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ABSTRACT 
 
 

The overarching objective of the investigations discussed herein is the development 

of a model experimental system for surface-enhanced infrared absorption (SEIRA) 

spectroscopy, with potential applicability in higher order infrared spectroscopic techniques, 

specifically, surface-enhanced two-dimensional infrared (SE-2D IR) spectroscopy.  

Theoretical predictions that accurately predict the stability of functionalized 

nanoparticles enable guided design of their properties but are often limited by the accuracy 

of the parameters used as model inputs. Hence, first, such parameterization limitations for 

the extended DLVO (xDLVO) theory are overcome using a size-dependent Hamaker 

constant for gold, interfacial surface potentials, and tilt angles of self-assembled 

monolayers (SAMs), which collectively improves the predictive power of xDLVO theory 

for modeling nanoparticle stability. Measurements of electrical properties of functionalized 

gold nanoparticles validate the predictions of xDLVO theory using these new 

parameterizations illustrating the potential for this approach to improve the design and 

control of the properties of functionalized gold nanoparticles in various applications. 

Next, a series of experiments were conducted to elucidate the behavior of various 

infrared active molecules in the presence of spherical gold nanoparticles of average 

diameter ~20 nm. Here, the spectroscopic anomalies, specifically the shifted vibrational 

frequency and the dispersive lineshape observed in the infrared spectra for SCN- in the 

presence of gold nanoparticles provide direct evidence of SIERA.  

Nevertheless, it was evidenced that nanomaterial with plasmonic properties that 

extends into the infrared wavelengths and/or substrates that support image charges are 

imperative in observing efficient infrared enhancements. Hence, nanomaterials indicating 
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plasmonic properties extending into the infrared wavelengths were synthesized via a 

straightforward, seedless, one-pot synthesis. The gold nanostars prepared here indicated 

plasmonic behavior clearly extending into the near infrared, with simple plasmonic 

tunability via changing the buffer concentration used during synthesis.  

The systematic understanding achieved here in terms of theoretical prediction of 

nanoparticle stability, origin of infrared spectral anomalies in the presence of 

nanomaterials, and the preparation of infrared plasmonic material, collectively provides a 

resilient framework for the further investigation of surface-enhanced infrared spectroscopic 

techniques including SEIRA and SE-2D IR spectroscopies.  
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PUBLIC ABSTRACT 
 

 

Nanoparticles are materials that are on the order of one billionth of a meter in size 

and particles of such small size behave in very unique ways allowing them to exhibit many 

properties important to industrial and scientific applications. These properties rely on the 

fact that the nanoparticles exist as individual structures, not combined with its neighboring 

particles. Hence, here we conduct modifications on an existing model such that the stability 

of a specific type of nanoparticle can be theoretically predicted.  

Spectroscopy or the study of the interactions between light and matter is important 

in many chemical analyses. Metal nanoparticles are widely used to increase the efficiency 

of the above light - matter interactions thereby allowing to efficiently identify chemical 

species, determine their structure, and understand how they behave under given conditions. 

Here, we use gold nanoparticles to demonstrate that this interesting characteristic of metal 

nanoparticles can be extended into novel scientific techniques, allowing increased 

efficiency in identifying or even understanding chemical substances.  

Preparation of competent nanoparticles for such applications is important, but at 

the same time challenging. Here we demonstrate a new method of preparing gold 

nanoparticle that are shaped in the form of stars, hence being named ‘nanostars’. The 

prepared nanostars demonstrate many unique, interesting, and tunable properties, 

suggesting their efficient applicability in many scientific applications. The overall 

understanding attained in the series of investigations conducted here, will be imperative in 

the design, preparation, and application of new and exciting forms of nanoparticles in many 

novel scientific applications.  
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CHAPTER 1 

INTRODUCTION 

1.1 Enhancement of Infrared Spectroscopic Signals: Significance and the Ensuing 

Implications  

Two-dimensional Infrared (2D IR) spectroscopy can reveal kinetic as well as 

dynamic information on various molecular systems.2 It is a powerful tool for characterizing 

molecular structure that exhibits advantages over conventional vibrational spectroscopies 

such as Raman scattering and IR absorption by providing chemically selective signals. 

Despite its utility, the application of 2D IR spectroscopy has been greatly limited owing to 

complex and expensive apparatus as well as the expertise required and difficulties 

associated with building them.3 Although novel techniques such as pulse shaping and 

upconversion detection may enable to overcome the complexities associated in making 2D 

IR measurements, these techniques are believed to adversely impact the limit of detection 

and signal-to-noise ratio (S/N) enough to make certain experiments inaccessible, typically 

those of weak chromophores in dilute solutions such as proteins.3 

Typically, 2D IR spectroscopy requires high sample concentrations (≥ 1 mM) 

because the signal depends on multiple laser pulses interacting with the sample. Thus, 

improvements that enhance the 2D IR signal so that low analyte concentrations (<< 1 mM) 

become accessible, while not being at the expense of S/N, would open up a wide range of 

applications of this powerful and selective spectroscopic method. 
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 Optical properties of molecules undergo significant changes once adsorbed to 

metallic structures with nanoscale properties, giving rise to surface enhanced spectroscopic 

techniques, which allows the problems associated with S/N to be overcome efficiently. A 

well-known example is Surface Enhanced Raman Scattering (SERS), where significant 

enhancements (typically 106 - 108, or even larger) are possible when an analyte is near a 

nanoparticle or a surface with nanoscale roughness,4-6 which can lead to single molecular 

detection, via the otherwise faint Raman scattering properties of molecules.  

Although less understood mechanistically, the infrared (IR) analogue, Surface 

Enhanced Infrared Absorption (SEIRA) spectroscopy is presently emerging as a powerful 

tool in chemical analysis owing to its many desirable characteristics. Of note, molecules 

adsorbed on metal island films or metal colloids show 10 - 1000 times more intense infrared 

(IR) absorption as compared to conventional measurements made in the absence of 

nanoparticles, which today, is commonly referred to as SEIRA.7 However, to date, SEIRA 

has only received limited attention, especially compared to SERS, as the enhancements 

observed in SEIRA are typically much less than those observed in SERS.  

However, multi-dimensional spectroscopies such as 2D IR provides an advantage 

to the surface enhancements via the involvement of multiple laser pulses. For example, 

surface enhanced two dimensional infrared (SE-2D IR) spectroscopy, would allow higher 

order enhancements to be achieved compared to SEIRA,8 owing to the multiple laser pulse 

interactions employed herein. Specifically, according to a previous account by Donaldson 

and Hamm, 2D IR spectra are measured via signals originating from a third order nonlinear 

polarization P induced in an isotropic sample by an electric field E(t) comprised of several 

laser pulses such that:  
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Here, R(3) is a third order response function which is a four time-point correlation function 

of the dipole operator μ(t).8 The radiated third order field is projected onto a forth local 

oscillator field to obtain the heterodyned signal such that: 
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The projection of the incident field onto the ensemble distribution of transition dipoles and 

the third order induced dipole field projection onto the local oscillator field are 

orientationally averaged.8 The averaged result at the semi-impulsive limit can be written 

as; 
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(1.3)

Consider the enhancement contributions to the electric fields to be of the form; 

   0E t LE t
 

 (1.4)

where L = L(R,θ,ϕ) is the local field enhancement factor. Hence, now the signal can be 

rewritten as: 
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(1.5)

Which can be further simplified to give; 
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which clearly indicates that the total field enhancement scales as L4. Note that analogous 

to the framework discussed above, linear spectroscopy has only two laser pulse interactions 

and hence the signal there would only be proportional to L2. Therefore, we can conclude: 
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Indicating that even modest enhancements in SEIRA can be manifested by significant 

enhancements in SE-2D IR, thereby allowing the challenges associated with S/N to be 

easily overcome. Interestingly, coupling SEIRA and SE-2D IR measurements will allow 

efficient quantification of the signal enhancements while at the same time contributing 

towards increasing the understanding of the surface enhancement mechanism (vide infra).  

The overall objective of the investigations discussed here is the development of a 

model system for solution-phase SE-2D IR spectroscopy. Three specific objectives are 

believed to assist in achieving this ultimate objective as have been summarized in Figure 

1.1. Namely; (1) understanding and controlling nanoparticle stability in solution, (2) 

identifying spectroscopic features of infrared surface enhancements, and (3) developing 

material with infrared plasmonic properties. These specific objectives will be dealt with 

separately in detail in the subsequent chapters.  

1.2 Nanoparticle Stability: Improved Parametrization of Theoretical Modelling 

Structural stability, or in other words, preserving the architectural integrity of 

nanoparticles for prolonged durations, potentially under ambient and/or application 

conditions, is an overarching challenge to all contemporary nanotechnology research.9,10 

Thus, enormous importance is placed on increasing the comprehension of what we know 

about how nanoparticles, specifically those of technological relevance, would behave 

under various environments. All nanomaterials, nevertheless, are high in surface energy 

compared to their bulk counterparts, and hence, in attempt to minimize their energy, 
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Figure 1.1 The schematic representation of the objectives of this study. The overall 

objective of this study is the development of a model system for solution-

phase SE-2D IR spectroscopy. Three specific objectives, namely; (1) 

understanding and controlling nanoparticle stability in solution, (2) 

identifying spectroscopic features of infrared surface enhancements, and 

(3) developing material with infrared plasmonic properties, are believed 

to assist in achieving this ultimate objective. 
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nanomaterials form large clusters of nanoparticles upon collision, commonly referred to as 

aggregates, thereby often losing their nanoscale properties.   

This aggregation process, however, may be limited by the presence of an energetic 

barrier that must be overcome in forming aggregates and/or by the existence of a local 

minimum where nanoparticles are stabilized via weak interactions, thus forming reversible 

agglomerates as depicted in Figure 1.2. Importantly, aggregation can be kinetically 

controlled by the energetic barrier, allowing the nanoparticles to preserve their nanoscale 

properties for short or even prolonged durations. Despite its significance, nanoparticle 

stability is often loosely defined in literature. Herein, we define such transitory stability, or 

‘metastability’ of nanoparticles as the maintenance of chemical and physical properties 

while preserving the innate structure of the nanomaterial. Importantly, knowledge of the 

metastability of a material is key to the successful design, development, and integration of 

all nanomaterials into functional nanotechnology devices and applications.10   

Gold (Au) nanoparticles are often used in functional nanotechnology and are 

ubiquitous in many chemical,11,12 medical,13,14 biological,15 as well as electronic 

applications.16 Often, the Au surface is functionalized by chemi- or physisorbed organic 

ligands at the nanoparticle surface as to tailor the nanoparticle properties to enhance 

applicability and/or colloidal stability.17 Self-assembly of alkanethiols on Au that 

incorporate the sulfhydryl (-SH) linkage at the surface is a common and successful strategy 

of surface functionalization,18 which has enabled the widespread use of gold nanoparticles 

in many scientific applications as well as in basic studies on interfacial chemistry.19 

Previous studies have shown that the chemical and physical properties of gold 

nanoparticles as well as their thermodynamic stability are dictated by the surface chemistry 
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Figure 1.2 A typical total interaction potentials curve between a pair of 

nanoparticles that is used for predicting stability according to the 

xDLVO theory. As can be seen, the pair experiences no net attractive or 

repulsive interactions at large separation distances. At moderate 

separations, the particles are trapped in a secondary (local) minimum, 

producing reversible agglomerates. Eventually, particles will 

accumulate sufficient energy to overcome the energy barrier, thereby 

falling into the primary minimum where thermodynamic stability is 

achieved via the formation of large nanoparticle aggregates.  
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of the functionalized nanoparticles.  For example, surfactant coated gold nanoparticles are 

known to exhibit electrically conducting,20 insulating,21 or even rectifying,22 depending on 

the surface chemistry of the nanoparticles.  

Although the properties of nanoparticles that gives rise to their wide ranging 

applicability has been well studied, it is often challenging to prepare nanoparticle with 

predictable and reproducible properties under ambient or application conditions. 

Interestingly, surface functionalization may induce or resist the inherent stability of 

nanoparticles via the replacement of the surface charges with uncharged or charged ligand 

moieties. Generally, the physico-chemical properties of the ligands used for surface 

functionalization have a greater influence on the aggregation behavior of functionalized 

gold nanoparticles than either their core composition or particle size.23 Predicting the 

surface chemistry driven interactions among and the ensuing stability of nanoparticles 

suspended in a medium is, therefore, of primary importance for all nanoparticle 

applications. Commonly, this is achieved via the classical DLVO (Derjaguin, Landau, 

Verwey, and Overbeek) theory, or the extended DLVO (xDLVO) theory (when non-

classical interactions are present), where the stability is predicted by modelling the 

interactions that exist between pairs of nanoparticles.  

According to the xDLVO framework, the relevant interaction contributions for 

surface functionalized nanoparticles are van der Waals, electrostatic and steric (osmotic 

and elastic) interactions (vide infra) as shown in Figure 1.3.24-26 As shown here, the 

presence of surface functional groups results in additional steric interactions via the mutual 

interactions of the ligands on each nanoparticles and also the ligands with the nanoparticle 

cores. Quantification of each interaction above is specific to the type of nanoparticles, 
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Figure 1.3 The interactions between a pair of (A) bare and (B) functionalized 

spherical nanoparticles. Bare nanoparticles predominantly interact 

through van der Waals and electrostatic interactions, whereas additional 

steric interactions exist between functionalized nanoparticles resulting 

from the mutual interactions of the ligands on each nanoparticles and 

also the ligands with the nanoparticle cores. 
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surface functionality, as well as the environment in which the nanoparticles are suspended, 

while the total interaction potential obtained by summing the individual contributions is 

used for eventual prediction of nanoparticle stability. Thus, the challenge in theoretical 

prediction of functionalized nanoparticle stability lies on determining the individual 

interactions between nanoparticles with sufficient accuracy. Approximations or 

assumptions in determining individual interaction potentials, however, are common in 

nanoparticle stability modelling, while often leading to inaccurate predictions. 

Herein, synergistic contributions from a size-dependent Hamaker constant, surface 

potentials and ligand tilt angles produce an empirically consistent application of the 

xDLVO theory accounting for van der Waals, electrostatic, and steric interaction 

potentials, which is experimentally verified using carboxylic acid functionalized gold 

nanoparticles in solution. Gold nanospheres with ~13 nm diameters are used here owing to 

their well-known monodispersity in particle size while their properties are modified via the 

self-assembly of alkanethiols on the gold surface, which promote/hinder inter-particle 

interactions as governed by the packing density and effective film thickness determined 

from the ligand length and tilt angle. Therefore, thioctic acid (TA), 6-mercaptohexanoic 

acid (MHA), and 11-mercaptoundecanoic acid (MUA) are used to systematically modify 

the surface chemistry of the gold nanoparticles.   

In order to provide an accurate description of the interactions between these 

materials modifications to the xDLVO theory are adopted in terms of the Hamaker 

constant, surface potentials, and ligand tilt angles. First, a size-dependent Hamaker 

constant of 3.7 x 10-19 J for ~13 nm diamater gold nanoparticles is incorporated into van 

der Waals contributions by assuming size-dependence of the imaginary part of dielectric 
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permittivity of the metal. Second, surface potentials contributing to the electrostatic 

interactions are estimated assuming a Poisson-Boltzmann charge distribution and a 

uniform local dielectric constant. Finally, the effective SAM thickness which governs the 

steric interactions for the three selected ligands is quantified using localized surface 

plasmon resonance (LSPR) sensitivity towards the changes in the local dielectric 

environment. Interaction pair potentials between functionalized nanoparticles modelled via 

the inclusion of these three modifications to xDLVO theory provides an accurate 

description of functionalized gold nanoparticle interactions which is experimentally 

verified using the electrical properties of the carboxylic acid functionalized gold 

nanoparticles. Interestingly, these improvements in xDLVO theory could be expanded to 

model the interactions between and predicting the properties of other functionalized 

solution phase nanoparticles, thereby facilitating the rational design of functionalized 

nanomaterials for novel nanotechnology applications.   

1.3 Mechanistic Understanding of Signal Enhancement in SE-2D IR Spectroscopy 

To date, one example of using surface enhancement via gold nanoparticles for small 

molecule detection was published.27 Gold nanoparticles with diameters ranging from 6.5 - 

10 nm provided 4x to 100x signal enhancements for the Amide I bands of amide-

functionalized thiols. While these results are encouraging, no systematic studies of the 

effects of the plasmonic properties of the particles or the role of inter-particle spacing in 

agglomerates and aggregates were evaluated. Such a study is essential to assess the 

potential for 2D IR spectroscopy as an effective analytical tool in chemical investigations.  
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The working hypothesis of this study is that SE-2D IR enhancements will depend 

on (1) the optical properties of the primary nanoparticles, (2) the inter-particle spacing, and 

(3) the wavelength range for excitation. We predict that the excitation and enhancement 

properties for 2-color SE-2D IR experiments could differ from those for 1-color SE-2D IR. 

By controlling the plasmonic properties of the primary nanoparticles and the inter-particle 

spacing, we can evaluate the relationship between the nanomaterial properties and 2D IR 

signal enhancements. Second, interrogation of functional groups with vibrational 

transitions at various wavelengths will allow us to understand how the wavelength-

dependent properties of the nanoarchitectures affect observed enhancements. Finally, we 

can employ 2-color SE-2D IR to facilitate selective sensing by measuring couplings and 

energy transfer between functional groups on target molecules. 

Direct and accurate determination of the enhancement factor is important for SE-

2D IR. To quantify and compare enhancement factors, we can prepare analyte samples 

with and without nanostructures and measure both infrared absorption and 2D IR spectra. 

While traditional SEIRA signals scale linearly with analyte concentration, pathlength, 

molar absorptivity, and enhancement factor; SE-2D IR signals scale linearly with analyte 

concentration and pathlength but quadratically with both molar absorptivity and 

enhancement factor. Thus, the enhancement factor is quantified by taking a ratio of the 

ratios of the 2D IR to IR absorption signals with and without the nanostructures as follows: 

2 2

2

SE-2D IR signal
SEIRA signal

Enhancement factor = 
2D IR signal

IR signal

fcl
cl

fcl
cl

 






  
  

    
   
   
     

(1.8)



13 
 
 

where f is an instrumental factor that accounts for laser power and focusing conditions in 

the 2D IR measurements, c is the analyte concentration, l is the pathlength of the cell, ε is 

the molar absorptivity of the transition, and α is the enhancement factor. 

 The model for electromagnetic enhancements of SERS is that the localized surface 

plasmon resonance of the nanoparticles leads to electric field enhancements located at the 

surface of and junctions between the nanostructures that result in the observed increase in 

Raman scattering.28 In SEIRA, the same mechanistic model may apply if the plasmon 

resonance is shifted into the IR region of the electromagnetic spectrum where IR electric 

field enhancements can be induced.29 While still not fully understood, this model explains 

many phenomena in SEIRA, but these modeled enhancement predictions are typically one 

to two orders of magnitude smaller than experimentally observed enhancements.30  

 A competing model for SEIRA enhancement suggests that molecules near the 

surface induce an image dipole of the dipole-active vibrational modes in the metal thereby 

perturbing the optical properties of the metal nanostructure.30 Consequently, the vibrational 

absorbance of observed analytes should increase because of the impact of the molecular 

vibrational mode on the optical properties of the metal. In other words, the metal functions 

as an antenna that senses the dipolar oscillations of the molecule. This alternative 

mechanism successfully explains observed SEIRA signal enhancements for coinage metals 

such as Ag and Au as well as for transition metals such as Pt, Pd, Rh, Ru, Ir, Sn, Fe, In, 

and Pb. We expect that the two contributions proposed for SEIRA will also be important 

in understanding the mechanism of enhancement in SE-2D IR. 
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1.4 Solution Phase Surface Enhanced Infrared Absorption via Nanoparticles 

Anchored Molecular Moieties 

Generally, the phenomena of infrared surface enhancement has been studied much 

less than its Raman counterpart and currently there is heavy debate about its exact 

mechanism as discussed above. There are reports that claim, the nanoparticle plasmonics 

play the same role as that in SERS,31 whereas some argue that the enhancement principally 

stems from the generation of image charges in the nanoparticle substrates, making the 

plasmonic contributions less significant.32 Clearly, further investigation on infrared surface 

enhancements are imperative in order for an exact consensus to be achieved on the above 

topic. Interestingly, enhancement in the infrared absorption are manifested by changes in 

spectral features, such as derivative-like of Fano type lineshapes as have been previously 

reported.7,33 These spectral anomalies can hence be utilized in order to identify infrared 

signal enhancements and more importantly to determine the exact mechanism by which 

such phenomena occurs.  

 Although the literature on SE-2D IR is scarce to date,8 SEIRA has already been 

widely applied in the analysis of trace chemicals,34 biosensing and immunoassays,35,36 

characterization of thin organic films and solid surfaces,37,38 and in the in situ studies of 

electrochemical dynamics.39 Hence, the applications of SEIRA had been generally limited 

to the use of solid state nanostructures as the substrate. However, various novel 

morphological forms of nanostructures have been successfully synthesized such that they 

are stably suspended in solution for prolonged periods of time. These nanostructures may 

potentially provide surfaces for analyte molecules in solution to be bound, while being 
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stably suspended in solution, thereby allowing surface-enhancements to be observed in the 

solution phase. Extrapolation of surface enhancements using IR in the solution phase would 

be imperative in increasing the efficiency, sensitivity, as well as selectivity of the many 

chemical analyses where a solution phase is essential, hence allowing widespread 

applicability of SEIRA and SE-2D IR spectroscopies.   

Herein, first steps towards observing a SEIRA signal from an analyte bound to a 

suitable nanoparticle surface using nanoparticle suspensions are discussed. Typically, the 

effects of the substrate and the chromophore, need to be evaluated for SEIRA studies. The 

choice of substrate was non-trivial as stable dispersion in solution was desired. Hence, 

various morphological forms of gold nanoparticles with previous known solution phase 

stability; namely, nanospheres, nanostars, as well as nanorods (not discussed here) are 

investigated as potential SEIRA substrates. Further, the efficacy of various molecules 

containing N3-, SCN-, or CH moieties as potential IR chromophores are investigated. 

Complementary analysis (via UV/Visible spectroscopy and SERS) are utilized as needed.  

It was observed that SCN- in the presence of gold nanospheres (diameter ~ 20 nm) 

caused anomalous spectral lineshapes to be observed. Such spectral features are typically 

regarded as hallmark features of SEIRA spectroscopy,7 and hence the experiments 

conducted herein provided direct evidence of SEIRA via the combination of shifted 

frequency and dispersive lineshapes in the infrared absorption spectra obtained. A detailed 

analysis and theoretical modelling of the spectroscopic origin of the anomalous lineshapes 

observed here allowed the above inference to be made effectively.  
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1.5 Engineering Nanostructures with Tunable Plasmonic Properties  

Fabrication and synthesis of nanomaterial substrates for reproducible surface-

enhanced vibrational spectroscopic signals are essential for any quantitative assay. Large 

enhancing substrates are currently being developed, manufactured, and sold. For instance, 

Renishaw used to sell (presently discontinued) a SERS substrate that is bound to a solid 

support that consistently generates signal enhancements up to 106. When nanostructures are 

bound to a solid support, limitations of mass transport for trace molecules can increase 

detection time and limit detection capabilities. As a result, nanomaterials placed at liquid | 

liquid or liquid | air interfaces that rely on preferential radial diffusion could reduce the time 

required for detection. As with SERS and SEIRA spectroscopies, the signal enhancements 

in SE-2D IR experiments are expected to depend on the optical properties of the primary 

metal nanostructures. While much progress has been made in engineering enhancing 

substrates for SERS and SEIRA using lithographic methods, less development of ordered, 

non-lithographic substrates for SERS, SEIRA, and SE-2D IR has been realized.  

We expect that either spikey nanoparticles or nanoparticles with aspect ratios 

greater than one will exhibit larger enhancements than nanospheres.28,31,40 For instance, 

gold nanorods with varying aspect ratios have been previously synthesized,41-45 while 

synthetic modifications can be employed so that the nanoparticles are closely spaced.31 Then, 

the localized surface plasmon resonance maximum wavelength is red-shifted for SERS 

studies, and there are broad optical features in the infrared for 2D IR studies. The gold 

nanorod aspect ratios can be controlled by varying the concentrations of stabilizing ligands 

and growth catalysts.  
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Solution-phase stability of primary and assembled nanoparticles at interfaces must 

be considered to successfully develop SE-2D IR. For instance, primary nanomaterials 

functionalized with amine or carboxylic acid terminated groups46 will facilitate physical 

stability.43-45 These molecules are available with tunable chain lengths (i.e., spacer layer 

thicknesses) and will provide nanoparticle stability in both low and high temperature 

environments, dried and hydrated states (for spectroscopic measurements at long 

wavelengths of low frequency phosphate modes and agents that react with water), as well as 

in a variety of solvent systems. While these covalently attached ligands will exhibit superior 

performance in terms of stability, these ligands may reduce the interaction of analyte 

molecules for detection. As a result, weakly binding ligands such as surfactants and 

zwitterions could be used to maintain control over inter-particle spacing upon assembly and 

nanoparticles stability but would allow target molecule interaction with the nanoparticles 

surfaces.  

Here, we demonstrate the synthesis of gold nanostars via a simple, seedless, one-

pot synthetic procedure, where 2-[4-(2-hydroxyethyl)-1-piperazenyl]propanesulfonic acid 

(EPPS) is used as the reducing agent as well as the template that drives anisotropic growth. 

The synthesized gold nanostars indicated plasmonic behavior extending into the infrared 

wavelengths. Furthermore, the plasmonic properties of these structures could be easily 

tuned by simply changing the buffer concentration used during synthesis. Here, the 

plasmon tuning was manifested via manipulating the nanoarchitectures with varying buffer 

concentrations, as was revealed by the detailed morphological analysis. Interestingly, the 

gold nanostars synthesized here indicate promising plasmonic behavior for use in SEIRA, 

SE-2D IR as well as other surface-enhanced spectroscopic techniques.   
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1.6 Significance of Developing SE-2D IR Spectroscopy 

While vibrational modes in SERS spectra are relatively narrow versus IR spectral 

features, SERS spectra can become very complicated when multiple molecules are present 

in a sample. Chemometric methods, such as partial least squares,47,48 can be used when a 

SERS spectrum containing no more than ~10 analytes is embedded within a complex 

background, but this requires additional processing time before positive identification and 

quantification of analytes can be made. In contrast, SE-2D IR can be used to measure 

couplings and energy relaxation pathways within molecules with multiple functional 

groups by exciting high frequency vibrations and probing lower frequency fingerprint 

modes. The couplings and energy-transfer pathways probed by SE-2D IR spectroscopy 

will provide a molecularly specific fingerprint that is characteristic of the connectivity of 

the probed functional groups. Furthermore, because the pattern of cross peaks is spread 

across two frequency dimensions, the 2D IR spectrum separates overlapping contributions 

allowing identification of target analytes even in complex mixtures. Hence, all efforts in 

increasing the efficiency and applicability of SE-2D IR is important in the design, 

development and application of novel tools for chemical analysis.  
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1CHAPTER 2 

IMPROVED PARAMETRIZATION FOR XDLVO PREDICTIONS OF 

FUNCTIONALIZED GOLD NANOSPHERE STABILITY 

2.1 Theoretical Modelling of Nanoparticle Stability and the xDLVO Theory 

Assessing and controlling the stability of solution-phase nanoparticles is important 

for exploiting the chemical and physical properties of nanomaterials as well as determining 

their fate in complex environments.49-51 Typically, achieving this control requires 

considerable experimentation. Ideal conditions are attained after a series of studies varying 

the nanoparticle composition, size, surface chemistry, and surface potential as well as 

solvent composition, synthetic approaches, and washing conditions.52-55 Recently, 

predictions that utilized these nanoparticle properties were exploited to develop stability 

maps for quantum dots and ZnO nanoparticles.55 These optimizations are often time 

consuming and can lead to anomalous results as environmental factors such as temperature, 

pH, and the presence of small molecules impact nanoparticle stability,56 but are not always 

independently controlled or varied.  

Both experimental and computational studies can be used to assess nanoparticle 

stability. Traditional experimental approaches include atomic force microscopy,57 

measurements of optical or electrical properties,49,50,58 sedimentation,59 and structural 

characterization.51 Calculations use a variety of models including depletion forces,60 

                                                            

Adapted from Improved Parametrization for xDLVO Predictions of Functionalized Gold 
Nanosphere Stability, Wijenayaka, L. A.; Ivanov, M. R.; Cheatum, C. M.; Haes, A. J. The 
Journal of Physical Chemistry C 2015, 119, 10064. 



20 
 
 

Lifschitz theory,56,61 DLVO, and extended DLVO (xDLVO) theories.24-26,62 According to 

Lifschitz theory, van der Waals interactions between two nanoparticles arise from the bulk 

electrodynamic response of one object interacting with a second object, resulting in 

electromagnetic fluctuations in both objects.63 These van der Waals attractions are opposed 

by several repulsive forces including electrostatic repulsions as well as contributions from 

surface chemistry and the medium.64 The competition between these contributions 

determines nanoparticle stability and fate in a way that depends on inter-particle separation 

distances.65,66  

Predicting the interactions among, and the ensuing stability of nanoparticles 

suspended in a medium is, therefore, of primary importance for all nanoparticle 

applications. Commonly, this is achieved via the classical DLVO (Derjaguin, Landau, 

Verwey, and Overbeek) theory, which simplifies nanoparticle interactions as being van der 

Waals or electrostatic in origin, or the extended DLVO (xDLVO) theory when non-

classical interactions are present, where the stability is predicted by modelling the 

interactions that exist between pairs of nanoparticles.26 The classical DLVO theory often 

fails in accounting for all the different non-classical interactions in a given nanoparticle 

system. For example, aligning of electron spins gives rise to magnetic attractions in 

magnetic nanoparticles,67 while the entropic penalty of separating hydrogen bonds in water 

may lead to hydrophobic (Lewis acid-base) interactions in others,68,69 both of which are 

not accounted by the classical DLVO theory. In essence, therefore, many factors such as 

nanoparticle shape, structure, composition, as well as the presence of nanoparticle surface 

modifications challenge the DLVO stability predictions.26  
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For functionalized nanoparticles, additional non-classical interactions exist as a 

result of the surface functional groups sterically interacting with ligands on other 

nanoparticles as well as other nanoparticle cores themselves.24,25 According to the xDLVO 

framework, therefore, the relevant interaction contributions for surface functionalized 

nanoparticles are van der Waals, electrostatic and steric (osmotic and elastic) 

interactions.24-26 Reasonable, qualitative agreement was resulted in previous studies where 

the stability of functionalized nanoparticles have been predicted using the above interaction 

contributions.24,25 Quantification of each interaction above, however, is specific to the type 

of nanoparticles, surface functionality, as well as the environment in which the 

nanoparticles are suspended. Thus, the challenge in theoretical prediction of functionalized 

nanoparticle stability lies on determining the individual interactions between nanoparticles 

with sufficient accuracy. Approximations or assumptions in determining individual 

interaction potentials, however, are common in nanoparticle stability modelling. Although 

such approximations allow the potentials to be easily estimated and sometimes even the 

stability to be reasonably predicted, more often it may easily lead to both qualitatively and 

quantitatively inaccurate predictions. 

2.2 Common Misconceptions in Modelling Nanoparticle Stability 

van der Waals attractions dominate inter-particle interactions between 

nanoparticles at relatively short separation distances, while the calculation of van der Waals 

interactions (Vvdw) between particles requires knowledge of their Hamaker constant (vide 

infra). Typically, the Hamaker constant had been considered to be a size and morphology 

independent constant that depends on the electron densities of the interacting materials and 
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the dielectric properties of the intervening media,70-72 allowing the Hamaker constant of 

the bulk material to be utilized as that of nanoparticles. According to more recent findings, 

however, the Hamaker constant of noble metals exhibit significant size dependence, where 

the Hamaker constant exponentially increase as the particle size falls below the mean free 

path of electrons in the bulk metal. Such size dependence of the Hamaker constants of 

nanoparticles, nevertheless, has not been incorporated into nanoparticle interaction 

modelling to date, often leading to the underestimation of van der Waals interactions 

between nanoparticles, especially at relatively short inter-particle separations where van 

der Waals interactions are predominant. 

Further, electrostatic interactions (Vele) between particles are strongly dependent on 

the nanoparticle surface potential, ψ0 (vide infra), thus the proper estimation of ψ0 is central 

for the determination of Vele between nanoparticles. In some cases, however, ψ0 is 

approximated to the Stern potential (ψδ), which is the potential at the Stern plane (plane of 

closest approach of the ions to the surface) to account for the finite size of ions around 

nanoparticles, allowing ψ0 to be estimated using surface charge density.73 Nevertheless, it 

is more practical to use an experimentally determined value for ψ0, rather than a theoretical 

approximation in order to accurately determine the electrostatic interactions. Although ψ0 

cannot be directly measured, zeta potential (ζ), which is the potential measured at a distance 

that is equal to the Debye length away from the charged surface (slipping plane) provides 

an indirect estimation of ψ0. For simplicity, it is a common practice in DLVO calculations 

to consider ψ0 to be equal to ζ,74-77 assuming the Stern plane and the slipping plane are 

nearly identical.73  Although this assumption is valid at high ionic strength where the ions 

are forced to be closer to the surface, it often fails at reasonable values of ionic strength 
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where nanoparticle stability may retain, thus leading to known errors via the under-

estimation of ψ0. 

Nanoparticles are often functionalized with chemi- or physisorbed organic ligands, 

forming self-assembled monolayers (SAM) on their surfaces in order to tailor nanoparticle 

properties for targeted applications,17-19,78 or to further promote colloidal stability.79-81 Self-

assembly of alkanethiols on gold is a common and successful strategy for surface 

functionalization which enables the widespread use of gold nanoparticles in many 

applications82-84 and fundamental interfacial studies.85 The presence of surface 

functionalized groups allows additional steric interactions to exist between nanoparticles, 

which are mainly elastic and osmotic in nature.  The existence as well as the extent of these 

additional interactions relies on the inter-particle separation distances relative to the SAM 

thickness (vide infra). Thus, precise knowledge of the SAM thickness is crucial in order to 

accurately quantify the steric interactions between functionalized nanoparticles.  

Commonly, one may consider the thickness of a SAM to be the same as the length 

of the molecule forming the monolayer via ordered assembly on the surface, thus allowing 

simple estimation of the SAM thickness. When an alkanethiol chain binds to a gold surface, 

however, the molecule is oriented with a tilt angle (θ) that is measured from the surface 

normal,86,87 causing the monolayer thickness to deviate from molecular length. Steric 

interactions provide a predominant contribution towards the total interactions between 

functionalized nanoparticles, especially when the nanoparticles are functionalized with 

long chain hydrocarbons. Approximation of SAM thickness to molecular length, therefore, 

often leads to misinterpretation of the steric interactions existing between functionalized 

nanoparticles. 
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Approaches to improve the prediction of solution-phase nanoparticle stability date 

back to the 1950s and continue today.66,88-90 Based on these models, nanomaterials are 

synthesized and can be stored as stable suspensions for months.91 Despite this success, 

predictions of nanoparticle stability often deviate significantly from experimental 

results.56,91-93 Predictions of gold nanosphere stability are often qualitatively consistent 

with experiment,88 but the underlying reasons for this stability are not well described. As 

gold nanosphere diameter increases, the stability of these materials has been described as 

increasing because of a variety of effects including kinetic retardation,22 surface 

chemistry,56,94,95 and solvation differences.56 Although any or all of these may be involved, 

the relative importance of these contributions remains unresolved by current models at least 

in part because of uncertainties related to the parameters used as inputs. 

In this study, methods to refine the values of several input parameters for xDLVO 

theory are considered for improving the predictability of functionalized gold nanosphere 

stability. Specifically, predictions using xDLVO theory are developed by employing 

surface potential estimations, size dependent Hamaker constants for gold nanoparticles, 

and experimental determination of monolayer thickness. In addition, the predictive 

capabilities of this approach to parameterizing xDLVO theory are validated through simple 

experimental measurements of the electrical properties of three functionalized gold 

nanosphere samples. These improvements in xDLVO input parameters yield consistency 

between the xDLVO predictions and experimental observations. Importantly, this exciting 

new approach can readily be extended and adapted for future studies of nanomaterials of 

various functionalities, shapes, and sizes. 
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2.3 Mathematical Framework for Modelling the Interaction Potentials of 

Functionalized Nanoparticles  

xDLVO theory models the pairwise interaction potential between particles and can 

predict the stability of solution-phase nanomaterials.24-26 Nanoparticles in solution undergo 

collisions via Brownian motion, but nanoparticle solutions will remain kinetically stable if 

the interaction pair potential barrier (Vmax) is greater than ~16/kBT.96,97 Within the xDLVO 

framework, functionalized nanoparticles interact through van der Waals, electrostatic, and 

steric (osmotic and elastic) contributions to the potential energy.24-26 Quantification of each 

of these potentials depends on nanoparticle composition, surface functionality, as well as 

the environment in which the nanoparticles are suspended. As a result, the challenge in 

theoretical prediction of functionalized nanoparticle stability relies on determining the 

individual interactions between nanoparticles with sufficient accuracy. Approximations for 

determining individual interaction potentials are, however, common in modeling 

nanoparticle stability,70-77,98,99 and these approximations often lead to inaccurate estimation 

of the total interaction potentials, thus leading to inconsistent predictions of nanoparticle 

stability.86,87 The following sections consider individual contributions to the total 

interaction potential from xDLVO theory and identify novel approaches for determining 

key parameters that are inputs to the theory. Thus, the quality of nanoparticle stability 

predictions based on xDLVO theory is improved. 
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2.4 Synthesis and Characterization of Carboxylic Acid Functionalized Gold 

Nanoparticles 

Citrate stabilized gold nanoparticles were synthesized according to an established 

procedure using gold (III) chloride trihydrate (HAuCl4) and trisodium citrate dihydrate 

(citrate) (Sigma Aldrich).46 Once cooled and prior to functionalization, the nanoparticle 

solutions were filtered through 13 mm diameter, 0.45 μm nylon filters (Whatman). These 

nanoparticles were then functionalized with thioctic acid (TA) (pKa (COOH) = 4.75-5.301), 

6-mercaptohexanoic acid (MHA) (pKa (COOH) = 4.81), or 11-mercaptoundecanoic acid 

(MUA) (pKa (COOH) = 4.6-5.01) (Sigma Aldrich). For each self-assembled monolayer, 1 

mL of 10 mM ligand (TA, MHA, or MUA) in ethanol was added to 10 mL of a 10 nM 

nanoparticle solution and stirred at 500 RPM for at least 60 hours at room temperature. The 

nanoparticles were then centrifuged at 11,500 RPM (8,797 x g) for 40 minutes, and the 

supernatant was replaced with water (obtained from a Barnstead Nanopure System and 

adjusted to pH 11 with 1 M NaOH). The rinsing procedure was repeated three times to 

ensure sufficient removal of unbound ligand. All nanoparticles were suspended in 5.5 

mS/cm phosphate buffer with a pH of 7.3 and stored in brown vials until use. Except as 

noted, all chemicals were purchased from Fischer and used as received. 

Nanoparticle homogeneity was characterized by transmission electron microscopy 

(TEM) using a JEOL JEM-1230 electron microscope. In all cases, 2 μL of a diluted 

nanoparticle solution (50 % mixture in ethanol) was applied to a carbon-formvar coated 

copper grid (400 mesh, Ted Pella or Electron Microscopy Sciences) and allowed to air dry. 



27 
 
 

The resulting images were analyzed using Image Pro Analyzer, and at least 100 

nanoparticles were evaluated per sample.  

Nanoparticle solutions were characterized using UV-Vis spectroscopy (USB 4000, 

Ocean Optics). Extinction maximum wavelength (λmax) values were determined from the 

zero point crossing value of the first derivative of each spectrum using MathCAD. 

Nanoparticle solutions were diluted to 1 nM concentrations for zeta potential 

measurements (Delsa Nano, Beckman-Coulter), which were performed in triplicate using 

H2O diluent parameters (refractive index (n) = 1.3328, viscosity (η) = 0.8919 cP, and 

dielectric constant (ε) = 78.4) at 25° C. A flow cell configuration was used for all 

measurements, and data were fit using the Smoluchowski theory. 

Electrical measurements were performed using a Beckman Coulter P/ACE MDQ 

capillary electrophoresis instrument and fused silica capillary (internal diameter = 75 µm, 

outer diameter = 360 µm) with an external polyimide coating (Polymicro). Current 

differences were monitored for a constant applied electric field maintained at 332 V/cm 

(20 kV, normal polarity) at a constant temperature of 25°C. Prior to electrical 

measurements, the capillary was conditioned using the following procedure: 0.1 M HNO3 

(20 psi for 5 minutes), H2O (20 psi for 2.25 minutes), 1 M NaOH (20 psi for 2.25 minutes), 

H2O (20 psi for 2.25 minutes), 250 mM phosphate buffer (20 psi for 3 minutes), and 30 

mM phosphate buffer either with or without nanoparticles (20 psi for 3 minutes). 

Nanoparticle electrical effects were monitored using a conditioned, fused silica capillary 

that was filled with 1 or 5 nM functionalized nanoparticle solutions before applying a 

potential. Changes in current were determined by averaging differences from at least five 
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stable current measurements that were collected one minute after the potential was applied 

(i.e., when the current stabilized). 

2.5 Electrostatic Pair Potential and Surface Potential Estimations 

The electrostatic interaction potential (Vele) between a pair of nanoparticles arises 

from long-range, electrostatic repulsions between the particles in a polar solvent. For 

spherical nanoparticles with identical radii, a, if the Debye length (κ-1) is small (i.e., κa > 

5),100 then Vele as a function of the edge-to-edge separation distance between the particles, 

s, is given by100,101 

 (2.1)

where ε0 is the permittivity of vacuum, εr is the relative permittivity of the solution, ψ0 is 

the surface potential, kB is the Boltzmann constant, and T is absolute temperature (see 

Appendix A). 

In practice, these variables are all known with the exception of the surface potential. 

Typically, surface potentials are not measured but approximated using either the Stern 

potential (ψS) or zeta potential (ζ).73-77 These approximations are only reasonable if the 

ionic strength of the solution is sufficiently high so that κ-1 is small compared to the relevant 

separation distances for which the potential is to be evaluated.73-77 Typically, nanoparticle 

solutions both for storage and application, however, use low or moderate ionic strength 

buffers (~mM concentrations).1,102 Under these conditions, use of ζ values leads to a 

significant underestimation of Vele. 
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To avoid the underestimation of electrostatic interactions between nanostructures, 

we calculate the surface potential by solving the Poisson-Boltzmann equation for a 

distribution of point charges that decay as a function of radial distance from the charged 

nanoparticle surface. The surface potential is then expressed as 

 (2.2)

which assumes that the local dielectric constant around a nanoparticle is independent of the 

radial distance from the surface, and the energy required to transport charges in solution 

depends only on Coulomb interactions.63 This relationship holds when surface charge 

density is proportional to ion concentration,103,104 and builds on well-established literature 

precedents.63 101  

To illustrate the effects of this approach, Figure 2.1 shows the electrostatic 

interaction potential associated with the surface potential on a nanosphere surface for three 

typical ζ values including -15, -25, and -35 mV. These zeta potential values result in slowly 

decaying electrostatic pair potentials. When the two nanospheres are separated by 1 nm, 

the electrostatic interaction pair potentials remain significantly different from one another, 

i.e. 5.8, 16.4, and 32.3/kBT for nanoparticles with ζ of -15, -25, and -35 mV, respectively. 

In all cases, the potential decays asymptotically to zero at a ~6 nm separation distance. 

While this relatively long-range repulsive interaction potential provides some short-term 

stabilization of solution-phase nanoparticles, it is ultimately not enough to prevent 

nanoparticle flocculation.105,106  
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Figure 2.1 The electrostatic interaction potential as a function of separation distance 

for gold nanoparticles with an average radius of 6.5 nm immersed in a 

63 mM ionic strength solution with zeta potentials of -35 (black solid 

line), -25 (red dashed line), and -15 mV (blue dotted line). 
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2.6 Size Dependence of the van der Waals Interactions between Gold 

Nanoparticles 

Although electrostatic repulsions can provide short-term stabilization of gold 

nanospheres in solution, flocculation still occurs as a result of attractive interactions 

between nanostructures.100,107 Specifically, the van der Waals attraction (Vvdw(s)) between 

two spherical nanoparticles with identical radii suspended in a medium can be calculated 

as follows100,108  

 (2.3)

where A is the Hamaker or Lifshitz constant. The Hamaker constant depends on the 

complex dielectric permittivity of a material in a medium.70-72 Hamaker constants are 

generally positive and used to model short-range attractive interactions between particles 

as a function of composition, geometry, and medium. Previously reported Hamaker 

constants for gold range from (0.9 - 3.0) x 10-19 J72,109,110 in water and up to 4 x 10-19 J in a 

mixed water and/or hydrocarbon medium.111 As a result of these large variations, choosing 

a Hamaker constant value for xDLVO theory can be difficult and are often selected to 

match experimental observations. 

One aspect of the Hamaker constant that has largely been neglected in modeling 

the van der Waals interactions between nanoparticles is the size dependence of the 

dielectric properties of the material.112 Recently, the Hamaker constant of silver was 

predicted to increase as nanoparticle diameter decreased.70 This result was attributed to an 
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increase in the imaginary part of the metal dielectric permittivity with decreasing 

nanoparticle size.  

We develop a similar model for gold nanoparticles using an approach developed by 

Pinchuk70 (see Appendix B for details). Size dependent Hamaker constants for a pair of 

gold nanoparticles interacting through a medium (M) are calculated from the equation 

 

(2.4)

where ħ is reduced Planck’s constant and εNP(iω) and εM(iω) are the dielectric permittivity 

of the nanoparticles and of the medium as a function of the imaginary frequency, 

respectively. Using the Drude model, the size and wavelength dependence of the imaginary 

part of dielectric permittivity of the metal is70,112 

 (2.5)

where ωp is the plasma frequency and νF is the Fermi velocity of the metal. Finally, the 

resulting size-dependent Hamaker constants are scaled so that they asymptotically 

approach the commonly reported Hamaker constant of bulk gold113,114 (2.5 x 10-19 J). 

Figure 2.2 (A) shows the Hamaker constant for gold nanospheres as a function of 

diameter calculated from this model. As expected, the Hamaker constant increases with 

decreasing radius. As specific examples, gold nanoparticles with radii of 2.5, 6.5, and 50 

nm have calculated Hamaker constants of 4.0, 3.7, and 2.8 x 10-19 J, respectively. When 

the nanoparticle radius increases, the size-dependence diminishes, and the Hamaker 

constant asymptotically approaches the bulk value. In contrast, typical gold nanoparticles 

prepared using standard citrate reduction methods exhibit ~13 nm diameters (6.5 nm 
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Figure 2.2 (A) Variation of the Hamaker constant as a function of nanoparticle 

radius. Each data point represents a calculated Hamaker constant, and 

the line is meant to guide the eye. (B) Variations in the van der Waals 

interaction potential (Vvdw) as a function of separation distance for gold 

nanoparticles with radii of 2.5 (A = 4.0 x 10-19 J) (blue dotted line), 6.5 

(A = 3.7 x 10-19 J ) (red dashed line), and 50 nm (A = 2.8 x 10-19 J) (black 

solid line).  
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radius). The implications of this result suggest that these materials exhibit Hamaker 

constants ~50% larger than bulk gold thereby causing these materials to exhibit larger van 

der Waals attractive interactions and aggregate more readily than larger particles. 

To demonstrate the influence of size dependent Hamaker constants on the van der 

Waals potentials between gold nanospheres, Figure 2.2 (B) shows the van der Waals 

interaction potential (Vvdw) as a function of separation distance for 2.5, 6.5, and 50 nm 

radius nanoparticles. As expected, the van der Waals attractive potential is negative and 

rapidly increases in magnitude as separation distance decreases. The effect of a size-

dependent Hamaker constant, however, is that larger attractive interactions between 

smaller nanoparticles persist at longer separation distances vs. nanoparticles with radii 

greater than 50 nm. Although the variations in the attractive potential as a result of the size-

dependent Hamaker constant may appear to be modest, it is important to realize that the 

attractive potential decays slowly to zero at large separation distances where the other 

contributions to the total interaction potential have already decayed to zero. Thus, even a 

modest change in Vvdw can significantly affect nanoparticle stability because of the 

interplay between the different contributions at relatively long separation distances. 

2.7 Steric Interactions between Functionalized Nanoparticles and Determination 

of Monolayer Thickness 

In addition to the electrostatic and van der Waals interactions between 

nanoparticles, functionalized nanoparticles also exhibit osmotic and elastic interactions 

(Vosm and Vela), that are relatively short-range repulsive contributions to the total interaction 

potential, which can be used to kinetically stabilize nanoparticle solutions.24,25,115 Models 
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for both Vosm and Vela assume that the ligands are uniformly distributed throughout the total 

ligand shell volume and depend critically on accurately determining the thickness of the 

monolayer.24  

The osmotic potential arises from the competition of solvent molecules to solvate 

the ligands on the two nanoparticles at short inter-particle spacing (i.e., s < 2t where t is the 

monolayer thickness)24,115 and is zero at separation distances larger than twice the effective 

monolayer thickness. According to Vincent et al.,115 for t ≤ s ≤ 2t and nanoparticles with 

identical radii (a), Vosm(s) is 

 (2.6)

where Na is Avogadro’s number, vl is molar volume of the solvent, χ is the Flory-Huggins 

interaction parameter (0.45 for an ordered alkanethiol monolayer),25 and ϕp is volume 

fraction of the ligand (see Appendix A). As the separation distance between nanoparticles 

decreases further (s < t), ligands on one nanoparticle can interact with the other 

nanoparticle. Thus, Vosm(s) must also account for elastic deformations of the ligands25,115 

 (2.7)

where each of the parameters is again defined as in equation 2.6. When separation distances 

are shorter than the monolayer thickness (s < t), entropic effects arise from ligand tail 

compression24 resulting in an elastic contribution to the potential (Vela) given by115 
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where MW and ρd are the molecular weight and density of the (pure) ligand, respectively.  
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To demonstrate the effect of monolayer thickness on both Vosm and Vela, Figure 2.3 

shows (A) osmotic and (B) elastic potentials between two gold nanospheres with 

monolayer thicknesses of 0.4, 0.8, and 2.0 nm. Both Vosm and Vela are large, repulsive, and 

short-range potentials consistent with monolayer thicknesses. The osmotic potentials are 

all very large, >100/kBT, at separation distances less than 1 nm and decay over a length 

scale equal to twice the monolayer thickness. The elastic potential, in contrast, is also 

repulsive but smaller in magnitude and proportional to monolayer thickness. These 

observations suggest that solvent-ligand interactions rather than the monolayer thickness 

itself dominate the repulsive forces between nanoparticles as separation distance decreases. 

In addition, because of the magnitude of these short-range interactions and their sensitivity 

to layer thickness, an accurate determination of effective monolayer thickness is necessary 

for accurately modeling the pair potential.  

For well-ordered self-assembled monolayers (SAMs), monolayer thickness 

depends both on the molecular length and the tilt angle (θ) of the surface-bound molecules 

relative to the surface normal.86,87 Most SAMs form with a significant tilt relative to the 

surface normal, meaning that the ligand length is, by itself, a poor approximation for 

monolayer thickness. For example, ~30˚ tilt angles are commonly reported for alkanethiol 

monolayers.116,117 The tilt angle, however, is often neglected in xDLVO calculations.98,99 

As demonstrated previously, the shift in the localized surface plasmon resonance 

(LSPR) wavelength (λmax) of gold nanoparticles provides an accurate measure of 

monolayer thickness.118-120 Specifically, λmax is related to surface functionalization by the 

equation 
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Figure 2.3 Effect of theoretical monolayer thickness (t) = 0.4 (black solid line), 0.8 

(red dashed line), and 2.0 (blue dotted line) nm on the (A) osmotic (Vosm) 

and (B) elastic (Vela) interaction potentials as a function of edge to edge 

separation distance (s) between two gold nanoparticles (radius = 6.5 nm, 

Ionic strength = 63 nm, zeta potential = -20.9 mV). 
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 (2.9)

where λmax,original is the extinction maximum wavelength before surface functionalization, 

m is the refractive index sensitivity of the nanoparticles, and Δn is the change in refractive 

index resulting from surface functionalization. Assuming that the ligand refractive index is 

independent of surface coverage, Δn is related to effective monolayer thickness (t), local 

electromagnetic field decay length (ld), refractive index of the bulk medium (nbulk), and 

refractive index of the ligand (nl) by the expression119 

 (2.10)

These results provide a reliable relationship between the LSPR shift and the 

monolayer thickness. Further, this thickness is also expressed in terms of the ligand length 

(l) and the tilt angle (θ) as t = l cosθ. By uniquely combining these expressions, the tilt 

angle can be directly related to the extinction maximum wavelength (λmax) as 

 (2.11)

Thus, the average tilt angle of a monolayer on a gold nanoparticle can be directly estimated 

using the λmax.  

2.8 Implications of Parameterization on the Total Interaction Potential 

The total interaction potential is the sum of the contributions described above, i.e. 

Vtotal(s) = Vvdw(s) + Vele(s) + Vosm(s) +Vela(s). Ultimately, predictions of nanoparticle 

stability depend on the interplay between the individual contributions to this total 
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interaction potential. It is clear that the short-range height of the repulsive barrier as well 

as the separation distance at which this repulsive contribution decays to zero are important 

for predicting nanoparticle stability. For a suspension of gold nanoparticles in Brownian 

motion (radius of 6.5 nm, a concentration 5 nM, and at a temperature of 25 °C), the rate of 

nanoparticle collisions is 14.6 collisions/s. The number of collisions per week, therefore, 

would be 8.83 x 106, indicating that to ensure kinetic stability over a period of one week, 

the probability of two colliding nanoparticles overcoming the energy barrier and forming 

an aggregate (i.e., e-Vmax kBT⁄ ) should be less than 1/(8.83 x 106). Using this threshold value, 

the barrier (Vmax) required to result in kinetic stability over a period of one week, thus is 

calculated to be ~16/kBT. This threshold value will be used in all subsequent assessments 

of nanoparticle stability.  

Now that a threshold value has been determined, the significance of each of the 

previously discussed parameter modifications to the xDLVO model is assessed. These 

results are summarized in Figures 2.4 and 2.5. Of note, Figures 2.4 A/B/C-1 represent 

traditional methods for employing xDLVO for nanoparticle stability whereas Figures 2.4 

A/B/C-2 all show the same result from identical nanoparticles and xDLVO 

parameterization. First, implications of using surface potential modifications are assessed. 

Figure 2.4 A shows the modified Vtotal between two gold nanoparticles with a radius of 6.5 

nm functionalized with a 1.2 nm thick monolayer that are suspended in a 63 mM ionic 

strength solution at 25°C. Figures 2.4 A-1 and 2.4 A-2 represent the total interaction 
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Figure 2.4 Optimized total interaction potential (Vtotal) as a function of separation 

distance (s) between two gold nanoparticles (radius = 6.5 nm, ionic 

strength = 63 mM, ζ = -20 mV, A = 4 x 10-19 J, ligand length = 1.2 nm, 

and monolayer thickness = 0.8 nm) obtained according to the outlined 

optimized procedure (A1, B1 and C1) (red), and Vtotal obtained using the 

conventional approximations (A2) Ψ0 = ζ, (B2) A = AAu,Bulk = 2.5 x 10-

19 J, and (C2) t = ligand length, for determining Vele, Vvdw and Vsteric (i.e. 

Vosm and Vela) respectively (black).   
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potential when a ζ = -20 mV and the corresponding ψ0 = -64.5 mV (eq. 2) are used, 

respectively. Using ζ as the surface potential significantly undervalues the electrostatic 

repulsions and leads to a total potential with no repulsive barrier at all. In contrast, the 

modified parameterization where the surface potential is determined using equation 2 

results in a modest potential barrier (~10 mV), which suggests that electrostatic 

stabilization should provide some thermodynamic stability but not sufficiently to stabilize 

nanoparticles for one week.  

While consideration of surface potentials into the parameterization into the xDLVO 

model causes the total interaction potential to increase relative to tradition methods, 

incorporation of a size dependent Hamaker constant for gold nanoparticles results in 

nanoparticles that are less stable than traditionally predicted. This is demonstrated in Figure 

2.4 B. Using the bulk Hamaker constant value reduces the van der Waals attractions to the 

point that the barrier far exceeds 30/kBT, and there is only an insignificant secondary 

minimum and a repulsive total interaction potential once interparticle separation distances 

decrease to ~0.4 nm (Figure 2.4 B-1). In contrast, use of the appropriate size dependent 

Hamaker constant leads to the same overall trend yet a clear secondary minimum and 

barrier are calculated. This change is an implication of the larger than traditional attractive 

van der Waals component between the nanostructures which arises from the size dependent 

dielectric permittivity of the metal nanoparticles as previously discussed.  

Similar to the size-dependent Hamaker constant result, the new parameterization 

for the steric inputs also reduces the overall interaction potential between two gold 

nanospheres (Figure 2.4 C). In general, as monolayer thickness increases, steric 

interactions are overestimated as well. As a result, the barrier height in the total interaction 
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potential is again too large (i.e., not physically or experimentally relevant), and there is no 

secondary minimum. Based on our efforts to parameterize these contributions, it is clear 

that the short-range height of the repulsive barrier in the total potential will be most 

sensitive to the SAM thickness. In addition, the tilt angle of a monolayer will determine 

not only the barrier height but also the separation distance at which this repulsive 

contribution decays to zero thereby allowing for the possibility of a shallow attractive basin 

where steric repulsions decay to zero. To demonstrate the effect of accounting for tilt angle 

on the total interaction potential, Figure 2.5 shows Vtotal for nanoparticles functionalized 

with the same ligand, with varying tilt angles of 0, 20, 40, and 60°. For tilt angles less than 

~40°, no secondary minimum is observed, while the nanoparticles would need to overcome 

large (>30/kBT) energy barriers for aggregation to occur. In contrast, however, 

nanoparticles with a tilt angle of 60° show a secondary minimum where the nanoparticles 

can be transiently trapped before overcoming the barrier that is ~19/kBT. Aggregation, 

therefore, can be kinetically hindered if the repulsive barrier is of sufficiently large 

amplitude. Clearly, the predicted behavior of nanoparticles using xDLVO theory, 

therefore, depends critically on all of these parameterization modifications described here.  

2.9 Experimentally Testing xDLVO Predictions using Functionalized Gold 

Nanoparticles 

To evaluate the xDLVO theory predictions using the new parameterization 

methods, we characterize, predict stability, and experimentally assess the stability of 

engineered gold nanospheres functionalized with SAMs composed of three different 

ligands including thioctic acid (TA), 6-mercaptohexanoic acid (MHA), and 11-
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Figure 2.5 Total interaction potentials (Vtotal) between a pair of gold nanoparticles 

(radius = 6.5 nm, Ionic strength = 63 mM, zeta potential = -20.9 mV) 

functionalized with a ligand of length 1.5 nm, oriented on the surface at 

a tilt angle of 0° (black solid line), 20° (red dashed line), 40° (blue dotted 

line), or 60° (green dot-dash line). 
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mercaptoundecanoic acid (MUA). Nanoparticles are often functionalized with chemi- or 

physisorbed organic ligands both for targeted applications17-19,78 and to promote kinetic 

stability.79-81 The presence of surface functionalized groups provides steric repulsions, as 

described above, which can kinetically stabilize the nanoparticles in solution. The series of 

ligands we chose varies the molecular length of the ligand and the tilt angle in ways that 

systematically influence monolayer thicknesses. 

 The total interaction pair potential for gold nanoparticles modified with thioctic 

acid, 6-mercaptohexanoic acid, and 11-mercaptoundecanoic acid are modeled by summing 

each interaction pair potential contribution calculated as a function of edge-to-edge 

separation distance between nanoparticles at 298.15 K (εr = 78.4). All calculations were 

performed using MATLAB (see supplemental information). An ionic strength of 63 mM, 

corresponding to a Debye length of 1.211 nm, and a Flory Huggins solvency parameter of 

0.45 were used for all calculations and calculated in 0.01 nm intervals between separation 

distances of 0.001 and 10 nm. Equilibrium geometries of the deprotonated ligands in water 

were obtained by density functional theory (DFT) calculations performed using Spartan 

’10 V1.1.0. Method B3LYP with a 6-31G* basis set was used for all DFT calculations. 

Figure 2.6 shows and Table 2.1 summarizes the experimental characterization of 

these materials. To monitor and quantify nanoparticle functionalization, extinction spectra 

for Au nanoparticles incubated in a ligand containing solution are collected. Representative 

spectra after 5 minutes, 24 hours, and 60 hours are reported in Figure 2.6 (A) - (C) for gold 

nanospheres functionalized with TA, MHA, and MUA, respectively. For instance, the 

LSPR wavelength maximum (λmax) shifts from 518.2 nm before functionalization with TA 

to 518.7, 519.8, and 520.7 nm, respectively, indicative of the initial increase and eventual 
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Figure 2.6 Normalized extinction spectra of gold nanoparticles functionalized with 

(A) TA, (B) MHA, and (C) MUA. Spectra are plotted prior to ligand 

addition (0 hours), and after incubation for 5 minutes, 24 hours, and 60 

hours. All spectra were collected in pH adjusted water (pH adjusted to 

11 with 1 M NaOH) (The insets show the TEM images of the 

functionalized nanoparticles). 
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Table 2.1 Experimental functionalized nanoparticle parameters at 298.15 K used 

in the xDLVO calculations 

 

Parameter 

Nanoparticle functionality 

Au@TA Au@MHA Au@MUA 

Nanoparticle diameter (nm) 12.3 ± 1.2 13.0 ± 1.3 12.6 ± 1.2 

Zeta potential (mV) -18.4 ± 1.3 -20.9 ± 1.5 -37.6 ± 3.5 

Molecular weight of ligand (g/mol) 206.3 148.2 218.4 

Bulk density of ligand (g/cm3) 1.218 1.087 0.998 

Monolayer thickness (nm) 0.58 0.88 1.56 

Ligand length* (nm) 1.06 1.13 1.77 

Tilt angle** (degrees) 57 39 28 

SAM packing density*** 

(1014 molecules/cm2) 

2.200 ± 0.039 4.581 ± 0.019 4.975 ± 0.018 

 

Values are estimated using DFT*, LSPR**, and XPS*** results, respectively.1 
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saturation of ligand packing and assembly on the metal surface. Qualitatively similar trends 

are observed for all three ligands (Figure 2.6 A-C), but the saturated λmax values for each 

ligand differ reflecting the differences in the monolayer thicknesses. Determination of the 

monolayer thickness and tilt angles requires several parameters in addition to the LSPR 

λmax, such as the refractive index sensitivity of the  nanoparticles, m, the electromagnetic 

field decay length, and the refractive index of the ligands   (see equations 2.9 and 2.10). 

Previous studies showed that the refractive index sensitivity of citrate stabilized Au 

nanoparticles (d ~13 nm) is ~45 nm per refractive index unit,121 the characteristic 

electromagnetic field decay length is 5.7 nm,122-125 and the refractive index of alkanethiols 

in a SAM is 1.65.116 Using these values and equations 2.9 and 2.10, the monolayer 

thicknesses are 0.58, 0.88, and 1.56 nm for TA, MHA, and MUA functionalized 

nanoparticles, respectively. 

To validate these results, we calculate the ligand tilt angles corresponding for these 

SAMs to compare with previous studies using SAMs using the ligand length, including the 

length of the Au-S bond, and equation 2.11. Previous experimental and theoretical evidence 

showed that the Au-S bond distance for alkanethiol SAMs on gold nanoparticles is ~0.24 

nm.82,126-128 To determine the ligand length (l), i.e., not including tilt angle, this Au-S bond 

length is added to the distance from the S to the furthest O atom in each alkanethiol 

calculated using energy minimized molecular geometries from DFT calculations. The 

insets in Figure 2.7 (A) show the energy minimized molecular structures. For MHA and 

MUA, the calculated molecular lengths are easily determined (lMUA = 1.77 nm and lMHA = 

1.13 nm). TA, however, binds to gold via two S atoms,129-131 thus the distance from the S 

atom nearest to the alkyl chain to the furthest O atom, is added to the S-Au bond length to 
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Figure 2.7 (A) LSPR λmax response for Au nanoparticles as a function of incubation 

time, and (B) variation of SAM tilt angle (θ) as a function of λmax for (1) 

TA, (2) MHA, and (3) MUA functionalization. DFT optimized 

molecular geometries of deprotonated ligands are shown as insets in 

panel A (C - grey, H - white, O - red and S - yellow). The λmax at 

saturation surface coverage was used to determine the corresponding θ 

(dotted lines). 
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determine the ligand length (lTA = 1.06 nm). Figure 2.7 (B) illustrates the determination of 

the tilt angles for each ligand based on the saturated λmax values are using plots of equation 

2.11. The tilt angles for the three ligands are 57º, 39º, and 28º for TA, MHA, and MUA, 

respectively, and are consistent with previously reported tilt angles for alkanethiol SAMs 

on gold nanoparticles.132-134  

Now that these materials are thoroughly characterized, their stability can be 

predicted using the previously discussed xDLVO parameterization inputs. These results 

are summarized in Figure 2.8, which shows the total interaction pair potentials for all three 

functionalized nanoparticles. The implications of our new parameterization for xDLVO 

theory are most apparent in the total interaction potential for MHA functionalized 

(Au@MHA) nanoparticles, where the potential barrier exhibits a height of ~25/kBT and 

there is a shallow secondary minimum at an edge-to-edge separation of about 1.7 nm. In 

contrast, for TA (Au@TA) and MUA (Au@MUA) functionalized particles the modeling 

predicts either no repulsive potential (TA) or a barrier of >50/kBT (MUA). The prediction 

of a secondary minimum for MHA functionalized particles indicates a tendency to form 

reversible, metastable agglomerates with an interparticle spacing corresponding to the 

location of the secondary minimum in the pair potential. For MUA functionalized 

nanoparticles, however, the potential indicates a propensity to behave as stable primary 

nanoparticles, while the model predicts that TA functionalized nanoparticles should 

aggregate. 

Because gold exhibits well-established, size-dependent optoelectric properties,135 

these predictions can easily be tested. Specifically, when the nanosphere diameter 

decreases below the mean free path of the metal (~25 nm for gold136,137), the scattering 
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Figure 2.8 The total interaction pair potentials between two (1) Au@TA, (2) 

Au@MHA, and (3) Au@MUA nanoparticles as predicted using xDLVO 

theory. 
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frequency of the excited electrons increases thereby decreasing the electrical conductivity. 

The nanoparticle cores used here (d ~13 nm) are, therefore, not expected to conduct if the 

inter-particle separation distance is sufficiently large such that primary particle-like 

behavior dominates. If aggregation occurs, however, the size of the gold aggregates that 

form will exceed the mean free path of the electrons, and the aggregates will conduct 

electricity. In the intermediate case, where the nanoparticles form metastable, reversible 

agglomerates, the nanoparticles will be separated from one another but at a length scale 

where electrons can still hop from one particle to the next. Thus, agglomerates should 

conduct but with a conductivity that is less than that of aggregated particles. 

To experimentally evaluate the electrical behavior of covalently functionalized 

gold nanoparticles at steady state and test the xDLVO predictions, solution-phase 

nanoparticles are suspended in buffer and placed in a 332 V/cm electric field to increase 

the collision frequency between nanoparticles. The measurements are performed by filling 

a capillary with buffer containing gold nanoparticles at 0, 1, or 5 nM concentrations, 

applying the electric field, and recording current changes (stabilized within 1 minute).  

Figure 2.9 (A) and (B) shows the changes in the currents measured in the presence 

of the three functionalized nanoparticles at 1 nM and 5 nM concentrations, respectively. 

These results are consistent with the xDLVO predictions. For example, increasing the 

concentration of TA functionalized nanoparticles should lead to more and/or larger 

aggregates that would increase the conductivity, which is precisely what we observe. MHA 

functionalized nanoparticles, which are predicted to form metastable agglomerates with 

edge-to-edge separation distances of ~1.7 nm, also show an increase in conductivity but to 

a lesser extent than observed for TA functionalized nanoparticles. Again, although the gold 
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Figure 2.9 Current differences measured in the presence of (A) 1 nM and (B) 5 nM 

concentrations of (1) Au@TA, (2) Au@MHA, and (3) Au@MUA 

nanoparticles placed in a 332 V/cm electric field (Current measured in 

the absence of nanoparticles was used as reference measurements. Error 

bars represent the standard deviation of at least 5 measurements). (D) 

Cartoon representations of the stability predicted for (1) Au@TA, (2) 

Au@MHA, and (3) Au@MUA nanoparticles, where the nanoparticles 

aggregate, agglomerate, or are stably suspended respectively. Note that 

here the thickness of the nanoparticle monolayers are indicated (in 

yellow) around the spherical nanoparticles. 
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cores are not in physical contact at this separation distance, electron hopping between the 

nanoparticles will occur leading to conductive agglomerates but with a much lower 

conductivity than for aggregates. This experimental result is consistent with the predictions 

in Figure 2.8. Finally, xDLVO predictions suggest that MUA functionalized nanoparticles 

will remain well-dispersed in solution given the large potential barrier between 

nanoparticles. Consequently, these particles should not be effective conductors consistent 

with the experimental observations. Thus, the experimental conductivity measurements on 

these three functionalized nanoparticle systems are entirely consistent with the predictions 

of the xDLVO model using the proposed parameterizations. This result is significant 

because the detailed shape of the total interaction potential is extremely sensitive to the 

interplay between the individual interaction potentials, which are, in turn, sensitive to the 

parameter. If this parameterization were not sufficiently accurate with respect to any of 

these contributions, then the predictions using xDLVO theory to capture the experimental 

behavior would be extremely difficult. This experimental measurement, therefore, provides 

validation and strong support for the approach adopted herein. 

2.10 Summary, Conclusions and Future Direction 

In summary, the stability of functionalized ~13 nm diameter gold nanospheres was 

predicted using a reparameterization of xDLVO theory and confirmed using conductivity 

experiments. Three contributions to the xDLVO model were considered. First, electrostatic 

interactions between two spherical gold nanoparticles were modeled using surface 

potentials rather than directly using experimentally measured zeta potentials so that this 

contribution was not underestimated. Second, the size dependence of the Hamaker constant 



54 
 
 

for gold was incorporated into the van der Waals potential so that the attractive interactions 

between nanospheres were not underestimated. Third, the monolayer thickness was 

determined empirically, which accounts for both the ligand length and the SAM tilt angle 

to calculate both osmotic and steric interaction potentials. These modifications are 

summarized in Figure 2.10 and were eventually used in predicting the stability and the 

ensuing electrical properties of three types of carboxylic acid (TA, MHA, and MUA) 

functionalized spherical gold nanoparticles. The experimental results of conductivity 

measurements on gold nanoparticles functionalized by TA, MHA, and MUA provided 

strong support for the predictions of xDLVO theory using these new approaches for 

determining the parameters that are used in this model.  

In conclusion, implications of surface chemistry variations on metal nanoparticles 

(i.e., packing density, tilt angle, and composition etc.) influence not only the plasmonic and 

electrical properties of these materials but also their behavior in subsequent applications. 

The combination of theoretical predictions with straightforward experimental 

measurements supports and justifies the observed electrical behavior of the functionalized 

gold nanoparticles used herein. Such molecular level insight into surface chemistry 

directed nanostructure-property relationships are envisioned to improve the systematic use 

of solution-phase nanomaterials by providing a method for predicting the thermodynamic 

stability of nanomaterials. Hence, future direction of these improved xDLVO theory 

parametrizations include predictions of the solution-phase nanoparticle behavior and 

stability of various other morphological forms, and/or functionality thereby facilitating the 

rational design of and solvent selection for functionalized nanomaterials in various novel 

nanotechnology applications.   
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Figure 2.10 Summary of modifications conducted on the xDLVO theory. First, 

electrostatic Interactions between two spherical gold nanoparticles were 

modelled using surface potentials rather than directly using 

experimentally measured zeta potentials. Second, the size dependence of 

the Hamaker constant for gold was incorporated into the van der Waals 

potential. Third, the monolayer thickness was determined empirically, 

which accounts for both the ligand length and the SAM tilt angle to 

calculate both osmotic and steric interaction potentials. 
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CHAPTER 3 

SOLUTION PHASE SURFACE ENHANCED INFRARED ABSORPTION VIA 

VIBRATIONAL CHROMOPHORES ANCHORED ON                                           

SPHERICAL GOLD NANOPARTICLES 

3.1 Surface Enhanced Two-dimensional Infrared (SE-2D IR) Spectroscopy 

Surface enhanced vibrational spectroscopies including surface enhanced Raman 

scattering (SERS), surface enhanced infrared absorption (SEIRA), and surface enhanced 

two-dimensional infrared (SE-2D IR) spectroscopy can provide rapid, sensitive, and 

selective detection of target molecules in air and liquid samples. Table 3.1 summarizes the 

characteristics of these methods. Notably, little is known about the enhancement 

mechanisms or the optimum conditions for SE-2D IR. Although initial experiments are 

promising,27 systematic studies have yet to be performed. In contrast, SERS and SEIRA 

are more widely characterized. Hence, the objective of this study is to develop a model 

system for solution phase SEIRA, with the potential of being used in observing a SE-2D 

IR signal.  

All of these techniques depend on the optical properties of nanostructured 

substrates (i.e., composition, shape, size, surface chemistry, stability, and dielectric 

environment).28,138-140 These factors will affect the sensitivity of the detection methods. 

Even for SERS, improved sensitivity will offer additional benefits when samples from 

polluted environments are processed or for analytes with weak vibrational cross-sections. 

For 2D IR, signal enhancements are vital to make this technique analytically viable. A 
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Table 3.1       Characteristic features of SERS, SEIRA, and SE-2D IR spectroscopy 

 

 

Parameter 

Spectroscopic Technique 

SERS SEIRA SE-2D IR 

Excitation Tunable, Narrow Broad Tunable, Broad 

and narrow 

Electric field 

intensity dependence 

E4 E2 E4 

Enhancement 

mechanism 

Chemical, 

Electromagnetic 

Debated 

(Chemical, 

Electromagnetic, 

Image charge…) 

Unknown 

(Complementary 

to SEIRA?) 

Enhancement factor Up to 109 Up to 104 Up to 109 

Sensitivity Excellent Modest Unknown 

Selectivity Poor Poor Excellent 

Ideal NP-NP spacing < 2 nm  size + spacing

spacing  

Unknown 

Water tolerance Excellent Poor Poor 
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common way to increase the enhancement factor is to design plasmonic nanostructures that 

generate “hot-spots” in crevices, voids, or gaps.141  

For example, nanoparticle arrays provide such hot-spots142 and offer control over 

inter-particle spacing. If the spacing between nanoparticles decrease, signals will increase 

due to heightened electromagnetic fields between nanoparticles.143,144 Thus, methods to 

assemble two-dimensional arrays with controlled spacing could revolutionize how 

substrates are formed and employed. Recently, nanoplasmonic SERS substrates were 

developed using on the self-assembly of nanoparticles at liquid | liquid and liquid | air 

interfaces.145,146 These structures have been found to promote large electromagnetic fields 

between nanoparticles and provide a tool to increase the sensitivity of surface-enhanced 

spectroscopies.  

3.2 Synthesis and Characterization of Spherical Gold Nanoparticles 

Gold(III) chloride trihydrate (HAuCl4·3H2O), trisodium citrate 

(C6H5Na3O7·2H2O), and hydroxylamine hydrochloride (NH2OH·HCl) were purchased 

from Sigma (St. Louis, MO). Water (18.2 MΩ cm-1) was obtained using a Nanopure 

System from Barnstead (Dubuque, IA), and used in the preparation of all solutions. All 

glassware was cleaned with aqua regia (3:1 HCl:HNO3), rinsed thoroughly with water, and 

oven-dried overnight before use. Seed gold nanoparticles were synthesized via a well-

established citrate reduction process.147,148 Briefly, a 1 mM HAuCl4·3H2O solution (100 

mL) was refluxed and vigorously stirred for 15 minutes. Once a rolling boil was achieved, 

10 mL of a 39 mM citrate (C6H5Na3O7·2H2O) solution was added quickly. The resulting 

solution was refluxed for an additional 10 minutes and was allowed to equilibrate to room 
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temperature while stirring. The resulting average seed gold nanoparticle diameter is 

typically about 13 nm as determined from transmission electron microscopy.148  

Synthesis of 1st generation gold nanoparticles were conducted using freshly 

prepared seed gold nanoparticles as the precursors as described previously elsewhere.149,150 

Briefly, 37.50 mL of seed gold nanoparticles were diluted with 337.50 mL of Nanopure 

water. Then, 3.13 mL of freshly prepared 0.2 M hydroxylamine hydrochloride 

(NH2OH·HCl) and 25.9 μL of 2 M citrate was added into the flask, while stirring was 

continued for 5 minutes. Finally, 3.75 mL of 1% w/v HAuCl4·3H2O (i.e. 0.04 g in 4 mL 

Nanopure water) was added and the contents were allowed to stir for 4 hours. The flask 

was covered with Aluminum foil during synthesis as gold nanoparticles as well as the gold 

salt is light sensitive.  

The stability of the as-synthesized seed and first generation particles were examined 

using their localized surface plasmon resonance (LSPR) behavior as indicated in Figure 

3.1. All extinction measurements were conducted using a UV-visible spectrophotometer 

(Ocean Optics HR4000, Dunedin, FL) configured in transmission geometry. To estimate 

the size as well as to observe the morphology of these nanoparticles, the seed and 1st 

generation gold nanoparticles were imaged using a JEOL JEM-1230 electron microscope 

as shown in the insets in Figure 3.1. In all cases, 2 μL of a diluted nanoparticle solution 

was applied to a carbon-formvar coated copper grid (400 mesh, Ted Pella or Electron 

Microscopy Sciences) and allowed to air dry. The resulting images were analyzed using 

Image Pro Analyzer, and at least 100 nanoparticles were evaluated per sample. According 

to the TEM analysis, the diameter of the seed and 1st generation particles were estimated 

to be 12.4 ± 1.2 and 20.4 ± 2.0 nm respectively. The previously observed LSPR was then 
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Figure 3.1 LSPR of the synthesized (A) seed and (B) 1st generation gold 

nanoparticles. The insets in each panel show the TEM image of the gold 

nanoparticles, from which the diameter of the seed and 1st generation 

particles were estimated to be 12.4 ± 1.2 and 20.4 ± 2.0 nm, respectively. 
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used to estimate the diameter, concentration, and the extinction coefficient of the as-

synthesized gold nanoparticles as described elsewhere.151 The estimated extinction 

coefficients (ε) at the extinction maximum wavelength (λmax) according to these diameters 

were 2.0 x 108 and 5.8 x 108 respectively for seed and 1st generation gold nanoparticles.  

3.3 Synthesis and Characterization of the Potential Chromophore, p-

Azidothiophenol 

In order to observe a SEIRA signal, a chromophore that has a large IR cross section 

would have to associate with a gold substrate. Thiols (-SH) are well known to form ordered 

monolayers on gold nanoparticles,130,152,153 while the azide group (N3
-) is used as a probe 

in many IR analyses.154,155 Further, conjugation between the thiol group and terminal azide 

in the selected chromophore molecule would allow optimum electromagnetic coupling 

between the nanoparticle and the terminal chromophore thus increasing the chance of 

observing an enhanced IR signal. Thus, p-azidothiophenol was synthesized as a potential 

chromophore for initial SEIRA investigations. Previously, evidence suggested that this 

compound was SERS active,156 indicating the possibility of electromagnetic coupling 

between the compound and plasmonic substrate.  

p-azidothiophenol was synthesized using guidance from literature. According to 

Kwok et.al. azidobenzene can be synthesized from aniline in the presence of catalytic 

tetraalkylammonium hydroxide.157 Further, according to Butini et. al. aniline can undergo 

diazotization, followed by nucleophilic substitution in the presence of thiol (-SH) groups 

on the phenyl ring.158 Here, p-aminothiophenol (12.5 g, 0.1 mol) and distilled water (50 

mL) were mixed in a 250 mL round bottom flask. Then, concentrated HCl (17.4 mL) was 
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added, and the contents were vigorously stirred in an ice bath (Caution - All steps discussed 

here were conducted in a well ventilated hood and behind a blast shield). After cooling to 

0 °C and stirring for 20 - 30 minutes, a freshly prepared, ice cold solution of NaNO2 (7.16g, 

0.1 mol) in water (20 - 30 mL) was added dropwise, while maintaining the reaction 

temperature between 0 - 5 °C.  

The reaction mixture was stirred for an additional 10 minutes and a freshly prepared 

solution of sodium azide (6.75 g, 0.1 mol) in water (30 - 40 mL) was added dropwise via 

an addition funnel, while maintaining the reaction temperature below 5 °C. The mixture 

was then stirred for an additional 20 - 30 minutes at 0 °C, followed by stirring at room 

temperature for 3 hours. Finally, the product was extracted with ethyl acetate (2 x 100 mL) 

and the solvent was evaporated by rotary evaporation. The resulting product (a thick, 

yellow colored oil) was refrigerated at 4 °C until further analysis was conducted.  

The product was first characterized using 1H-NMR spectroscopy, where the desired 

para substitution was clear from the characteristic peak pattern (doublet of doublets) 

(Appendix C). However, the absence of a thiol proton peak indicated the possibility for the 

synthesis product to be oxidized as a consequence of the conditions used during synthesis. 

This was further evidenced by the peak at 300 m/z observed on the mass spectrum of the 

product, indicating the presence of bis(p-azidothiophenol) disulfide as the synthesis 

product, instead of the desired product p-azidothiophenol (Appendix C). However, sulfur 

has an extremely high affinity to gold (47 kcal/mol), and the disulfide bonds can be broken 

in the presence of a gold surface or gold nanoparticles thus allowing the strong S-Au 

linkage to be established. This has been previously observed with many studies concerned 

with the formation of self-assembled monolayers (SAMs) on gold surfaces.159,160 
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Finally, the presence of the azide substitution was confirmed via IR absorption 

where a doublet of peaks (at 2094 cm-1 and 2130 cm-1), split by Fermi resonance was 

observed due to the asymmetric stretching of the azide group as seen in Figure 3.2 (A). 

These frequencies as well as the observance of a Fermi resonance are consistent with 

previous studies conducted with various azides.161,162 Typically, azides are known to have 

high IR absorptivity. However, in order to use the synthesized product in SEIRA 

investigations, accurate values of the molar absorption coefficients are needed. Thus, a 

calibration was conducted by preparing a series of concentrations ranging from 50 - 400 

mM of p-azidothiophenol (i.e., concentrations ranging from 25 - 200 mM of the disulfide 

compound). Because the synthesized product is only sparingly soluble in water, dimethyl 

formamide (DMF) was used as the solvent in preparing the calibration standards. The 

calibration curves obtained using spectra collected at a 25 μm pathlength (fixed pathlength 

cell) are shown in Figure 3.2 (B) and (C) for 2130 and 2094 cm-1 respectively, from which 

the molar absorption coefficients were determined to be 708 and 484 M-1 cm-1 at 2130 and 

2094 cm-1 respectively.  

3.4 Enhancement Experiments with p-Azidothiophenol 

Now that the desired nanoparticles and the chromophore molecules are synthesized, 

the chromophore molecules are bound to the nanoparticle surface via the cleavage of the 

disulfide bond as observed in previous studies.159,160 Figure 3.3 (A) shows the LSPR spectra 

of the 1st generation gold nanoparticles with and without 2.5 µM p-azidothiophenol in an 

aqueous solution containing 16 mM DMF. Here, DMF was required to solubilize the 

analyte as well as to control molecular orientation (vide infra), while the stability of the 
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Figure 3.2 (A) IR spectra, and the calibrations conducted to determine the molar 

absorption coefficients of p-azidothiophenol at (B) 2130, and (C) 2094 

cm-1. The structure of the synthesis product bis(p-thiophenol) disulfide 

is shown alongside the spectra in panel (A).    
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Figure 3.3 Characterization of synthesized p-azidothiophenol, with (A) LSPR, (B) 

IR spectroscopy. The LSPR spectra of 1st generation gold nanoparticles 

is shown in (A), in the absence (blue) and presence (red) of the 

synthesized product. As can be seen clearly from the inset, binding of 

the molecule is evidenced by the shift in λmax from 519.4 to 522.6 nm. 

The IR spectra in (B) were obtained for solutions containing 2 mM p-

azidothiophenol in 1:1 DMF:H2O, in the presence (red) and absence 

(blue) of nanoparticles. 
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nanoparticles in DMF containing media were previously studied in a series of separate 

solvent exchange experiments (Note that the water solubility of p-azidothiophenol was 

previously determined to be only ~20 μM from a saturated aqueous solution, with the help 

of ultraviolet absorbance values (data not shown)). As can be seen here, the LSPR indicates 

a shift of +3.2 nm in the presence of the analyte. Such variations in the λmax have been 

previously observed during surface functionalization while it being attributed to the 

changes in local refractive index of the nanoparticles caused by the presence of the surface 

functional groups.119,163 Thus, we confirm that the synthesized analyte bis(p-

azidothiophenol) disulfide successfully binds to the gold nanoparticles via the cleavage of 

the disulfide bond. 

The other important feature of the analyte is the ability of the analyte to couple with 

the electromagnetic field at the nanoparticle surface, thus giving rise to enhanced 

absorption and/or scattering properties. To confirm this, the SERS spectrum of the above 

nanoparticle solution was obtained as shown in Figure 3.4 (B). The SERS measurements 

were conducted using an Advantage 200A Raman spectrophotometer (DeltaNu) using a 

633 nm excitation wavelength. Here, the symmetric stretch of the azide group was observed 

at 1299 cm-1 (7 cm-1 shift compared to the Raman spectrum) in the sample containing 

nanoparticle bound p-azidothiophenol, whereas no Raman features were observed in the 

absence of nanoparticles. The other scattering features observed here at 1579, 1180, 1076, 

and 369 cm-1 can be attributed to C-C stretching/C-H bending, C-H bending, C-C 

stretching/C-S stretching, and C-S bending motions respectively, while the remaining 

features could be attributed to C-C and C-H bending and stretching motions.156 

Importantly, this confirmed that the synthesized chromophore was SERS active and is 
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Figure 3.4 Stability of nanoparticles in the presence of DMF was investigated using 

LSPR spectra as indicated in (A). A slight broadening was clearly visible 

for the sample suspended in a 1:1 DMF:H2O mixture (blue), compared 

to those suspended in H2O only. Interestingly, the presence of DMF was 

favorable for SERS activity, where as seen in (B) significant SERS 

activity was observed for 2.5 μM p-azidothiophenol in 16 mM DMF 

(red), while no SERS activity was visible with the same analyte 

concentration, in the absence of nanoparticles (black). 
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therefore capable of coupling with the electromagnetic field at the nanoparticle surface 

once bound onto the nanoparticle.  

Collectively, the above evidence suggests that the gold nanosphere bound p-

azidothiophenol is a suitable system to be used in preliminary investigations of a possible 

SEIRA signal; therefore, IR spectra were collected with a 25 μm pathlength using a Bruker 

Tensor 27 IR spectrophotometer for solutions containing a 2 mM p-azidothiophenol in 1:1 

DMF:H2O as indicated in Figure 3.3 (B). However, the azide absorption could be observed 

both in the presence as well as absence of the nanoparticles, with no significant change in 

absorption intensity being indicated for nanoparticle bound p-azidothiophenol.  

We hypothesize that the non-observation of an enhanced IR signal was mainly due 

to the low nanoparticle concentration used here. Under these low concentrations only a 

very small portion of the analyte molecules are bound to the nanoparticles, limited by the 

surface site capacity. Thus, an observable enhancement is not resulted. However, p-

azidothiophenol suffers from low solubility in aqueous media, hence requiring the presence 

of a non-polar substance in the medium (e.g. DMF) to promote solubility. The stability of 

gold nanoparticles in mixed solvent systems, nevertheless, is less-known. Therefore, the 

solubility of p-azidothiophenol in aqueous media limits its applicability in SEIRA based 

experiments.  

To be more precise, the concentration of p-azidothiophenol used here was 2 mM, 

and the absorbance that is expected with a 25 µm pathlength is therefore ~0.0035 OD at 

2130 cm-1, according to the molar absorption coefficient determined previously. This in 

turn is a significantly low absorption, especially in the presence of water which strongly 

absorbs in the most part of the mid IR spectrum. Assuming that only 20% of the analyte 
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molecules here are bound onto the nanoparticles, even if 100x enhancement was achieved, 

the enhanced signal would still only be ~0.07 OD, which is insignificant, especially 

compared to the large water background. Although we do observe a very small signal 

increase (in the order of 0.002 OD) in the presence of nanoparticles, variations of this 

magnitude can easily be caused by fluctuations in pathlength or background subtraction 

differences. Thus, the observed result is attributed to the low nanoparticle concentration 

used versus the analyte concentration in the experiment above.   

Further, it should be noted that the solvent was exchanged into 1:1 DMF:H2O in 

order to achieve a 2 mM analyte concentration. Typically, nanoparticles are suspended in 

water (ε = 78.4 at 25° C), and stabilized by part because of the solvent dielectric properties. 

To date, little is understood about the stability of nanoparticles in alternative or mixed 

solvents, although many combinations have been demonstrated to yield stable 

nanoparticles. In order to understand any stability changes that may occur for these 1st 

generation spherical gold nanoparticles, 0.4 nM samples of these nanoparticles were 

suspended into a 1:1 DMF:H2O medium while the ionic strength of the medium was 

maintained constant. The LSPR spectra of these nanoparticles are indicated in Figure 3.4 

(A), while the nanoparticles suspended in a purely aqueous medium at the same 

concentration is indicated for comparison.  

As can be seen, the presence of DMF broadens the LSPR peak of the nanoparticles 

(This effect was more pronounced for higher nanoparticle concentrations). Such 

broadening is typically characteristic of plasmon dampening.164 Hence, it is clear that the 

presence of DMF, especially at high concentration as used above causes the optical 

properties of the nanoparticles to be altered. Therefore, the observed IR absorbance results 
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are a consequence of the high DMF content in the sample. However, a pure H2O medium 

could not be used because of the previously discussed solubility limitations of p-

azidothiophenol. Thus, the solubility of p-azidothiophenol and the stability of nanoparticles 

in non-aqueous media have to be further investigated in order to use p-azidothiophenol in 

SEIRA investigations.   

Interestingly, the presence of DMF was favorable in the SERS experiments. Recall 

that the samples used in the SERS experiments contained 16 mM DMF. It was observed 

that the nanoparticle sample containing 2.5 μM p-azidothiophenol and 16 mM DMF 

indicated significant SERS activity, whereas no such activity was observed in the absence 

of DMF as shown in Figure 3.4 (B). The presence of DMF modifies the native dielectric 

properties at the vicinity of the nanoparticle surface. This may cause the molecule to adopt 

alternate orientations at the surface in order to maximize stability in solution. As widely 

accepted, orientation plays a key role in SERS and SEIRA, and only those vibrations 

having surface-normal polarizability components will be Raman active.165,166 Thus, we 

attribute the variations observed in SERS activity to possible, more vertical molecular 

orientation with relative to the surface in the presence of DMF as illustrated in Figure 3.5. 

Collectively, low nanoparticle concentration, nanoparticle stability, and the unknown 

orientations of the analyte at the nanoparticle surface in 1:1 DMF:H2O hinders the use of 

p-azidothiophenol in SEIRA investigations.  

3.5 Initial Considerations for a Potential Alternative Chromophore: SCN- 

Thiocyanate (SCN-) containing molecules are another class of compounds widely 

studied via SERS167,168 and SEIRA.38 The C-N stretching mode is known to have 
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Figure 3.5 Nanoparticle surface functionalization using bis(p-azidothiophenol) 

disulfide where the disulfide bond is broken at the gold nanoparticle 

surface, and the expected variations in molecular orientation in the 

absence and presence of 16 mM DMF in the functionalization solvent. 

 

 



72 
 
 

appreciable IR absorptivity,169,170 thus, sodium thiocyante (NaSCN) was selected as the 

chromophore for further SEIRA investigations with 1st generation gold nanoparticles. The 

hydrophilicity of NaSCN allows the potential to overcome the solubility limitations 

experienced with p-azidothiophenol, allowing for larger IR signals, which could be 

efficiently background subtracted permitting easier observation of signal enhancement 

spectral changes.  

To perform these experiments, a calibration curve was prepared using a series of 

aqueous solutions ranging from 100 - 500 mM NaSCN. The IR absorption due to the C-N 

stretching mode of the molecule was observed at 2065 cm-1 as indicated in Figure 3.6 (A). 

The calibration curve obtained using spectra collected at a 25 μm pathlength (fixed 

pathlength cell) is shown in Figure 3.6 (B), from which the molar absorption coefficient of 

SCN- was determined to be 492 M-1 cm-1 at 2065 cm-1. The objective here is to observe 

evidence of SEIRA; therefore, the IR absorbance at 2065 cm-1 of a SCN- containing 1st 

generation gold nanoparticle solution is monitored, while the nanoparticle concentration of 

the sample is increased systematically from 5 to 3000 nM.  

3.6 Enhancement Experiments with SCN- 

Sample containing gold nanoparticles (5 nM), d = 20.4 ± 2.0 nm, suspended in an 

aqueous solution of 72 mM NaSCN and 1 mM sodium tricitrate (total volume of ~200 mL) 

was used for the SEIRA experiment. These concentrations were achieved by washing the 

as-synthesized (~0.5 nM) gold nanoparticles with 1 mM citrate followed by pre-

concentration via successive centrifugation steps at 3500 g for 1 hour, followed by the 4 

μL/min addition of stock concentrations of SCN- and citrate to the nanoparticle solution 
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Figure 3.6 (A) The IR absorption of to the C-N stretching mode of SCN- at varying 

analyte concentrations and (B) the calibration curve constructed to 

determine the molar absorption coefficient of the C-N stretching mode 

at 2065 cm-1.   
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using a syringe pump to achieve the final concentrations given above. After a 1 hour 

incubation of the experimental sample, an aliquot (~80 μL) was removed, sonicated for 5 

minutes, and the LSPR, SERS, and IR spectra were collected using a USB 4000 Ocean 

Optics UV-Vis spectrophotometer, DeltaNu Advantage 200A Raman spectrophotometer, 

and a Bruker Tensor 27 FTIR spectrophotometer, respectively. The remaining volume of 

the experimental sample was then centrifuged at 3000 g for 10 minutes, followed by the 

removal of a pre-determined volume of the supernatant to achieve a solution with higher 

nanoparticle concentration, while maintaining the concentrations of SCN- and citrate 

constant. Once again, an aliquot (~80 μL) was removed following the redispersion and 

incubation of the processed experimental sample (nanoparticle concentration > 5 nM) for 

a period of 1 hour, sonicated for 10 minutes and the LSPR, SERS, and IR spectra were 

collected. This process was repeated with the remaining volume of the processed sample, 

centrifuging at 1000 g for 10 minutes in each successive step, until the nanoparticle 

concentration was increased stepwise up to 3000 nM.  

Representative LSPR spectra of 5, 2000, and 3000 nM nanoparticle solutions are 

shown in Figure 3.7 (A) and (B) after incubation in 78 mM SCN-. The spectral analysis 

region in panel (B) is extended into the NIR in order to observe more of the broad 

plasmonic band due to the aggregates. The LSPR spectrum of stable 1st generation 

nanoparticles at 0.6 nM concentration is indicated in panel (A) for comparison. This result 

validates the notion that the nanoparticles aggregate under the experimental conditions, 

while the extent of aggregation increase with increasing nanoparticle concentration. 

Further, as visible in Figure 3.7 (B), aggregation shifts the plasmonic resonance of the gold 

nanoparticles into the NIR wavelengths. This, in fact is a favorable plasmonic behavior in 
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Figure 3.7 LSPR spectra of (A) 5 nM (red), and (B) 2000 (blue) and 3000 (green) 

nM 1st generation gold nanoparticle samples, containing 72 mM SCN- 

and 1 mM sodium citrate. Spectral region in (B) had been extrapolated 

into the NIR in order to observe the complete broad absorption band due 

to the formed aggregates. The typical LSPR spectrum of a stable 0.6 nM 

1st generation gold nanoparticle sample (black) is indicated in panel (A) 

for comparison.  
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terms of observing a SEIRA signal. Unfortunately, however, the nanoparticles were rapidly 

destabilized as the nanoparticle concentration increased, where sedimentation of the 

formed aggregates was apparent.  

A possible reason for the aggregation of nanoparticles was the high ionic strength 

(78 mM) used during the experimental flow. To investigate this further, LSPR and SERS 

spectra were collected for 1st generation gold nanoparticles (13 nM) at a lower SCN- 

concentration (12 mM) (An excitation wavelength of 385 nm was used in the SERS 

measurements), thereby lowering the ionic strength, as indicated in Figure 3.8. The samples 

were incubated for 24 and 72 hours before recording the SERS spectra whereas the LSPR 

of the sample was recorded at 24 hours. The comparison of LSPR spectra before and after 

SCN- addition as indicated in Figure 3.8 (A) reveal a ~4.5 nm red-shift, a reduction in 

extinction magnitude by a factor of ~5, and a long plasmonic tail extending into the NIR. 

This result suggests that aggregation is occurring at a SCN- concentration of 12 mM and 

therefore, indicates that the larger (78 mM) ionic strength used in the SEIRA experiment 

discussed above is clearly a reason for the observed nanoparticle instability. Further, 

kinetic control of nanoparticle stability becomes increasingly difficult at high nanoparticle 

concentrations, owing to the increased rate of inter-particle collisions, leading to rapid 

destabilization especially at significantly large (µM) nanoparticle concentrations as used 

here (Figure 3.7). 

The SERS spectra shown in Figure 3.8 (B) and (C), however, confirm the binding 

of SCN- on the nanoparticles via the observation of a SERS signal. Here, the CN stretch 

was observed at 2151 cm-1 for the surface bound SCN-, indicating a shift of 81 cm-1 from 

the Raman signal observed for SCN- in solution. It is interesting to note that this shift is 
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Figure 3.8 (A) LSPR spectra of 0.6 nM 1st generation gold nanoparticles in the 

absence (blue) and presence (red) of 12 mM SCN- after incubating for 

24 hours, and the SERS spectra collected for 13 nM 1st generation gold 

nanoparticles containing 12 mM SCN- (red) after incubating for (B) 24, 

and (C) 72 hours. The Raman spectrum of a 1 M SCN- sample (black) is 

also indicated here for comparison. 
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consistent with our intuition about bound and unbound SCN- ions in a system. Specifically, 

binding of a molecule to a surface changes the electronic structure reflecting a small shift 

in the bond character, hence shifting the vibrational frequencies of the molecule 

accordingly. SCN- ions free in solution are known to exist as a resonance hybridized 

structure in which there is only partial triple bond character between the C and N. Once 

bound to a surface via the S, however, the C-N bond achieves triple bond character, 

whereby the C-N bond strength and hence the stretching frequency would increase. The 

observed increase in Raman shift, therefore, is consistent with our understanding of the 

electronic structure of the SCN- anion. In summary, although the nanoparticles aggregate 

under the experimental conditions as shown in Figure 3.7, clear evidence of SERS activity 

is visible in Figure 3.8. Hence, the IR spectra is collected to observe the effect on the 

presence of nanoparticles on the observed infrared signal.   

Representative IR spectra of 500 nM and 3000 nM nanoparticle concentrations are 

indicated in Figure 3.9, while the spectrum of a sample in the absence of nanoparticles has 

been indicated for comparison (as 0 nM nanoparticle concentration). Recall that these 

samples contained 72 and 1 mM, SCN- and citrate concentrations respectively. A couple 

of distinctive features are clearly visible in the IR spectra. First, a broad spectral 

background arises in the presence of nanoparticles, and, second, a new but distorted feature 

appears in the IR absorption spectrum in the region of the C-N stretching mode. Both 

features become increasingly prominent as the nanoparticle concentration increases.  

As noted, a MIR plasmon resulting from the interactions of the particles appears in 

the spectrum and increases with increasing nanoparticle concentration. This is consistent 

with the aggregation predicted in Figure 3.7 and 3.8, and hence we attribute the observed 
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Figure 3.9 IR spectra of samples containing 72 mM SCN- and 1 mM sodium citrate, 

at 0 (black), 500 (red), and 3000 nM (blue) concentrations of 1st 

generation gold nanoparticles. As seen, both the absorption lineshape as 

well as the spectral background change in the presence of nanoparticles. 
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background variations to the plasmonic features resulting from the aggregated gold 

nanoparticles. Further, a closer look at the IR spectra on Figure 3.9 indicates that the 

absorbance peak due to C-N stretching mode indicates a distorted nature in the presence of 

nanoparticles, while these distortions become more apparent at the higher nanoparticle 

concentration. Interestingly however, asymmetric, dispersive lineshapes as seen here, have 

been previously reported in SEIRA based investigations at the solid-liquid interface.7  

According to a critical review on vibrational spectroscopy by Osawa, SEIRA bands 

often have very asymmetric or dispersive shapes, while in some cases, transitions could 

even be observed as negative peaks (i.e. negative absorption).7 Lu et. al. had reported the 

observation of two main features; namely (1) the inversion of IR bands and (2) the 

enhancement of IR absorbance of the adsorbate in his work on SCN- adsorbed on electrodes 

of nanometer thin films of Pt, Pd, and Rh.38 They attribute this inversion to the differences 

in absorption frequency for surface-bound SCN- versus those in the bulk solution, and have 

also observed similar features with various other surface bound analyte molecules.38 Akin 

band inversion behavior has also been reported by Lu, Sun, and Cai for CO adsorbed on Pt 

and Pd thin layers.171 In another study by Bjerke and Griffiths, distortions of surface 

enhanced IR bands have been observed where they attribute the distortion to changes in 

the refractive index resulting from the close interaction of the analyte molecules with the 

metal surface.37 

Alternatively, the anomalies of the absorption lineshapes in SEIRA have been 

described as a result of Fano resonances: a consequence of the interaction between 

plasmonic resonances, vibrational modes, and light in nanoscale plasmonic systems.33 

Specifically, the lineshapes here are a result of the interaction between spectrally broad 
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plasmonic excitations and spectrally sharp vibrational modes, where the close coexistence 

of destructive and constructive interferences result in the observation of characteristic Fano 

type line profiles.33,172 In a recent study, Brown et.al. have observed strong infrared 

spectroscopic enhancements from individual gold nanoantennas, while the dimensions of 

the individual antenna structures were tuned to enhance the IR modes of specific chemical 

moieties.31 Interestingly, they observed that if a metallic antenna structure has a plasmon 

resonance at the same frequency as a molecular vibration, the metal and molecule system 

can couple, resulting in spectral features with Fano lineshapes.31 Hence, such Fano type 

line profiles are believed to be involved in the unprecedented signal enhancement occurring 

when vibrational excitations of a molecule are coupled with a plasmon resonance,31,173 thus 

being characteristic of SEIRA.  

3.7 Modelling the Spectroscopic Origin of Anomalous Lineshapes 

Here, we attempt to model the spectroscopic origin of anomalous lineshapes in 

SEIRA using the fundamentals of molecular spectroscopy as follows. In a typical 

molecular spectroscopic experiment, specific vibrational modes of an analyte are excited 

by the interaction with an incoming incident laser pulse. The convolution of the molecular 

response created here (R) by the envelope of the incident laser pulse (Einc) produces a 

macroscopic polarization (P) with a 90° phase shift with respect to Einc such that:  

incP iRE  (3.1)

This gives rise to an emitted signal field (Esig) with a 180° phase shift with respect to Einc. 

i.e. 
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2

sig incE iP i RE 
 (3.2)

In a typical setup, a spectrometer is used to measure the emitted electric field.2 Typical IR 

detectors used in spectrophotometers are square-law detectors that can only measure 

intensities (Imeas), and not electric fields such that: 

2

meas sig incI E E 
 

(3.3)

This can now be simplified to the form, 

 22 *2meas inc sig sig incI E E E E   
 

(3.4)

where the first and second term give the incident (Iinc) and signal (Isig) electric field 

intensities, respectively. The signal electric field intensity is comparatively small and thus 

is negligible. The third term in the above expression relates to the interference between Esig 

and Einc.  

To isolate this interference term, which contains the information of interest, one 

usually calculates the absorbance to subtract off the spectrum of the laser pulse (to first 

order) such that: 

 *2
log log

inc sig incmeas

inc inc

I E EI
A

I I

   
            

(3.5)

For small values of absorbance, the above expression can be approximated as; 

 *2 sig incA E E 
 

(3.6)

Hence as derived above, what is actually detected in a typical molecular spectroscopic 

experiment is the interference between the incident and signal electric fields.  
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Furthermore, it can be shown that the detected electric field (Edetect) due to the 

interaction of Einc and Esig, has the form of a free induction decay and can be modelled 

using a time (t) dependent function of the form: 

   detect 0cos gtE t t e      
(3.7)

where ω0 is the frequency resulting from the electric field interaction and g is the lineshape 

factor. This can be transformed into the frequency domain via Fourier transformation to 

obtain a complex valued Lorentzian function of the form; 

   detect
0

1
E

i g


 


   
(3.8)

This complex function can be rewritten as, 

 
 

 
 

0
detect 2 22 2

0 0

g
E i

g g

 


   


  

   
 

(3.9)

The first term in the above expression is real and the second term is imaginary. Recall that 

Esig has a 180° phase shift with respect to Einc as given by equation 3.3. Therefore, the 

interference of the electric fields Esig and Einc introduces two additional i terms into the 

above expression (i2 = -1), hence preserving the real and imaginary contributions to Edetect. 

Further, IR detectors can only measure real and not imaginary quantities. Thus, in 

heterodyned detection we only observe the real part of an emitted electric field. Hence, 

only the first term in the complex valued Edetect expression will be detected. This term has 

an absorptive lineshape as shown in Figure 3.10 (A). Therefore, in heterodyne detected IR 

spectra, we generally observe absorptive lineshapes.2 This behavior is typical of analyte 

molecules equilibrated in solution.  
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(A) 

 
 

(B) 

 

(C) 

 
 

Figure 3.10 Examples of (A) a Lorentzian lineshape centered at ω1, (B) a dispersive 

lineshape centered at ω2 (ω1 ≠ ω2), and (C) the lineshape obtained by the 

combination of overlapping Lorentzian and dispersive contributions. 
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In the case of surface-bound molecules, however, the above description has to be 

modified to account for the possibility of additional electric fields to exist giving rise to 

enhancement effects. Once again, we start by saying the macroscopic polarization induced 

in the molecule (Pmol) in the presence of the incident electric field is such that:  

mol incP iRE
 

(3.10)

This gives rise to an electric field 180° out of phase with respect to Einc as below. 

2
mol mol incE iP i RE 

 
(3.11)

According to previous studies, for systems in which nanoparticle bound 

chromophores are present, the polarization response due to the surface bound 

chromophores can create image charges in the nanomaterial.174 This antenna effect creates 

a macroscopic polarization due to the nanoparticles (Pant) such that: 

2
ant mol incP iP i RE 

 
(3.12)

which will be 180° out of phase with respect to Einc. These image charges behave as 

effective antennas which produce their own electric field, typically with a 90° phase shift 

from the above polarization response (Pant) such that: 

3
ant ant incE iP i RE 

 
(3.13)

Hence, overall the electric field due to this antenna effect will be 270° out of phase with 

respect to Einc as shown in equation 3.14.  

 Importantly, nanoparticles produce an intrinsic macroscopic polarization (PNP) and 

hence an electric field (ENP) resulting from their plasmonic properties in the presence of an 

external electric field. It can be shown that PNP is 90° out of phase with respect to Einc such 

that, 
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NP incP iRE
 

(3.14)

Further, ENP can be related to PNP as follows (note the 180° phase shift with respect to Einc):  

2
NP NP incE iP i RE 

 
(3.15)

Now, the intensity detected in the presence of nanoparticles will carry contributions from 

Einc, Emol, Eant, as well as ENP such that; 

2

meas inc mol ant NPI E E E E   
 

(3.16)

Recall, that in a typical experiment what is actually reported is absorbance. 

Absorbance in the presence of nanoparticle can be shown to have the form; 

           * * * * * *2 mol inc NP inc mol NP ant inc mol ant NP antA E E E E E E E E E E E E          
(3.17)

analogous to the derivation of equation 3.7. Further, as proven above, both Emol, and ENP 

are 180° out of phase with respect to Einc. Hence the first two interactions above will allow 

the real (absorptive) part in equation 3.10 to be detected. The third term measures the 

interference between two in-phase fields, once again allowing the real part of the complex 

Lorentzian lineshape to be detected.  

However, Eant is 270° out of phase with respect to Einc giving rise to a factor of i3, 

and hence the measured signal due to the interaction between Eant and Einc will be the 

imaginary part of the complex Lorentzian lineshape in equation 3.10, which has a 

dispersive lineshape as indicated in Figure 3.10 (B). Similarly, both ENP and Emol are 90° 

out of phase with respect to Eant and once again the dispersive contribution to Edetect will be 

measures due to the last two interactions in the above expression. So in essence, it is clear 

that in the presence of nanoparticles, the detected signal will carry both absorptive and 

dispersive lineshape contributions. Further, a given experimental system would often 
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contain both surface bound and unbound molecules in a dynamic equilibrium. Notably, the 

absorption due to the free or surface-unbound analyte often occurs at a shifted frequency 

due to the changes in the electronic structures of the bound and unbound analyte as 

discussed previously for SCN- (vide supra). Hence, the overlap of these frequency-shifted 

absorptive and dispersive contributions will lead to the observation of anomalous 

lineshapes as shown in Figure 3.10 (C). 

It is interesting to note that the third interaction term above represents the 

interaction between a broad plasmonic feature (ENP) and a narrow molecular signal (Emol) 

in-phase with each other. This is characteristic of a Fano type resonance, where the 

interaction between spectrally broad plasmonic excitations and spectrally sharp vibrational 

modes give rise to distinct lineshapes.33 Therefore, the model developed above is capable 

of explaining the origin of anomalous lineshapes in SEIRA, although the relative 

contributions of dispersive or Fano-type lineshapes giving rise to the overall observed 

lineshape cannot be directly determined.  

The absorption observed here for nanoparticle bound SCN- indicate characteristics 

features of a distorted lineshape, where absorptive and dispersive (or Fano type) 

contributions are clearly visible as shown in Figure 3.9. Further, the absorptive feature here 

is centered at ~2065 cm-1, whereas the dispersive feature is centered at ~2121 cm-1. This 

difference in the bound versus unbound chromophore absorptions, both in direction as well 

as magnitude of shift, is comparable to those observed with the SERS data. It should, 

however, be noted that an exact value for the center of the dispersive lineshape cannot be 

determined here owing to multiple reasons. Notably, (1) the dispersive signal may have 

different amplitudes in the positive and negative direction, (2) the dispersive feature is 
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clearly overlapping with the absorptive lineshape due to the SCN- in solution, and (3) the 

signal is sitting on a large plasmonic background, all of which make the estimation of the 

peak center challenging.  

Nevertheless, it is clear that the observed distortions of the infrared signal is 

characteristic of the electromagnetic coupling between the nanoparticle substrate and the 

surface-bound chromophore, thus being clear evidence of a SEIRA. Thus, the results 

observed here indicate promising potential for SCN- to be used as an efficient SEIRA probe 

in future experiments. Unfortunately, however, nanoparticle stability could not be retained 

under the experimental conditions, suggesting that an alternate plasmonic material which 

could withstand the experimental conditions used here, while at the same time indicating 

plasmonic features in the MIR is warranted in moving forward.    

3.8 Summary, Conclusions and Future Direction 

The objective of this study was to observe a solution-phase SEIRA signal via a 

suitable chromophore bound on spherical gold nanoparticles. A series of experiments were 

conducted to observe a SEIRA signal using p-azidothiphenol and SCN- bound to 1st 

generation spherical gold nanoparticles. No change in signal was observed in the p-

azidothiphenol based SEIRA experiments, because of (1) low nanoparticle concentration, 

(2) instability of the nanoparticles in the presence of DMF, and (3) small enhancement 

factors associated with SEIRA.  

SCN- was then selected as an alternative chromophore, where experiments were 

conducted by replacing the citrate molecules on the nanoparticles with SCN- anions. IR 

spectra were collected at various nanoparticle concentrations as to observe evidence of 



89 
 
 

SEIRA. Interestingly, IR spectra collected in the presence of nanoparticles indicated clear 

band distortion, and signs of a plasmonic background, specifically at the higher 

nanoparticle concentrations. Such IR band distortion has been commonly observed in 

relation to previous solid state SEIRA investigations.7 Interestingly, the combination of the 

shifted frequency and the dispersive lineshape observed in these experiments, therefore, 

provide direct evidence of SIERA. 

 Generally, spherical nanoparticles are easy to synthesize, stable in solution and 

widely studied compared to other morphological forms of nanoparticles, and was thus used 

in these preliminary solution-phase SEIRA investigations. The plasmonic properties of 

spherical nanoparticles are, however, much less interesting compared to the more 

complicated morphologies. Nevertheless, various other morphological forms of gold as 

well as other noble metals are well known to exhibit plasmonic behavior which is extended 

into the NIR, or even the MIR wavelengths under unique conditions. With the better 

understanding of SEIRA obtained in these preliminary investigations, there is great 

potential for alternative nanostructures with IR plasmonic behavior to be used in the 

observation of a solution-phase SEIRA signal. Hence, the potential future direction of this 

study would be in elucidating better plasmonic materials that allows easy and efficient 

infrared enhancements to be realized in solution, via a suitably bound chromophore.  
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CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF PLASMONIC MATERIALS                             

WITH INFRARED ABSORPTION PROPERTIES  

4.1 Motivation: Nanoparticle Morphology and the Ensuing Optical Properties 

Many metallic nanoparticles exhibit dipole resonance spectral features in the 

ultraviolet (UV) and visible (VIS) regions of the electromagnetic spectrum.175 For instance, 

spherical gold nanoparticles, show strong dipole resonances in the visible region between 

520 - 550 nm originating from the collective oscillations of the free electrons (6s electrons 

of the conduction band in the case of gold), with the plasmon wavelength varying based on 

the size, shape, and the aggregation state of the nanoparticles as well as their local dielectric 

environment.176 The plasmonic properties of metallic nanostructures are strongly 

dependent on their structure and composition.175 Thus, the localized surface plasmon 

resonance (LSPR) of the materials can be shifted into the near infrared (NIR) or even the 

mid infrared (MIR) regions of the electromagnetic spectrum via anisotropic morphologies 

such as nanotriangles,177 nanoantennas,31 nanostars,176,178 and tetrapods.179 Alternatively, 

these lower energy spectral features can be generated by varying the distance between 

nanostructures,180 thus giving rise to intensified electric fields. Both strategies can yield 

nanoparticles with plasmonic properties that can be exploited for surface enhanced Raman 

and infrared spectroscopies (SERS and SEIRA).  

Unlike in the case of spherical nanoparticles suspended in a uniform medium, the 

plasmon resonance of non-spherical architectures reveal multiple, yet characteristic 
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plasmonic features. For instance, LSPR spectra of ellipsoids or nanorods reveal a 

longitudinal mode and a higher energy transverse mode.176,181 Similar multi-polar plasmon 

resonance spectra contain long wavelength spectral features, which have the potential to 

be utilized in SEIRA, SERS, as well as other LSPR sensing applications.182 Because 

radiation dampening and other dielectric constant properties increase with increasing 

particle size in general,183 these NIR and MIR properties are more difficult to observe and 

exploit for surface enhanced spectroscopies such as SEIRA.  

4.2 Plasmonic Properties of Gold Nanostars 

 One nanoparticle architecture that gives rise to NIR plasmon resonances are 

branched nanostructures. Branched gold nanostructures are complex architectures with 

plasmon resonances that can be tuned by controlling the diameter of the core particle as 

well as the length and density of the protruding branches.184,185 These nanostructures are 

generally composed of a core that serves as an efficient nanoscale antenna, which couples 

to the protruding branches (also known as tips, spikes, or arms) thereby giving rise to 

unique and tunable optical properties.185 For example, gold nanostars, can be modelled as 

truncated spheres with protruding prolate spheroidal tips. The optical properties of these 

materials can be explained using a hybridization model between the plasmon energies of 

the core and the tips of the nanostructures.182 As such, the anisotropic optical properties of 

gold nanostars exhibit plasmon resonances that were strongly dependent on the size (length 

and width) of the protruding tips.182 

Furthermore, these nanostar architectures exhibit multiple plasmon resonance 

features.186 Specifically, the high energy plasmon resonance feature of nanostars arise from 
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branch tips and the particle core. Mixing of the plasmon modes dramatically increases the 

extinction cross-section of the high energy mode(s).182 This mixing, in turn, results in very 

large electric field enhancements compared to those originating from individual tips,182,185 

making gold nanostars a preferred substrate for many applications where intense electric 

fields are desired. The conduction electrons that resonate at high energies compared to 

those associated with the tips couple adiabatically. The low energy oscillations increases 

the effective dipole moment of the high energy resonance, giving rise to both increased 

extinction cross-sections as well as electric field enhancements of the low energy nanostars 

plasmonic modes.182  

Of note, the antenna effect associated with the gold nanostar cores generates 

“extraordinary” electromagnetic near-fields at the sharp tips, which decay exponentially 

tens of nanometers from the tip surface185 thus enabling a range of applications including 

highly sensitive LSPR sensing,187 SERS,188 biomedicine,189 and thermosplasmonics.190 For 

instance, Hrelescu et. al. recently demonstrated that gold nanostars give rise to SERS 

enhancements up to 107 from individual nanostars. Impressively, these signal 

enhancements were observed without aggregation or resonance Raman mechanisms.191 

Instead, this phenomenon was attributed to molecules at the nanostar tips where the electric 

field strengths are largest,191 making gold nanostars a promising architecture in all surface 

enhanced spectroscopies.  

One limitation in using branched gold nanostructures in applications arises from 

the reagents used to grow these materials. For instance, the growth of gold nanostars 

requires a selective capping of the face-centered cubic lattice planes for growth of other 

planes.186 Although seed-mediated growth in aqueous media with various capping agents 
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such as cetyltrimethylammonium bromide (CTAB), polyvinylpyrrolidone, sodium citrate, 

etc. results in anisotropic nanostructures, produced materials suffer from heterogeneity, 

plasmon damping, linewidth broadening etc.185 Alternatively, gold nanostars can be 

synthesized directly using a seedless one-step redox reaction, using a Good’s buffer such 

as HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) as the capping 

agent.178,179 These synthetic routes result in nanostars with modulating geometries that 

depend on buffer concentration, Au3+ concentration, and the pH of the buffer.185 As such, 

the optical properties of these materials can be tuned throughout the visible region of the 

electromagnetic spectrum. 

Here, gold nanostars are synthesized using 2-[4-(2-hydroxyethyl)-1-piperazenyl] 

propanesulfonic acid (EPPS) (pKa = 8.4192) as both the buffer and reducing agent. This 

straightforward, seedless, and one-pot synthesis is used to vary the geometry of the 

synthesized nanostars by simple modification of the buffer concentration. Several features 

are noted. First, the gold nanostars exhibit up to three distinct plasmon features in the 

visible and infrared wavelengths. Second, these features are sensitive to the buffer 

concentration used during synthesis and are consistent with those previously reported for 

gold nanostars synthesized via alternative methods.176,178 Finally, the nanostars remain 

stably suspended in aqueous media for weeks without any visible signs of aggregation. 

Accordingly, these nanostructures are promising for solution phase surface enhanced 

spectroscopy in the NIR and MIR.  
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4.3 Synthesis of Gold Nanostars via Solution-phase Redox Chemistry 

The crystallographic planes of a metal influences the rate of growth to form 

branched nanocrystals following homogeneous nucleation.178 Xie et. al., for instance, 

reported three-dimensional branched gold nanocrystals containing one to eight tips at high 

yield (ca. 92%) could be synthesized via the simple reaction of an aqueous solution of 

chloroauric acid with the Good’s buffer, 2-[4-(2-hydroxyethyl)-1-piperazenyl] 

ethanesulfonic acid (HEPES) (Figure 4.1 (A)) at room temperature.178 While the 

mechanism of formation of gold nanostars is not fully understood, several strategies were 

previously hypothesized. First, a detailed analysis conducted by Liu et. al. revealed that 

high concentrations of HEPES (i.e., roughly 3000-fold excess of HEPES to gold salt) 

facilitated the long-range ordering of HEPES thus forming soft templates for the direct 

formation of anisotropic gold nanoparticle growth.179 Furthermore, density functional 

theory (DFT) calculations predicted that the sulfonate groups of HEPES molecules bind to 

the gold surfaces while the free hydroxyl groups facilitate the self-assembly and bilayer 

formation of the soft template via hydrogen bonding.179 Thus, the dual roles of the HEPES 

in reducing the gold salt while at the same time directing anisotropic growth allows the 

achievement of morphological control. In contrast, mechanisms at smaller ratios of HEPES 

to gold salt resulted in the formation of gold nanostars through piperazine ring directed 

capping and reduction.176,178,185 Whether high or low HEPES to gold ratios are used, gold 

nanostars form and their optical properties can be characterized. 

Given the importance of the Good’s buffer reagent, varying the composition of the 

molecule is expected to impact gold nanostar morphology. 2-[4-(2-hydroxyethyl)-1- 
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(A) 

 

(B) 

Figure 4.1 Chemical structures of (A) 2-[4-(2-hydroxyethyl)-1-piperazenyl] 

ethanesulfonic acid (HEPES) and (B) 2-[4-(2-hydroxyethyl)-1-

piperazenyl]propanesulfonic acid (EPPS). As can be seen, the two 

molecules are similar in functionality, and differ only by the additional  

-CH2- group between the piperazine ring and the sulfonic acid group. 

(Note that the sulfonic acid moiety of EPPS is deprotonated at the pH of 

7.4 used during synthesis) 
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piperazenyl]propanesulfonic acid, more commonly known as EPPS buffer (Figure 4.1 (B)), 

is functionally similar to HEPES but contains an additional -CH2- group between the 

piperazine ring and the sulfonic acid group. According to previous studies, EPPS can be 

successfully used in synthesizing gold nanostars, under identical experimental conditions 

used with HEPES.179 Furthermore, the presence of a longer alkane chain provides a 

template for the formation of longer branches versus those synthesized with HEPES thus 

giving rise to plasmonic features that are shifted into the infrared. 

To evaluate implications of buffer on star properties, gold nanostars were 

synthesized using chloroauric acid and the Good’s buffer EPPS via a one-step, solution-

phase redox chemistry reaction, where EPPS acts as the buffer as well as the reducing agent 

(vide infra). All glassware were cleaned with Aqua Regia (HCl:HNO3 in a 3:1 ratio by 

volume) and rinsed with Nanopure water. A 1 M stock solution of EPPS was prepared in 

Nanopure water (initial pH ~5.9), and the pH was adjusted to 7.4 ± 0.1 at 25 °C with 1 M 

NaOH. The stock concentration of EPPS was adjusted to reflect the volume of NaOH added 

during the pH adjustment (After pH adjustment the stock concentration of EPPS was ~850 

mM). Solutions (5.00 mL) of different EPPS concentrations (20, 40, 50, 60, 80, 100, 200, 

300, and 400 mM) were prepared by diluting the EPPS stock with Nanopure water. Finally, 

50 μL of 20 mM HAuCl4 solution was added to each solution followed by gentle swirling 

of the reaction vessel (20 mL glass vials). The solution was then allowed to react overnight. 

The color of the incubated solutions changed from colorless to red, blue, or green 

depending on the EPPS concentration. The resulting nanoparticle solutions were analyzed 

(vide infra). In addition, gold nanostars at 40 mM EPPS or HEPES were prepared under 
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identical experimental conditions to compare how buffer composition influenced the 

optical properties of the materials.  

4.4 Mechanism of Gold Nanostar Formation 

In a study by Habib et. al., the mechanism of nanostar formation by various Good’s 

buffers was extensively investigated using electron spin resonance (ESR) and cyclic 

voltammetry (CV).176 Here, the CV data indicated the mild reducing ability of the Good’s 

buffers and the ESR data indicated the generation of nitrogen-centered cationic free 

radicals from the Good’s buffers in the presence of Au(III). Corresponding to their findings 

with various other Good’s buffers, the mechanism of forming gold nanostars using EPPS 

can be summarized as below. 

Au(III) + EPPS → Au(II) + Cationic free radicals of EPPS 

2Au(II) → Au(III) + Au(I)  

Au(I) + EPPS → Au(0) + Cationic free radicals of EPPS 

nAu(0) → (Au(0))n, gold nanostars  

Cationic free radicals of EPPS + O2 → Degraded products 

4.5 Effect of Reducing Agent: HEPES versus EPPS  

The optical properties of the synthesized nanostars were characterized using UV-

visible spectroscopy. All extinction measurements were collected using a UV-visible 

spectrophotometer (BWTEK i-trometer) configured in transmission geometry and 

polymethyl methacrylate cuvettes with a 5 mm pathlength. 
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The synthesis of gold nanostars with HEPES is well-studied176,178,179 and replacing 

this well-known reducing agent with a different reagent is expected to impact the optical 

and/or structural properties of the synthesized product. For instance, LSPR spectra of gold 

nanoparticles prepared with 40 mM HEPES or EPPS are shown in Figure 4.2. Clear 

impacts of the reducing agent/buffer composition are observed. Two resonance features 

are observed. The first is a shoulder feature centered at ~530 nm and is consistent with the 

plasmonic properties of the gold core. The more intense spectral feature is observed at 

longer wavelengths and is consistent with branch properties. This plasmon feature is 

located at ~630 nm and ~652 nm for HEPES and EPPS products respectively. The observed 

red-shift likely results from changes in nanostructure geometry and the extent of plasmonic 

hybridization of the core and the individual tips of the synthesized nanostructures. 

Importantly, the longer hydrocarbon chain in the reducing agent EPPS facilitates 

directional growth as with HEPES. In summary, therefore, EPPS can be used as a reducing 

agent in the synthesis of gold nanostars where the visible extinction properties are 

qualitatively similar to those synthesized via well-established protocols using HEPES as 

the reducing agent.  

4.6 Effect of Buffer Concentration: Optical and Structural Variations 

The concentration of buffer reagent should impact gold nanostructure morphology 

(i.e., branch length and/or core diameter). To evaluate these trends, EPPS concentration 

was varied from 20 and 400 nM during the synthesis of gold nanostars. Photographs of the 

resulting suspensions are shown in Figure 4.3. The solution color varies from red, purple, 

blue, green, and grey with increasing EPPS concentration. To better understand the source 
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Figure 4.2 Comparison of the LSPR spectra of gold nanostars synthesized at 40 mM 

buffer concentration where (A) HEPES and (B) EPPS is used as the 

buffer. As can be seen there is a red shift in the extinction maximum 

wavelength (λmax) when EPPS is used versus HEPES.  
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Figure 4.3 Photographs of gold nanostar solutions synthesized at 20, 40, 50, 60, 80, 100, 200, 300, and 400 mM EPPS 

concentrations going from A to I respectively. As can be seen, the color of the solutions change from red, purple, blue, 

green, to grey.   
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of these colors, LSPR spectra are collected and shown in Figure 4.4. Several features are 

noted. First, a small resonance centered at 565 ± 17 nm is observed for all samples (Table 

4.1). Second, a low energy secondary feature shifts to longer wavelengths, then saturates 

as EPPS concentration increase (Table 4.1). This suggest that branch length is increasing 

with increasing EPPS concentration.185 Finally, resonances, that extend beyond the visible 

wavelengths (vide supra) are observed and become increasingly prominent at the highest 

buffer concentration.  

In addition, the magnitude of the longest visible resonance extinction at the λmax 

increases with increasing buffer concentration until a ~100 mM EPPS concentration is 

used. Given the growth mechanism of the nanostars, not all gold salt should be consumed. 

This is confirmed via analysis of residual choloroauric (at ~387 nm, see Figure 4.5). Thus, 

the variation in the extinction at the lowest energy visible λmax likely stems from the 

synthesis of nanoparticles with higher extinction coefficients as the buffer concentration 

increases. Previously, the large extinction cross-sections of gold nanostars were shown to 

stem from the coupling of electric fields due to the core and the protruding tips,182 which 

in turn are sensitive to structural variations caused by varying buffer concentrations.  

In order to better understand morphological variations caused by changing the 

buffer concentration, samples of synthesized gold nanostars were imaged using 

transmission electron microscopy (TEM). Aliquots (500 μL) of the nanoparticle solutions 

at EPPS concentrations of 100 and 400 mM were selected for imaging as these exhibited 

the most encouraging results for IR applications. As the high salt concentrations in the as-

synthesized often interferes with imaging, the samples were centrifuged in 2 mL centrifuge 

tubes at 2000 g (4615 RPM) for 30 minutes using a microcentrifuge (Eppendorf Centrifuge 
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Figure 4.4 LSPR spectra of gold nanostars synthesized using 20 - 400 mM EPPS. 

Note the wavelengths of maximum extinction as well as the magnitude 

of the extinction at this wavelength systematically changes with EPPS 

concentration. Notably, there is evidence of a plasmonic features 

extending beyond the visible, especially at the higher EPPS 

concentrations.   
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Table 4.1 Absorption maximum wavelengths (λmax) of the primary, secondary, and 

tertiary plasmon resonance features of gold nanostars synthesized at 

various EPPS concentrations determined from the zero point crossing value 

of the first derivative of each spectrum using MathCAD.  

EPPS concentration 

(mM) 

Values of λmax (nm) of the plasmon resonance features 

Primary Secondary Tertiary 

20 ~550* 626.0 - 

40 ~550* 660.4 - 

50 ~550* 674.5 - 

60 535.1 695.0 - 

80 557.0 717.7 ~1000* 

100 565.0 727.9 1040.4 

200 578.3 770.7 1133.5 

300 577.4 767.9 1134.9 

400 577.5 749.8 1116.0 

 

              * Exact values could not be obtained for λmax because these peaks 

appeared as weak shoulders under the strong secondary plasmon 

resonance absorption features. 
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Figure 4.5 LSPR spectra collected before and after each round of centrifugation 

during the process of decreasing the EPPS concentration in the as-

synthesized medium for gold nanostars synthesized at (A) 100 and (B) 

400 mM EPPS concentrations with λmax centered at ~720 and ~740 nm 

respectively. Note that the legends on each plot indicate the EPPS 

concentration used for resuspension after each successive round of 

centrifugation.  
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5424). The supernatant was replaced by a lower concentrated EPPS solution as to gradually 

lower the EPPS concentration in the medium to a final 5 mM concentration. Thus, the bulk 

EPPS concentrations were reduced consecutively from 100, 20, and 5 mM or 400, 100, 20, 

and 5 mM for the samples synthesized at initial EPPS concentrations of 100 and 400 mM, 

respectively. 

The LSPR of the samples were monitored after each round of centrifugation to 

ensure the stability of the samples. The extinction spectra, as indicated in Figure 4.5 suggest 

that the samples remain stably dispersed after each round of centrifugation with no 

evidence of structural deformations (as evidenced by the optical properties associated with 

the stars remaining unchanged). These data also suggest the removal of excess gold salt as 

evidenced by the reduction of absorbance centered at ~387 nm. In all cases, 10 μL of a 

diluted nanoparticle solution (20 % mixture in ethanol) was applied to a carbon-formvar 

coated copper grid (400 mesh, Ted Pella or Electron Microscopy Sciences) and allowed to 

air dry prior to imaging. The samples were imaged using JEOL JEM-1230 Electron 

Microscope as shown by the representative TEM images in Figure 4.6. The resulting 

images were analyzed using Image J Analyzer, and 100 nanoparticles were evaluated per 

sample. 

Similarities and differences between the two samples are noted in the TEM images. 

First, the number of tips (spikes) on the individual nanostars varied between 3 and 5, while 

the samples predominantly contained tetrapod nanostructures (i.e., nanostars with 4 spikes 

per particle). This is consistent with the literature where Good’s buffers such as HEPES 

resulted in predominantly branched tetrapod nanostructures.179 Second, the nanostars 

synthesized using 100 mM EPPS exhibited an average largest tip-to-tip distance of 295 ± 
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Figure 4.6 TEM images of gold nanostars synthesized at (A) 100 and (B) 400 mM 

EPPS concentrations. In both samples, the number of tips per nanostars 

ranged from 3 - 5 while most particles had 4 tips. The largest tip-to-tip 

distance of the nanostars were 295 ± 112 and 388 ± 200 nm for the 

nanostars synthesized at 100 and 400 mM EPPS concentrations, 

respectively. The average tip length in the nanostars were 109 ± 50 and 

139 ± 88 nm for the nanostars synthesized at 100 and 400 mM EPPS 

concentrations respectively (100 nanoparticles were analyzed in each 

sample). 
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112 nm, whereas those synthesized at a 400 mM EPPS concentration were significantly  

larger (388 ± 200 nm). These large standard deviations are attributed to particle 

heterogeneity as seen in Figure 4.6. As previously noted, the lowest energy visible plasmon 

features of gold nanostars is associated with the branches with hybridization contributions 

from the core of the nanostars.182 Hence, the nanostar branch morphology (length, width, 

etc.) is important in determining the position of these low energy visible bands in the 

extinction spectra. Upon analysis of the TEM images, the average branch length of the 

nanostars synthesized at 100 mM EPPS was 109 ± 50 nm while those synthesized using 

400 mM EPPS were 139 ± 88 nm. Thus, these branch length differences can be used to 

understand the low energy visible plasmon resonance observed for the two nanostar 

samples. Once again, large standard deviations are observed here as the nanostars are 

heterogeneous in branch length, where on most particles at least one branch was 

significantly longer than the others. This is consistent with anisotropic or directional 

growth of branches during the synthesis of nanostars. Although both TEM analysis and 

visible extinction spectra indicated material differences, further spectroscopic 

investigations at the infrared frequencies is warranted in order to obtain a better 

understanding of the buffer concentration effects on the lowest energy plasmon resonance.  

4.7 Infrared Optical Properties of Gold Nanostars 

Although the visible plasmonic properties of gold nanostars are well-studied, fewer 

investigations of their infrared plasmon properties have been performed. According to a 

recent study conducted by Lee and Kwak, discrete dipole approximations of gold nanostars 

exhibit a primary plasmon resonance at high energies due to the inner core, while secondary 
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and tertiary resonances may also exist as a result of the protruding branches.193 The 

secondary resonance is typically a result of the hybridization of the core and the individual 

branches, while the tertiary resonance results from the coupling between the protruding 

branch(es).193 The plasmonic properties of nanostars can be understood in terms of 

morphology, which consists of spherical as well as elongated (nanorod-like) architectures 

thus giving rise to multiple plasmon resonance features.  

To evaluate these spectral variations, LSPR spectra are collected for the nanostar 

samples so that optical data ranging from 450 - 1400 nm can be observed. From these 

spectra, variations in plasmonics of the spherical core and branches can be observed. To 

investigate the plasmonic variations that extend beyond the visible frequencies, near 

infrared (NIR) spectra are also collected using a FTIR spectrophotometer (Bruker Tensor 

27) configured in transmission geometry and equipped with a NIR light source and a 

deuterated triglycine sulfate (DGTS) detector. Note that the FTIR sample compartment 

was modified to hold the polymethyl methacrylate cuvettes used in the extinction 

measurements to preserve consistency between measurements. All spectra collected using 

a 5 mm pathlength, and a Nanopure water blank are shown in Figure 4.7. Each pair of 

visible and NIR spectra were overlapped at 1000 nm. Thus, the NIR spectra were 

multiplied by a constant to correct for slight pathlength variations and to match the 

absorbance with the visible spectrum.  

Three plasmon features are highlighted from these spectra; (1) a weak primary 

plasmon feature at wavelengths < 600 nm, (2) an intense secondary plasmon feature 

between 600 - 900 nm, and (3) a broad tertiary plasmon feature at wavelengths > 900 nm. 

The λmax values of each of these features for gold nanostars synthesized with various EPPS 
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Figure 4.7 Combined visible and NIR spectra of the synthesized gold nanostars. 

The visible and NIR spectra were collected separately using a 5 mm 

pathlength and were aligned at 1000 nm. The data beyond 1450 nm is 

not shown here due to the interference from the strong absorption of 

infrared radiation by water around this wavelength.  
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concentrations is summarized in Table 4.1. According to previous analysis conducted by 

Webb et. al. with gold nanostars synthesized with HEPES, the plasmon features of nanostar 

structures are explained via a hybridization model where the plasmon properties of the core  

and the branches are hybridized to produce bonding and anti-bonding plasmonic  

features.185 The primary plasmon features are attributed to the anti-bonding plasmon 

feature, which is primarily contributed by the core plasmons, whereas the secondary 

plasmon features are predominantly attributed to the bonding plasmon feature, where the 

predominant contributions are those of branches with a finite contribution from the core.185 

The shoulder or tertiary plasmon feature observed at lower energy arise from the 

hybridization of the plasmons of multiple branches of a nanostar and imply that this inter-

branch hybridization (1) increases the extinction cross-section of the bonding nanostar 

plasmons due to the admixture of the core plasmons in the bonding plasmon mode, and (2) 

enhances the dipole moment of the branch plasmons.185 

Further, the nanostar core behaves as an antenna effectively increasing the near-

field enhancements of the bonding plasmons and therefore, as the nanostar branch 

dimensions (length, width, and density) increase, stronger hybridization occurs between 

the core and branch plasmons, increasing the energy-level splitting between the bonding 

and anti-bonding plasmon modes.185 This enhanced hybridization, thus, gives rise to a red 

shift in the λmax of the secondary (or bonding) plasmon feature as the nanostar branches 

become larger in dimensions. Here, variations in the branch dimensions are observed by 

varying the EPPS concentration. The EPPS concentration dependent spectra in Figure 4.7 

as well as the corresponding values of λmax for the secondary plasmon feature reported in 

Table 4.1 are therefore consistent with the explanation above.   
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Interestingly, the NIR spectral features observed for the nanostars was clearly 

sensitivity to the buffer concentration used during synthesis. Initially, at lower EPPS 

concentrations, this feature is present as a weak, shoulder on the secondary plasmon. But 

at high enough EPPS concentrations, the plasmon is shifted into the NIR portion of the 

spectrum while at the same time increasing its intensity. Note that as a relatively large (5 

mm) pathlength was used in collecting the IR spectra, the overtone water band present near 

1400 nm (i.e. ~7150 cm-1) interfered in observing any residual plasmonic behavior beyond 

this wavelength.  

Structural anisotropy or the breach in structural symmetry of nanostars is known to 

result in higher order plasmon features as well as to enhance the intensity of the dark 

modes.194 The tertiary plasmon feature described above, therefore, can be attributed to non-

symmetric gold nanostars synthesized here (vide supra). Further, the non-symmetry of the 

synthesized nanostars were more apparent at the higher 400 mm EPPS concentration 

compared to the lower 100 mM concentration. Increase in intensity of the tertiary plasmon 

feature observed here as the buffer concentration increased is hence consistent with the 

concentration dependent structural anisotropy of the synthesized gold nanostars.  

Many nanoscale architectures of gold are known to exhibit plasmonic features in 

the visible wavelengths while being well-dispersed in solution. However, architectures that 

exhibit plasmonic behavior that extends into the infrared wavelengths while being well 

dispersed in solution is scarce to date. Interestingly, the outlined synthesis provides a 

straightforward and simple procedure to synthesize gold nanostructures with NIR 

plasmonic character that can be stably dispersed in solution. Further, these plasmons can 

be easily tuned by the simple variation of the buffer concentration used in synthesis. 
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Notably, the plasmonic features extended into the NIR, while indicating broad resonances 

especially for the larger (> 100 mM) EPPS concentrations.  

4.8 Summary, Conclusions and Future Direction  

Herein, a seedless, one-step synthesis of gold nanostars was demonstrated with 

tunable plasmon resonances via the simple variation of buffer concentration used during 

synthesis. The EPPS buffer plays multiple roles during the synthesis, by simultaneously 

serving as the reducing agent for gold as well as a template for directing anisotropic growth 

of the nanoparticles. Hence, the optical properties and morphology variations of the 

nanostars were conducted to understand variations caused by the buffer used during 

synthesis. Good correlation between the nanostar morphology and optical properties are 

observed, both of which change consistently with varying EPPS concentration.  

Plasmonic tunability is an important consideration for nanomaterial synthesis in the 

many applications where the optical properties of the nanomaterials are imperative. For 

instance, plasmonic materials with resonances at or near the excitation wavelength is 

believed to be desirable for SERS applications. Importantly, plasmonic material with 

absorption properties extending into the infrared have the potential applicability in SEIRA. 

Thus, the outlined procedure for the synthesis of gold nanostars with plasmons extending 

into the NIR will be important in the rational design, synthesis, and applications of gold 

nanostars in novel surface enhanced spectroscopies.  

The outlined synthesis was simple, and straightforward, especially in contrast to 

typical nanomaterial synthetic procedures where many parameters including temperature, 

reaction time, and the addition rates are extensively controlled during synthesis. However, 
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a drawback to the lack of controls is the reproducibility of the resulting material. Hence, 

detailed investigations of the many variables that may alter the properties of the 

nanomaterials synthesized here, for example temperature, pH of the medium, ionic strength 

etc. should be extensively studied if more precise control of nanoparticle properties are 

desired.  

Another potential future direction is to investigate the applicability of these 

nanomaterials in various nanotechnology applications. For instance, the gold nanostars 

synthesized here at EPPS concentrations exceeding 200 mM indicate a broad plasmon 

centered at ~760 nm. These particles, therefore, indicate promising potential as SERS 

substrates where a typical excitation wavelength of 785 nm can be successfully used in 

observing a SERS signal. Further, with the synthesized nanomaterials clearly exhibiting 

broad NIR plasmonic behavior, they are likely to be ideal candidates in observing a SEIRA 

signal via a suitably bound infrared chromophore. Importantly, in addition to the above 

plasmon tunability, the significant solution-phase stability and the tolerance to high ionic 

strength as observed with these gold nanostars are likely to produce an ideal system for 

future SEIRA investigations. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTION 

The scope of the material discussed herein can be broadly categorized as being 

focused on achieving three distinct objectives: (1) refining the accuracy and predictability 

of functionalized nanoparticle stability via proposing apt improvements in parametrization 

to the well-known xDLVO theory, (2) investigations of the ability of gold nanospheres in 

producing surface-enhanced infrared absorption via a suitably bound chromophore, and (3) 

the development of a straightforward and simple procedure to synthesize gold 

nanostructures with plasmonic character extending into the infrared wavelengths. The 

individual objectives were dealt with in detail in the preceding chapters, however, the 

overall objective of this work is the development of a model system for the observation of 

a surface-enhancement using solution-phase nanoparticles with applications in SEIRA and 

SE-2D IR spectroscopies.  

It is important to note that all objectives stated above represent initial steps in 

attaining this ultimate objective. First, an increased comprehension of nanostructure 

stability and the ensuing physical and chemical properties was achieved via xDLVO 

modelling. Then, a better understanding of the nanoparticle morphology as well as the 

nanoparticle-solution interface in spectroscopic applications of nanomaterials of various 

morphology was achieved in the eventual investigations, with emphasis on the many 

factors that are essential considerations for solution-phase SEIRA spectroscopy. Hence, 

the overall comprehension achieved here is imperative in allowing an ideal system to be 

designed, developed, and applied in observing a competent infrared surface enhancement.   
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The xDLVO improvements were developed for functionalized, spherical gold 

nanoparticles. Nevertheless, we have come to the understanding that nanomaterials of 

spherical morphology are not robust SEIRA substrates, thereby requiring more 

complicated morphological forms to be utilized. Hence, a possible future direction is to 

investigate ways of adopting the DLVO framework with complicated, non-spherical 

morphologies. This has previously been done in terms of widely used nanoparticle 

morphologies such as nanotubes.77,195 However, close attention to the intricate details of 

calculating the individual interaction potentials is required if this model is to be adopted 

for complicated morphologies such as nanostars, nanorods, tetrapods, etc.  

Second, a significant parametrization modification was conducted by the 

incorporation of a size-dependent Hamaker constant in calculating the van der Waals 

interactions. Many assumptions, however, were incorporated due to the limited availability 

of simple models explaining the size-dependent dielectric properties of a metal. Hence, 

further modifications are required in order to increase the accuracy of the calculated size-

dependent Hamaker constant values of gold nanoparticles. This, in turn, would be of 

widespread interest to many nanotechnology applications as van der Waals interactions 

often dominate nanoparticle interactions, thereby allowing nanoparticle stability to be 

easily predicted or even controlled, via the accurate knowledge of these interactions, 

resulting from better estimations of the Hamaker constant. 

Third, in the detailed investigations of the ability of gold nanospheres in producing 

a surface enhancement, direct evidence of SEIRA was revealed in the IR spectra of SCN- 

with 1st generation gold nanospheres. This was via the combination of the shifted frequency 

and the anomalous lineshape observed in these experiments. However, the spectra obtained 
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here do not allow us to separately quantify the absorptive and dispersive lineshape 

contributions to the total signal. In turn, knowledge on these relative contributions would 

allow us to obtain a better understanding of the enhancement mechanism, while at the same 

time allowing quantification of the enhancement. Hence, further experiments that 

investigate this anomalous lineshape are important. For example, the spectra reported were 

collected for samples where both free and surface-bound SCN- was present, and gave rise 

to the observed lineshape. If spectra could be collected after the removal of the free analyte 

in the system thereby eliminating the absorptive contributions from the free analyte, the 

enhanced (surface-bound) signal could be easily isolated, allowing more in-depth analysis.  

Forth, it is clear that non-spherical geometries of nanostructures are more efficient 

for IR plasmonic applications as they are well-known to exhibit plasmonic features in the 

IR wavelengths, however, a problem that needs to be addressed is the solution-phase 

stability of such plasmonic nanostructures. A straightforward and simple procedure was 

developed to synthesize gold nanostructures with plasmonic character clearly extending 

into the infrared wavelengths was presented. Regardless of their dimensions, these 

nanoparticles were stably suspended in solution for at least few weeks and could withstand 

high ionic strengths, both of which are in favor of solution-phase SEIRA applications. 

Importantly, the plasmon resonances of the synthesized nanostars could be easily tuned by 

simple variation of the buffer concentration used during the synthesis and could be 

exploited in applications.  

With the successful synthesis of IR plasmonic nanomaterials, the next step would 

be to utilize these structures in various forms of surface enhanced spectroscopies. 

According to previous reports, gold nanostars have produced SERS enhancements as high 
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as 107 from individual nanostars, without the need to form hotspots in the junctions 

between aggregated particles or resonance Raman effects.191 The gold nanostars 

synthesized here could be used in SERS experiments thus allowing a better understanding 

of these structures as potential surface enhanced spectroscopy substrates. These 

experiments could be also extended to SEIRA experiments where the IR plasmon 

resonance features of the gold nanostars might contribute to surface enhancements.  

Finally, the systems developed for observing a SEIRA signal can be used in SE-2D 

IR experiments, whereby the enhancements can be quantified more accurately, allowing 

for a better understanding of surface enhancement mechanisms to be learned. More 

importantly, the successful application of a model SEIRA system in SE-2D IR could be 

followed by the incorporation of these nanostructures into the many scientifically relevant 

systems, where measuring a 2D IR signal is difficult owing to low signal intensity. 

Fortunately, the SEIRA enhancements are more significant for SE-2D IR, and hence even 

a modest enhancement in SEIRA could be followed by a substantial enhancement being 

observed in SE-2D IR spectroscopy, thereby allowing widespread applicability of the 

infrared surface enhancement phenomena.  

 

 

 



118 
 
 

APPENDIX A 

CALCULATION OF SUPPLEMENTARY VARIABLES FOR XDLVO 

MODELLING OF NANOPARTICLE STABILITY 

Inverse Debye Length. The inverse Debye length (κ) of a system is calculated as follows: 
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where e is the elementary electric charge, ε0 is the permittivity of vacuum, εr is relative 

permittivity of the solution, and zi and ni are the charge and number concentration of each 

ionic species in solution, respectively. (oshima Effective Surface Potential and Double‐Layer 

Interaction of Colloidal Particles 1995) 

 

Volume Fraction of a Ligand. The volume fraction of a ligand (ϕp) is determined by the 

following relationship;  
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where ρd is the density of the (pure) SAM ligand, and Γmax is the surface density in units of 

ligand mass per nanoparticle surface area estimated from X-ray photoelectron 

spectroscopy.1 
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APPENDIX B 

THEORETICAL FRAMEWORK FOR DETERMINING THE SIZE-

DEPENDENT HAMAKER CONSTANTS OF SPHERICAL GOLD 

NANOPARTICLES 

Size-Dependent Imaginary Dielectric Permittivity Calculations and the Hamaker 

Constant. According to Lifshitz theory, the Hamaker constant is calculated as follows 
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Here, εNP(iω) and εM(iω) are the dielectric permittivity of the metal (nanoparticle) 

and of the medium as a function of the imaginary frequency iω, respectively. The values 

of εNP(iω) and εM(iω) can be calculated using the imaginary component of the dielectric 

constant of the material (Im εNP(x)) as follows 
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(B3)

The imaginary part of the bulk dielectric permittivity can be measured 

experimentally, but it must be corrected to account for size dependence. As the nanosphere 

diameter decreases, the fraction of surface atoms with dangling bonds increases and 

electron confinement leads to discrete electronic densities of states. Collectively, these 

effects cause the dielectric properties of nanoparticles to deviate significantly from those 
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of the bulk.112 To account for the size dependence of the imaginary dielectric permittivity 

for a metal nanoparticle, a correction term as a function of frequency (ω) and nanoparticle 

radius (a) can be calculated using the expression  

     
2

3
Im , Pa a

   


  
 

(B4)

where ωP is the plasma frequency (5.8 x 1015 s-1), γ is the electron scattering rate (0.01 ωP), 

and γ(R) is the size-dependent electron scattering rate, which can be calculated as follows 

  Fv
a C

a
  

 
(B5)

Here, VF is the Fermi velocity (1.39 x 106 ms-1) and and C is a dimensionless 

constant that accounts for the chemical composition and the size-dependent mean free path 

that leads to size-dependent electron scattering of the material, respectively.196,197 The 

constant C in these calculations is taken to be 1 for gold, assuming the angular dependence 

of the scattering of each electron to be isotropic. Now, the size corrected dielectric 

permittivity of the metal can be calculated by adding the size-dependent correction to the 

imaginary dielectric permittivity (Δ(Imε(ω,a))) to the experimentally measured bulk value 

of the imaginary dielectric permittivity at each wavelength. These size-corrected values 

can then be used to determine the Hamaker constant using equations B1-B3 where we 

approximate the integrals as discrete summations that run over the full range of the 

experimental data.  
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APPENDIX C 

SUPPLEMENTARY CHARACTERIZATION OF THE SYNTHESIS PRODUCT 

P-AZIDOTHIOPHENOL 

 

Figure C.1 1H-NMR spectrum of the synthesis product, p-Azidothiophenol 
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Figure C.2 Mass spectrum of the synthesis product, p-Azidothiophenol 
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APPENDIX D 

MATLAB FUNCTION FOR THE DETERMINATION OF INTERACTION PAIR 

POTENTIALS OF NANOPARTICLES VIA THE XDLVO THEORY 

function XDLVO 

  

%  This function calculates and plots the interaction potential 

between 2 NPs of specified radius a (nm) as a function for 

separation distance (nm), using the extended-DLVO theory. The other 

parameters of the system can be changed from within the code. 

Compiled by Lahiru Wijenayaka on 28.04.14 (Last modified on 

11.25.14) 

   

% Constants 

E0=8.854E-12;           % F/m  

kB=1.381E-23;           % J/K 

e=1.602E-19;            % C 

Na=6.022E23;            % /mol 

  

% System parameters 

T=298.15;               % K 

Er=78.4;                % unitless 

a=6.5;                  % Nanoparticle radius (nm  

A=3.7E-19;              % Hamaker constant 

I=63;                   % mM (same as mol/m3) 

ZP=-20.9;               % mV  
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% SAM parameters  

MW=148.22;              % Molecular weight of ligand (g/mol) 

d=1.087;                % Density of ligand (g/cm3) in pure form  

l=1.13;                 % Molecule length (nm)  

Pd=4.58E14;             % SAM packing density (molecules/cm2)  

Theta=39;               % Tilt angle (degrees)  

   

% Solvent parameters 

MWs=18.01528;           % Molecular weight of solvent (g/mol) 

ds=1000000;             % Density of solvent molecules (g/m3)  

X=0.45;                 % Flory Huggins solvency parameter  

  

% Calculation of parameters 

s=[0.001:0.01:10];                                                            

% Separation distances in nm 

K=(((2*Na*e*e*I)/(E0*Er*kB*T))^0.5)*(1E-9);                                    

% Inverse Debye length in nm-1 

t=l*cos(Theta*(pi/180));                                                      

% SAM thickness (nm) 

Psi0=(ZP*0.001)*(1+(1/(K*a)))*exp(1);                                         

% Surface potential in V 

Y=(8*tanh((e*Psi0)/(4*kB*T)))/(1+((1-

(((2*K*a)+1)/(((K*a)+1)^2)*((tanh((e*Psi0)/(4*kB*T)))^2)))^0.5)); 

% Factor required to calculate Vele 

C=(1000*10000*Pd*MW)/Na;                                                      

% Surface concentration of SAM (mg/m2) 

VF=(3*C*a*a)/(d*(((t+a)^3)-(a^3)));                                          

% Volume fraction of SAM (unitless) 
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MVs=MWs/ds;                                                                   

% Molar volume of solvent (m3/mol) 

   

% Calculation of potentials 

     % Van der Waals 

Vvdw=-

(A/(6*kB*T))*(((2*a*a)./(((4*a)+s).*s))+((2*a*a)./(((2*a)+s

).^2))+log((((4*a)+s).*s)./(((2*a)+s).^2)));        

% Van der Waals potential (/kT)       

    

    % Electrostaic  

        if (K*a)<5 

Vele=((4*pi*E0*Er*a*a*(1E-18)*Y*Y*kB*T)/(e*e)).*((exp(-

K.*s))./((s+(2*a))*(1E-9)));                      

% Electrostatic potential at Ka<5 (/kT) 

        else  

Vele=((2*pi*E0*Er)/(kB*T))*(Psi0^2)*(a*(1E-9))*log(1+exp(-

K.*s));                                       

% Electrostatic potential at Ka>5 (/kT)         

        end         

 

    % Osmotic 

        for i=1:length(s); 

        if s(i)<t; 

Vosm(i)=(((4*pi*Na*a*(1E-9)*VF*VF*t*t*(1E-18))/(MVs))*(0.5-

X)).*((s(i)./(2*t))-(1/4)-log(s(i)./t));          

% Osmotic potential at s<t (/kT) 

        elseif s(i)<(2*t);  
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Vosm(i)=(((4*pi*Na*a*(1E-9)*VF*VF)/(MVs))*(0.5-X)).*((t-

(s(i)./2))^2).*(1E-18);                              

% Osmotic potential at t=<s<2t (/kT) 

        else    

Vosm(i)=0;                                                              

% Osmotic potential at s>=2t (/kT) 

        end   

    end          

     

    % Elastic 

    for i=1:length(s);      

        if s(i)<t; 

Vela(i)=((2*pi*Na*a*(1E-9)*VF*t*t*(1E-

18)*d*(1E6))/(MW)).*(((s(i)./t).*log((s(i)./t).*(((3-

(s(i)./t))./2).^2)))-(6.*log((3-(s(i)./t))./2))+(3.*(1-

(s(i)./t))));          

% Elastic potential at s<t (/kT) 

        else   

Vela(i)=0;                                                              

% Elastic potential at s>=t (/kT)  

        end 

    end 

  

    % Total interaction potential (/kT) 

      Vt=Vvdw+Vele+Vosm+Vela;                    
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% Plotting the output 

p=plot (s,Vvdw,'b--',s,Vele,'k--',s,Vosm,'g--',s,Vela,'m--

',s,Vt,'r',s,0,'k'); 

set(p(5),'linewidth',1.5) 

xlim([0 10]) 

ylim([-20 30]) 

xlabel('Separation distance (nm)') 

ylabel('Potential/kT (unitless)') 

legend('Van der 

Walls','Electrostatic','Osmotic','Elastic','Total'); 

  

% Saving the output in txt format 

A=[s; Vvdw; Vele; Vosm; Vela; Vt]; 

fileID = fopen('Au@MHA.txt','w'); 

fprintf(fileID,'%7s %12s %13s %11s %14s 

%10s\n','s(nm)','Vvdw(/kT)','Vele(/kT)','Vosm(/kT)','Vela(/kT)','

Vt(/kT)');  

fprintf(fileID,'%6f %12f %12f %12f %12f %12f\n',A); 

fclose(fileID); 

end 
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APPENDIX E 

MATLAB BASED GUI FOR THE DETERMINATION OF INTERACTION PAIR 

POTENTIALS OF NANOPARTICLES VIA THE XDLVO THEORY 

function varargout = XDLVO_GUI(varargin) 

  

%  XDLVO_GUI MATLAB code for XDLVO_GUI.fig 

%  This GUI calculates and plots the interaction potential between 2 

NPs of specified radius a (nm) as a function of separation distance 

nm), using the extended-DLVO theory 

%  Last Modified by GUIDE v2.5 25-Nov-2014 10:33:50 

%  Compiled by Lahiru Wijenayaka on 11.24.14 (Last modified on 

12.05.14) 

  

% Begin initialization code 

gui_Singleton = 1; 

gui_State = struct('gui_Name',       mfilename, ... 

                   'gui_Singleton',  gui_Singleton, ... 

                   'gui_OpeningFcn', @XDLVO_GUI_OpeningFcn, ... 

                   'gui_OutputFcn',  @XDLVO_GUI_OutputFcn, ... 

                   'gui_LayoutFcn',  [] , ... 

                   'gui_Callback',   []); 

if nargin && ischar(varargin{1}) 

    gui_State.gui_Callback = str2func(varargin{1}); 

end 

if nargout 

    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
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else 

    gui_mainfcn(gui_State, varargin{:}); 

end 

% End initialization code 

 

function XDLVO_GUI_OpeningFcn(hObject, eventdata, handles, varargin)  

handles.output = hObject; 

% Update handles structure 

guidata(hObject, handles);  

function varargout = XDLVO_GUI_OutputFcn(hObject, eventdata, handles)  

varargout{1} = handles.output; 

 

function IS_Callback(hObject, eventdata, handles) 

IS = str2double(get(hObject, 'String')); 

if isnan(IS) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.IS = IS; 

guidata(hObject,handles) 

function IS_CreateFcn(hObject, eventdata, handles)  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function Zeta_Callback(hObject, eventdata, handles)  

Zeta = str2double(get(hObject, 'String')); 
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if isnan(Zeta) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end  

handles.metricdata.Zeta = Zeta; 

guidata(hObject,handles)  

function Zeta_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

function Hamaker_Callback(hObject, eventdata, handles) 

Hamaker = str2double(get(hObject, 'String')); 

if isnan(Hamaker) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end  

handles.metricdata.Hamaker = Hamaker; 

guidata(hObject,handles)  

function Hamaker_CreateFcn(hObject, eventdata, handles)  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function Radius_Callback(hObject, eventdata, handles) 

Radius = str2double(get(hObject, 'String')); 

if isnan(Radius) 
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    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.Radius = Radius; 

guidata(hObject,handles)  

function Radius_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function LMW_Callback(hObject, eventdata, handles) 

LMW = str2double(get(hObject, 'String')); 

if isnan(LMW) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.LMW = LMW; 

guidata(hObject,handles)  

function LMW_CreateFcn(hObject, eventdata, handles)  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

 

function LD_Callback(hObject, eventdata, handles) 

LD = str2double(get(hObject, 'String')); 

if isnan(LD) 
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    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.LD = LD; 

guidata(hObject,handles) 

function LD_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function LL_Callback(hObject, eventdata, handles) 

LL = str2double(get(hObject, 'String')); 

if isnan(LL) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.LL = LL; 

guidata(hObject,handles) 

function LL_CreateFcn(hObject, eventdata, handles)  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

function SAMD_Callback(hObject, eventdata, handles)  

SAMD = str2double(get(hObject, 'String')); 

if isnan(SAMD) 

    set(hObject, 'String', 0); 
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    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.SAMD = SAMD; 

guidata(hObject,handles) 

function SAMD_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function Tilt_Callback(hObject, eventdata, handles) 

Tilt = str2double(get(hObject, 'String')); 

if isnan(Tilt) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.Tilt = Tilt; 

guidata(hObject,handles) 

function Tilt_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function Temp_Callback(hObject, eventdata, handles) 

Temp = str2double(get(hObject, 'String')); 

if isnan(Temp) 

    set(hObject, 'String', 0); 
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    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.Temp = Temp; 

guidata(hObject,handles) 

function Temp_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

function Perm_Callback(hObject, eventdata, handles) 

Perm = str2double(get(hObject, 'String')); 

if isnan(Perm) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.Perm = Perm; 

guidata(hObject,handles) 

function Perm_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function SMW_Callback(hObject, eventdata, handles) 

SMW = str2double(get(hObject, 'String')); 

if isnan(SMW) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 
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end 

handles.metricdata.SMW = SMW; 

guidata(hObject,handles) 

function SMW_CreateFcn(hObject, eventdata, handles)  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function SD_Callback(hObject, eventdata, handles) 

SD = str2double(get(hObject, 'String')); 

if isnan(SD) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 

end 

handles.metricdata.SD = SD; 

guidata(hObject,handles) 

function SD_CreateFcn(hObject, eventdata, handles)  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

function FH_Callback(hObject, eventdata, handles) 

FH = str2double(get(hObject, 'String')); 

if isnan(FH) 

    set(hObject, 'String', 0); 

    errordlg('Input must be a number','Error'); 
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end 

handles.metricdata.FH = FH; 

guidata(hObject,handles) 

function FH_CreateFcn(hObject, eventdata, handles) 

  

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

  

% --- Executes on button press in Calculate. 

function Calculate_Callback(hObject, eventdata, handles) 

 

% Constants 

E0=8.854E-12;           % F/m 

kB=1.381E-23;           % J/K 

e=1.602E-19;            % C  

Na=6.022E23;            % /mol 

   

% Nanoparticle parameters 

  a=handles.metricdata.Radius;    % Nanoparticle radius (nm 

A=handles.metricdata.Hamaker;   % J 

ZP=handles.metricdata.Zeta;     % mV 

I=handles.metricdata.IS;        % mM (same as mol/m3) 

  

% System parameters 

  T=handles.metricdata.Temp;      % K 

Er=handles.metricdata.Perm;     % unitless 
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MWs=handles.metricdata.SMW;      

% Molecular weight of solvent (g/mol) 

  ds=(handles.metricdata.SD)*(1e6);         

% Density of solvent molecules (g/cm3) 

X=handles.metricdata.FH;                  

% Flory Huggins solvency parameter (unitless) 

   

% Ligand parameters  

  MW=handles.metricdata.LMW;     

% Molecular weight of ligand (g/mol) 

  d=handles.metricdata.LD;                  

% Density of ligand (g/cm3) in pure form  

l=handles.metricdata.LL;                  

% Molecule length (nm)  

Pd=handles.metricdata.SAMD;               

% SAM packing density (molecules/cm2)  

  Theta=handles.metricdata.Tilt;            

% Tilt angle (degrees)  

   

% Calculation of parameters 

s=[0.001:0.01:10];                                                            

% Separation distances in nm 

  

K=(((2*Na*e*e*I)/(E0*Er*kB*T))^0.5)*(1E-9);                                    

% Inverse Debye length in nm-1 

t=l*cos(Theta*(pi/180));                                                      

% SAM thickness (nm) 
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Psi0=(ZP*0.001)*(1+(1/(K*a)))*exp(1);                                         

% Surface potential in V 

Y=(8*tanh((e*Psi0)/(4*kB*T)))/(1+((1-

(((2*K*a)+1)/(((K*a)+1)^2)*((tanh((e*Psi0)/(4*kB*T)))^2)))^0.5)); 

% Factor required to calculate Vele 

C=(1000*10000*Pd*MW)/Na;                                                      

% Surface concentration of SAM (mg/m2) 

VF=(3*C*a*a)/(d*(((t+a)^3)-(a^3)));                                           

% Volume fraction of SAM (unitless) 

MVs=MWs/ds;                                                                   

% Molar volume of solvent (m3/mol) 

   

% Calculation of potentials 

     % Van der Waals 

Vvdw=-

(A/(6*kB*T))*(((2*a*a)./(((4*a)+s).*s))+((2*a*a)./(((2*a)+s).^2))

+log((((4*a)+s).*s)./(((2*a)+s).^2)));        

% Van der Waals potential (/kT)      

    % Electrostaic 

        if (K*a)<5 

Vele=((4*pi*E0*Er*a*a*(1E-18)*Y*Y*kB*T)/(e*e)).*((exp(-

K.*s))./((s+(2*a))*(1E-9)));                      

% Electrostatic potential at Ka<5 (/kT) 

        else 

Vele=((2*pi*E0*Er)/(kB*T))*(Psi0^2)*(a*(1E-9))*log(1+exp(-

K.*s));                                        

% Electrostatic potential at Ka>5 (/kT)        

        end              
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    % Osmotic 

     for i=1:length(s); 

        if s(i)<t; 

Vosm(i)=(((4*pi*Na*a*(1E-9)*VF*VF*t*t*(1E-18))/(MVs))*(0.5-

X)).*((s(i)./(2*t))-(1/4)-log(s(i)./t));          

% Osmotic potential at s<t (/kT) 

        elseif s(i)<(2*t);  

Vosm(i)=(((4*pi*Na*a*(1E-9)*VF*VF)/(MVs))*(0.5-X)).*((t-

(s(i)./2))^2).*(1E-18);                              

% Osmotic potential at t=<s<2t (/kT)  

        else  

Vosm(i)=0;                                                              

% Osmotic potential at s>=2t (/kT) 

        end   

    end 

 

    % Elastic 

      for i=1:length(s); 

        if s(i)<t; 

Vela(i)=((2*pi*Na*a*(1E-9)*VF*t*t*(1E-

18)*d*(1E6))/(MW)).*(((s(i)./t).*log((s(i)./t).*(((3-

(s(i)./t))./2).^2)))-(6.*log((3-(s(i)./t))./2))+(3.*(1-

(s(i)./t))));          

% Elastic potential at s<t (/kT) 

        else 

Vela(i)=0;                                                              

% Elastic potential at s>=t (/kT) 

        end 
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    end 

  

    % Total interaction potential (/kT) 

      Vt=Vvdw+Vele+Vosm+Vela;         

     

     

% Plotting the output 

p=plot (s,Vvdw,'b--',s,Vele,'k--',s,Vosm,'g--',s,Vela,'m--

',s,Vt,'r',s,0,'k');  

set(p(5),'linewidth',1.5); 

xlim([0 10]) 

ylim([-20 30]) 

xlabel('Separation distance (nm)') 

ylabel('Interaction pair potential/kBT (unitless)') 

legend({'Van der 

Walls','Electrostatic','Osmotic','Elastic','Total'},'FontSize',8)

; 

  

% Displaying the numerical output 

set(handles.Debye, 'String', K); 

set(handles.VF, 'String', VF); 

   

function Reset_Callback(hObject, eventdata, handles) 

cla(handles.axes1,'reset') 

set(findobj(0,'style','edit'),'string',0)  

set(handles.Debye,'String',0); 

set(handles.VF,'String',0); 

set(handles.DefaultData,'String','')  
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set(handles.DefaultData2,'String',''); 

 

function Default_Callback(hObject, eventdata, handles) 

% Setting the default parameter values for Au@MHA nanoparticles 

set(handles.Radius,'String',6.5); 

set(handles.Hamaker,'String',4e-19); 

set(handles.Zeta,'String',-20.9); 

set(handles.IS,'String',63); 

set(handles.Temp,'String',298.15); 

set(handles.Perm,'String',78.4); 

set(handles.SMW,'String',18.01528); 

set(handles.SD,'String',1); 

set(handles.FH,'String',0.45); 

set(handles.LMW,'String',148.22); 

set(handles.LD,'String',1.087); 

set(handles.LL,'String',1.2); 

set(handles.SAMD,'String',4.58e14); 

set(handles.Tilt,'String',39); 

set(handles.DefaultData,'String','These values correspond to 

mercaptoundecanoic acid (MHA) functionalized gold nanoparticles 

suspended in water'); 

set(handles.DefaultData2,'String','Please reset the values before 

any further calculations'); 

% Nanoparticle parameters 

a=6.5;              % Nanoparticle radius (nm) 

A=4e-19;            % J 

ZP=-20.9;           % mV  

I=63;               % mM (same as mol/m3) 
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% System parameters 

T=298.15;           % K 

Er=78.4;            % unitless 

MWs=18.01528;       % Molecular weight of solvent (g/mol) 

ds=1000000;         % Density of solvent molecules (g/m3) 

X=0.45;             % Flory Huggins solvency parameter  

  

% Ligand parameters  

MW=148.22;          % Molecular weight of ligand (g/mol) 

d=1.087;            % Density of pure ligand (g/cm3)   

l=1.2;              % Molecule length (nm)  

Pd=4.58e14;         % SAM packing density (molecules/cm2)  

Theta=39;           % Tilt angle (degrees)  

 

% Constants 

E0=8.854E-12;       % F/m 

kB=1.381E-23;       % J/K 

e=1.602E-19;        % C 

Na=6.022E23;        % /mol 

  

% Calculation of parameters 

s=[0.001:0.01:10];                                                            

% Separation distances in nm 

K=(((2*Na*e*e*I)/(E0*Er*kB*T))^0.5)*(1E-9);                                    

% Inverse Debye length in nm-1 

t=l*cos(Theta*(pi/180));                                                      

% SAM thickness (nm) 
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Psi0=(ZP*0.001)*(1+(1/(K*a)))*exp(1);                                         

% Surface potential in V 

Y=(8*tanh((e*Psi0)/(4*kB*T)))/(1+((1-

(((2*K*a)+1)/(((K*a)+1)^2)*((tanh((e*Psi0)/(4*kB*T)))^2)))^0.5));             

% Factor required to calculate Vele 

C=(1000*10000*Pd*MW)/Na;                                                      

% Surface concentration of SAM (mg/m2) 

VF=(3*C*a*a)/(d*(((t+a)^3)-(a^3)));                                           

% Volume fraction of SAM (unitless) 

MVs=MWs/ds;                                                                   

% Molar volume of solvent (m3/mol) 

  

 % Calculation of potentials 

    % Van der Waals 

Vvdw=-

(A/(6*kB*T))*(((2*a*a)./(((4*a)+s).*s))+((2*a*a)./(((2*a)+s

).^2))+log((((4*a)+s).*s)./(((2*a)+s).^2)));        

% Van der Waals potential (/kT)              

    % Electrostaic  

        if (K*a)<5 

Vele=((4*pi*E0*Er*a*a*(1E-18)*Y*Y*kB*T)/(e*e)).*((exp(-

K.*s))./((s+(2*a))*(1E-9)));                      

% Electrostatic potential at Ka<5 (/kT) 

        else 

Vele=((2*pi*E0*Er)/(kB*T))*(Psi0^2)*(a*(1E-9))*log(1+exp(-

K.*s));                                        

% Electrostatic potential at Ka>5 (/kT)         

        end  
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    % Osmotic 

    for i=1:length(s); 

        if s(i)<t; 

Vosm(i)=(((4*pi*Na*a*(1E-9)*VF*VF*t*t*(1E-18))/(MVs))*(0.5-

X)).*((s(i)./(2*t))-(1/4)-log(s(i)./t));          

% Osmotic potential at s<t (/kT) 

     elseif s(i)<(2*t);  

Vosm(i)=(((4*pi*Na*a*(1E-9)*VF*VF)/(MVs))*(0.5-X)).*((t-

(s(i)./2))^2).*(1E-18);                              

% Osmotic potential at t=<s<2t (/kT)    

        else  

Vosm(i)=0;                                                              

% Osmotic potential at s>=2t (/kT)  

        end 

    end 

    % Elastic 

    for i=1:length(s); 

        if s(i)<t; 

Vela(i)=((2*pi*Na*a*(1E-9)*VF*t*t*(1E-

18)*d*(1E6))/(MW)).*(((s(i)./t).*log((s(i)./t).*(((3-

(s(i)./t))./2).^2)))-(6.*log((3-(s(i)./t))./2))+(3.*(1-

(s(i)./t))));          

% Elastic potential at s<t (/kT) 

        else 

Vela(i)=0;                                                              

% Elastic potential at s>=t (/kT) 

        end 

    end 
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% Total interaction potential (/kT) 

    Vt=Vvdw+Vele+Vosm+Vela;         

     

% Plotting the output 

p=plot (s,Vvdw,'b--',s,Vele,'k--',s,Vosm,'g--',s,Vela,'m--

',s,Vt,'r',s,0,'k'); 

set(p(5),'linewidth',1.5); 

xlim([0 10]) 

ylim([-20 30]) 

xlabel('Separation distance (nm)') 

ylabel('Interaction pair potential/kBT (unitless)') 

legend({'Van der 

Walls','Electrostatic','Osmotic','Elastic','Total'},'FontSize',8)

; 

 

% Displaying the numerical output 

set(handles.Debye, 'String', K); 

set(handles.VF, 'String', VF); 
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Figure E.1 MATLAB based graphical user interface developed for the calculation and 

display of individual and total interaction potentials between a pair of 

spherical nanoparticles suspended in solution at a known temperature.  
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