts for multipolar 

interactions that are crucial for closely spaced NPs.  Unlike ideal chains with uniform 

sizes and ideal NP arrangements, symmetry breaking due to heterogeneity in NP size and 

positioning was also included through structural input parameters provided by the SEM 

images.  The spectral shift between the measured and predicted plasmon modes is 

therefore attributed to the presence of the substrate and enhanced interactions between 

highly faceted NPs, affecting more strongly the lowest energy mode.
33, 203, 225

  The 

departure from the spherical shape is expected to lead to redshifts of the single NP dipole 

plasmon resonance due to sharp edges and corners and hence also to redshifts of the 

collective plasmon modes of the assembled NP chains.  In addictions, interactions 

between the NPs and the substrates can broaden the peaks, influence their intensity, and 

lead to further redshifts.
80, 81, 226

 

The experimental separations between the NPs in the SEM images were used for 

the GMT models.  For separations < 1 nm that cannot be accurately resolved from the 

SEM images including seemingly overlapping NPs, the minimum separation was set to 1 

nm because quantum effects would otherwise have to be included.
154

  Slightly smaller 

NPs separations could also account for the increased redshift of the superradiant plasmon 

modes in the experimental spectra.  We can rule out conductive interactions from 

touching NPs, however, because such interactions give rise to modes further redshifted 
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beyond those that can be sustained by solely capacitive coupling, as discussed further in 

the Methods.
227, 228

 

 

 

Figure 5.3 Experimental and simulated spectra of a 1D chain.  The measured (a) and 

calculated (b) unpolarized extinction spectra of the 1D chain shown in the SEM image 

reveal super- and sub-radiant plasmon modes.  Insets of a: Measured and fitted (blue data 

points and red line) as well as calculated (dashed black line) intensity vs. polarization θ 

dependence of the lowest (top, circles) and second lowest (bottom, crosses) energy modes 

at the respective wavelength maxima.  θ = 0˚ corresponds to light polarization parallel to 

the chain.  Calculated charge distributions are shown in b at 860 and 680 nm for 

longitudinal incident polarization. 

The lowest energy resonance is identified as the bright superradiant plasmon 

mode, for which the plasmon oscillations for all NPs are in phase with each other.  The 

top inset in Figure 2a compares the measured and calculated intensity of the long 

wavelength mode recorded as a function of excitation polarization θ, which exhibits the 

characteristic cos
2
θ dependence of a dipole.  The small difference between the measured 

and calculated modulation depths is likely caused by the variations in the shapes of 

faceted NPs and the presence of a substrate, which the GMT cannot directly simulate.  
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The calculated charge distribution for this mode (Figure 5.3b) shows that the dipoles of 

the individual NPs along the entire chain are aligned parallel to each other, despite any 

slightly off-linear arrangement.  Based on the polarization dependence and the charge 

distribution, this peak is therefore assigned to the lowest energy superradiant mode of the 

1D chain. 

The close interparticle distance and hence strong plasmon coupling are 

responsible for the appearance of a sub-radiant plasmon mode at shorter wavelength in 

the extinction spectrum of the 1D chain.  The sub-radiant nature of the high energy 

resonance is uniquely identified through its charge distribution (Figure 5.3b), which 

shows characteristic dipole-like domains that span several NPs and alternate along the 

entire length of the chain.
46

  The bottom inset in Figure 5.3a shows the measured and 

calculated polarization dependence of the sub-radiant mode, which also follows a dipolar 

cos
2
θ dependence with a phase parallel to the superradiant mode.  This polarization 

dependence is characteristic of a sub-radiant dipole mode.  Assignment to a quadrupole-

like plasmon mode of the entire chain can be ruled out because that should modulate out 

of phase with the superradiant dipole mode, assuming similarities to a continuous 

nanostructure or simple assembly.
157, 229

  

Changing the repeat unit from a single NP to a dimer of the plasmonic polymer 

dramatically affects the optical properties even while preserving the overall length.   

Figure 5.4 displays the measured (Figure 5.4a) and calculated (Figure 5.4b) extinction 

spectra of a chain that is two NPs wide (2D chain).  Although the exact peak positions are 

again shifted between experiment and theory, the two spectra in Figure 5.4a and Figure 

5.4b are remarkably similar in shape, and in comparison to the 1D chain (Figure 5.3), 
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show several distinct differences.  1) The lowest energy mode, which is again assigned to 

the bright superradiant mode based on the polarization dependence (Figure 5.4a) and 

calculated charge distribution (Figure 5.4b), is redshifted with respect to the 

corresponding peak of the 1D chain although both chains are of comparable length and 

plasmon coupling occurs predominantly along the long chain axis.  2) The higher energy 

mode around 700 nm is more intense than the superradiant mode for the 2D chain and 

additional modes contribute to the extinction between the two main resonances. 

 

Figure 5.4  Experimental and simulated spectra of a 2D chain.  The measured (a) and 

calculated (b) unpolarized extinction spectra of the 2D chain shown in the SEM image.  

The measured and fitted (blue circles and red line) as well as calculated (dashed black 

line) polarization θ dependence of the lowest energy mode is given in the inset of a.  

Calculated charge distributions are shown in b at 967 nm with longitudinal polarization 

and at 660 nm for both longitudinal and transverse incident polarizations. 

For the 2D chain, the most intense high energy resonance is a superposition of 

several plasmon modes.  The 2D chain comprises about twice as many NPs compared to 

the 1D chain, giving rise to a larger set of collective eigenmodes especially in the absence 

of perfect symmetry.  In addition, plasmon coupling is now possible in the transverse 



 99 

direction between NP dimers.  The calculated charge distributions at 660 nm for 

longitudinal and transverse excitation indeed confirm that collective modes with both 

polarizations as well as localized dimer and trimer modes within the chain and especially 

at the ends, contribute to the extinction intensity in this spectral region.  Because these 

multiple modes with varying linewidths contribute to the extinction at shorter 

wavelengths, we cannot further disentangle their relative intensities and quantitatively 

measure or calculate their polarization dependence.  Chemical polymers with more 

complex and functionalized monomers actually parallel this behavior with higher energy 

transitions derived from localized chromophores.  For the analogy between plasmonic 

and chemical polymers, however, we will focus the remained of this discussion on the 

lowest energy superradiant mode, which corresponds to the most attractive and 

delocalized interactions along the polymer chain.   

The experimental results and calculations for the two plasmonic polymers studied 

in Figure 5.3 and Figure 5.4 indicate dependence of the superradiant plasmon mode on 

the repeat unit  Interestingly, the superradiant mode, which is due to the coupling along 

the NP chain, is redshifted for the 2D chain although the perpendicularly polarized 

interactions between each of the two NPs that make up the dimer repeat unit are repulsive 

and should therefore increase the energy of the collective mode.  These repulsive 

interactions are apparent in the charge distribution of the 2D chain shown in Figure 

Figure 5.4.   

Simulations of the plasmonic response for perfectly ordered 1D and 2D chains of 

varying length expressed as the number Nl of NPs along the main chain axis also reveal 

that the wavelength for the maximum of the lowest energy resonance is determined by an  
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interplay between plasmonic interactions and retardation.  We focus the remainder of the 

discussion on perfect ordered chains because the calculated extinction spectra in Figure 

5.5a and Figure 5.5b for single and double column chains with Nl = 2, 3, 5, 10, and 15 

NPs illustrate that these perfectly linear chains of 50 nm gold NPs with equal spacings 

have all of the same features as discussed for the structures in Figure 5.3 and Figure 5.4.  

Figure 5.5c plots the dependence of the resonance maximum λmax for the superradiant 

mode on Nl for 1D and 2D chains of 50 nm NPs.  Both 1D and 2D chains approach the 

infinite chain limit at a length of ~10 NPs as the redshift becomes minimal upon adding 

more NPs.  The redshifting decreases because near-field coupling between any two NPs 

decreases rapidly with increasing distance.
33, 215

  Interestingly, the trends for these 1D and 

2D chains cross at Nl = 4.  For short 2D chains, plasmonic repulsion within the dimer 

building block leads to a blueshift, while for larger Nl, retardation causes the superradiant 

mode of the 2D chain to redshift compared to the 1D chain. 
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Figure 5.5  Simulated spectra for ordered 1D and 2D chains as a function of chain length. 

Spectra of single (a) and double (b) column linear chains illustrate the evolution of the 

extinction efficiency Qext for 1D and 2D chains.  Qext is defined by the total extinction 

cross section divided by the physical cross section of the chain.  The gold NPs are 50 nm 

in diameter arranged with uniform edge-to-edge separations of 1 nm.  The superradiant 

modes are highlighted in green for the 1D case and in red for the 2D case while the black 

bands represent the sub-radiant modes.  c, The evolution of the maximum of the lowest 

energy superradiant plasmon mode λmax. vs. the chain length in number of particles Nl for 

1D and 2D chains consisting of 20 and 100 nm NPs.  The arrows indicate the chain 

lengths where retardation becomes dominant over plasmonic interactions.  λmax for a 1D 

chain of 100 nm gold NPs is also included.  Note that for this chain, each data point 

corresponds to Nl/2 to keep the absolute chain length the same as for the 50 nm NP chains 

(see also Figure 5.8). 
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Increasing the size of the consituent NPs increases the extent to which retardation 

dominates the response.  Figure 5.5c also shows the dependence of λmax on Nl for 1D and 

2D chains of 20 nm gold NPs and the corresponding spectra are given in Figure 5.6.  For 

these chains, the crossover occurs at Nl = 8, expected from reducing the overall size 

compared to the 50 nm NP chains.  Simultaneously, coupling along the chain is the 

dominant interaction for the superradiant mode, and one can also expect retardation to 

affect the 1D and 2D chains equally for each NP size because their lengths remain the 

same as Nl is increased.  The overall width of the chain is also important, however, as 

illustrated in Figure 5.7.  The linewidth of the superradiant resonance, another indicator 

for retardation in addition to shifts in λmax,
80

 increases as a function of chain width for 1D 

and 2D chains of constant length of 300 nm.  Even this analysis in terms of the overall 

chain width is too simplified when comparing the extinction spectra of 1D chains of 100 

nm NPs with 2D chains of 50 nm NPs having the same length and width if the 

interparticle gaps are not considered in the overall dimensions of the chain (Figure 5.8).  

As shown in Figure 5.5c, λmax for the 1D chain of 100 nm NPs is significantly redshifted 

compared to the 2D chain of 50 nm NPs although the resonance widths are comparable.  

This feature implicates repulsive plasmonic interactions among two dimers of 50 nm NPs 

that are absent within a single 100 nm NP.  



 103 

 

Figure 5.6  Simulated spectra for ordered 1D and 2D chains consisting of 20 nm gold 

NPs as a function of chain length.  Unpolarized extinction spectra of single and double 

column linear chains illustrate the evolution of the extinction efficiency Qext for 1D and 

2D chains.  The gold NPs are 20 nm in diameter arranged with uniform edge-to-edge 

separations of 1 nm.  The resonance maximum of the super-radiant mode is blueshifted 

for the 2D chain compared to the1D chain up to a chain length of 8 NPs because of 

repulsive dimer interactions.  As the chain length is further increased retardation 

dominates and cause a redshift for the 2D chain compared to the1D chain.  This is 

accompanied by an increased broadening of the resonance. 
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Figure 5.7  Full width at half maximum (FWHM) of the super-radiant plasmon mode for 

1D and 2D NP chains of the same length but varying chain width.  The total chain length 

is constant at 300 nm.  In case of the 1D chains, the data points correspond to chains of 

15x20 nm NPs, 6x50 nm NPs, and 3x100 nm NPs.  In case of the 2D chains, the data 

points correspond to chains of two rows of 15x20 nm NPs and 6x50 nm NPs.  

Most of the experimental 2D chains consisted of two parallel columns of NPs as 

modeled in Figure 5.5.  Interestingly, the 2D chain in Figure 5.4 also contains both a 

square (AA-) packed domain and a hexagonal (AB-) packing.  Each domain represents a 

different arrangement of the dimer repeat unit, where in the AB-packing, plasmonic 

interactions lead to attractive interactions among dimers instead of the repulsion already 

discussed for the AA-packing. Figure 5.9 confirms this conclusion, which shows 

simulated extinction spectra for 2D chains with these two types of NP arrangements as a 

function of Nl.  For all Nl, the superradiant mode is more redshifted for the hexagonal 

close-packed configuration, and even beyond the resonance energy of the 1D chain at 

short lengths because of the absence of repulsive interactions (Figure 5.10).  All of these 
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trends presented therefore demonstrate that the optical properties of these plasmonic 

polymers depend on the identity of the repeat unit.   

 

Figure 5.8  Simulated spectra for ordered gold NP chains as a function of chain length.  

Comparison of unpolarized extinction spectra for a 1D chain of 100 nm NPs and a 2D 

chain of 50 nm NPs.  For each panel the length of the chain is the same.  These 

calculations illustrate that for the same chain length, the maximum of the super-radiant 

mode is more redshifted in the case of the 1D chains of 100 nm NPs compared to the 2D 

chains of 50 nm NPs although the chain width is the same (neglecting interparticle gaps). 
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Figure 5.9  Simulated spectra of 2D chains with AA, or square packing, and AB, closest 

packing, of different length.   
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Figure 5.10 Evolution of the maximum of the lowest energy superradiant plasmon mode 

λmax vs. the chain length in number of NPs, Nl for 1D and 2D chains consisting of 50 

nm NPs.  The arrow indicates the chain lengths where retardation becomes dominant of 

over plasmonic interactions for the AA-type 2D chain compared to the 1D chain.  For the 

AB-type chain, λmax is always larger independent of the chain length.   

The repeat unit should in principle include not only the NP or NP dimer, but also 

the edge-to-edge distance d between them.  We have investigated this effect for ideal 1D 

and 2D chains with Nl = 10 for d = 1, 3, and 5 nm as illustrated in Figure 5.11.  With 

decreasing d, the stronger plasmon coupling between the repeat units leads to an 

increasing redshift of the superradiant mode and the appearance of additional higher 

order modes.  Especially for 2D chains with very small sepearations,  the collective 

plasmonic response, as manifested by the superradiant mode, furthermore becomes 

distinctively different from the repeat unit, as expected for a strongly coupled, extended 

system.  These results are consistent with previous studies of chains of different lengths 

with varying NP separations. 
45, 79, 215, 230
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Figure 5.11  Simulated spectra for ordered gold NP chains as a function of the repeat 

unit.  The repeat unit consists of either a monomer (left column) or dimer (right column) 

and the following interparticle gap.  The chains are 10 NPs long in all cases.   

Similar to chemical polymers but in contrast to smaller plasmonic molecules,
28, 31, 

214, 218
 the disorder in the experimental NP assemblies compared to the perfectly ordered 

chains has only a relatively small effect on the lowest energy superradiant mode, 

representative of the most optical response.
31, 214, 227

  Figure 5.12 compares the extinction 

spectra calculated for the 1D (Figure 5.12a) and 2D (Figure 5.12b) chains discussed in 

Figure 5.3 and Figure 5.4 (black lines) to chains with the same arrangement as those in 

Figure 5.3 and Figure 5.4 but with uniform NP sizes (blue lines) and to perfect chains of 

the same Nl (red lines).  In both the 1D and 2D cases, the lowest energy superradiant 

mode blueshifts for the real chains compared to the ideal case when the size dispersion is 

removed.  When the spatial irregularities are also eliminated, however, the overall effect 
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of disorder on the position of the superradiant mode is very small, as seen in comparing 

the black (real system) and red (ideal system) spectra.  In contrast, for sub-radiant modes, 

the disorder in the NP size and arrangement lead not only to spectral shifts, but also to 

changes in intensity relative to the superradiant mode.  The effects of NP size dispersion 

and spatial irregularities therefore no longer effective cancel each other out for the sub-

radiant modes.   

 

Figure 5.12  Effect of disorder on the extinction spectra of a 1D chain and a 2D chain.  

The red curves show the calculated extinction spectra for ordered 1D (a) and 2D (b) 

linear chains of 50 nm gold NPs separated by 1 nm.  The blue curves were calculated for 

chains having the same arrangement as the chains in Figure 5.3 and Figure 5.4 but with 

uniform NP sizes of 50 nm while the black curves are the extinction spectra calculated 

for the chains in Figure 5.3 and Figure 5.4 with models that reproduce the experimental 

positions and diameters of the NPs.  For comparison, the spectra were normalized at the 

plasmon mode with the highest extinction. 
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The different effects of disorder on the super- and sub-radiant modes are a direct 

consequence of the different charge delocalization of these modes.  The superradiant 

mode is delocalized over the entire chain while the alternating dipole domains of the sub-

radiant modes are confined to fewer NPs, for which local dimer and trimer interactions 

also contribute to the optical response.  Consistent with recent studies of short and long 

chains with a distribution of conformations,
214, 227, 230

 the effect of disorder, although non-

negligible, is spread out over a larger number of NPs for the superradiant mode and 

becomes less important as the chain becomes longer.  In addition, the large linewidth of 

the superradiant resonance compared to the sub-radiant modes masks the energy 

splittings, which are small for large Nl,
46

 between otherwise degenerate chain 

eigenmodes.  To further affirm these conclusions, Figure 5.13 and Figure 5.14 show the 

experimental extinction spectra and corresponding SEM images for another 1D and two 

more 2D gold NP chains.  Again, these spectra exhibit the same dominant spectral 

features discussed for Figure 5.3 and Figure 5.4, confirming that disorder has a smaller 

effect on plasmonic polymers than on smaller plasmonic molecules. 

 

Figure 5.13 Experimental unpolarized extinction spectrum of a 1D chain and 

corresponding SEM image.   
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Figure 5.14 Experimental extinction spectra of 2D chains and corresponding SEM 

images.  The unpolarized extinction spectra agree well with the data shown in Figure 5.4 

despite the slightly different chain morphology in terms of nanoparticle size and 

arrangement.  For both chains shown here, the main features are consistent with those in 

the spectrum shown in Figure 5.4: the lowest energy mode is significantly redshifted 

compared to the 1D chain and the highest intensity peak arises from higher order modes, 

which cannot be clearly discerned from one another.  The differences observed for the 

shorter wavelength modes can be attributed to the larger gap between the chains along the 

longitudinal axis in a and the overall shorter length and fewer NPs in b.  The fact that the 

higher order modes are more severely affected by disorder is consistent with Figure 5.9 

and the corresponding discussion in the main text. 

5.5.   Summary and Conclusions 

In summary, this study presents a step towards a rational and intuitive 

understanding of the plasmonic response of NP chains by invoking an analogy that draws 

on concepts established for chemical polymers.  Using single particle spectroscopy and 

electrodynamics simulations, we have shown that the main optical response, i.e. the 

lowest energy superradiant plasmon mode, reaches an infinite chain limit that depends on 

the repeat unit of the plasmonic polymer and is not significantly affected by disorder in 

the NP size and arrangement.  Furthermore, characteristics of the repeat unit including 

the number of NPs, their sizes, arrangement, and separation between determine lead to 
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qualitatively different and interesting spectral line shapes.    Consistent with the recent 

discussion by Liz-Marzán et al., such analogies between plasmonic systems and well 

established molecular concepts have bridged the diverse backgrounds among 

nanoscientists to so that the potential utility of such structures might be realized.
207
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Chapter 6 

Plasmonic Polymers Unraveled by 

Single Particle Spectroscopy 

6.1. Abstract 

Plamonic polymers are quasi one-dimensional assemblies of nanoparticles whose 

optical responses are governed by near-field coupling of nanoparticle (NP) plasmons and 

are adjusted through the composition of the monomer repeat units, the chain length, and 

extent of disorder in the arrangement.  Correlated single particle spectroscopy of single 

and double columned chains of gold nanoparticles (Au NPs) tested these trends 

previously and found spectral features and more redshifting in the spectra of double 

columned chains.  These plasmonic polymers, however, had different widths, where the 

plasmon modes of the wider chains were more affected by retardation than the narrow 

chains.  The true consequences of changing the overall dimensions and composition of 

the repeat unit thus remain to be unraveled.  We present three comparisons that isolate the 
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size and composition of the repeat unit, overall dimensions, and disorder in plasmonic 

polymers constructed from three different sizes of Au NPs.  Through single particle 

extinction spectroscopy, we reveal how these parameters modulate the peak wavelengths, 

intensities, and shapes in the spectra of single plasmonic polymer chains.  Upon 

establishing the infinite chain limit at a length of 9 NPs for single columned chains of the 

largest NPs, we test plasmonic polymers with differently sized monomers at this chain 

length and compare plasmonic polymers of similar overall lengths, while maintaining a 

constant width.  Across these tests and through simulations using the generalized Mie 

theory, we show that disorder allows the characteristic chain modes to tolerate a wider 

variety of geometries and compositions than their well-ordered counterparts.   

This chapter is being prepared as a manuscript for publication and can presently 

be cited as follows: 

Slaughter, L.S; Wang, L.-Y.; Willingham, B.A.; Link, S. “Plasmonic Polymers 

Unraveled Through Single Particle Spectroscopy.” Manuscript in preparation. 

6.2.  Background and Motivation 

Plasmonic polymers are quasi one-dimensional assemblies of nanoparticles (NPs) 

whose collective optical response are governed by near-field coupling of nanoparticle 

plasmons and are tuned by changing the composition of the monomer repeat units.  

Fundamental to the definition of a polymer, the overall properties of the assembly depend 

on the composition of the repeating monomer.  Much like a conjugated chemical 

polymer, an infinite chain limit defines how the intensities, wavelengths, and shapes of 

the peaks in the plasmonic polymer spectrum evolve before and after this length is 

reached.
199, 201, 231

  The disorder that is inherent to experimental systems modifies 
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relationships between the optical response and these geometric parameters, but does not 

prevent plasmonic coupling.  This behavior parallels the ability of conjugated polymers 

to tolerate a limited variety of chain lengths and conformations in solution while 

maintaining certain characteristics of their optical spectra, although some features may be 

attenuated.
198, 200, 201, 231-233

  Plasmonic polymers thus present an elegant analogy to 

optically excitable chemical polymers and a set of NP assemblies with optical responses 

potentially tunable through the geometric parameters while maintaining one principally 

important dimension.   

The ability for chains of plasmonic NPs to propagate and localize light of the near 

ultraviolet to the near infrared wavelengths has stimulated detailed investigations into 

how length, interparticle gaps, and disorder affect the mode energies, oscillator strengths, 

and bandwidths in chains of Ag and Au NPs.
46, 54, 234, 235

  As NPs are added successively 

to the length of the chain, the superradiant chain mode, which results from the most 

attractive interaction of the individual NP dipoles aligned in phase along the longitudinal 

axis, redshifts.  The energies of the longitudinal and transverse chain modes thus split as 

the length is increased.  As early as 1993, Quinten and Kreibig used the theory of 

Gérardy and Ausloos to show that an infinite chain limit is already reached when a chain 

of Ag NPs is 15 NPs long with gaps of 0.5% of the NP diameters.
44, 236

  After this infinite 

chain limit, splitting between the energies of the characteristic longitudinal and transverse 

modes does not increase.  The interaction strength between plasmons in small dimers and 

trimers is significantly reduced as the gap size increases to only 5% of the diameter.
33, 50, 

52
  Similarly, saturation of the redshifting superradiant chain mode occurs at shorter chain 

lengths and at shorter wavelengths as the gap increases.
43, 45, 216
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Few authors, however, have experimentally tested the significance of these geometric 

parameters on the response of individual assemblies with separations small enough to 

allow strong near-field coupling.  Using dark-field scattering spectroscopy, Mulvaney et 

al. demonstrated the saturation of the redshifting in individual chains of 64 nm Au NPs 

and used theory to highlight the sensitivity of the longitudinal chain mode to the 

interparticle gap.
79

  Their work provided a concise picture of how these geometric 

parameters affect the wavelengths and shapes of the peaks from a limited set of chains 

one NP wide and up to 6 NPs long.  Furthermore, increasing the number of NPs of 

experimentally assembled chains increases the distribution of sizes, shapes, and off-linear 

particle placements.  Ford et al., Aizpurua et al., and Rüting have introduced disorder 

parameters to their theoretical investigations and have shown that departure from well-

ordered linear arrangements modulates the relative intensities of lowest energy and 

higher order modes, i.e. the mode weights, in individual spectra.
214, 230, 237

 Esteban and 

Aizpurua et al. simulated geometries specifically inspired by aggregates of Au NPs 

assembled in water but were still computationally randomized.  The dependence of the 

plasmonic response on individual geometric parameters in the presence of experimentally 

inherent disorder therefore remains to be tested.   

We previously explored plasmonic polymers of 50 nm Au NPs and showed that 

constructing a polymer using dimers of Au NPs as the repeating monomer led to different 

scaling of the superradiant mode with chain length compared to using a single Au NP as 

the monomer.
90

  The double column chain displayed new higher energy features due to 

an increased number of nearest neighbor interactions in both longitudinal and transverse 

directions in addition to a more redshifted lowest energy mode.  In this case, the double 
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column chain also had twice the width of the single column chain, transitioning into a 

size regime where both retardation and an increased number of NP interactions redshift 

and broaden the resonant peaks with increasing chain length.  This interplay of phase 

retardation and plasmonic coupling between NPs obscures the true role of the repeat unit, 

overall length and overall width of the chains on the wavelengths, intensities, and shapes 

of the peaks in the extinction spectra.   

This study provides a collection of three comparisons that isolate the size and 

composition of the repeat unit, overall dimensions, and disorder and collectively reveal 

how these parameters modulate the peak wavelengths, intensities, and shapes in the 

spectra of single plasmonic polymer chains.  Specifically, we test plasmonic polymers of 

constant width of ~100 nm and vary the number of repeat units, the type of repeat units, 

and the overall length, as illustrated in Figure 6.1.  The repeat units used here are one 

large NP with diameter, d = 94 (± 8) nm, a dimer of medium NPs with d = 47 (± 4) nm, 

and a linear quadrumer of small NPs with d = 25 (± 3) nm.  Figure 6.1 sketches these 

comparisons using NPs with ideal relative sizes.  Using the largest NPs, we first establish 

an infinite chain length at N = 9 when the monomer is an individual large NP, where N is 

the number of monomers on the length of the chain, after which the lowest energy 

redshifts minimally.  The comparison in Figure 6.1b tests whether this finite chain length 

is defined by the number of monomers, in red boxes, or the overall length of the chain by 

comparing chains with monomers of different sizes, while maintaining the overall width.  

In other words, is the saturation of the redshift defined by a finite length over which NPs 

can couple, or is there a limit on the overall length that the superradiant mode can 

delocalize?  The test illustrated in Figure 6.1c assists Figure 6.1b in addressing this 
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question and further isolates the sensitivity of the spectrum to the identity of the building 

blocks at constant length and width.  Finally, comparing the expected response of the 

ideal arrangements and experimentally achieved arrangements via the generalized Mie 

theory reveals that disorder reduces the sensitivity of the spectral modes to the individual 

geometric parameters tested in Figure 6.1.   

 

Figure 6.1 Comparisons among plasmonic polymers tested experimentally here.  The 

width is held constant in all situations.  (a) The optical properties of chains with lengths 

before and approaching the infinite chain limit are first investigated.  (b) At a chain 

length corresponding to the infinite chain limit, the size and composition of the monomer 

is then investigated at constant width. The monomers are denoted by the red boxes.  (c) 

Comparing chains of the same overall length provides a more complete understanding of 

the role of the monomer.    
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6.3. Methods 

6.3.1. Sample Preparation 

Plasmonic polymers of Au NPs with diameters of 25 (± 3) nm and 94 (± 8) nm 

were assembled via a combination of the Marangoni effect and capillary action as 

described previously.
90

  Data from 47 nm Au NPs was reproduced here from our previous 

publication.  Glass substrates with indium tin oxide (Delta Technologies) were trimmed 

to rectangular chips of less than 1 cm x 1 cm and cleaned by incubating 30 min at 45° C 

in a 1:4:20 NH4OH:H2O2:H2O mixture followed by sonicating 3 times in fresh deionised 

water.  Chips were then cleaned in an O2 plasma and irradiated with 365 nm UV light for 

approximately 90 seconds.   

PMMA with MW = 495k g/mol (Microchem) in anisole was spin coated onto the 

chips at 3000 rpm for 40 seconds and soft baked at 180° C for 90 seconds before 

mounting to the sample stage for the scanning electron microscope (SEM).  PMMA 495 

A2 (2% w/w in anisole), which should give a 60 nm thick film according to the 

manufacturer, was used for preparing chains of 25 nm Au NPs, and PMMA 495 A4 (4% 

w/w in anisole), which should give a 180 nm thick film, was used for preparing chains of 

90 nm Au NPs.  Trenches were drawn in the resist using electron beam lithography 

performed in a JEOL 6500 SEM operating at 30 kV and equipped with the Nabity Pattern 

Generation System.  Patterns were developed for 25 seconds in a 1:3 mixture of methyl-

isobutylketone:isopropanol, placed in a stop bath of isopropanol for several minutes, then 

blow dried with compressed N2.   
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Au NPs capped with sodium citrate were deposited onto the substrates within 48 

hours of completing lithography.  A 5ul drop of Au NPs (NanoPartz) in an aqueous 

solution (OD~1) was placed on the patterned region of the chip.  NPs filled the trenches 

as the meniscus of the drop passed over trenches.  The drop was allowed to dry 

completely.  The presence of filled trenches was first confirmed by SEM in a FEI Quanta 

400 SEM operating at 20 kV in wet mode.  Then the resist was lifted-off by immersing 

the chip in acetone for several minutes with very brief sonication and finally drying with 

compressed N2.   

6.3.2. Single Particle Spectroscopy 

Broad band extinction spectra of Au NP chains were acquired in transmission 

geometry as described in Chapters 4 and 5, and will not be duplicated here.  

6.3.3. Dark-field Scattering Imaging and Spectroscopy 

The scattering spectra of individual 47 and 94 nm Au NPs, dimers of 47 nm Au 

NPs, and the shortest chains of 25 nm Au NPs were acquired in reflection geometry on 

the same microscope used to take extinction spectra.  Excitation light from a halogen 

lamp was focused onto the sample using the same 50x/0.8 objective and collected 

through the same objective.  The sample was again rastered across the 50 µm pinhole to 

form an image, then repositioned as the light was redirected to the CCD spectrometer.  

The spectra were normalized to the lamp spectrum acquired using a white light standard 

(Labsphere, SRS-99-010).  Spectra of single 25 nm Au NPs on the substrate used 

throughout the study were not measured because their scattering was indistinguishable 

from the scattering due to the roughness of the ITO background.   
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6.3.4. Generalized Mie Theory 

The generalized Mie theory (GMT) code we used previously was improved based 

on the T-matrix Fortran code for parallel computer clusters provided by Mackowki and 

Mishchenko.
90, 238

  Mie theory provides the analytical solution to Maxwell’s 

electrodynamic equations for a single sphere.  The scattered and incident fields are 

represented as an expansion of vector spherical harmonics with the appropriate weighting 

coefficients. Analysing the energy flow provides analytical equations for the optical 

cross-sections as functions of the scattered field coefficients.  The GMT extends this 

solution to N spheres, where scattered fields from neighboring spheres act as further 

excitations and the scattering coefficients for each of the N spheres is solved by 

considering a system of linear equations.
220

   

The electrodynamic fields and optical cross-sections here were calculated via the 

GMT using input parameters from the geometry of the assembly and surrounding 

dielectric medium. The geometry of the assembly given in the SEM images was 

reproduced by an image analysis algorithm partially based on the Hough transform, 

allowing the user to determine both the diameter and location of individual constituent 

NPs.
239

 Unpolarized spectra were calculated by averaging over multiple polarizations of 

the excitation light within the plane of the substrate. The material response of each NP 

was modeled using the bulk response of gold, with complex dielectric components 

interpreted from values tabulated by Johnson and Christy.
192, 236

  In all calculations, the 

minimum surface-to-surface separation was 0.5 nm, ensuring an optical response that is 

due to capacitive near-field coupling of the plasmon modes for each coupled NP 

system.
216

  The medium dielectric constant was obtained by finding the best agreement 
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between measured and predicted scattering spectra for individual 47 and 94 nm Au NPs 

on the same ITO glass substrates.  The measured scattering spectra of single NPs were fit 

to a Lorentzian line shape and the medium dielectric constant was adjusted so that the 

maximum peak wavelength and linewidth of the calculated and measured spectra 

matched.  A refractive index of 1.32 provided the best agreement between the prediction 

and the experiment and was therefore applied to all following GMT simulations.   

6.4. Results and Discussion 

The experimental test of Figure 6.1a is shown in Figure 6.2 for 94 nm Au NPs and 

shows that the superradiant mode redshifts with chain length, N, where N is the number 

of NPs along the length until an infinite chain limit is reached, after which the redshift 

becomes minimal.  The spectra in Figure 6.2b corresponding to the SEM images in 

Figure 6.2a and the trend in Figure 6.2c reveal that the infinite chain limit is quickly 

reached by N = 7 for Au NPs of this size.   From N =2 to N = 7 in Figure 6.2b, the 

superradiant mode redshifts significantly from the average response of single NPs at 572 

(± 9) nm.  By N = 7, the superradiant mode is centered at 1200 nm and this mode ceases 

to redshift as the chain length is increased to 9 NPs and 13 NPs.  The measurements and 

simulated trend of perfectly linear chains with 1 nm spacings in Figure 6.2c shows that at 

N = 5, this mode is already redder than 1100 nm.  Departure from the predicted trend in 

GMT by the experimental data points can be attributed to a distribution of sizes, shapes, 

and gaps among the NPs as well as the off-linear alignment.  The experimental points at 

N = 3-5 are noticeably above the predicted curve, however, and may suggest that the 

disorder and heterogeneity expedites the onset of the infinite chain limit.   
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The theoretical community has repeatedly established the infinite chain limit 

while Mulvaney et al. have explored the length dependence of individual chains with 

lengths below the infinite chain limit.
43, 45, 79, 216

  The value for N required to reach the 

infinite chain limit agrees with these previous studies and our comparison here reaches 

over a broader range of chain lengths and probes the effect of heterogeneity inherent to 

even well aligned realistic systems.  Specifically, the lowest energy superradiant mode 

arising from the most attractive interaction of NP dipoles does not necessarily remain the 

most intense mode in the extinction spectrum as the chain length increases.  For chain 

lengths longer than N = 2, higher order coupled modes appear and their peak wavelengths 

and intensities relative to the superradiant mode also evolve with the chain length.   



 124 

   

Figure 6.2 Dependence of the spectra on the number of repeat units.  SEM images (a) 

and corresponding broad band extinction spectra (b) of chains 94 nm Au NPs of different 

length.  At N = 2, the dark-field scattering spectrum (reflection geometry) is shown.  All 

spectra are normalized to the peak of the lowest energy mode.  The scale bar represents 

200 nm.  (c)  Measured and predicted scaling of the peak wavelength of the superradiant 

mode with chain length.   

Longitudinal modes are expected to monotonically redshift with increasing length 

according to theoretical predictions, but the intensities and wavelengths of peaks 

corresponding to these higher order modes are more easily modulated due to symmetry 

breaking in experimental assemblies.
90, 230

  The major trends expected from GMT and the 

infinite chain limit nonetheless hold among the arrangements tested here provided that 

the NPs are within 1 nm, which appears to be the case in Figure 6.2a, although this is the 

limit of the resolution in SEM.   
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The comparison here and with previously predicted trends for other NP sizes 

stimulates additional questions regarding how the size of the repeat unit and overall 

dimensions of the assembly determine the when the infinite chain limit occurs and how 

they affect the shapes and relative intensities of additional peaks.  Our previous work 

suggests that the redshift of the superradiant mode saturates at different chain lengths and 

wavelengths depending on the size of the NPs for single rowed chains and remains a 

topic for more rigorous exploration.
90

  Here, we maintain a constant width in order to 

isolate the role of the repeating monomer with increasing length, whether length is 

defined in terms of the number of monomers or the absolute dimension.   

Figure 6.4 experimentally tests Figure 6.1b, comparing chains comprising three 

different kinds of monomers with a length at the infinite chain limit, as defined by the 

number of monomers, at constant width.  The simulated extinction spectra of all 

monomers are shown in Figure 6.3, along with the scattering spectrum of a linear 

quadrumer of 25 nm Au NPs.  Both the linear quadrumer and dimer exhibit signature 

longitudinal and transverse modes,
33, 52, 79

 while the single 97 nm Au NP gives a single 

Lorentzian peak corresponding to the individual NP dipole.   
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Figure 6.3 Simulated extinction spectra of the (a) quadrumer, (b) dimer, and (c) single 

NP monomer repeat units.  The inset of (a) shows a dark-field scattering spectrum 

(reflection geometry) of the linear quadrumer shown in the SEM image.  The scale bar is 

100 nm.   

The chains shown in the SEM images of Figure 6.4 each contain approximately 

nine repeat units.  The broad band extinction spectrum of the chain with 9 repeating 

quadrumers (chain 9N4) in Figure 6.4a displays a peak centered near 1200 nm and an 

additional mode between 700 and 800 nm.  The peak position of 1200 nm nearly 

reproduces the wavelength of the superradiant mode in the previously published spectrum 

of the 9 repeating dimers (chain 9N2) in Figure 6.4b, which also has higher order modes 

between 700 and 800 nm.  Similar peak positions occur in the spectrum of the 9 single 
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NPs (chain 9N1) in Figure 6.2c.  The insensitivity of the peak at 1200 nm indicates that, 

for this number of monomers, changing the monomers from a single NP in chain 9N1 

down to a dimer in chain 9N2 or linear quadrumer in chain 9N4 of smaller NPs does not 

significantly blueshift or redshift the superradiant coupled chain mode. The similarity in 

this feature across the spectra in Figure 6.4 is remarkable, considering both the increased 

number of interactions when the repeat unit consists of smaller building blocks and the 

drastically different overall lengths of the chains.  Chain 9N1 in Figure 6.4c also provides 

the spectrum in Figure 6.2 for N = 9, which is already at the infinite chain limit for this 

repeat unit.  The modes at 1200 nm in Figure 6.4a and Figure 6.4b thus suggest that the 

number of monomers does define the infinite chain limit over this range of overall 

lengths.   

Figure 6.5 further unravels the role of the chain length and the number of repeat 

units by comparing chains of the same overall length.  The spectra of the chain of 20 

repeating quadrumers (chain 20N4) in Figure 6.5a, chain 9N2 shown again in Figure 

6.5b, and the chain of 5 repeating single NPs (chain 5N1) in Figure 6.5c further suggests 

that a collection of small NPs can sustain resonant modes that emulate the modes of a 

collection of large NPs.  Again, all three spectra in Figure 6.5 show a superradiant mode 

between 1050 nm and 1200 nm and a collection of higher order modes between 600 nm 

and 800 nm.  The superradiant mode of chain 20N4 appears only slightly bluer than the 

superradiant modes of chain 9N2 and chain 5N1 at 1190 nm and 1160 nm, respectively.    
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Figure 6.4 Extinction spectra of chains having approximately the same number of 

monomers and their corresponding SEM images with Au NPs of (a) chain 9N4 with d 

=25 nm (b) chain 9N2 with d = 47 nm and (c) chain 9N1 with d= 94 nm.  The scale bars 

represent 100 nm.   

The broadness of the lowest energy mode of chain 20N4 makes it difficult to clearly 

resolve this peak from the more intense higher energy mode at 700 nm.  In contrast, the 

superradiant modes in the spectra of chain 9N2 and chain 5N1 are well separated from 

their second principle peaks near 720 nm. The characteristic features occurring at similar 

wavelengths in all three spectra indicate that resonant mode positions are maintained 

upon changing the composition of the chain from larger NPs down to smaller NPs within 

the same area.   
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Figure 6.5 Spectra of chains having the same overall length and width and their 

corresponding SEM images.  Extinction spectra for (a) chain 20N4 with d = 25 nm, (b) 

chain 9N2 with d = 47 nm, and (c) chain 5N1 with d = 94 nm.    The scale bars represent 

100 nm.   

Comparing spectra across Figure 6.4 and Figure 6.5 reveals that neither the 

number of monomers nor overall length alone determines the peak wavelengths.  The 

similarity of the positions of the lowest energy mode between chain 9N4 and chain 20N4, 

despite chain 9N4 being half as long as chain 20N4, and between chain 9N1 and chain 

5N1, despite chain 9N1 being twice as long as 5N1, verify that the chains in Figure 6.4 

and Figure 6.5 are nearly at the infinite chain limit.  Interestingly, chain 5N1, with only 5 

NPs, has nearly reached this limit, indicating interplay between the overall dimensions 
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and number of monomers in determining the infinite chain limit.  Considering that 2-3 

large NPs would give the same length as chain 9N4 and that this is not the infinite chain 

limit as shown in Figure 6.2, the overall dimension alone does not determine the energy 

of the superradiant mode.  Also note, however, that the assemblies of largest NPs possess 

the smallest ratio between the gap and the diameter of the NPs, increasing the strength of 

the near-field interactions among the NPs, which should further redshift the modes.  

Figure 6.4 and Figure 6.5 thus suggest that although the infinite chain limit is short, it can 

be achieved at different chain lengths depending on the sizes and separations among the 

constituents. 

Figure 6.4 and Figure 6.5 indicate that the number of NPs becomes 

inconsequential to the energies of the peaks for chain lengths at or beyond the infinite 

chain limit, but substantially increasing the area of the assembly does increase the overall 

intensities of the peaks.  The number of NPs approximately doubles and quadruples as 

the monomers shrink from a single large NP down to a dimer of medium NPs and linear 

quadrumer of small NPs, respectively, when the number of repeat units is maintained.  

Increasing the volume of Au from chain 9N4 to chain 9N1 causes the overall intensities 

of the spectra to increase.  Given that all assemblies here are a monolayer on the 

substrate, the total volume of Au chain 9N2 is approximately 3.5 times that of chain 9N1, 

and the volume of Au in chain 9N1 is 4.2 times that of chain 9N2 and 15 times the 

volume of chain 9N4.  The total volume of Au seen by the beam at normal incidence thus 

increases, but the effect on the overall intensity is not linear, as the ratio of integrated 

intensities is 1.0:1.0:1.2 for Fig. 3a-c.  Unlike the spectra in Figure 6.4, the spectra in 

Figure 6.5 have similar overall intensities, giving a ratio of 1.1:1.0:1.1.   The volume of 
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gold in the chains still increases, with chain 9N2 having 1.4 times the volume of chain 

20N4 and chain 5N1 having 2.4 times the volume of chain 9N2 and 3.3 times the volume 

of chain 20N4, The area seen by the incident beam is more similar among the chains in 

Figure 6.5 than among the chains in Figure 6.4, leading to a narrower range of signal 

intensities.   

Filling the same area with a larger number of smaller NPs increases the number of 

interactions, further shaping the peaks and attenuating their relative intensities within a 

single spectrum.  We previously showed that the higher order modes of chain 9N2, 

including the smaller peaks between the two principal peaks, result from increased 

interactions in the longitudinal and transverse directions.
90

  Interactions along the 

transverse direction are also responsible for reducing the intensity of the superradiant 

mode relative to the higher order mode. Doubling the number of NPs again from the 

medium NPs in chain 9N2 to the small NPs in 9N4 raises the number of nearest neighbor 

interactions again.  The broadness of the second, higher energy peak in the spectrum thus 

results from higher order modes ‘piling up’.  The piling up of higher energy modes in 

Figure 6.5a causes this peak to have more intensity than the broad superradiant mode 

centered at 1150 nm.  The varying relative intensities and broadness of the peaks agree 

with our previous finding - that the relative intensities of the peaks within each spectrum 

are more sensitive than the wavelengths of the peaks to the diversity of configurations 

achievable with smaller NPs.  In particular, disorder, resulting from both the many 

possible non-ideal configurations among different chains and the distribution of sizes and 

shapes in chemically grown Au NPs attenuates the relative intensities to different 

degrees.  Figure 6.4 and Figure 6.5 already suggest that assemblies with the smallest NPs 
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can sustain more deviations from the ideal arrangement, such as missing or offset NPs, 

without disrupting plasmon coupling.   

A true comparison between ordered and disordered structures must come through 

theory.  Figure 6.6a-c provides the spectra and charge distributions at selected resonant 

modes calculated by the generalized Mie theory for well-ordered square packed chains of 

10 repeating units.  The superradiant mode, identified by the charge plot calculated at the 

lowest energy peak, redshifts 170 nm from 695 nm in Figure 6.6a to 865 nm in Figure 

6.6b as the monomers chang from a linear quadrumer of small NPs to a dimer of large 

NPs.  This mode redshifts nearly 400 nm to 1260 nm in Figure 6.6c while also growing 

substantially broader, yielding a total shift of almost 600 nm from the collection of 25 nm 

Au NPs in Figure 6.6a to the 100 nm Au NPs in Figure 6.6c.  The chains nearly double in 

length for each panel from Figure 6.6a to Figure 6.6c, allowing for a longer 

delocalization length and stronger depolarization due to phase retardation, which also 

accounts for the broadness and additional optically active higher order modes.
90

 

While the chain lengths vary similarly for the experimental geometries in Figure 

6.6d-f, the positions of the superradiant peaks are more similar among these spectra.  The 

simulated superradiant peaks of chains 9N4, 9N2, and 9N1 in Figure 6.6d-f occur at 725 

nm, 970 nm, and 1145 nm respectively, narrowing the total redshift of the superradiant 

mode to 420 nm from the total shift of 565 nm in their ordered counterparts.  The 

calculated modes for the chains of 25 nm and 50 nm Au NPs, chains 9N4 and 9N2, in 

Figure 6.6d and Figure 6.6e are redder from the corresponding modes in the Figure 6.6a 

and Figure 6.6b.  In contrast, chain 9N1 in Figure 6.6f experiences a bluer superradiant 

mode than the ordered structure in Figure 6.6c.  The lowest energy mode for a single 
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column chain is achieved when the NPs are aligned perfectly linearly and disorder is 

highly unlikely to redshift the superradiant mode if the NP sizes are maintained.
214

  For 

multi-columned chains, however, disorder can increase and decrease gaps between NPs 

without disrupting coupling over the entire structure.  The different trends observed 

between the well-ordered and experimental geometries simulated in Figure 6.6 are 

consistent with reduced sensitivity of the measured spectra in Figure 6.4 to the size of the 

monomers and length of the structure in the presence of disorder.   

Figure 6.7 further tests the sensitivity of the superradiant peak position by holding 

the overall length constant and varying the number of monomers, in parallel to Figure 

6.5.  The GMT again predicts significant redshifting among the well-ordered structures in 

Figure 6.7a-c.  The chain of smallest NPs in Figure 6.7a has a superradiant mode at 730 

nm, 135 nm bluer than the chain medium NPs in Figure 6.7b, despite the chain in Figure 

6.7a having the same length and four times as many NPs as the chain in Figure 6.7b.  

Likewise, the medium NPs in Figure 6.7b give a superradiant mode 270 nm bluer than 

the mode at 1095 nm for the chain of largest NPs in Figure 6.7c.  Although the chain 

lengths in Figure 6.7a-c are nearly the same, the largest NPs should sustain the strongest 

plasmon interactions and therefore reddest chain mode because they have the smallest 

interparticle gaps relative to their diameters.
43, 45, 216

   The chains of largest NPs are also 

nearly 4 times thicker than the smallest NPs, subjecting them to retardation in the 

direction of the incident excitation light, leading to additional redshifting.   
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Figure 6.6 Extinction spectra and charge distribution plots at selected resonant modes 

calculated through the generalized Mie theory for ordered structures (a-c) and 

experimentally achieved configurations (d-f) of assemblies containing the same number 

of repeat units and their corresponding charge plots calculated with longitudinally 

polarized excitation light.  (a) & (d) 25 nm Au NPs, (b) & (e) 47 nm Au NPs, and (c) & 

(f) 94 nm Au NPs.   

The superradiant modes in the simulations of 20N4, 9N2, and 5N1 in Figure 6.7d-

f occur at 750 nm, 970 nm, and 1115 nm, respectively, showing a consistent redshift from 

the corresponding ordered structures of Figure 6.7a-c.  The small redshift from 1095 nm 

in Figure 6.7c to 1115 nm for the simulation of 5N1 in Figure 6.7f can be attributed to the 

NPs in chain 5N1 having an average NP diameter larger than those used in the ordered 

structure of Figure 6.7c.  While the peak wavelengths seem to vary significantly among 

the spectra, especially for the superradiant mode, the principle features of a low energy 
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superradiant mode and superposition of higher order and transverse modes between 500 

and 800 nm are maintained across the spectra in Figure 6.7.   

 

Figure 6.7 Generalized Mie theory results for ordered structures (a-c) and experimentally 

achieved configurations (d-f) of assemblies with similar overall dimensions and their 

corresponding charge plots calculated with longitudinally polarized excitation light.  (a) 

& (d) 25 nm Au NPs, (b) & (e) 47 nm Au NPs, and (c) & (f) 94 nm Au NPs.   

Comparing spectral peak positions across Figure 6.6 and Figure 6.7 also 

demonstrate that these chains have arrived at the infinite chain length for the 

supperradiant mode and the peak wavelength is invariant to increasing the number of 

monomers or the total length of the chain.  The simulations of chains 9N4 and 20N4 

gives superradiant and subradiant peaks which differ by only 25 nm.  Likewise, chains 

9N1 and 5N1 have superradiant peaks only 30 nm apart.  These shifts are reduced from 
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the ideal cases, especially for the largest NPs, as the superradiant modes differ by 165 nm 

between Figure 6.6c and Figure 6.7c.  The net consequence here is that transitioning from 

ideal arrangements to the experimental geometries effectively shortens the infinite chain 

limit. 

Figure 6.6d and Figure 6.7d show bluer peaks than the lowest energy modes for 

chains 9N4 and 20N4 in Figure 6.4 and Figure 6.5.  First, note that the longitudinal mode 

of the dark-field scattering peak of the quadrumer repeat unit is 100 nm redder than the 

simulated spectrum, as shown in Figure 6.3a.  The offset between measured and 

simulated modes for chains 9N4 and 20N4 is therefore somewhat systematic.   

Different peak wavelengths and shapes arise between experiment and theory due 

to the limited resolution of the SEMs for discerning the sizes and spacings among the 

smallest NPs, the contrast between spherical particles required by the GMT and faceted 

NPs used in the experiments, the medium dielectric constant used in the GMT, and the 

domains of different packing among the smallest NPs.  The simulated spectra of a square-

, or AA-packed and a hexagonally close-, or AB-packed chain with the same length as 

20N4 in Figure 6.8a-b show that the smaller interstitial spaces in AB-packing allow 

stronger plasmonic interactions and lead to further redshifting.  This simulation is 

consistent with our previous finding that AB packing also alleviates the repulsive 

interactions along the transverse direction found for AA-packed structures, again 

lowering the energy of the superradiant mode.
90

  The charge distribution calculated at 750 

nm for 20N4 in Figure 6.7d shows that the orientations of the individual NP dipole 

modes, which are primarily responsible for this chain mode, are not parallel to the 

longitudinal chain axis.  Their varying orientations likely reduce the number of repulsive 
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interactions.  Although this mode is not significantly redshifted from 730 nm in Figure 

6.7a, a variety of redder and bluer peak positions can be achieved among randomly 

packed chains of NPs with at least two different sizes compared to ordered chains of 

uniformly sized NPs as conveyed in Figure 6.8c-d.  With multiple NP sizes, some regions 

may achieve even smaller interstitial spaces than possible for AB-packing of uniformly 

sized NPs, although 20N4 certainly also has spaces larger than those in the AA 

configuration.  Figure 6.6 and Figure 6.7 thus agree with Figure 6.4 and Figure 6.5 in that 

the peak wavelengths become less tunable through the length and composition in the 

presence of disorder at the infinite chain limit.     

While the peak positions are not noticeably tuned by the numbers of monomers or 

lengths, the integrated intensities of the simulated spectra do increase if the number of 

NPs and amount of Au seen by the incident light also increases.  For the chains of 10 

repeat units in Figure 6.6a-c, the integrated intensities increase monotonically and 

dramatically in a ratio of 1:3.1:10.7, reflecting the large differences in the amount of Au 

among these three chains.  The chains in Figure 6.7a-c maintain a similar geometric cross 

section and the intensities vary with lower ratios of 1.2:1.3:1.  These ratios become less 

predictable in the experimental geometries, however, as differently sized and non-ideal 

arrangements break the symmetry of the assembly, which can dampen plasmon modes 

and render otherwise dark higher energy modes optically bright.   

Symmetry breaking due to disorder likewise modulates the intensity of the 

superradiant mode relative to the subradiant modes.  Subradiant modes consist of 

interaction domains localized over smaller collections of NPs within the chains.  
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Therefore, their intensities relative to each other and to the superradiant mode are more 

sensitive to symmetry breaking introduced through heterogeneity and imperfect packing.   

 

Figure 6.8 GMT calculations for (a) perfectly ordered AA and (b) AB packed 

arrangements of Au NPs of uniform diameters.  Two arbitrarily disordered arrangements 

with Au NPs populating two different diameters are shown in (c) and (d).  The psuedo-

random particle positions were produced using a collision-driven molecular dynamics 

algorithm.
240, 241

 The Fortran 90 code was adapted to maintain a minimum of 0.5 nm 

between neighboring NP surfaces as described previously.
234

  Two solutions are shown 

here to emphasize the variety of peak wavelengths, shapes, and intensities that result 

from multiple possible arrangements of NPs in a given area.   

The longitudinal quadrupolar chain modes predicted at 620 nm, 635 nm, and 750 nm in 

Figure 6.6a-c remain less intense than the superradiant modes but can gain or lose 

intensity when the NPs take on the arrangements in Figure 6.6d-f corresponding to Figure 
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6.4.  The collections with the smallest NPs contain the most NPs and allow many higher 

energy interactions to ‘pile up’.   When disorder additionally causes otherwise optically 

inactive modes to become bright, the net result is a broad superposition of these modes 

similar to that observed in Figure 6.4a and Figure 6.5a, and confirmed by Figure 6.6d and 

Figure 6.7d.  Depending on the extent of disorder and volume of the assembly, this broad 

higher energy band can have comparable or enhanced intensity over the superradiant 

mode. 

6.5. Conclusions 

We have experimentally and theoretically investigated the sensitivity of the 

optical response of plasmonic polymers to their previously defined characteristics: 1) the 

existence of an infinite chain limit 2) tolerance to disorder and 3) determination of the 

overall response by the identity of the repeat unit.  Having already established that the 

width of the plasmonic polymer tunes how plasmon coupling and retardation contribute 

to redshifting the redshifting the superradiant mode, we provided systematic comparisons 

of the number of monomers, overall length, and disorder using monomers of constant 

chain width.  The length, defined by the number of monomers along the length, tunes the 

peak position of subradiant and superradiant modes until the infinite chain limit.  The 

overall length follows a similar general trend.  Decreasing the size of the monomer by 

replacing a large NP with a dimer of medium NPs or linear quadrumer of small NPs, 

gives a wider variety of arrangements that does not monotonically blueshift or redshift 

the characteristic peaks in chains with comparable numbers of monomers or absolute 

length.  The overall intensity of the spectrum is determined by the number of NPs and the 
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relative intensities among peaks within a single spectrum are sensitive to the size and 

composition of the monomer.   

By introducing disorder, the peak wavelengths become less sensitive to changing 

the number of NPs, length, and identity of the constituents compared to the perfectly 

ordered arrangements.  Disorder modifies the infinite chain length and attenuates the 

relative intensities of the peaks, often broadening them by inducing dark modes hidden in 

the spectrum of the ordered configuration to become optically active.  This 

comprehensive investigation has thus evaluated the sensitivity of the optical response of 

plasmonic polymers to specific geometric parameters and disorder.  In particular, we 

have revealed that the wavelengths and intensities in the optical spectra tolerate a variety 

of combinations of NP building blocks and overall dimensions.   
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Chapter 7 

Conclusions 

This thesis has presented comprehensive studies of the plasmonic response of four 

distinct geometries of NPs and NP assemblies through correlated single particle 

spectroscopy.  In all cases, the combination of correlated electron and optical microscopy 

and spectroscopy provided detailed insight into the sensitivity, or lack of sensitivity, of 

the plasmon modes to changes in the sizes, shapes, and spaces between NPs.  Theoretical 

modeling revealed the nature of the resonant modes and how realistically achieved 

systems respond differently to excitation light compared to either well-ordered 

assemblies or NPs with symmetric shapes and/or uniform sizes.  The most irregular 

systems studied here were large assemblies of Au NPs: the self-assembled rings in 

Chapter 2, and the plasmonic polymers in Chapters 5 and 6.  The studies described in 

these chapters represent the first systematic efforts to understanding plasmon coupling in 

many NP assemblies but with overall dimensions where the response is, in principle, 

tunable through the length and width of the assembly.   
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In all cases, these large assemblies displayed plasmon modes redshifted hundreds 

of nanometers from the resonance of a single NP.  Much like the longitudinal plasmon 

modes of continuous Au nanorods and nanowires, these modes were highly polarized 

along the longitudinal axis of the assembly.  We hypothesized that the plasmons 

delocalize over many NPs over hundreds of nanometers in distance.  The segments from 

rings with diameters of 6 and 8 µm, however, present additional challenges to 

understanding the role of specific geometric parameters due to the continuity of their 

assembly and curvature.  Our analysis at different polarizations established that the 

largest contributions to plasmon coupling in these rings were nearest-neighbor 

interactions, although these interactions alone do not account for the plasmonic response 

of the ring segment.  Interestingly, the spectra of different segments displayed 

qualitatively similar features, indicating that a superposition of many nearest-neighbor 

and longer-range interactions ‘smears out’ the effects of irregularities in the size, shape, 

and packing of the NPs.   

Disorder furthermore reduces the sensitivity of the λmax of the lowest energy peak 

in the spectra of finite assemblies to the number of NPs, geometry of the constituent NPs, 

and overall length of the assembly.  With the plasmonic polymers, we readily established 

an infinite chain limit, where increasing the number of NPs along the length does not 

noticeably tune the wavelength of the superradiant mode, i.e. the lowest energy peak 

arising from the most attractive, in phase, interaction between the dipoles of the 

individual Au NPs along the chain.  While we showed in theory that transforming the 

repeating monomer from a single NP to a dimer of NPs affects the redshifting of the 

superradiant mode, the width of the assembly determines the extent to which the 
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assembly is subject to retardation.  We therefore present the first step toward isolating the 

effects of the number of NPs, composition of the repeat unit, and overall length of the 

assembly, at constant width on the λmax, shape, and intensity of the peaks in their 

extinction spectra by fabricating, measuring, and modeling plasmonic polymers 

comprising three different sizes of Au NPs.  The λmax of the peaks in the responses of 

ordered systems are readily tuned through these geometric parameters in theory, but the 

experiments show that the λmax of an assembly with dimensions at the infinite chain limit 

seem to tolerate a wide variety of compositions and arrangements.   

Deconvolving the contribution of specific many-NP interactions to the spectral 

features, especially for these disordered systems, is not straightforward.  I thus explored 

simpler Au nanostructures along the way, where the roles of size, shape, and orientation 

were readily discerned through combined experimental and theoretical investigations.  In 

contrast to the large assemblies, the characteristic plasmon modes of dimers of Au NRs 

were extremely sensitive to size heterogeneity, asymmetric arrangements, and conductive 

contact.  For Au NRs assembled end-to-end, the ‘antibonding’ mode  has a net dipole 

moment of zero if the NRs are identical and linearly assembled, but becomes optically 

active when one NR becomes larger than the other.  Our series of calculations confirmed 

that this size mismatch played a larger role in rendering the antibonding mode optically 

active than the angular offset from the linear dimer geometry.  Furthermore, conductive 

coupling can occur between Au NRs assembled < 1 nm apart and leads to a new low 

energy mode not possible with purely capacitive interactions.  These dimers of Au NRs 

demonstrated the enhanced variety of possible plasmonic responses when anisotropically 
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shaped NPs are assembled and the inherent distribution of NP sizes and shapes are 

considered. 

Changing the aspect ratio of anisotropically shaped NPs, such as Au NRs, is 

another simple route to tuning the SPR within the choice of a single material and shape, 

as the longitudinal λmax scales linearly with the aspect ratio for NRs with diameters < 30 

nm.  Our systematic experimental comparison of Au NRs at constant aspect ratios, shape, 

and surface chemistry confirm that this scaling quickly changes outside this quasistatic 

size regime, as retardation depolarizes the SPR.  At a low aspect ratio of 3.1, the 

longitudinal dipole wavelength redshifts to 1300 nm for a broad Au NR with a diameter 

of 120 nm, compared to 740 nm for a diameter of 24 nm.  Furthermore, rods with 

diameters ≥ 100 nm display higher order modes with enhanced relative intensities 

compared to their quasistatic counterparts of the same aspect ratio.  These studies of the 

broad Au NRs and dimers of Au NRs specify how one can tune the plasmonic line shapes 

from these simple nanostructures through their size and orientation.   

Vibrational and optical spectroscopies, theranostics, and sensing, already benefit 

from the tunable optical properties of Au nanostructures and have thus inspired 

advancements in chemical synthesis and assembly of Au nanostructures, especially in one 

dimension.  One-dimensional assemblies of Au NPs have tremendous potential for 

realizing optical computing components and interconnects that can operate at the speed of 

light in the material but below the diffraction limit of light.  Understanding how the 

plasmonic response evolves with geometric parameters, which are either purposefully 

tuned or occur spontaneously with varying experimental conditions, is therefore crucial to 
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realizing the full benefits of Au nanostructures to any of these applications.  The research 

in this thesis helps fill the gap in understanding the potentially useful optical properties of 

realistic assemblies produced elegantly through chemically assembly of NP building 

blocks.   
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Appendix A:  
Fabrication of Plasmonic Polymers 

The chains studied in Chapters 5 and 6 were fabricated by a procedure modified 

from template assisted assembly developed by Xia et al. and expanded upon by other 

authors.
57, 71, 74, 75, 242, 243

  While the procedure has been described briefly in these 

chapters, this appendix gives more details regarding necessary considerations to achieve 

reasonable yields.   

In electron beam (e-beam) lithography, selected regions of a polymer resist coated 

onto a substrate are exposed to the e-beam, which either causes scission of the polymer 

chain as in the case of a positive resist, or, in the case of a negative resist, stronger cross 

linking among polymer chains compared to the unexposed regions.  The development 

step then washes away the cleaved or uncrosslinked chains.  For a positive resist, regions 

exposed to the e-beam are hollowed out from the surface of the resist, whereas exposed 

regions from a negative resist remain as features protruding from the substrate.   

When e-beam lithography is used to fabricate solid structures, a positive resist is 

often patterned and developed, and then the material of interest is thermally evaporated 

onto the substrate.  The resist is then ‘lifted-off’ using the appropriate solvent to dissolve 

it without harming the evaporated material.  Provided that the patterning and 

development are complete, i.e. no resist remains in the areas hollowed from the resist 

after development, lift-off leaves free standing nanostructures on the substrate.  The 

thickness of the material deposited determines the height of the resulting nanostructures, 
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but one must carefully choose a resist that is thicker than the desired height of the 

nanostructures.   

E-beam lithography is used here to make trenches in the polymer resist which are 

then filled with Au NPs instead of thermally evaporated metal.  Following deposition, the 

resist is dissolved away to leave free standing assemblies of Au NPs.  The procedure is 

conceptually identical to that of conventional electron beam lithography to produce solid 

nanostructures.  This appendix provides parameters useful to fabricating chains used in 

these studies and great references for further information about the physics and chemistry 

of e-beam lithography is Chapter 2 of The Handbook of Microlithography, 

Micromachining, and Microfabrication and technical specifications from the 

manufacture of the resist, MicroChem, in this case.
244, 245

 

Filling the trenches with NPs from aqueous solution so that they are closely 

packed enlists different physical concepts from solution dynamics, surface chemistry, and 

electrostatic interactions that also present unique challenges.  This appendix therefore 

provides the procedure used here, pinpoints a few important considerations, and provides 

references that will suggest and guide improvements to this method to give higher yields 

of the desired assembled geometries.   

A.1  Procedure 

 For best results, perform all steps within 2-3 days to ensure successful filling of 

the trenches and clean lift-off of the polymer resist.  The full schedule from beginning to 

lift-off may depend on the availability of optical and/or electron microscopes, but at least 
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deposit the NPs as soon as possible after lithography and confirming the formation of 

trenches.  Delaying lift-off until filling of the trenches is confirmed by wet mode SEM 

(and repeated as necessary) is certainly worthwhile, but try to anticipate the instrument 

time needed in advance.   

The major steps are: 

1) Prepare ITO-coated glass chips 

2) Draw trenches by electron beam lithography 

3) Locate the trenches in an optical microscope 

4) Deposit Au NPs 

5) Confirm successful deposition of Au NPs by optical microscopy and SEM 

6) Lift-off the polymer resist 

 

A.1.1 Preparation of ITO-coated Glass Chips 

 The substrate on which the assembled Au NPs will eventually reside must be 

relatively hydrophilic if the NPs are deposited from an aqueous solution.  For optical 

characterization, the substrate must also be optically transparent.  Preferably, the 

substrate is also non-conductive so as not to modify the optical spectra through coupling 

with the nanoparticle plasmons.  Electron beam lithography, however, requires a 

conductive substrate to dissipate the electron beam and prevent local charging on the 

sample.  In the studies presented here, ITO coated glass was used as a compromise to 

accommodate the conductivity required by the SEM and the optical transparency required 
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for extinction measurements.  It is possible, however, to perform electron beam 

lithography on glass without a conductive coating by adding a thin layer of the water 

soluble conductive product called ESPACER on top the resist.   

 Trim ITO glass chips to < 1 x 1 cm using a diamond scribe (Techni Tool).  The 

size of the substrate is the user’s choice, but smaller chips are generally easier to navigate 

in the SEM.  Soak the chips in a 1:4:20 mixture of NH4OH:H2O2: H2O already warmed to 

45 ºC for 30 min.  Decant the solution and then rinse the chips several times with 

deionized water from a squeezed bottle.  Then sonicate them 2-3 times for 15 min. in 

deionized water.  Chips can be stored in fresh deionized water to prevent dust from 

accumulating on them until they are used without deleteriously affecting the conductivity 

of the ITO layer.  I have not needed to store them longer than 4 weeks, however, and 

cannot speak for storage times longer than this.   

Always handle the chips at the edges with tweezers to avoid scratching the 

surface to be patterned or damaging the polymer film.   

To prepare a chip for electron beam lithography, first blow dry a chip with 

compressed N2, then clean it in an O2 plasma for 40-60 seconds on ‘medium’ (Harrick, 

PDC-32G).  Plasma cleaning is necessary to remove organic contaminants on the surface 

as well as to temporarily functionalize the substrate with –OH groups, thereby increasing 

the hydrophilicity of this layer.  Because this functionalization is reversed within a few 

days, preparing the chip no more than one day ahead of the lithography session is 

recommended.  Recently, I have begun irradiating the chip for ~ 2 min with 365 nm UV 

light, which further increases the hydrophilicity of the substrate.  The procedure may 
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benefit from longer irradiation times to increase the hydrophilicity even more, but it is 

worth systematically investigating whether longer irradiation entails noticeable 

consequences in lithography or optical spectroscopy due to changes in the conductivity 

and/or optical properties of the ITO.
246

 

 Spin coat poly-methyl methacrylate, Mw = 495k g/mol, in anisole (MicroChem) 

onto the chip for 40 s at 3000 rpm.  If the chip is ~1 x 1 cm, approximately 12 drops will 

fit on the chip.  A more even film will be achieved if as many drops are placed on the 

chip as possibly allowed by surface tension without breaking the surface tension.  Choose 

the combination of formula, molecular weight, and spin speed which will give the desired 

thickness of the film.  For example, 495 A4 (4% (w/w) of Mw = 495k g/mol resin 

dissolved in anisole) will give a film of approximately 180 nm thick while 495 A2 (2% of 

the same resin in anisole) will produce 60 nm thick films, according to the technical 

specifications given by MicroChem.
245

  Soft bake the film on a hot plate at 180ºC for 90 

seconds.  Cover the chip with a glass petri dish so that the air around the chip thermally 

equilibrates during this time.  Glue the chip to the lithography sample stage (aluminum, 

custom designed for the JEOL 6500 SEM) using the same PMMA resist.  Next, spot 

small amounts of silver ‘dust’(Aldrich , Ag powder, 2-3.5 μm) from a solution of 

isopropanol onto the centers of at least two opposite edges of the chip (I typically spot all 

four edges).  The silver ‘dust’ provides markers for measuring the height of the film, 

allowing the user to appropriately adjust the focus of the height of the beam to achieve 

the best resolution while drawing in the center of the chip.  I have learned that a 

strategically broken wooden applicator (available from the Rice University Chemistry 
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Stockroom, applicator, non-sterile, 6”, cotton tipped, pk 100) is a good tool for applying 

the PMMA as glue and spotting the Ag dust solution.   

 

Figure A.1  Left: The sample stage used for lithography.  Right: A wooden applicator 

with broken tip appropriate for applying the right amounts of PMMA as glue, or spotting 

Ag dust onto the chips.   

The resist actually serves as an excellent glue because the chip adheres firmly 

enough to the stage, or another substrate such as a glass cover slide, but one can easily 

free the chip with a razor blade to transfer it to new substrates.  The glue is easily washed 

or wiped off with acetone, leaving almost no residue if done thoroughly and carefully.  

Allow the glue to dry for at least 45 min each time, especially before placing into the high 

vacuum chamber of the SEM.  Drying can be sped up by placing it in a dessicator.  Be 

cautious, however, to ensure that the sample is flat while drying, as any offset will affect 

the resolution achieved in both lithography and optical microscopy.   
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A.1.2 Electron Beam (e-beam) Lithography  

E-beam lithography is performed here in a JEOL 6500 SEM operating at an 

accelerating voltage of 30kV.  The SEM is equipped with the Nabity Pattern Generation 

System (NPGS), which reads in design programs from the design software, AutoCAD, 

and controls the movement of the beam and sample stage according to the pattern file.  

NPGS also adjusts the beam current and dosage given to selected regions as additionally 

specified by the user.  For the samples discussed here, the working distance used was 7 

mm and probe current was typically between 40 and 45 pA.   

A.1.3 Designing the Pattern 

During lithography, the instrument will place the sample at a position and move 

the beam to draw one copy of the pattern.  If the pattern will be repeated in a new 

position, the instrument then moves the stage to a new position for each copy of the 

pattern.  The pattern designed through AutoCAD must accommodate several important 

considerations and an example of a pattern which considers these criteria is provided in 

Figure A.2.   

1) Area of the pattern – The beam can move over a limited area determined by 

the magnification.  At 1000X, typically used for the trenches drawn for this 

thesis research, the area is limited to ~ 120 x 120 μm.  One should thus 

position the shapes in the pattern to optimize the number of shapes that can be 

drawn at one stage position.   
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2) Space between shapes – The resulting chains should be 2-3 μm apart so that 

they are resolvable by our optical resolution but are close enough to maximize 

sampling within the limits of the stage movement.  With these spacings, a 1 x 

1 mm patterned area should contain more than enough chains for the kinds of 

single particle studies discussed in this thesis.   

3) Markers for low and high magnification – In general, the resulting chains of 

interest for our studies are too small to be seen at magnifications lower than 

1000X in the SEM.  Given that such a small region of the chip is patterned, 

one would have to sample many small areas in the absence of larger 

‘landmarks’, such as 500 nm x 15 μm marker bars,  strategically placed 

among the chains of interest.   

4) Mapping – For correlated SEM and single particle spectroscopy studies, we 

must locate chains of interest exactly in multiple modes of microscopy.  

Introducing asymmetry, and possibly chirality, to the pattern makes this step 

easier than if the pattern is too ‘regular’.  I therefore make neighboring chains 

have different sizes and offset regions of my pattern from an otherwise 

square-like grid.   

Alternatively, one can use a patterned TEM grid as a stencil and thermally 

evaporate metal onto the substrate after free standing chains are fabricated, a 

similar strategy used to pattern substrates in Chapters 2-4.  This extra step 

takes extra time and resources, can be hindered by the availability of the e-

beam evaporator, and sacrifices chains in regions that will be covered with the 

metal.  
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5) Proximity effect – When the e-beam impinges on the substrate, the resist 

experiences further chain scission due to back scattered electrons from the 

substrate as well as from the direct beam.  The consequence is that the 

resulting trench is larger than expected from the design, usually by 10-20 nm, 

depending on the parameters of the electron beam given in the NPGS run file 

discussed below.  The difference for small features can be significant.  For 

example, I have designed features only 15 nm wide in the pattern and 

successfully achieved the intended widths of 25-30 nm in the final product.   
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Figure A.2  Screen shot of a pattern used for trenches.  The thin red, green, and blue lines 

differentiate between trenches of 25, 50, or 100 nm wide.  They are different colors here 

because different center-to-center distances and line spacings will be used to draw them, 

as described in the next section.  The magenta marker bars are 500 nm x 20 μm.  For chip 

typically patterned for this thesis research, this pattern was repeated in a square array 

with 8-10 patterns in each row and column, depending on the time constraints.  Each 

pattern thus has its own set of marker bars.  Also notice that the rows are offset from a 

square array to reduce symmetry and enable easier identification of unique areas.   
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A.1.4 NPGS run file 

During the simplest patterning procedures, the software rasters the beam to 

expose the resist one point at a time in a snake-like fashion.  If the shape to be drawn is 

the rectangle shown below, successive exposure points are exposed within the shape as 

shown in Figure A.3.  The major tunable parameters to consider in the NPGS run file are 

the center-to-center distance, line spacing, current, and the area dose.  The center-to-

center distance specifies the distance between successive points in the fast scan direction 

and the line spacing denotes the space between successive lines.   

  

Figure A.3  Schematic of how the e-beam exposes successive points of the resist within a 

shape in a pattern.   

Using the combination appropriate to the thickness and chemical composition of 

the film and feature size is crucial to yielding trenches that are hollowed out down to the 

ITO substrate, of approximately the desired size, and with nearly straight edges.  One can 

calculate the appropriate dose of electrons per area given the size of the features, but the 
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conditions of the sample and e-beam in the SEM may vary from day to day.  I will 

therefore provide approximate numbers for specific parameters that have been repeatedly 

successful with our equipment and sample preparation.   

Area dose:  If the smallest dimension of a feature is 200 -500 nm, a dose of 350-

400 μC/cm
2
 is sufficient.  For features smaller than 100 nm wide, increase the dose to 

500-550 μC/cm
2
.   

‘Center to center distance’ and ‘line spacing’:  The general guideline is to ensure 

that these parameters are no more than ¼ of the dimension of the shape they are applied 

to.  For dimensions > 200 nm, it is safe to make these parameters up to ~50 nm provided 

that the area dose is high enough.   

While smaller spaces between successive points or increasing the area dose 

results in more thorough exposure, the number of exposure points increases, thereby 

increasing the total amount of time needed to perform lithography.  The software does 

have a function that calculates the amount of time to pattern the sample according to the 

parameters specified by the user.  Thus, choose the combination of spaces between points 

and area doses that appropriately suits the time and resources available.   

A.1.5 Perform Lithography 

A summary is provided here.  More details of the step-by-step operations and 

commands can be found in the in-house manuals of the Link group for operation of the 

JEOL 6500 SEM and NPGS.   
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Adjust the operating voltage, insert the beam blanking plates, and probe current, 

align, focus, and shape the e-beam correctly according to standard SEM operating 

procedures on the gold standard and Faraday cup on the sample stage.  Once the beam is 

aligned, locate the four corners (or at least two) of the chip, and record their positions.  

This can be done at low magnification, < 200X to minimize the amount of time it takes to 

move the stage across the edge of the chip, but take care not to expose regions of the 

polymer intended to be patterned later.  Locate the silver ‘dust’ on one edge of the chip, 

focus and adjust the lens alignment according to standard SEM procedures, and find and 

record the focus height using the appropriate NPGS command.  At the opposite edge of 

the chip, focus the beam on the Ag ‘dust’ electronically only.  Calculate the desired 

position and focus height for the center of your pattern.  If the pattern will be placed near 

the center of the chip, an appropriate focus height to start with is the average of the focus 

heights measured with the Ag at opposite edges of the chip. 

With the beam blanked, position the beam where the pattern is intended to be 

centered and set the focus height.  In the final step before performing lithography, spot 

‘focus dots’ by exposing the PMMA with the beam in ‘spot mode’ at a high 

magnification such as 150000X.  After ~20 seconds of exposure, visualize the dot by 

switching back to ‘scanning mode’, zooming in, and adjusting the focus.  Repeat the 

procedure in a new position 50-100 μm away until the focus is optimized.   

The run file should be prepared prior to aligning the beam.  Once it is prepared 

and the beam is aligned, control of the e-beam and stage movement is given to NPGS.  
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After lithography is complete, the user needs to remove the blanking plate and realign the 

beam to standard imaging conditions for the following user.   

A.1.6 Develop the Pattern 

The exposed polymer chains can be washed away by soaking the chip for 25 

seconds in a 1:3 mixture of isopropanol:methyl isobutyl ketone in the corner of a petri 

dish.  Gently rock the solution over the chip to ensure thorough development.  Then place 

the chip in isopropanol for 3-5 min to stop the development.  When removing the chip 

from the isopropanol, rinse it with a gentle stream from the squeeze bottle.  Blow dry the 

chip with compressed N2.  A gentle stream of N2 is preferred to avoid shearing the 

polymer film, although many resists can tolerate the blast from an N2 gun.  

 

Figure A.4 Left: Developer and stopper solution in petri dishes, tilted to collect solution 

in a corner.  Have both solutions ready at the same time, as a few extra seconds in the 

developer can make a difference.  Right: Gently rinse the chip while holding it firmly 

with the tweezers.   
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A.1.7 Locate the Trenches in Optical Microscopy 

 Use the same resist to affix the chip to a clean glass cover slide with dimensions 

appropriate to the sample holder used in the optical microscope chosen.  I have found that 

the edges of the developed trenches scatter strongly enough to be easily seen in reflected 

mode dark-field scattering and this is my visualization method of choice.  There are also 

other inspection microscopes available on campus where one can visualize features in 

bright-field and dark-field modes at magnifications from 5x through 100x. I prefer to use 

reflected mode dark-field so that I can view the trenches and then mark their location on 

the opposite side of a cover slip using a marker.  This mark indicates where to place the 

drop when depositing NPs.  Examples of unfilled and filled trenches seen in optical 

microscopy are given in Figure A.5.   

 

A.1.8 Deposit NPs 

  The NPs are deposited into the trenches through a combination of the ‘coffee 

ring’ effect induced by Marangoni flow and capillary action.
57, 71, 242

  Reproducibly 

getting NPs to closely pack into trenches, especially small trenches, remains a challenge 

in our group.  Indeed, evaporation conditions and dynamics, 

hydrophobicity/hydrophilicity of the ITO and polymer substrates, surface chemistry and 

concentration of the NPs, and electrostatic interactions all contribute to the success, or 

lack of success of the deposition.  Other researchers have performed more in depth 

investigations into each of these, discussed after this procedure.  Although we have 
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achieved sufficient success for the number of data points needed, it is in our best interest 

to carefully consider these parameters and improve this process for future research.   

 Here, Au NPs were stabilized with sodium citrate and obtained commercially in 

aqueous solutions from Nanopartz™ with an optical density of 1 and used as is.  If 

reproducing the method used for this research, lean the cover slide with the chip affixed 

to it into the wafer tray so that it rests at a 10-20º angle.  The chip should be affixed to the 

cover glass so that the meniscus of the drop moves parallel to the long axis of the 

trenches.  Aliquot ~20 µl of the Au NP solution into a secondary vial or 1.5 ml Eppendorf 

tube.  Allow the solution to warm to room temperature if the stock solution was 

refrigerated.  Immediately prior to depositing the solution onto the chip, sonicate the 

aliquot for ~10 seconds.  Then place 5 µl onto the center of the dot that marks the 

location of the trenches.  Cover the chip gently with a plastic petri dish taking care to 

maintain the angle of the cover slide.  Allow the drop to dry completely.   

 Larger chains may benefit from multiple deposition steps or depositing more 

solution at once.  For example, adding 10-15 µl per aliquots and rotating the sample 90 º 

between depositions produced better packed chains intended to be 200-300 nm wide and 

15 µm long for the bleach imaged plasmon propagation studies by my colleague, David 

Solis.   
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Figure A.5 Optical microscope images of the patterned chip before depositing Au NPs 

(a) and the same chip after depositing Au NPs (b) and (c).  Dark-field scattering images 

are given in (a) and (b) while (c) is a bright-field image of the same region in (b).  

Compared to (a), (b) contains bright spots indicating that Au NPs are on the sample, but it 

is difficult to discern whether the narrow trenches, between 30 and 150 nm wide, contain 

NPs, and if so, whether those NPs are closely packed.  In bright-field, the NPs scatter in 

the forward direction, yielding bright spots that are otherwise absent if there are no NPs.  

The absence of bright spots in dark-field, however, does not necessarily indicate an 

absence of NPs, especially in the case of small NPs.   

A.1.9 Examine in Wet Mode SEM 

Examining the sample in wet mode SEM is crucial to determining whether or not 

the chains are filled before lift-off for small chains.  For large chains, there may be 

enough difference between filled and empty chains in bright-field microscopy to 

differentiate between the two.  Only SEM, however, can resolve whether they are closely 

packed or not.   

Several precautions can help avoid damaging the Au NPs, as prolonged exposure 

to the electron beam can cause ablation of the Au NPs, likely due to a combination of  

surface charging, local heating, and chemical etching.
247

  In particular, ablation seems 

more likely if the chamber pressure in wet mode is too low, causing more charge to build 

up on the non-conductive substrate.  For confirming the filling of the trenches use an 
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adequate chamber pressure, a magnification that is just high enough to visualize beyond 

doubt that some trenches are filled, and move the scan away from the filled trenches 

immediately after acquiring sufficient images.   

Details on how to perform wet mode SEM can be found in the in-house Link 

group manual for operating the FEI Quanta 400 ESEM2.  Operating conditions that have 

served me well for these samples include a working distance of 6-8mm, operating voltage 

of 20 kV, spot size of 2.5, and chamber pressure of 2.1-2.5 torr.  While wet mode SEM 

requires much higher contrast (setting of 70% or higher) to obtain adequate signal, 

always set the contrast below 50% before turning on the beam, then gradually increase 

this setting after turning on the beam.  Otherwise, the large initial bias on the detector 

causes a short circuit, and low vacuum detection is disabled until the system is restarted.   

A.1.10 Lift-off 

The PMMA resist dissolves in acetone but soaking the chip for enough time and 

providing enough agitation are necessary to thoroughly remove the resist around the 

patterned features.  Place the chip in a beaker with ~ 1 cm of acetone.  Allow it to soak > 

1 min and gently rock the beaker in your hand.  Turn on the sonicator and dip the beaker 

for < 1 second at a time, up to 3 times.  Remove the chip carefully and rinse with a gentle 

stream of acetone.  Pipetting 1ml of acetone at a time over the chip gives a gentler and 

more controlled stream than rinsing from a squeeze bottle.  Blow dry the chip with a very 

gentle stream of compressed N2.  Do NOT use an N2 gun!  
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The NPs are electrostatically attracted to the ITO surface strongly enough that 

they are not lifted off immediately provided that lift-off is done gently as described 

above.  Larger chains generally tolerate and may require more vigorous lift-off 

conditions, including a primary lift off performed by stirring the sample in a small beaker 

of acetone then drying with a gentle stream of N2, followed by sonicating the sample in 

the beaker of acetone for seconds at a time and repeating as necessary.  In all cases, 

choose gentler conditions at first to ensure the NPs are not washed away.  The resist may 

not lift off as cleanly as one desires, but lift-off can be repeated with stronger conditions.  

Always check the sample in optical microscopy to see if lift-off is satisfactory and to 

ensure that free standing chains are present and worthy of further characterization.  

Removing the resist becomes more difficult with longer waiting periods due to further 

cross linking of the polymer chains.  We therefore recommend lifting it off within ~2 

days or as soon as successful deposition of the NPs is confirmed.   

 

A.2 Guidelines for SEM and Correlated Spectroscopy 

The over exposure to the electron beam can cause particles with very small spaces 

to melt together and/or ablation of Au nanostructures.  This occurs at both prolonged 

exposure times and at high magnifications, even in high vacuum mode with a mildly 

conductive, such as the ITO-coated glass.  In addition, the electron beam causes 

‘cracking’ of the inavoidably small amounts organic contaminants in the chamber, 

leading to deposits of carbonaceous species on exposed areas.  Ideally, perform electron 
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microscopy on samples after optical measurements to eliminate modification of the 

material and optical properties of the nanostructures by the electron beam.   

In many cases, however, the user has strict criteria for the geometric 

characteristics of the assembly and few assemblies meet these criteria.  The most efficient 

use of time is to perform SEM first to identify and choose desirable structures for optical 

characterization.  At this stage, the goal is to identify desirable structures and acquire 

SEM images at enough different magnifications to allow the user to accurately locate the 

same structure in optical microscopy.  Figure A.6 shows an effective progression of 

images from 300X to 20,000X.  The user must then take precautions to avoid physically 

modifying the samples.  A few guidelines for doing so in the FEI Quanta 400 ESEM2 

include: 

1) Use strips of the carbon tape to form conductive ‘straps’ over the corners of 

the ITO chip and onto the sample stub. 

2) Align the beam on structures that will not be optically characterized. 

3) Acquire images at magnifications that are high enough to confirm that the 

assembly has the desired geometry, although not necessarily high enough to 

resolve the sizes and spaces between NPs.  Typically, 40,000X is adequate.  

High magnification SEM, 80,000X can be used to give more detailed 

structural information after optical characterization if necessary.   

4) After acquiring an image at a high magnification, lower the magnification 

before ‘unpausing’ the scan.  The beam is automatically blocked when the 
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scan is ‘paused’, which occurs right after acquiring an image, and the 

magnification can be lowered before moving to a new assembly.   

 

Figure A.6  A series of SEM images from lower magnifications to higher magnifications.  

The box in (a) frames (b).  The teal box indexed ‘11’ in (b) frames (c), and (d) 

corresponds to the teal box indexed ‘12’ in the center of (c).   
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A.3 Possible Improvements to the Deposition 

Ideally, all trenches on a single chip will be filled and the NPs will pack with 

minimal gaps between them without conductive contact.  For the studies in Chapters 5 

and 6, a monolayer of Au NPs is also preferred.  Thus far, the products have not 

consistently satisfied these criteria in high yield.  The multitude of publications on 

depositing NPs of many different sizes, shapes, materials, and surface chemistries 

indicates that a combination of parameters can be optimized for each of our studies if the 

size, shape, and surface functionality of the NPs and surfaces are known.  Each parameter 

will most likely require dedicated and independent exploration, however.  Possible 

improvements from specific references highly relevant to us include: functionalizing the 

surface of the ITO coated class,
248

 changing the chemistry of the NP surface and solution 

to control the distance between them,
248, 249

 treating the substrate to tune the contact angle 

of the chip,
57, 71, 75, 250

 and tuning the evaporation conditions.
71, 74, 75, 243, 251

 

The physical mechanisms behind the NP deposition occurring here are the coffee 

ring effect, which is induced by minimal Marangoni flow can also be considered 

convective assembly, and capillary action.  For patterning due to the coffee ring effect, 

cooling due to evaporation causes the fluid to convectively flow toward the center of the 

drop from the meniscus.  NPs therefore precipitate at the edges due to their increased 

concentration.   During evaporation on the patterned film, the trenches in the polymer pin 

the fluid-substrate contact line, and NPs become confined in these spaces.   

Interestingly, Choi et al. reported that large scale patterning was more successful 

if they plasma treated the patterned substrate before depositing Au NPs to increase the 
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hydrophilicity of all surfaces and decrease the contact angle of the aqueous solution and 

surface.  In our case, however, more successful patterning was achieved by rendering the 

ITO substrate hydrophilic while maintaining the hydrophobicity of the PMMA.  Hence, 

the deposition was most successful when performed within 1 day of lithography, while 

the ITO substrate remained somewhat hydrophilic, and when the patterned substrate was 

not plasma cleaned after lithography, which is often done to ‘descum’ the exposed 

regions in conventional e-beam lithography.  Jiang et al. observed a similar effect when 

NPs assemble into trenches where the ITO substrate has been functionalized with amino 

propyl triethoxysilane (APTES) before being coated with PMMA.
248

  APTES makes the 

substrate more hydrophilic and attracts the negatively charged citrate capped Au NPs.   

Our method mimics that of Choi et al, with the mechanism depicted in Figure 

A.7, with the difference that, in the event of a successful sample, trenches that the 

meniscus passed over during evaporation were generally well packed while those that lay 

under the region where the drop evaporated without receding were not well filled, or 

perhaps even filled at all.
57

  There is therefore an interplay between the convective and 

capillary assembly, which preferentially draws the NP into the trenches, provided that the 

contact angle and evaporation conditions are appropriately tuned.
71, 75, 242, 250

 

 



 190 

 

 

Figure A.7  Cartoon depicting deposition of NPs into trenches via the coffee ring effect.  

(a) The drop is placed on the patterned substrate.  (b) During evaporation, the contact line 

is pinned and the NPs become confined in the trenches.  (c) After a critical angle is 

reached, the area of the droplet shrinks, further confining the NPs.  (d) Evaporation of 

solvent from the surface of the film is complete but solvent remains in the trenches.  

During this time, capillary attraction between NPs causes them to pack closely together.  

(e) Evaporation from all regions completes.  (f)  The resist is removed to leave free 

standing chains of Au NPs.  Figure reprinted with permission from Ref. 57. Copyright 

2010 American Chemical Society.     

Myriad authors have investigated in detail and improved template assisted 

assembly of NPs by convective and capillary action.  Wolf et al. have systematically 

investigated how the sizes of the NPs, contact angle between the solution and the surface, 

and evaporation conditions determine the extent to which convective and capillary 

assembly occur, as described in Figure A.8.   
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Figure A.8 Illustration of convective and capillary assembly occurring on patterned and 

unpatterned substrates.  Wolf et al. state that convective assembly generally occurs at low 

contact angles, less than 20º, and capillary assemblies occur at higher contact angles.  (a) 

Convective assembly causes cooling and loss of fluid causes NPs to aggregate at the 

contact line.  Convective assembly can occur on unpatterned surfaces while capillary 

action will not, as in (b).  (c) During convective assembly on a patterned surface, pinning 

of the solution by the features further confines the NPs to pack in the indented regions.  

(d)  If the evaporation conditions are optimized, capillary assembly will ensure selective 

confinement of the NPs into the trenches, leaving a surface free of NPs, and the 

combination of convective and capillary assembly will lead to close packing of a single 

layer in the trenches.  Figure reprinted with permission from Ref. 75. Copyright 2010 

American Chemical Society.   

Both Wolf et al. and Peyrade et al. have achieved reproducible, closely packed, 

monolayer assemblies by customizing their apparatus to control the rate that the meniscus 

passes over the substrate.  The apparatus developed by Wolf et al. for the example shown 

in Figure A.8 translates the substrate that is mounted to a stage controlled by a stepper 

motor.  Peyrade et al. take a slightly different approach, shown in Figure A.9.  The 
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substrate is mounted to a stage with controlled temperature, the shape of the meniscus is 

controlled by sandwiching the solution between the substrate and another piece of glass 

at a distance controlled by poly dimethyl siloxane (PDMS) spacers, and air suction is 

applied to induce evaporation.  Such a closed chamber allows one to control the local 

temperature and humidity around the evaporating solution.  Both of these examples lend 

more control of the physical mechanism behind assembly without requiring 

functionalizing the NPs or the surface of the substrate, and further insight into the 

theoretical aspects are given by Brus et al.
252

  

 

Figure A.9  Illustration adapted from Peyrade et al. of a closed chamber to which they 

apply air suction to drive evaporation at a controlled rate.  Reprinted from Ref. 243, with 

permission from Elsevier.   

The packing efficiency can be further improved by manipulating the surface 

chemistry of the substrate and the NPs.  Khatri et al. were able to reversibly replace the 

sodium citrate capping of Au NPs with alkyl thiols, which neutralized the repulsive 

charges between NPs.
253

  NPs already deposited on an unpatterned substrate thus 

‘migrated’ toward each other, forming closely packed islands.  Subsequent rounds of 
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depositing citrate capped Au NPs and exchanging the citrate for the alkyl thiol allowed 

the authors to gradually increase the density of NPs on the surface.  While this method 

may cause NPs to pack more densely within our trenches, additional experiments would 

be required to reveal whether or not the NPs are in conductive contact.  If the NPs do 

contact each other and this effect is undesirable, a possible solutions include using longer 

polymer chains,
55

 partially passivating the NPs,
28

 or  using bifunctional ligands that 

covalently bind to multiple NPs.
83, 254

     

Convective and capillary assembly of NPs potentially provides a powerful means 

to elegantly achieve closely packed assemblies with tunable geometries in high yield and 

in a high throughput fashion.  These assemblies can be further enhanced by changing the 

surface chemistry.  Optimizing the conditions to reproducibly construct such assemblies 

has not been straightforward, but we are confident that further exploration will improve 

our ability to control and reproduce assemblies of desired geometries.   

 

 


