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ABSTRACT 

 
 Nanoparticles are at the forefront of science and technology today. This dissertation will 

expand the basic fundamental understanding of the phenomenon known as resonant energy 

transfer. A number of analytical techniques were utilized to characterize metal nanoparticles that 

were synthesized for use in energy transfer; including transmission electron microscopy, powder 

X-ray diffraction, X-ray fluorescence spectroscopy, UV-Vis absorption spectroscopy, 

photoluminescence spectroscopy, and time resolved fluorescent lifetime spectroscopy (Chapter 

2). A new theoretical model is developed explaining the observation of the size dependence that 

gold nanoparticles have on the rate of energy transfer from dyes whose emission is in resonance 

with the localized surface plasmon of those particles (Chapter 3). Then the role of the d sp 

transitions of gold nanoparticles will be observed by tracking the quenching behavior of dyes 

that emit higher energy than the plasmon (Chapter 4).



1 

CHAPTER ONE 

INTRODUCTION 

1.1 Properties of Metal Nanoparticles 

Nanoparticles have been the subject of intense research for decades. Metal nanoparticles 

are widely utilized today as molecular beacons, drug delivery hosts, catalysts, and in molecular 

sensing devices [1, 2, 3, 4]. Energy transfer in these modern day applications, is a particularly 

powerful way researchers have utilized the unique properties of metal nanoparticles among other 

nanomaterials. The nature and efficiency of energy transfer is dependent on the optical properties 

of the donor, acceptor and the separating medium. This dissertation will study the effect that the 

optical properties of the accepter have on the energy transfer behavior. Specifically, the 

mechanism for which metal nanoparticles quench fluorescent molecules at a set distance will be 

investigated. Even with the extensive applications of nanoparticles in energy transfer the 

fundamental understanding of the specific mechanism that the accepter and donor participate in 

is severely lacking. Several models in the literature exist that attempt to bring light to this 

complicated energy transfer mechanism but the correlation to experimental data is poor [5, 6, 7, 

8]. This dissertation will attempt to broaden the fundamental understanding of how metal 

nanoparticles interact with oscillating dipoles, in hopes that it will improve the design of future 

technologies. 

First, it is important to describe the metal nanoparticle size regime that was analyzed in 

these studies, as the optical properties under investigation are size dependent. While the term 

“nano” is potentially overused or trendy in this field, it is crucial to emphasize that “nano” is 

technically indicative of any material measuring under a micron in size. For the purposes of all 

the studies that follow in this dissertation, Kriebeg’s of “very small clusters” will be used, which 
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distinguishes nanoparticles ranging in size from 2-20nm [9]. This places these studies in the 

quasi-static regime. An important aspect of working in this size regime, is the sinusoidal nature 

of incident light can essentially be ignored, illustrated in Figure 1.1. 

 

 

Taking this into account greatly simplifies the theoretical calculations needed to 

understand the optical properties of metal nanoparticles. The first optical property to be 

discussed will be the complex dielectric function. This function explains the interaction of light 

as it travels from a surrounding medium into that material. There are two components that dictate 

the behavior of the complex dielectric function: the real component, which consists of the 

scattering behavior, and the imaginary component, which encompasses the absorptivity. [9] 

Light can undergo several processes, related to the dielectric function, as it passes 

through a substance. First, it can be scattered, which includes reflection and diffraction, 

described by the real component of the dielectric function. This light is considered “real” 

because it can be directly measured. It is important to note that the scattering efficiency of 

incident light by metal nanoparticles in this size regime is minimal. The second process that 

incident light can undergo is absorption, where light disappears from the physical measurement, 

Figure 1.1 Nanoparticles in the quasi-static regime are too small to be 

effected by the sinusoidal properties of light. 
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quantification of this light is indirect, and thus, this process is appropriately described by the 

imaginary dielectric component [87, 9]. To accurately calculate the dielectrics of small 

nanoparticles, certain assumptions must be made. These assumptions are more specifically 

fragmented into energy ranges, where multiple models must be incorporated to attain the 

complete picture [10].  

The Drude model treats the valence band of a metal as a fermi gas of free electrons that is 

essentially decoupled from the lattice of positive ions. The electrons described by the Drude 

approximations are responsible for the most prominent optical feature in metal nanoparticles 

known as the localized surface plasmon, which will be discussed later. Additionally, the 

interband transition treat the direct excitation of the core electrons. These electrons, which are 

coupled to the nuclei that make up the lattice, experience a restoring force by the broad 

positively charge of the lattice during the displacement of those electrons by the excitation 

process. This restoring force results in the interband transitions to require more energy to initiate 

than the oscillation of the conduction electrons [10]. 

Coupling these two models, the Drude approximations, which describe low energy 

interactions, with the incorporation of the interband transitions for higher energy electron 

transitions, it is possible to calculate the size dependent complex dielectric function of a given 

material, given in equation 1.1 

휀1 = 휀∞ + 휀𝐷𝑟𝑢𝑑𝑒 + 휀𝐼𝐵  (1.1) 

휀𝐷𝑟𝑢𝑑𝑒 = 1 −
𝜔𝑝

2

𝜔2 + Γ𝑟
2

+ 𝑖
Γ𝑟𝜔𝑝

2

𝜔(𝜔2 + Γ𝑟
2)

 

휀𝐼𝐵 = ∑
𝐴𝑖

𝜔𝑖
[

𝑒𝑖𝜙𝑖

𝜔𝑖
−1 − 𝜔−1 − Γ𝑖

−1 +
𝑒−𝑖𝜙𝑖

𝜔𝑖
−1 + 𝜔−1 + Γ𝑖

−1]

𝑖=1,2
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where is frequency, pis the Drude plasmon frequency, andris the size-dependent damping 

constant(𝚪𝒓 = 𝚪∞ +
𝒍∞

𝒓
), wherein  is the bulk damping constant of the material, 𝒍∞ is the mean 

free path of an electron (in Au 𝒍∞ = 420Å), and r is the nanoparticle radius [11, 12]. This 

dielectric function will be important in determining how metal nanoparticles can interact with 

oscillating dipoles, treated as incident light. For this reason, energy transfer involving metal 

nanoparticles is presumed to be coupled to the Drude electrons that are lower in energy and 

participate in a surface plasmon.  

1.1.1 Localized Surface Plasmons 

Most noble metals exhibit a surface plasmon, which is an induced oscillation of the 

electrons at the surface of the metal, when irradiated with a specific frequency of light, known as 

the plasmon frequency p. In bulk material this surface plasmon is manifested as an evanescent 

wave that travels over the surface of the metal until it eventually dissipates as heat.[9] This 

resonance condition is met in equation (1.2) for the plasmon wave vector kp [13,14] 

𝑘𝑝 = (
2𝜋

𝜆
) √

𝜀1𝜀2

𝜀1+𝜀2
  (1.2) 

where  is the wavelength of the incident light, and 1 and 2 are the dielectric permeability 

constants at that wavelength for the metal and exit medium, respectively. As the bulk metal  

dimensions decrease in size, this surface plasmon begins to localize as an oscillation of the 

electrons strictly at the surface of the particle as illustrated in Figure 1.2 [9, 12]. This induced 

oscillation of the electrons at the surface of the particle is known as the localized surface 

plasmon resonance (LSPR). It is clear from equation (1.2) that the LSPR energy is environment 

dependent and will shift with the dielectric of the surrounding medium, a crucial characteristic 
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for experimental design. This means that experimental observations will be dependent on the 

solvent the nanoparticles are suspended in. 

 

The LSPR is likely the most studied characteristic of gold nanoparticles. It is known to 

have two modes of oscillation, a transverse and a longitudinal model. In spherical particles these 

modes overlap and are degenerate [15]. This is represented in the extinction spectra of spherical 

gold nanoparticles (AuNPs) by a single plasmonic peak, in gold at approximately 520nm in 

water, illustrated in Figure 1.3a. The transverse and longitudinal modes split as the particles are 

shaped into rods or cubes, resulting in a higher energy peak (the transverse mode) and a lower 

energy peak (the longitudinal) [16]. The extinction spectra arises from the polarizablilty and 

dielectric function of the nanometal and thus, encompasses both scattering and absorption of 

light. When measured, the extinction spectra can provide information about the size, shape and 

structure of the nanometal. While the studies conducted in this dissertation develop a 

fundamental understanding of energy transfer solely with spherical nanoparticles, the lessons 

learned will be fully translatable to nanoparticles of different shapes.  

 The LSPR band is extremely sensitive to size, composition, shape, and environment [9, 

10, 12]. As the nanometal gets smaller the plasmon begins to broaden out and eventually breaks 

p

--------+++++++++

++ 

+++++++++-------- 

Figure 1.2 Incident light induces an oscilation of the electrons in the nanoparticle, resulting 

in nonuniform charge around the surface of the particle 
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into discrete transitions. This transition from particle to molecular behavior appears at 

approximately 1.5nm in AuNPs [88, 89]. This dissertation will study nanoparticle sizes at the 

edge of this transition with a lower limit of 1.9nm and upper limit of 20nm diameter. Above this 

regime, >20nm, the magnitude of the plasmon increases with volume but the relative shape of 

the spectral peak remains constant. This is a result of the real component of the dielectric, 

scattering by the particle, beginning to dominate the extinction spectra [11, 16, 17]. But as 

nanoparticle size decreases towards the lower end of this size regime, a broadening of the LSPR 

band is observed, illustrated in Figure 1.3b. Size-dependent LSPRs are a critical observation. For 

all energy transfer models to be discussed in this dissertation, a resonance condition must be met 

for the size-dependent extinction spectra, as the shape of the acceptor’s wavelength-dependent 

absorption will affect its resonance condition in the energy transfer process.  

1.2 Energy Transfer 

Energy transfer has developed into a variety of techniques, such as; Förster Resonance Energy 

Transfer (FRET) [21, 22], Lanthanide Resonance Energy Transfer (LRET)[23, 24, 25], 

Chemiluminescence Resonance Energy Transfer (CRET)[26], Bioluminescence Resonance 

Energy Transfer (BRET) [27, 28], single particle FRET (sp-FRET) [29, 30], and Nanometal 

Surface Energy Transfer (NSET) [31, 32, 33]. These techniques have been used as molecular 

beacons, rulers, and sensors. All of them utilize a resonance between the donor’s emission and 

the acceptor’s absorption spectra. For all these resonant energy transfer techniques (all the RETs) 

the donor emission is higher energy than the absorption features in the acceptors that the energy 

is being transferred to, and is represented in the model as a J-overlap integral, which will be 

discussed later in this chapter.  
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(a) 

 

 
 

(b) 

            

 

Figure 1.3 (a) Shows the extinction spectra of AuNPs with different radii. (b) 

Normalized absorption spectra of the AuNPs illustrating a broadening with 

decreasing radii 
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In NSET, however, while a resonant condition is met, the emission energy of the excited state 

donor is generally lower in energy than the LSPR band. Thus, it is not calculated into the model. 

Researchers have attempted to explain the coupling of oscillating dipoles to the LSPR of metal 

nanoparticles in the past, yet varying observations were obtained, presumably due to differences 

in experimental design. For instance, in work with “larger” particles, diameter > 20nm, 

enhancement of the emitting dipoles has been observed, whereas below this size regime, 

quenching of the emission has been observed [34]. It is important to reiterate that this 

dissertation concentrates entirely in the very small cluster regime where only quenching has been 

observed. Even when excluding the enhancement-prone particle sizes, there still exists a 

multitude of theoretical models attempting to explain experimental energy transfer observations, 

but these theories show little correlation to experiment [5, 6, 7, 8]. In general though, most 

theories gauge their energy transfer efficiency by a given separation distance between the donor 

and acceptor that results in a 50% quenching efficiency, represented as either R0 or d0. While all 

theories typically utilize the general R0 or d0 value, significant differences amongst the theories 

arise when a 1/d6 or 1/d4 energy transfer dependence is observed. These models sometimes result 

in very similar d0 values even though the assumptions they make are very different. The 

difference between these two efficiency curves is not dramatic from an experimental point of 

view. For this reason it is very important to ensure uniform distance separation between the 

donor and accepter when designing experiments, as this information will eventually be used to 

develop theoretical models contingent on experimental accuracy. Figure 1.4 illustrates the 

expected efficiency curves for two different theories that result in the same d0 value but differ in 
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their power dependence. It is easy to see that even a 10% deviation in donor-acceptor distance 

could cause data misinterpretation for the development of a working energy transfer model.  

This study will represent the 50% quenching value as d0 to avoid confusion with the term for 

radius, r. Efficiency curves are generally useful and plotted with the d0 values calculated from the 

respective theory and equation (1.3) 

𝐸𝑓𝑓 =  
1

1+(
𝑑

𝑑0
)

𝑛  (1.3) 

where d is the distance between the donor and accepter, d0 is the 50% quenching distance, and n 

is the power dependence of the theory used to describe d0. Next a brief history of energy transfer 

model and the assumptions of the respective models is given. 

1.2.1 A Brief History 

Förster published the first theory on energy exchange between two emitting dipoles in 

1948. His corrected theory, dubbed Förster Resonance Energy Transfer (FRET), is given in 
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Figure 1.4 Illustrates the differences in quenching efficiencies for two models 

predicting different power dependence 
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equation (1.4) [21]. This theory explained the interactions between two oscillating zero point 

dipoles at fixed distances apart that are in resonance. 

𝑑0 = (
9000(𝑙𝑛10)𝜅2𝜙𝐷𝐽(𝜆)

128𝜋5𝑁𝐴𝑛𝑚
4 )

1/6

  (1.4) 

ΦD is the quantum yield of the donating dipole, nm is the index of the medium separating 

the two dipoles. NA is Avogadro’s number and J() represents the absorption overlap of the 

accepting dipole with the emission of the donor dipole, also known as the J-integral given as 

𝐽(𝜆) = ∫ 𝑓𝐷(𝜆)𝜖𝐴(𝜆) 𝜆4𝛿𝜆.  𝑓𝐷(𝜆)is the emission spectra normalized to quantum yield of the 

donor, and 𝜖𝐴(𝜆) is the extinction spectra of the acceptor. An example of the J-integral is shown 

in Figure 1.5b as the yellow shaded area under the emission of fluorescein (FAM) and the 

absorption spectra of carboxytetramethylrhodamine (TAMRA). The J- integral defines the 

magnitude of the resonance condition between the excited state dipole and the ground state 

accepting dipole. In this model 𝜅 represents the orientation between the two dipoles and is 

generally considered to be 2/3 for a freely rotating dipole at random orientations but has an upper 

limit of 4 for perfectly aligned dipoles, and a lower limit of 0 for perpendicular dipoles. The 

random orientation assumption is most often used because the dipoles in question are allowed to 

rotate freely in space, and their emission measurements are ensembles of large populations with 

no feasible way of controlling this orientation. Figure 1.5a illustrates the orientations between 

two dipoles and their resulting 𝜅 values. The illustration of (a) iv) represents a dipole rotating 

freely in space.   

FRET set an important precedent for energy transfer models to come by classifying the 

energy transfer process as a nonradiative pathway for the relaxation of the excited state energy 

transferred to the ground state of the accepting dipole. This theory has been successfully used to 
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study countless biological systems [35, 36, 37]. While it has proven useful in many application, 

the primary limitation of FRET is the 1/d6 distance dependence, which results in a maximum 

measurable distance of 80Å. By changing the accepting dipole to a metal, the distance dependent 

term is altered, extending the measurable distances passed the FRET limit.  

Kuhn attempted to explain the energy transfer from a dipole to a thin metal film in 1970. 

[38] He treated the film as an absorbing mirror and correctly predicted the 1/d4 distance 

dependence but over predicted those distances. In his model the metal is assumed to be a 

strongly coupled sea of dipoles. This was appropriate as the films he was describing were metals 

and the strongly coupled electrons represented as free electrons in the conduction band. 

Chance, Prock, and Silbey later added a correction factor to Kuhn’s model to incorporate the 

dielectric functions of the metal film and the separating medium, the resulting model of which 

will be termed CPS-Kuhn. With this correction term Chance, Prock, and Silbey had great success 

correlating theory to experimental observation with thin silver films [39, 40]. The corrected 

theory is given in equation 1.5 

𝑑0
𝐶𝑃𝑆−𝐾𝑢ℎ𝑛 =

𝛼𝜆

𝑛𝑚
(𝐴𝜙)1/4 [

𝑛𝑟

2𝑛𝑚
(1 +

𝜀1
2

|𝜀2|2)]
1/4

  (1.5) 

where is a new orientation factor and is solved for a dipole oriented perpendicular to the 

surface of the metal film,𝛼 =
(9)1/4

4𝜋
, and parallel 𝛼 =

(9/2)1/4

4𝜋
. Figure 1.6 illustrates the two 

orientations for which the model has been solved. The black dipole is oriented perpendicular 

while the red dipole and the dipole along the y-axis are parallel. 
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(a) 

  

 
(b) 

             

Figure 1.5 (a) Illustrations of the different orientations the acceptor and donor dipoles 

can have, their corresponding k2 values for the FRET calculation are as follows i) 

k2=1, ii) k2=0, iii) k2=4, iv) k2=2/3. (b) Represents the J-integral for a FRET pair of 

fluorescent dipoles with FAM (donor) and TAMRA (acceptor) 

 

i 

ii 

iii 

iv 



13 

The two parallel dipoles along the x and y-axis are degenerate, while the black dipole on the z-

axis is not. This degeneracy results in a (2/3):(1/3) split in the coupling efficiency for an 

ensemble system with freely rotating dipoles.   is the wavelength of emission of the donating 

dipole, nm is the index of refraction of the medium between the dipole and the metal film, A is 

the absorptivity of the metal film given as A=4d/where  is the extinction of the metal 

reported by Johnson and Christie [41], and d is the thickness of the metal film. Φ is the dipole 

quantum yield, and nr is the refractive index of the metal.  Finally  is dielectric of the medium 

separating the dipole and metal. This is a commonly mislabeled variable as there is some 

confusion in the literature which causes many researches to interpret it as the real component of 

the dielectric function of the metal. Upon thorough investigation of the original manuscript by 

Chance, Prock and Silbey it is clear that they meant it to be the complex dielectric function of the 

separating medium. That leaves 2 as the complex dielectric function of the metal. CPS-Kuhn 

theory was shown to work remarkably well for thin metal films but quickly breaks down when 

applied to nanoparticles. The reason for this will be discussed in Chapter Three [39, 40].  

 Around the same time as CPS-Kuhn was being modified for thin films, Gersten-Nitzan 

developed a model attempting to explain the interaction between an oscillating dipole and a 

metal nanoparticle. In their model they assumed the nanoparticle to consist of a volume of 

uncoupled dipoles. This assumptions results in a 1/d6 distance dependence as the donating dipole 

couples to a single dipole in the volume of oscillators present in the metal nanoparticle. 
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The d0 equation for the Gersten-Nitzan model (G-N) is given in equation (1.6) 

𝑑0 = (2.25 ∗
𝑐3

𝜔𝑑𝑦𝑒
3 𝜙𝐷𝑟3 (𝜖1+2)2+𝜖2

2

|𝜖2|2 )
1/6

 (1.6) 

where c is the speed of light, 𝜔𝑑𝑦𝑒 is the frequency of maximum emission of the donor, 𝜙𝑑𝑦𝑒 is 

the quantum yield of the donor, r is the radius of the accepting nanoparticle, and  𝜖1 and 𝜖2 are 

the real and imaginary components of the dielectric function of the acceptor (metal nanoparticle). 

With a more contemporary modeling system by the incorporation of nanoparticles, this model 

has gained traction in the field. Though several modifications have been made in an attempt to 

more accurately fit experimental energy transfer data, the attempts have seen little success. G-N 

has had reasonable success in calculating the d0 value but a distance dependence prediction of 

1/d6 does not match experimental observations. Figure 1.7 illustrates the assumptions the G-N 

model makes. The nanoparticle can be considered a volume of dipoles each of which can couple 

 

Figure 1.6 Illustrates the orientations the CPS-Kuhn model is solved for. The red dipole 

along the x-axis, and the circle with an “X” in it represents a dipole along the y-axis are 

both parallel to the metal film and the black dipole along the z-axis is perpendicular 
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to the donor. This volume of dipoles within the nanoparticle is assumed to be uncoupled and 

therefore the efficiency of coupling to the donor follows the same distance dependence as FRET.  

Because the volume of dipoles has all possible orientations, the orientation factor in FRET is no 

longer needed. Overall, this model predicts more efficient quenching behavior than FRET simply 

because the increased number of accepting dipoles increases the probability of coupling. 

 Persson and Lang described the interaction between a dipole and an infinite surface [42].  

As written, their model was not able to accurately portray the interaction between dipoles and 

nanoparticles. Strouse, et al successfully modified the surface component of the Persson and 

Lang model to correctly incorporate small nanoparticle with great success and dubbed the new 

model nanometal surface energy transfer (NSET). The NSET model showed that it held true for 

predicting interactions between 2nm AuNPs and a range of emission frequency [31]. 

 

 

Figure 1.7 A volume of uncoupled dipoles, in the metal nanoparticle, with all possible 

orientations couple efficiently to a donor dipole at a set distance from the particle. 
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While this model correctly describes 2nm AuNPs, where the largest surface to volume ratio for 

gold nanoparticles is observed, the model fails quickly as nanoparticle size increases. As noted 

previously, nanoparticles smaller than 2nm begin to behave like molecular clusters and lose the 

LSPR band, invalidating the NSET theory at sub-2nm AuNP sizes. By treating the particle as a 

surface, NSET correctly predict the 1/d4 behavior observed experimentally for 2nm AuNPs [31]. 

The model is given in equation 1.7 

𝑑0
𝑁𝑆𝐸𝑇 = (0.225

𝜑𝐷∗𝑐3

𝜔𝑑𝑦𝑒
2 𝜔𝑓 𝜅𝑓

)
1/4

  (1.7) 

where 𝜑𝐷 is the quantum yield of the donor, c is the speed of light, dye is the frequency of 

emission of the dye, f is the Fermi frequency of the metal nanoparticle, and f is the Fermi wave 

vector of the metal. The assumptions for NSET are represented in Figure 1.8 with the dipoles in 

the metal nanoparticle being coupled but still containing all the orientations to increase the 

probability of coupling to the donor dipole at a distance from the surface of the particle. NSET 

also assumes the dipoles that couple to the donor are located at the surface of that particle. 

Unfortunately this model fails quickly once the size of the nanoparticle begins to increase. 

Solving the inconvenient problem of NSET’s failure above the 2nm AuNP size regime will be 

discussed in chapter three. 

1.2.2 State of the Art 

Each model used to describe the energy transfer process incorporates terms from the donor and 

the acceptor. It is the limitations, and subsequent assumptions, that each model places on those 

terms that set them apart from one another. As stated earlier in equation 1.4 the d0 for FRET 

depends on the orientation between the two dipoles, the quantum yield of the donor, the index of 

refraction of the medium separating the dipoles and what is known as the J-overlap. This J-

overlap is unique in energy transfer models and has been extensively studied [10]. 
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More than half a century after its development FRET remains the primary model used in 

describing interactions between two oscillating dipoles. Recently with the development of more 

sensitive optical techniques scientists have been able to take single molecule measurements. This 

breakthrough has allowed for the development of single molecule FRET.  With this new 

extension of FRET, scientists have been able to distinguish single molecule events from 

ensembles measurements. This is an important development in science because it has allowed 

scientists to investigate conformational changes of proteins in real time [35]. 

1.2.3 Applications and Limitations  

FRET is the most widely used technique of energy transfer and has given rise to specific 

uses. Bioluminescence resonant energy transfer (BRET) utilizes fluorescence in biological 

systems as the donating dipole, usually a fluorescent protein such as GFP [28, 29]. In most 

applications of BRET a binding molecule is modified with a fluorescent dye that will participate 

 

Figure 1.8 A surface of strongly coupled dipoles couples to an oscillating dipole a set 

distance from that surface 
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in FRET with the fluorescent protein. As the protein is excited it transfers its energy to the now 

bound accepting dipole and the technique extracts out structural information measures the signal 

from the dye. 

Chemiluminescent resonant energy transfer (CRET) incorporates molecules that can be 

chemically excited, typically by reducing agents, and give off a photon during the relaxation of 

the excited state to act as the donors. By incorporating a chemiluminescent donor, CRET allows 

researchers to investigate traditional FRET problems without the use of incident light, permitting 

experimentation in high scattering environments that would normally be difficult to accomplish 

by other means. Lanthanide resonant energy transfer (LRET) utilizes the narrow line emission of 

lanthanides as donors [24, 26].  This dramatically decreases the amount of cross talk between the 

donor and acceptor emission.  

NSET has been utilized in biology to track events in cellular uptake, conformational 

changes, and payload delivery into cells [19, 108, 22, 68, 53]. AuNPs are labeled with 

fluorescent payloads, transfected into cultured cells, and as the payload is released from the 

nanoparticle surface inside the cell, the fluorescent signal turns on as it diffuses from the 

quenching AuNP. This has been used almost exclusively as an “on/off” system with the payload-

bound as the “off” state and the released payload as the “on” state. NSET has also been utilized 

to track binding events such as small molecules binding to aptamers [109]. Similarly, this 

technique is exclusively “on/off,” with the unbound aptamer as the “off” state by a fluorescently-

labeled base pair within quenching distance to the AuNP, and the target-bound aptamer “on” 

state with a label farther away from the AuNP. Once the small molecule has bound to the 

aptamer the system turns “on” by either releasing a complimentary strand containing the 

fluorescent base, or the label is moved away from the AuNP via folding of the aptamer. Again, 



19 

no distal calculations are performed using NSET measurements because there is a lack of 

understanding of non-2nm AuNPs’ ability to quench fluorophores. The Strouse group is one of 

few that has attempted to use this model to track structural changes by mapping the folding of 

Hammerhead RNA. This was performed by labeling hammerhead RNA with 2 different 

fluorescent dyes and a 1.5nm AuNP. The quenching efficiency of each dye was subsequently 

monitored as the RNA was induced to fold by varying salt concentrations [19]. 

1.3 Summary of Chapters 

This dissertation will focus on energy transfer between metal nanoparticles and 

fluorescent molecules. A cohesive model will be developed that incorporating size dependent 

factors of nanoparticles that have not been considered until now.  Chapter Two will discuss the 

synthesis of metal nanoparticles that were used for the energy transfer studies and will also give 

details about the synthesis of some other interesting materials.  Chapter Three will present an all-

encompassing model to explain the size dependent quenching behavior of fluorescent dipoles by 

AuNPs.  Moreover, Chapter Three will include a discussion of the evolution of two models, 

CPS-Kuhn and NSET, joined to form the CPS-NSET model. Enhanced quenching of high 

energy dyes will be interrogated and discussed in Chapter Four.   
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CHAPTER TWO 

SYNTHESIS OF METAL NANOPARTICLES AND METAL 

OXIDES 

2.1 Introduction 

 In order to study the electromagnetic interactions of light with nanoparticles, it is 

imperative to be able to produce those particles. There are many methods in the literature, each 

with slight variations resulting in slightly different material [89-95]. This chapter will describe 

the various techniques employed to prepare and characterize these nanoparticles. 

  A basic understanding of nanoparticle nucleation is required to choose the most 

appropriate synthetic method for each nanomaterial. Nanoparticles can be prepared using 

engineered approaches or by condensation from the gas phase [96], both of which will not be 

discussed in this chapter. In general, there are two traditional approaches to form nanoparticles. 

First there is the top down approach, where mechanical processing is used to reduce bulk 

dimensions to nanosize by breaking down the material until the desired scale is achieved. The 

most primitive mechanical method used is ball milling, where the desired material is set into a 

chamber with debris of harder material and that chamber is violently rotated to break up the 

material into smaller and smaller pieces [43].  Mechanical methods do not yield uniform 

particles with well-formed structural features or faceting. The most substantial benefit for ball 

milling is the ease of use it offers researchers. 

On the other hand, bottom up chemical synthesis of nanoparticles differs greatly from the 

top down mechanical method, offering essential shape control, stability, and well-formed 

features. Chemical synthesis of nanoparticles is essentially the polar opposite of the mechanical 
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method. Where mechanical methods begin with bulk, chemical synthesis begins with either 

molecular or even atomic precursors. Solution based, opposed to gas phase, chemical synthesis is 

more common and will be the subject of discussion hence forth [96].  

2.1.1 Nucleation  

Figure 2.1 illustrates the basic principle of nucleation. Chemical formation of metal 

nanoparticles begins with formation of critical nuclei from metal ion precursors containing metal 

ions.  The ions are reduced with a reducing agent generating a nuclei where growth exceeds 

dissolution.  The size of the critical nuclei is material and structural dependent. Typical reducing 

agents for metal nanoparticle synthesis are sodium borohydride, ethanol, and a combination of 

citric acid and tannic acid. Borohydride reactions are exothermic, while citrate requires elevated 

temperatures to achieve reducing conditions [44, 96]. After being reduced the ions, now atoms, 

are thought to form monomers of what are known as critical nuclei, which in turn form polymers. 

If these polymers are left unchecked they will continue to grow to bulk. In order to prevent 

growth beyond the nanoscale, passivation of the surface is required [45]. 

 

Figure 2.1 Principle of nucleation. First ions (yellow balls with + signs) are reduced with 

electrons and form monomer (plain yellow balls) that grow into bulk (large yellow ball) 

 

2.1.2 Passivation 

 The size and shape of nanoparticles isolated from a synthesis are determined by the 

concentration of reactants and the passivating ligands in solution. The size of the particles is 

controlled by the ligands to nuclei ratio, with a larger ratio resulting in smaller nanoparticles. 
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This is due to the passivation process that occurs shortly after nucleation. The passivation 

process depends on the number of nuclei formed during nucleation which is a function of the 

precursor concentration. The critical nuclei that form after ion reduction quickly begin to grow. 

If left unchecked these critical nuclei will continue to grow into bulk. By introducing surfactants 

that compete for the binding sites on the surface of the growing nuclei with the reduced atoms, 

researchers can prevent cascade of growth to bulk [46]. These surfactants, or ligands, form 

covalent bonds with the surface atoms and undergo an equilibrium process between the bound 

and the unbound states. Using a high ligand to precursor ratio it is possible to shift the 

equilibrium to obtain fully passivated nanoparticles. The covalent bonds that the ligands form 

obey the same ligand field rules utilized in metal coordination compounds [46].  For the studies 

to follow on AuNPs phosphines will be used as stabilizing ligands, while harder acid metals will 

utilize amines. The choice of phosphine for AuNPs reflects the instability of acid functionalized 

ligands and the desire to be able to exchange payloads onto the surface via stronger ligand 

groups; namely thiols and dithiols [45, 46].  

2.2 Metal Nanoparticle Synthesis 

2.2.1 Water Soluble Methods 

 Method 1:  The standard citrate reduction method was used for synthesis of AuNPs 

larger than 2nm in diameter.  For this procedure, 1 mL of a 1% solution by mass of HAuCl4 was 

diluted to 80mL of degased water and heated to 60oC. Simultaneously, 4mL of a 1% solution by 

mass of sodium citrate and X mL of 1% by mass tannic acid were mixed and diluted to a total 

volume of 20mL. The volume of tannic acid varied depending on what size nanoparticles were 

being synthesized and is given in Table 2.1.  This solution was heated to 60oC and then poured 

quickly into the gold solution. [47]  
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The reaction is heated for 15 minutes and then cooled to room temperature. 500mg of 

bis(sulfanoto phenyl)phenyl phosphine (BSPP) is added to this solution to displace the citric and 

tannic acid on the surfaces, stabilizing the particles from aggregating.  This ligand exchange is 

given 24 hours to complete and particles smaller then 8nm were washed by salting out with 6M 

NaCl and centrifuged down while larger particles did not need salt for centrifugation.  

This method was used to produce AuNPs ranging from 3nm to 20nm in diameter. TEM 

analysis confirms mean size, narrow size distribution, and good spherical formation. The TEM 

used to analyze the particles was a FEI CM120 equipped with a tungsten filament running at 

120keV. The samples were deposited onto 200mesh formvar coated copper grids. The TEM 

images for the aforementioned sizes are given in Figure 2.2-2.12. 

Table 2.1 Volume of tannic acid to achieve desired nanoparticle diameter 

Nanoparticle 

diameter (nm) 

Volume of Tannic acid 

(mL) 

3 5 

4 2.5 

6 0.5 

7 .25 

8 0.175 

16 0.025 

20 0.005 
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Figure 2.2 TEM image with size analysis for 3.0nm AuNP showing a standard deviation of 

0.6nm. Scale bar in image represents 20nm 
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Figure 2.3 TEM image with size analysis for 4.2nm AuNPs showing a standard deviation of 

1.1nm. Scale bar in image represents 20nm 
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Figure 2.4 TEM image with size analysis for 5.3nm AuNPs showing a standard deviation of 

0.9 nm. Scale bar in image represents 200nm 
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Figure 2.5 TEM image with size analysis for 6.6nm AuNPs showing a standard deviation of 

0.57 nm. Scale bar in image represents 50nm 
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Figure 2.6 TEM image with size analysis for 16.5nm AuNPs showing a standard deviation 

of 2.4 nm. Scale bar in image represents 5nm 
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Figure 2.7 TEM image with size analysis for 20.2nm AuNPs showing a standard deviation 

of 1.1 nm. Scale bar in image represents 20nm 
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Figure 2.2 shows a mean size of 3.0 nm with a distribution of 0.6 nm, a 20% dispersity in 

size. The Gaussian fit over the histogram of sizes encompasses only slightly more than 50% of 

the particle sizes measured, illustrating the poor size control this method provides for 

synthesizing smaller nanoparticles. Even with the broad size dispersity there are not very many 

particles outside one standard deviation of the average, which is desirable for the size dependent 

studies that will be discussed in Chapter Three. 

Figure 2.3 shows a mean size of 4.2 nm with a distribution of 1.1nm, a 26% dispersity in 

size. From the histogram it is apparent that two populations are present in the sample; a larger 

population with a mean size of 4.4 nm and a smaller population with a mean diameter of 

approximately 1.7nm. A potential cause for this size distribution is a lack of extended heating for 

Oswald ripening to completely dissolve the smaller sizes [97-99].  Before this sample was used 

in any experiments, the larger population was size selectively precipitated out with the minimum 

amount of 6M NaCl solution and centrifuged to a pellet, leaving the smaller population left in the 

supernatant. 

Figure 2.4 shows a mean diameter of 5.3nm with a distribution of 0.9 nm which is a 17% 

dispersity. The Gaussian fit over the histogram illustrates better dispersity of the 3.0nm and 

4.2nm particles. There has been better dispersity reported in the literature for AuNP of 6nm and 

smaller radii synthesized but in general those synthesis result in AuNPs that are capped with a 

surfactant that is difficult to exchange and therefore the materials produced from these methods 

are not favorable for any experiment in where DNA or any other payloads are being attached to 

the surface [100, 46]. 

Figure 2.5 shows a mean diameter of 6.6nm with a distribution of 0.6nm which is an 8% 

dispersity. The Gaussian curve fit to the histogram indicates a tight size distribution overall but 
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there is a very small population of smaller nanoparticles. Again this can be caused by not 

allowing the reaction to complete. The reason the reaction is sometimes stopped prematurely is 

that the citrate capped nanoparticles are not stable for very long so BSPP is added as soon as the 

particles reach room temperature. When the BSPP is added it coordinates to the surface with a 

higher binding affinity than the citrate and tannic acid [46].  This shifts the passivation 

equilibrium towards the fully capped nanoparticle, which prevents further growth, as well as 

aggregation. The minute population of smaller particles is not large enough to effect the standard 

deviation is size very much and was therefore not required to separated out via centrifugation.  

Figure 2.6 shows a mean diameter of 16.5nm with a distribution of 2.4nm which is 14% 

dispersity. This sample exhibited the largest size distribution. Even though dispersity of the 

particles is not as large as the smaller particles it is important to note that in general larger 

particles not only have tighter size dispersity but a good sample will have around 1nm as a 

standard deviation. This sample’s large size distribution is likely due to it sitting in solution for 

an extended period of time. Even with the BSPP as a stabilizing ligand particles when kept in 

solution the particles still undergo the equilibrium between bound and unbound ligands and will 

eventually continue to grow to bulk.  

Figure 2.7 shows a mean diameter of 20.2 nm with a distribution of 1.1nm, which is a 5% 

size dispersity. Upon investigation of the histogram it is clear that this sample has an extremely 

tight size distribution with only a few outliers. By comparing this sample to the smaller-diameter 

nanoparticle batches, a general conclusion can be made: as the nanoparticles get larger in 

diameter, the size dispersity decreases, while the size distribution remains relatively constant in 

the citrate reduction method of AuNP synthesis. 



32 

Along with TEM analysis UV-Vis absorption spectroscopy was done to determine the 

concentration of the nanoparticles in solution. This is done using the Beer-Lambert law, equation 

2.1, 

𝐴 = 𝜖𝑏𝑐 

Where A is the absorbance measure, 𝜖 is the material’s extinction coefficient at a specific 

wavelength, b is the path length the incident light travels, and c is the concentration of the 

material being measured [101,102]. Along with concentration the absorption spectra also 

contains information about size, and shape. Figure 2.13 illustrates the narrowing of the 

predominant absorption feature of AuNPs known as the LSPR.  

 

Figure 2.8 Normalized absorption spectra for a range of AuNP sizes 

 

It is interesting to note that the stoichiometric amount of nanoparticles formed in each 

reaction is inversely proportional to the size of the nanoparticles formed. Because reaction 

volume and gold ion concentration are constant for all reactions studied here, it is understandable 

that a constant concentration of gold precursors will form more small nanoparticles than large. 
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When plotted relative to the size-dependent extinction coefficient, the absorption spectra gives 

rise to the extinction spectra, given in Figure 2.9a. In order to see the size dependence of the 

extinction of the AuNPs it is useful to plot the extinction coefficients at the peak of the LSPR at 

520nm, illustrated in Figure 2.9b. Clearly, the extinction follows a volumetric trend with an r3 

power dependence. Interestingly, this power dependence broadens into an r4 power dependence 

as the extinction coefficient red of the LSPR band is considered. This offers further evidence of 

the broadening of the absorption spectra and will be important when determining how efficiently 

the LSPR couples to excited state molecules.  

The reaction mechanism for the citrate reduction method is shown in Figure 2.10. In this 

method the citrate and tannic acid both act as reducing agents as well as surfactants. The 

passivating group for each of these ligands are the acid functional groups. Acids are ideal for 

coordinating to gold so the acid passivated AuNPs are not stable for very long or in harsh 

conditions [46]. The citrate and tannic acid passivated particles are so unstable, in fact, that they 

cannot be efficiently salt precipitated to separate them from unreacted reagents and smaller-sized 

nanoparticles. If the reaction is left stirring for more than 24 hours without introducing a more 

stable surfactant the passivation equilibrium process will lose out to growth and flakes of gold 

will begin to crash out of solution. The stabilizing ligand choice of BSPP reflects that fact that 

phosphines are better coordinators to gold than acids but not so good that they cannot be later 

displaced by ligand exchanging with thiol or dithiol labeled payloads of interest [46]. 
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 (a)  

 

(b) 

 

 

Figure 2.9 (a) The extinction spectra for various size AuNPs. (b) Plot of the extinction 

coefficients of the peak absorption at 520 and slightly red of the peak at 570nm 
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Another important note to make is the control over the temperature for this method is 

crucial. Uneven heating of the reaction or failing to heat the acid solution before injecting into 

the gold solution can result in nonspherical particles. This will most easily distinguished in the 

absorption spectra as a peak begins to form slightly bluer than the normal LSPR band at 520nm. 

TEM analysis is also a good indicator of a failed reaction.  In most cases egg shaped particles are 

formed. This method cannot produce nanoparticles with good size distribution below 3nm so in 

order to probe down to the metallic limit (about 1.5nm) another technique was used. 

Method 2 Metal nanoparticles approximately 2nm in diameter were synthesized via a 

biphasic reaction and then phase exchanged into water with BSPP. Citric acid and tannic acid are 

 

 

Figure 2.10 Reaction mechanism for citrate reduction and subsequent ligand exchange of 

AuNP 
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not able to protect the particle surfaces well enough to prevent growth below 3nm, thus this 

synthesis utilizing a more protective capping-ligand was necessary to synthesize 2nm 

nanoparticles. This method can be used to produce water soluble AuNPs, palladium NPs, and a 

variety of alloys containing these two metals.  First, X moles of HAuCl4 were dissolved in 

degassed water with Y moles of PdCl2, where X+Y= 0.125mmoles. Then, 500mg of BSPP were 

added to the solution and stirred for 10 minutes. After stirring for 10 minutes, 1mL of freshly 

made aliquot of 0.1M NaBH4 solution is rapidly injected. The nanoparticles are formed instantly 

but the reaction is allowed to stir for an additional 3 hours to allow for the complete reaction of 

excess NaBH4. X-ray Fluorescence (XRF) was performed on alloyed nanoparticles to determine 

the mole fraction of the metals contained within the nanoparticle. Table 2.2 shows these results. 

TEM analysis of the AuNPs synthesized via method 2 is shown in Figure 2.11. It 

illustrates a mean diameter of 1.89 nm with a distribution of 0.35nm, an 18% dispersity. The 

Gaussian fit of the histogram indicates reasonable control over growth. It is important to note 

that even though this sample has the smallest distribution it also has one of the broadest size 

dispersions. The smaller size is achieved by maintaining greater control of the reduction and 

passivation during the nanoparticle formation. For the AuNPs this is done by reducing the Au3+ 

in HAuCl4 to Au+ during the coordination of the BSPP ligand before reduction. This process is 

observed for AuNPs as the solution changes colors upon the addition of the BSPP. The pre-

reduction results in a nucleation process that requires only one electron shortening the time 

between the reduction to Au0 and passivation by the BSPP. 
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Table 2.2 The XRF results for Au/Pd alloyed nanoparticles prepared by method 2. The 

data shows good correlation between the mole fraction of the reactants and the mole fraction in 

the products. 

Fraction of HAuCl4 

used 

Fraction of PdCl2 

used 

Mole faction Au of 

sample 

Mole fraction Pd of 

sample 

1 0 1 0 

0.75 0.25 0.66 0.34 

0.5 0.5 0.45 0.55 

0.25 0.75 0.72 0.28 

0 1 0 1 
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Figure 2.11 TEM image with size analysis for 1.89nm AuNPs showing a standard deviation 

of 0.35. Scale bar in image represents 5nm 
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2.2.2 Biphasic Reduction of Metal Particles (Ni, Pd, Pt, and Au)  

 Organically soluble metal nanoparticles were synthesized with the following method. 

First, 0.125 mmoles of the metal salt were dissolved in 5 mL of degassed water. Then 6 mL of 

degassed toluene were injected into the metal salt solution and 350mg of tetra-octylammonium 

bromide (TOABr) were added to the mixture. In order to phase exchange into toluene TOABr 

acts as a phase transfer catalyst on the metal ion. For the sake of simplicity, Figure 2.17 

illustrates that the metal forms an intermediate structure of TOAM, though it is important to 

mention this is not an accurate representation of the mechanism [103]. Phase transfer catalysts 

act like detergents by changing the ionic environment so that the complex is able travel across 

the aqueous/organic interface. After addition of TOABr, the solution was stirred until all the 

color has transferred to the organic layer. The water layer was removed and 300mg of triphenyl 

phosphine (TPP) is added. After 10 minutes of stirring, a color change occurred indicative of 

metal ion-TPP association. Freshly prepared 0.1 M NaBH4 was rapidly injected, 1mL, followed 

by vigorous stirring for 3 hrs. With the injection of the NaBH4 solution, the metal is reduced to 

M0, initiating the nucleation process and, shortly thereafter, the passivation of the nuclei by TPP. 

The synthesized nanoparticles are organically soluble, so in order to water solubilize them 

500mg of BSPP was dissolved in 6mL of H2O and added to the organic reaction mixture. After 

48 hours of stirring, the organic layer was removed and the now water soluble particles were 

precipitated with ethanol. Figure 2.12 shows the proposed mechanism for this reaction. 

2.3 Microwave Synthesis 

2.3.1 Copper Nanoparticles 

Copper nanoparticles were synthesized in a microwave reactor. 540mg of copper 

acetylacetonate (Cu acac) was dissolved in 18mL of oleic acid (Olac), 20mL of oleylamine 
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(OlA), and heated in the microwave reactor to 175oC. N-methylpyrrole was rapidly injected and 

the reaction was held at temperature for 15 minutes.  The resulting copper nanoparticles are 

approximately 6.6nm in diameter and soluble in organic solvents. Figure 2.13 is a TEM image of 

the microwave synthesized copper nanoparticles. 

 

 

The copper nanoparticles are primarily spherical, but not as ideally formed as the AuNPs. Figure 

2.13 is a histogram of the TEM analysis, which shows an average diameter of 6.6nm with a 

distribution of 1.01nm, a 15% dispersity. This may be due to a mix of ligands on the surface, 

possibly a combination of Olac and OlA, resulting in uneven growth at the nanocrystal’s facets. 

The mixture of Olac and OlA is required to produce copper nanoparticles. Without the OlA the 

Figure 2.12 Mechanism for metal nanoparticle formation from the biphasic method. 

M+n represents the metal ion of choice (Au3+, Pd2+, Pt2+, Ni2+, or Ag+) that is 

coordinated with TOA to phase transfer into toluene from water.  TPP is then added 

and some of the M ions form complexes with it (usually seen as a color change in the 

reaction solution) and then the ions are reduced with NaBH4 and form TPP passivated 

NPs 
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nanoparticles do not form, and without the Olac the reaction does not heat as efficiently under 

microwave irradiation.  

 

 

Figure 2.13 Microwave formed Copper nanoparticles mean diameter of 6.6nm and a size 

distribution of 1.01nm. Scale bar in the image represents 100nm 
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2.3.2 Fe3O4 Microwave Synthesis 

 Fe3O4 was synthesized by dissolving 500mg of Iron (II) acetoacetate (Fe acac) in 18mL 

of OlA and 20mL of Olac.  The solution was heated to 180oC and 2mL of n-methylpyrrole was 

rapidly injected. The temperature was held at 180oC for 30 minutes and cooled to room 

temperature.  The resulting nanoparticles were magnetically separated and washed with 

methanol.  These particles are approximately 7nm in diameter and soluble in toluene.  A typical 

reaction yielded about 150mg of nanoparticles. Figure 2.14 shows the TEM analysis of the Fe3O4 

nanoparticles and their formation of ordered structures during deposition onto the copper TEM 

grids. The mean size was determined to be 7.0nm with a distribution of 0.6nm, an 8% size 

dispersity. The dramatic improvement in dispersity of the Fe3O4 particles over the copper 

nanoparticles may be attributed to longer microwave reaction time, permitting Oswald ripening 

of the smaller populations. Moreover, the passivation of the surface of Fe3O4, with OlA, is 

slightly more favorable than that of copper [47]. 

2.4 Gold Shelling of Iron Oxide 

Fe3O4 NPs were synthesized via the method from section 2.4.2 and were cleaned by 

magnetic separation. To prepare for Au shell generation on the Fe3O4 nanoparticle surface, the 

OlA on the surface was ligand exchanged with hexadecylamine (HDA) at 60 oC for 24 hours. 

The organically soluble NPs were then cleaned with methanol and magnetically separated out to 

store dry. Chloro tri-phenyl phosphine gold(I) was synthesized via ethanol reduction of HAuCl4 

in the presence of excess tri-phenyl phosphine (TPP) at room temperature under nitrogen. The 

excess TPP was washed away with ethanol during vacuum filtration and the remaining white 

powder was dried under vacuum. The powder was then dissolved in chloroform and 
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recrystallized with hexane. The fine white crystals were dried under vacuum and weighed out for 

use in the gold shelling. 
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Figure 2.14 TEM of Fe3O4 nanoparticles with a mean diameter of about 7nm and a 

distribution of 0.6nm, scale bar 20nm 
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For the Fe3O4 NPs, 7nm in diameter, 15mg of the organically soluble NPs were dissolved 

in 5mL of trichloroethene, forming a black solution, and heated to 60 oC to remove any remnant 

magnetism. Then, 300mg of the gold salt dissolved in the minimum amount of chloroform was 

injected into the NP solution, turning the solution purple. The reaction was allowed to cool to RT 

before a 1mL of 1mM NaBH4 in ethanol was rapidly injected into the reaction. The resulting 

mixture was stirred for an additional 3 hours to ensure all the NaBH4 has reacted.  The final 

solution was dark red/purple.  The gold shelled Fe3O4 NPs were then washed with methanol and 

magnetically separated. Figure 2.15 shows TEM of the shelled material as well as the magnetic 

properties of the nanoparticles before and after shelling. The total emu/g drops after the Au 

shelling because the Au shell adds mass to the particles without additional magnetic moment, 

dropping the overall magnetic saturation. The drop in saturation corresponds to a 1nm thick Au 

shell, confirmed by the TEM. 

Confirmation of the Au shelling is indicated in Figure 2.16. The absorption spectra of the 

organically soluble Au coated Fe3O4 exhibits a prominent feature centered at 535nm. This 

feature is the developed LSPR band of the Au shell around the Fe3O4 nanoparticle. Further 

evidence of the Au layer around the Fe3O4 is demonstrated in the pXRD pattern of the shelled 

nanoparticles.  The gold peaks obscure most of the Fe3O4 peaks with only a small portion of the 

signal stemming from the core. Using the information provided in Figures 2.15 and 2.16 it is 

easy to conclude that the shelling process is effective. This process exhibits better control over 

other shelling methods reported in the literature [110, 111]], which can be attributed to the 

substitution of the Au+3 salt with a Au+1 salt as a starting material. Traditional methods utilize the 

association of the preformed AuNPs with the surface of Fe3O4 NPs and then introduce “filler” 

Au+3 ions to reduce into the gaps of the AuNP seeds.  This method is appropriately termed 
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“seeded growth” [110]. The seeded growth techniques have been shown to form highly uniform 

shells but those shells are much thicker than 1nm since the seeds used are around 2nm in 

diameter. Another way to produce Au shells is the simple addition of Au+3 salt to Fe3O4 NPs and 

direct reduction onto the surface [111].  Since this is a 3 electron process, this method generally 

does not produce as uniform shells as using the Au+1 salt discussed earlier.  
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(a) 

       
 (b) 

  

Figure 2.15 (a) TEM of Au shelled Fe3O4 nanoparticles. (b) shows the saturation limit of 

the  Fe3O4 drops5from 64emu/g to 8 emu/g after gold shelling 
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(a)   

 

       

 (b) 

  

Figure 2.16 (a) absorption spectra of Au coated Fe3O4 nanoparticles suspended in Toluene. (b) 

pXRD pattern for the Au coated Fe3O4. 
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CHAPTER THREE 

NANOMETAL SURFACE ENERGY TRANSFER PREDICTS 

THE SIZE-ENHANCED ENERGY COUPLING BETWEEN A 

METAL NANOPARTICLE AND AN EMITTING DIPOLE 

3.1 Introduction 

Engineering fluorescent properties has led to significant advances in the fields of high 

throughput DNA detection, bio-imaging, drug delivery, and structural biology by utilizing the 

optical signature of the fluorescent molecule as a marker for imaging applications, or in energy 

transfer studies [48-50, 2, 104, 5-7]. Energy transfer can be radiative or non-radiative and is the 

basis of optical molecular rulers, where a donor and acceptor exhibit distance dependent 

coupling [48-50, 2]. While Förster resonance energy transfer (FRET) is perhaps the best known 

of these optical probe methods [104,5, 52], the use of a gold nanoparticle (AuNP) as a proximal 

quencher of a fluorophore in nanometal surface energy transfer (NSET) methods has garnered 

attention due to its ability to more than double the range for energy transfer [48, 49, 32, 53, 54]. 

Although the enhanced proximal quenching of an excited state oscillator in the near field of a 

AuNP is well accepted, the mechanistic picture to explain the observation and the formulation of 

a mathematical model with predictive capability is still lacking. This manuscript develops an 

NSET model that predicts the metal nanoparticle size dependent quenching of an excited state 

dye positioned at a fixed distance by considering the mathematical implications of enhanced 

coupling between a fluorophore dipole and the localized surface plasmon (LSPR) that arise from 

the Drude like electrons in a metal nanoparticle. 
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The theoretical size dependent NSET model represents an extension of the seminal work 

of Kuhn [38] and Chance, Prock, and Silbey [39] (CPS-Kuhn) that theoretically treated an 

oscillator interacting with a bulk metal or thin film. The presented theory provides a 

mathematically rigorous analysis of the NSET behavior at AuNP surfaces by correctly 

incorporating the observed changes in absorptivity and dielectric constants as the AuNP changes 

size to correctly account for the magnitude of the induced image dipole and its effect on an 

oscillator at the surface of a AuNP. By incorporating the changes in the complex dielectric 

function and the absorptivity of the AuNP, the size dependent efficiencies and resultant d0 values 

can be theoretically predicted for fluorescent molecules in resonance with the LSPR of the 

AuNP. The developed model is tested for AuNPs between 0.945 and 8.25 nm in radii (1.90 nm–

16.5 nm diameter) using fluorescein (FAM, em=518 nm) as the donor fluorescent molecule at 

separation distances from 6.8 nm to 27 nm. The model is further verified at selected sizes and 

lengths for cyanine-3B (Cy3B, em = 570 nm). The separation is controlled by implementation of 

duplex DNA spacers with specific chemical modifications for fluorescent molecule appendage 

and AuNP coupling at discrete locations on the DNA.  

Early studies on proximal quenching of a dye at the surface of a 2nm AuNP was observed 

to exhibit an R-4 distance dependence for quenching of emitting fluorescent molecules 

overlapping the AuNP LSPR. The studies led to the reported observation that the FRET 

distances typically employed for molecular rulers could be surpassed by use of a metal 

nanoparticle. The surprising result was understood in terms of a quenching of the fluorescent 

molecule occurring within the near field of the AuNP by formation of an image dipole at the 

nanoparticle surface [32, 19, 33].  Although not mathematically rigorous, the NSET results could 

be predicted by applying the limiting conditions proposed by CPS-Kuhn for an oscillator 
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interacting with a thin mirror [33, 42]. As the AuNP increased in size researchers still observed 

an R-4 dependence but needed to apply an empirical correction to the model to accommodate the 

experimental results [53, 9, 55, 56, 57]. Thus although the  empirical approach could 

approximate the observed proximal quenching behavior at a 2nm AuNP,  the model as originally 

derived failed to accurately predict the changes in the observed radiative and non-radiative terms 

for fluorescent molecules as the AuNP increased in size [11,7,58,39]. A number of alternative 

theoretical models have been developed to treat an oscillator in the metal nanoparticle near field 

in an attempt to account for the experimentally observed size dependent quenching behavior [55, 

39, 6, 8, 60, 38]. The prevailing descriptive models can be classified within a FRET like 

approximation, a Gerstein-Nitzan (G-N) model [11, 6, 60, 59, 61] or a CPS-Kuhn model [7, 58, 

39, 8, 38]. Of these models, only the G-N and CPS-Kuhn models correctly treat the metal–

excited state oscillator interactions mathematically rigorously, since the FRET limit is restricted 

to zero-dimensional dipoles approximated by molecular dyes. The G-N model [6] was developed 

for large spherical metal particles and predicts an R-6 distance dependence for interaction by 

considering the AuNP as a single dipole of defined volume with predominately the AuNP 

enhancing field influencing the dye radiative and non-radiative rates. The G-N model requires a 

significant scattering contribution from the AuNP for the assumptions to be valid, and therefore 

would be effective at AuNP radii of > 20 nm. Recent experiments have shown that the G-N 

model approximates the size dependent quenching behavior for spherical gold < 20 nm in radius 

[105] but the G-N was unable to predict separation distance dependent quenching behavior [11]. 

The failure of the G-N model is believed to reflect the inability to accurately predict the observed 

rates for the dye when the AuNP has insignificant scattering contributions. In comparison, the 

CPS-Kuhn model [39] was developed to describe thin films below the electron mean free path 
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and assumes the metal is primarily an absorber of the excited state oscillator energy in the near 

field through the formation of an image dipole. In the CPS-Kuhn model, the surface is treated as 

a strongly correlated collection of oscillators resulting in an R-4 distance dependence. The CPS-

Kuhn model formed the basis of the original NSET empirical model developed for 2 nm AuNP 

by assuming a thin film approximation and is shown to correctly predict the size and separation 

distance data measured experimentally for two dyes in this manuscript when the size dependent 

absorption and dielectric terms for the AuNP are correctly incorporated into the theory. 

Unfortunately, over multiple length scales and nanoparticle sizes the models require empirical 

corrections due to their failure to correctly predict the shape of the quenching efficiency, the 

frequency dependence for the dye, or the metal size dependence. 

The NSET model derived herein provides a firm basis for correctly interpreting the 

results of researchers utilizing fluorescence quenching methods at a metal nanoparticle surface 

for applications in sensing and distance measurements. It correctly treats the image dipole within 

the metal as the collective oscillations of strongly coupled electrons behaving like a confined 

layer of charge; resulting in the reported R-4 distance dependence observed experimentally. For 

the sizes modeled here (radius<20nm), NSET incorporates the energy transfer pathway into the 

non-radiative decay rates of the proximal fluorophore so that quenching tracks with particle 

absorption; as observed experimentally. The model can be easily implemented by spectroscopists 

and is believed to be extendable to other metals. More importantly, the model does not require 

extensive calculations typically employed by alternate models based upon a quasi-static [55, 6, 8, 

60, 59] or quantum mechanical [61, 62] approach. The strong correlation between theory and 

experiment provides a firm basis for use of NSET as a molecular ruler technology in biophysical 

and molecular sciences. 
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3.2 Experimental Section 

3.2.1 Materials  

Spherical gold nanoparticles between 0.945 and 8.25 nm radius (1.9 nm to 16.5 nm 

diameter) were synthesized by standard literature protocols discussed in chapter two. The 

fluorescent molecule to AuNP separation distance is controlled by utilizing duplex DNA as a 

spacer, assuming rigid rod behavior.  The DNA lengths utilized in the study are 15bp, 30bp, 

45bp, 60bp, and 75bp which when assembled onto the AuNP results in a AuNP surface to center 

of fluorescent molecule distance of (15bp) 6.8 nm, (30bp) 11.7 nm, (45bp) 17.0 nm, (60bp) 22.0 

nm, and (75bp) 27.2nm calculated by the Clegg model [67]. The sequences are given in Table 

3.1. Formation of a AuNP-DNA-Fluorescent molecule conjugate is accomplished as described 

previously utilizing stoichiometric place-exchange of a BSPP passivating layer on the AuNP by 

the synthetic duplex DNA, which contains a 5′-C6 thiol for attachment to the Au surface. The 

fluorescent molecule (FAM, Cy3B) is appended to the DNA via a 5′-C6 linker and are available 

from Midland. Full details and analytical data are available in chapter 2 including TEM, size 

dispersity, and UV-Vis. 

3.2.2 Energy Transfer Measurements 

The size-dependent AuNP effects on the excited state photoluminescence of FAM was 

monitored by measuring the integrated fluorescence intensity of the assembled complex (I) 

relative to a sample containing the FAM labeled DNA and a non-appended AuNP (I0) under 

identical reaction conditions and plotted in terms of efficiency of energy transfer (EEnT), where 

𝐸𝐸𝑛𝑇 = 1 −
𝐼

𝐼0
. Steady state photoluminescence (PL) measurements were acquired on samples 

dissolved in 100 mM PBS buffer (50mM NaCl, pH = 7.8) on a Varian Cary Eclipse 

Fluorescence spectrophotometer using Z-matched 50 L quartz cuvettes.  Fluorescein (FAM) is 
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pumped at 490 nm and the PL spectra monitored between 500 nm and 800 nm. The PL data is 

corrected for scattering and absorption by the AuNP by comparison to a control consisting of the 

fluorescent molecule labeled DNA in the presence of uncoupled AuNP at an identical 

concentration. 

Table 3.1 DNA sequences used as spacers for the proximal quenching of the dyes, FAM and 

Cy3B. 

15mer - 68 Å Dye-C6-CGTGTGAATTCGTGC 

Tm=48.1 ºC, 

G1=-28.76kcal/mol, 

G2=-6.91kcal/mol 

HS-C6-GCACGAATTCACACG 

30mer – 117 Å 
 

Dye-C6-CGCCTACTACCGAATTCGATAGTCATCAGC  
 

Tm= 61.3 ºC, 

G1= -56.65kcal/mol,  

G2=-5.19kcal/mol 
 

HS-C6-GCTGATGACTATCGAATTCGGTAGTAGGCG 

45mer – 170 Å 
 

Dye-C6-CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG 

Tm= 68.3 ºC, 

G1=-88.22kcal/mol,  

G2=-14.84kcal/mol 
 

HS-C6-CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG 
 

60mer –  220 Å 
 

Dye-C6-

CGTTCCGTGCACATACTATCCACTCTTAGCGAATTCATCCACATAATCTCT
AGTATCTGC 
 

Tm= 67.0 ºC,  

G1=-107.26kcal/mol, 

G2=-9.41kcal/mol 

HS-C6-
GCAGATACTAGAGATTATGTGGATGAATTCGCTAAGAGTGGATAGTATGT
GCACGGAACG  
 

75mer – 272 Å 
 

Dye-C6-
CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCGCGTTC 
CGTGTGCATACTGAATTCCGTGTTA 
 

Tm= 71.7 ºC, 

G1=-148.27kcal/mol, 

G2=-56.91kcal/mol 
 

HS-C6-
TAACACGGAATTCAGTATGCACACGGAACGCGAGGTTGGCAAGAGTAA 
CACGGAATTCAGTATGCACACGGAACG 
 

 

The size dependent AuNP-Cy3B interaction was analyzed by monitoring the spectrally 

resolved excited state lifetime, where𝐸𝐸𝑛𝑇 = 1 −
𝜏

𝜏0
. The lifetime measurements were acquired 
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by exciting Cy3B at 560 nm (<1 mW) using a Nd:VO4-pumped (Spectra-Physics Vanguard, 2W, 

532 nm, 76 MHz, 10 ps), cavity dumped R6G fluorescent molecule laser (Coherent 702-1) as a 

source and collected onto a Hamamatsu C5680 streak camera coupled to a Chromex 500 imaging 

monochromator. The intensity decay profiles are binned over a 20 nm spectral window.   

3.3 Results and Discussion 

Several attempts have been made to describe this interaction in the near field by 

considering formation of an image dipole in analogy to a mirror effect (CPS-Kuhn) [39] or by 

coupling to the metal radiating field (G-N) [6]. The rate of emission (kobs) for an excited state 

oscillator (fluorescent molecule) is defined by its radiative (kr) and non-radiative (knr) terms. 

When an excited state oscillating dipole is positioned within the near field of a bulk metal, metal 

foil or nanoparticle, the oscillator will interact with the near field of the metal through coupling 

which will influence its non-radiative and radiative rates of the oscillating dipole. The non-

radiative rate of the oscillator is modified by transferring energy to the absorbing metal, with 

subsequent Joule heating within the metal; and the radiative rate is modified due to the Purcell 

effect by reflection of the field back onto the emitting molecule. The magnitude of the effect on 

non-radiative and radiative rates is dependent on the presence of a strong local field to increase 

the photonic mode density appreciably at the emitting dipole, and therefore the nature of the 

fluorophore-metal interaction will be different due to changes in the magnitude of the scattering, 

absorption, and image dipole strength. For a gold nanoparticle below a 20 nm radius, scattering 

can be largely ignored and thus the particle behaves mostly as a simple absorber [64]. Therefore, 

for fluorophores proximal to a AuNP with a radius less than 20nm only the non-radiative rates 

will be significantly modified while the radiative rate modification is minimal.  
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The nature of the interaction of the emitting oscillator with the metal will be strongly 

dependent on the separation distance of the oscillator from the metal, the frequency of the 

oscillator, and the extent of the coupling. As noted by Kreibig [9], the LSPR modes represent the 

collective oscillation of many strongly coupled electrons and therefore the coupling of the 

oscillator is best described as an interaction with an array of coupled dipoles, as initially 

described by the CPS-Kuhn model.  In contrast, the G-N model assumes a dipole approximation 

arising from treating the L=1 mode of LSPR excitation as ‘the dipole mode’ which represents an 

over-simplification. The dipole assumptions lead to FDA=1/r3*1/r=1/r4 distance dependence 

predicted by CPS-Kuhn instead of the FDA=1/r6 dependence derived by G-N. Although the two 

approaches are powerful predictors of the observed trends, it has been reported that as the metal 

nanoparticle is reduced in size the change in extinction cross-section and a loss of the scattering 

component in the complex dielectric leads to failure of the models to predict experimental results 

for both the CPS-Kuhn and G-N theories [11, 33]. To derive an effective expression that predicts 

the observed experimental proximal quenching behavior for AuNPs below 10 nm in radius, the 

change in the physical properties of the gold nanoparticle must be considered. 

In a nanoparticle, neither an infinite surface nor a bulk volume is a correct model and 

thus the CPS-Kuhn model, although validated in thin films [39, 38] traditionally over-predicts 

the interaction strength for nanoparticles [32, 33]. It is reasonable to assume that the failure of 

the model in nanoparticles reflects the size dependent changes in the AuNP dielectric properties 

and changes to the optical cross section. The size dependent electronic properties of the AuNP 

can be incorporated by redefining the quasi-static model of Chance, Prock, and Silbey (CPS-

Kuhn) within a nanoparticle limit [33,.38, 39] The CPS-Kuhn assumption of perfect mirror 

behavior for describing the oscillator-metal interaction is not appropriate in small metal 
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nanoparticle. For metal nanoparticles below 50 nm radius, the weak absorption limit is 

appropriate which translates to the interaction of the metal with the oscillator being described 

primarily by the effect on the non-radiative rate of the oscillator when describing the oscillator 

NP interaction. The loss of perfect mirror behavior is readily incorporated into the theory by 

introducing size dependent electronic properties that are defined with respect to the metal 

nanoparticle radius. To accomplish this it is useful to begin with the of CPS-Kuhn theory 

expressed in terms of the distance at which the probability of non- radiative quenching of the 

fluorescent molecule excited state results in a lowering of the PL intensity by 50%. 

𝑑0 =
𝛼𝜆

𝑛𝑚
(𝐴𝜙)1/4 (

𝑛𝑟

2𝑛𝑚
(1 +

𝜀1
2

|𝜀2|2))

1/4

    (3.1) 

The d0 value incorporates donor and acceptor terms that while not directly analogous to the 

FRET <J> overlap expression are in effect related if one assumes the donor oscillator couples to 

states below the Fermi level (Drude model) in the AuNP. The donor specific terms are: 𝝀, the 

emission wavelength maximum for the donor, and Φ, the quantum yield of the donor. The 

acceptor specific terms include A, the absorptivity of a thin film mirror; nr, the refractive index 

of the metal; and 𝛆𝟐, the complex dielectric function of the metal which can be decomposed into 

the real and imaginary components (𝛆𝟐 = 𝛆𝟐′ + i 𝛆𝟐′′). In CPS-Kuhn, 𝛆𝟏 is the solvent dielectric 

and nm is the index of refraction. The orientation of the donor to the metal plasmon vector is 𝜶, 

and is assumed to be influenced only by the averaged vector resulting in 𝜶 = ((9/2)1/4)/4π. As 

stated earlier, the CPS-Kuhn expression is only appropriate for a thin film with mirror-like 

behavior where the image dipole depth is defined by the penetration depth of the oscillator 

dipole, which is dependent on the metal complex dielectric function (𝛆𝟐) and absorptivity (A) at 

the oscillator frequency[39]. 
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To account for the interaction of an oscillator within the limited volume of a nanoparticle, 

the size dependent electronic terms including the change in the dielectric constant and the 

crossection for absorption of incident radiation must be incorporated. This can be accomplished 

by redefining the CPS-Kuhn expression to accurately account for the expected change in the 𝛆𝟐 

and A values as the NP decreases in size. The size dependent response of 𝛆𝟐 has not been 

previously considered in the development of energy transfer models to metal NPs. It can be 

correctly incorporated by utilizing the full complex dielectric function, including bulk (𝜺), 

Drude (𝛆𝑫𝒓𝒖𝒅𝒆), and interband (𝛆𝑰𝑩) contributions; allowing the complex dielectric to be 

expressed as a size dependent function.  

휀2 = 휀∞ + 휀𝐷𝑟𝑢𝑑𝑒 + 휀𝐼𝐵  (3.2) 

휀𝐷𝑟𝑢𝑑𝑒 = 1 −
𝜔𝑝

2

𝜔2 + Γ𝑟
2

+ 𝑖
Γ𝑟𝜔𝑝

2

𝜔(𝜔2 + Γ𝑟
2)

 

휀𝐼𝐵 = ∑
𝐴𝑖

𝜔𝑖
[

𝑒𝑖𝜙𝑖

𝜔𝑖
−1 − 𝜔−1 − Γ𝑖

−1 +
𝑒−𝑖𝜙𝑖

𝜔𝑖
−1 + 𝜔−1 + Γ𝑖

−1]

𝑖=1,2

 

                               

where is the dipole frequency, pis the Drude plasmon frequency, andris the size-

dependent damping constant (𝚪𝒓 = 𝚪∞ +
𝒍∞

𝒓
), wherein  is the bulk damping constant, 𝒍∞ is the 

mean free path in Au (𝒍∞ = 420Å), and r is the AuNP radius [87,9]. In eq 3.2, Ai, i, φi, and i 

are fit parameters in frequency and are listed in Table 3.2 [63]. Ai describes the magnitude of the 

transition, i is the critical frequency of the discrete transition, φi is the efficiency of the 

transition and i is the dampening term the positive charge of the nuclei has on the core electron. 

The latter term is similar to the dampening term in the Drude expression except that this one is 

dependent on the material and not the size.  The magnitude of i is also much a larger than that of 
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r. These terms are fit to experimental observations in the literature, hence the name “fit 

parameters.” 

Table 3.2 Optical constants used in the derived NSET equation 

𝜺∞ 𝜞∞ 𝝎𝒑 𝝎𝒊=𝟏,𝟐 𝜞𝒊=𝟏,𝟐 𝑨𝒊=𝟏,𝟐 𝝓𝒊=𝟏,𝟐 

1.53 1.075x 1014 1.38 x 1016 4.03 x 1015, 

5.22 x 1015 

4.35 x 10-4, 

1.06 x 10-3 

0.94, 1.36 -π/4, -π/4 

 

Correcting the absorptivity term for size dependence must also be incorporated and has 

not been considered previously in the literature. The absorptivity of a bulk mirror (Amirror) is 

defined in terms of a metal thickness for a semi-infinite plane 

 

𝐴𝑚𝑖𝑟𝑟𝑜𝑟 =
4𝜋𝑘2𝑑

𝜆
  (3.3) 

 where k2 is the extinction component of the complex index of refraction, and d is the thickness 

of the metal film. Since a AuNP is not a semi-infinite plane or a perfect mirror, the A-term re-

expressed in terms of the absorptivity within a single nanoparticle in analogy to molecular 

absorption can be formulated as 

𝐴𝑛𝑝 = 103 ln(10) [
  ∈𝜆 (2 𝑟𝑐𝑚(

2 𝑟𝑐𝑚
𝛿𝑠𝑘𝑖𝑛

))

𝑁𝐴𝑉𝑐𝑚3
]  (3.4) 

where ∈𝝀 is the extinction coefficient of the NP at the maximum emission wavelength of the 

donor (size dependent ∈𝝀 values are reported for spherical AuNPs [64, 34].), rcm is the radius of 

the NP in cm, NA is Avogadro’s number, and 𝑉𝒄𝒎𝟑 is the volume of the particle in cm3. By 

describing absorptivity in terms of the extinction coefficient both the scattering and absorption 

terms in the complex dielectric can be correctly treated.  
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Inserting eqns. 3.2 and 3.4 into eqn. 3.1 yields a size dependent NSET expression that 

predicts the size dependent interaction of an excited state oscillator at a fixed distance from a 

AuNP surface, given in eqn. 3.5. Fitting eqn. 3.5 with the corrected values for the dielectric (eqn 

3.2), absorptivity (eqn 3.4), and literature values for the size dependent extinction terms (Table 

3.4) allows a theoretical plot to be generated for the expected AuNP size dependent d0 values for 

an emitter in resonance with the LSPR at 518 nm (FAM) and near resonance with the LSPR at 

570 nm (Cy3B), as shown in Figure 3.1.  

𝑑0 =
𝛼𝜆

𝑛𝑚
(103 ln(10) [

  ∈𝜆 (2 𝑟𝑐𝑚(
2 𝑟𝑐𝑚
𝛿𝑠𝑘𝑖𝑛

))

𝑁𝐴𝑉𝑐𝑚3
] 𝜙)

1/4

(
𝑛𝑟

2𝑛𝑚
(1 +

𝜀1
2

|𝜺∞+𝜺𝑫𝒓𝒖𝒅𝒆+𝜺𝑰𝑩|2))

1/4

 (3.5) 

The theoretical efficiency curves plotted as a function of oscillator to metal surface 

separation distance is plotted for AuNP radii between 0.95 nm and 8.25 nm is shown for FAM in 

Fig. 3.1b and Cy3B in Fig. 3.1d.  The calculated d0 distances are listed in Table 3.4 for FAM and 

Cy3B. In Figure 3.1, the theoretical d0 plots and efficiency curves predict a size dependent shift 

to longer distance as the AuNP increases in size. Such a shift has been observed in quenching 

studies previously [66, 53]. Intriguingly, the d0 plot exhibits an oscillatory behavior, which 

reflects the difference in the response of the real and imaginary components of the dielectric 

function with size. Within the limit of AuNPs below 50 nm radii, the interaction will result in a 

loss of PL intensity and a shortening of the lifetime of the excited state of a fluorescent molecule 

that overlaps the localized surface plasmon for a metal NP. The distance dependent quenching 

behavior has been experimentally demonstrated to follow a 1/R4 distance dependence between 

the fluorescent molecule to AuNP surface [53, 66]. 
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a)

  
b)  

Figure 3.1 Theoretical size dependent NSET curves illustrating the size dependent behavior for  

(a) d0 value for FAM, (b) efficiency curve for FAM, (c) d0 value for Cy3B, and (d) efficiency 

curve for Cy3B. The experimental points calculated from separation distance dependent 

experimental data for the d0 curves in (a) and (b) are shown as black diamonds 
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c)

 

d) 

  

(Figure 3.1 continued) 
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The observed size dependent shift in energy transfer rates predicted in eqn 3.1- 3.5 can also be 

plotted as a function of the separation distance of the dye from the metal surface. A convenient 

way to project this is using an efficiency plot, which exhibits a power law behavior. The 

efficiency expression can be written as shown in eqn 3.6 if the experimentally reported distance 

(d) to the fourth power is assumed over all AuNP sizes below 50 nm in radius [53, 66]. 

 𝐸𝐸𝑛𝑇 =
1

1+(
𝑑

𝑑0
)

4     (3.6) 

 

In Figures 3.1b and 3.1d, the theoretical size dependent shift in the efficiency curves (dashed 

lines) for FAM and Cy3B on selected nanoparticle sizes is shown. The choice of the plotted 

efficiency curves in Figures 3.1b and 3.1d reflect the experimentally measured AuNP sizes used 

to validate the theory, as discussed below. 

3.3.1 Experimental Validation of Size Dependent NSET 

The predictions of the size dependent NSET expression (eqn 3.1-3.6 ) are readily tested 

by experimentally measuring the emissivity of excited state fluorescent molecules overlapping 

the AuNP LSPR frequency when positioned at discrete distances from AuNPs between 0.945 

and 8.25 nm in radius (1.9 nm to 16.5 nm diameter). A schematic of the AuNP-DNA-fluorescent 

molecule assembly and the spectral overlap between the fluorescent molecules and AuNP 

utilized for the study is shown in Figure 3.2. To evaluate the validity of the NSET expression the 

quenching behavior of FAM and Cy3B were studied. The choice of FAM and Cy3B reflect the 

desire to be within resonance of the LSPR band on the AuNPs across the full size range studied. 

These fluorescent molecules remain in resonance as the Au LSPR feature in the extinction 

spectra exhibits a clear sharpening of the LSPR feature [7]. The model is tested for all AuNP 

sizes for FAM, while only select data is gathered for Cy3B to validate the developed model.  
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The distance between the donor and metal in Figure 3.2 is systematically controlled using 

synthetic DNA to achieve 69 Å (15bp), 118 Å (30bp), 170 Å (45bp), 220 Å (60bp) and 272 Å 

(75bp). The reported distances are calculated from the AuNP surface to the centroid of the 

fluorescent molecule according to the Clegg cylinder model [67]. In the calculation the 

fluorescent molecule is assumed to be a free rotor when coordinated to the 5’ end of the DNA 

through a C6 spacer. Since the Clegg model assumes a rigid rod approximation with B-DNA 

structure only DNA lengths below 100bps were utilized in the study. DNA lengths below 15bp 

were not utilized to eliminate DNA melting complications inherent in short DNA lengths. Since 

the Clegg model requires a perpendicular orientation for the DNA to the AuNP surface, 

calculations were performed to verify that errors due to tilting are not significant for AuNPs 

below 8.25nm radius  

3.3.2 DNA Orientation Effects 

 It is well known that self-assembled molecules can tilt at a metal surface or even 

electrostatically associate with the surface, leading to significant deviation in the measured 

energy transfer efficiency curve due to perturbation to the measured donor-acceptor distance 

predicted by the Clegg model Figure 3.3. Recent studies by Li, et al have suggested that the tilt 

of DNA on a NP surface is influenced by the packing density of the DNA [50].  The potential 

perturbation in calculated distance will be influenced by electrostic interactions of the DNA with 

the NP surface passivation layer [50] , DNA packing efficiency at the NP surface [49], and the 

the loading level of DNA on the NP realtive ot other ligands [2]. Since packing density depends 

on NP size, the effect of packing on the experimental contact distances and the potential impact 

on the efficiency curves cannot be summarily rejected without mathematical consideration. 
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a) 

  

 

b) 

  

Figure 3.2 a) Schematic model of AuNP-DNA-fluorescent molecule construct. b) Spectral 

overlap between 8nm AuNP extinction spectra and the fluorescent molecule emission spectra 

in water for FAM and Cy3B 
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The potential effect of packing induced DNA tilt on experimental distance can be 

calculated using the predicitons of Li, et al by incoroporating the size dependent packing density 

of DNA on AuNPs.  The calculation shows no significant perturbation to the calcualted distances 

will arise for AuNPs below 10 nm. It is worth noting that above 10 nm the error can become 

siginifcant, for example a 20 nm diameter AuNP(20 nm) will exhibit an error in reproted 

distance of 14% for a 15 bp dsDNA appendage.  The calcualted tilt angle (θ) and packing density 

for each AuNP size in Figure 3.3 extracted from Li [69] is listed in Table 3.2. Error bars were 

added the 16.5 nm data points in Figure 3.4 to account for possible oreintation effects inducing 

error, 

𝜽 = 𝒂𝒓𝒄𝒔𝒊𝒏(𝟏. 𝟏𝟓𝟓√(𝟏 − 𝟎. 𝟖𝟔𝟔 ∗ 𝟏𝟎−𝟏𝟔𝑵𝑨𝒂𝟐𝚪𝒎))  (3.7) 

Γ𝑚 =
1015

0.866𝑁𝐴𝐿𝑎
2

 

 
 

Figure 3.3  Schematic representation of DNA tilt relative to spherical AuNP, where 

d is separation distance, d’ is DNA length from Clegg model, r is the AuNP radius, 

and θ is the angle of tilt relative to normal 
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where NA is avogadros number, is the foot print of double stranded DNA (cm2), m is the DNA 

surface coverage (mol*cm-2), and L is the distance between DNA strands which is calculated 

using the maximum packing density given by Mirkin [68]. 

Table 3.3:  Orientation constants for calculating distance errors 

AuNP size (diameter nm) 𝜽 degrees from normal Packing Density 

2 0 2.41 

3 0 2.36 

4 0 2.30 

6 0 2.20 

8 0 2.1 

13 23.3 1.82 

16 31.67 1.64 

20 39.07 1.45 
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Table 3.4. Theoretical and experimental NSET values for FAM and Cy3B 

Donor 

AuNP 

Radius 

(10-7 

cm) 

AuNP 

Extinctio

n 

(M*cm)-1 

d0 

expt’l 

(Å) 

d0 

theor

y 

(Å) 

𝜺𝟐

= 𝜺𝟐′ + 𝒊𝜺𝟐′′ 
|𝜺𝟐|𝟐 

𝜹𝒔𝒌𝒊𝒏 

(10-7 cm) 
𝜺𝟐′ 𝜺𝟐′′ 

         

FAM 
0.945 

2.45 x 

105 72.5 73.4 -2.98 8.36 78.68 34.00 

𝝀𝑀𝑎𝑥=520n

m 

φ =0.8 

nr=0.62 

1.50 

1.98 x 

106 106.2 

110.

5 -3.17 8.03 74.53 34.27 

2.15 

4.58 x 

106 115.6 

124.

7 -4.69 5.06 47.55 34.39 

2.65 1.0 x 107 147.0 

144.

0 -4.86 4.57 44.51 34.47 

3.30 

2.76 x 

107 183.0 

175.

7 -4.98 4.16 42.14 34.55 

4.00 

5.13 x 

107 207.0 

195.

6 -5.06 3.86 40.50 34.62 

8.25 

4.88 x 

108 320.8 

286.

7 -5.20 3.15 36.98 34.84 

         

Cy3B 
0.945 

1.36 x 

105 57.6 57.3 -5.61 9.09 114.05 31.79 

𝝀𝑀𝑎𝑥=570n

m 

φ=0.7 

nr=0.31 

1.50 

1.24 x 

106 108.0 89.2 -7.29 6.22 91.83 31.24 

4.00 

2.40 x 

107 160.0 

147.

4 -8.52 3.17 82.64 30.58 

8.25 

2.54 x 

108 224.0 

222.

0 -8.72 2.23 80.98 30.48 
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3.3.3 Experimental Considerations 

The loading level of DNA is assumed to be stochastic but can be controlled from one 

DNA per AuNP to full NP coverage by controlling the stoichiometry of the reaction. For the 

energy transfer efficiency studies, a single displacement is utilized for AuNPs < 2 nm radii, 

while complete displacement of the phosphine is utilized for AuNPs > 2 nm radii to improve 

collection efficiencies. On the 2nm and 4nm radius AuNP, loading level dependent quenching 

was analyzed to ensure no loading level effect on the quenching behavior. Since it has been 

experimentally demonstrated that the LSPR frequency for the AuNP can be influenced by the 

passivating ligand head group, and the magnitude of the shift will be dependent on the metal NP 

size and the degree of surface passivation [58]. The shift in LSPR frequency arises from changes 

in the local dielectric environment of the AuNP, which may lead to changes in the resonant 

coupling of the fluorescent molecule oscillator with the AuNP).  

`Inspection of the absorption spectra in Figure 3.4 for 4.0nm radius AuNPs as a function 

of the DNA loading levels reveal that a < 1 nm shift is observed for single labeling of DNA on a 

AuNP for all sizes. When the surface is completely passivated by the DNA a shift of ~ 2 nm is 

observed for 8.25 nm radius AuNP. 

Besides loading levels there are a few other considerations that must be taken into 

account. For the developed model it is assumed that only AuNPs of a single size are present, but 

it is clear to see from the TEM analysis given in Chapter Two that this is not the case. Although 

the size distribution in AuNP is nearly Gaussian, the effect on quenching will not be a normal 

Gaussian statistics problem; for instance a dye in resonance with the plasmon will exhibit an Eff 

 ∈
4 and a size dependence the will track to the r3 power. In addition, as was previously 

discussed the extinction coefficient of the AuNPs is size dependent, therefore a distribution of 
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sizes results in a weighted distribution in the cross-section for coupling of the donor dye to the 

AuNP. The quenching results would be weighted towards the larger AuNPs in each experiment. 

The error caused by this will be visualized by an imperfect match between experimental and 

theoretical observations. The best fits to experimental data using equation 3.6 indicates the 

maximum error of <10%.  The error that arises from the size dispersity could be accounted for 

with a correctional factor but would result in the loss of the simplicity of use for the average 

biomolecular researcher. Furthermore, in recent years there have been significant improvements 

to the synthesis of nanoparticle yielding a <5% size distribution for nearly all sizes. This negates 

the need to build a distribution function to account for what would need to be a batch to batch 

correctional factor [112]. 

Another source of deviation in the efficiency curves may be caused by the absence of a J-

overlap integral from the developed theory. In fact, no model to date that attempts to explain the 

coupling behavior of a fluorescent dipole to a metal nanoparticle has been able to incorporate a J-

overlap integral in the calculation. Instead every available model has assumed a resonance 

condition is met between the donor dye and accepting nanoparticle which allows the math of the 

integral to be left out. This assumption is utilized in the developed model. 

The inclusion of a J-overlap integral and the size dispersity for the AuNP should improve 

the statistics, but for a purely theoretical approach are corrections that are statistically meaningful 

but difficult to compose. A compelling comparison of the derived model to existing models 

illustrates the dramatic improvement the size dependent NSET model offers over the available 

models, illustrated in the residual graphs in Figure 3.5.The residuals are generated of between the 

“best fit” efficiency plots and the available models. The Chew model was derived from the GN-

model and over estimates the scattering component of the AuNPs.  
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a) 

b)  

Figure 3.4 a) Absorption spectra of 4.0nm AuNP with different loading levels of FAM 

labeled DNA strands. b) Energy transfer efficiencies of the different loading levels of DNA 

on 4.0nm AuNP 
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a)  

Figure 3.5 Theoretical size dependent efficiency curves, for the developed model as well as 

two other leading theories, and experimental values for selected separation distances for 

FAM as an excited state donor to AuNP with radii of (a) 0.95 + 0.18 nm, (b) 1.5 + 0.30 nm, 

(c) 2.16 + 0.55 nm, (d) 2.65 + 0.45 nm, (e) 3.3 + 0.5 nm, (f) 4.0 + 0.3 nm, and (g) 8.25 + 1.20 

nm , along with the residual plots for each size. (h) All sizes overlaid (i) All sizes overlaid for 

the Cy3B 
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b)   

(Figure 3.5 continued) 
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c) 

 

(Figure 3.5 continued) 
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d) 

 

(Figure 3.5 continued) 
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e) 

 

(Figure 3.5 continued) 
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f) 

 

(Figure 3.5 continued) 
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g) 

 

(Figure 3.5 continued) 
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h)  

 i) 

  

(Figure 3.5 continued) 
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It also treats the LSPR of the AuNP as a large dipole which results in the model having a native 

1/d6. The model is originally calculated for separation distances that include the radius of the 

accepting nanoparticles since the plasmon is considered a dipole. For simplicity sake Figure 3.5 

has had the radius subtracted from each point for direct comparison to the distance dependence 

with the developed model, which reports separation distances between donating dipole and the 

surface of the AuNP. 

A FRET derived model was also used to compare the developed size dependent NSET 

model. The assumptions made for this model treat the AuNP as a zero-point dipole and again are 

solved for distance separations that include the radius of the NP. Once again, in order to make a 

direct comparison to the size dependent NSET model the radius of the particle has been 

subtracted from the distances to account for only the distance between the dipole and the surface 

of the AuNP. These two models, Chew and FRET, were used to compare the derived model 

because they represent the models that predict the most accurate d0 values when compared to 

experimental observations.  

It is clear from the residuals in Figure 3.5 that the developed size dependent NSET model 

dramatically increases the accuracy and precision between the experimental observations and 

theoretically predicted quenching efficiencies. This is most likely due to fact that it is incorrect to 

treat plasmonic nanoparticles as dipoles, especially has size is decreased below the mean free 

path of the electrons and the LSPR begins to broaden out, as is done in the FRET and Chew 

models. By incorporating the size dependent absorptivity and dielectric function, the developed 

model has been able to not only correctly predict the 1/d4 distance dependence but has also 

shown accurate prediction of the actual quenching efficiencies at distinct distances from the 

AuNP surface. The deviation in the data for the smaller particles can be attributed to large size 
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dispersity, coupled to the volumetric dependence (r3) of the extinction coefficient. This dispersity 

gets better with increasing particle size but as the particles approach 20nm in radius, it is 

believed the deviation for the largest sample (8.25nm radius) arise from contributions from the 

scattering component of the dielectric function or potentially due to a change in the tilt angle of 

the DNA stands relative to the surface of the AuNP. Further studies are required to account for 

the scattering of these larger particles. 

3.3.4 Photoluminescent Quenching Results 

The AuNP size and separation distance dependent PL quenching behavior for FAM and 

Cy3B are plotted in Figure 3.6 a-g and Table 3.5. In Figure 3.6, the experimental data is plotted 

in terms of quenching efficiency vs. fluorophore-AuNP separation distance. The experimental 

data and theoretical predictions are summarized in Table 3.4. Inspection of the FAM (Figure 

3.5(a-h)) and Cy3B (Figure 3.5 (i)). The experimental data shows strong agreement between 

theory and experiment for FAM for all AuNP sizes and separation distances. Plotting the 

experimental d0 values onto the theoretical d0 predictions in Figure 3.1 illustrates the quality of 

agreement between theory and experiment further validating the model. The results strongly 

support the incorporation of size dependent dielectric constants (eqn 3.2) and the redefinition of 

absorptivity (eqn 3.4) to accurately predict the AuNP size dependent trends for energy transfer 

from a fluorescent molecule to a AuNP. 

3.4 Conclusion 

The interaction of an oscillator with a AuNP can be accurately described within the 

image dipole approximation if the size dependent electronic properties for a AuNP are properly 

incorporated. 
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Table 3.5 Lifetime values for Cy3B quenching studies by AuNP 

Complex 
(DNA bp-Au 

radius) 
k1(ns A1 

 

kex(ns 

 
Aex 

 
C 

Cy3B 0.4 (2.5) 0.95 - - 0.01
2 

45bp-Au1.5nm 0.47 (2.1) 0.79 - - 0.01
5 

60bp-Au1.5nm 0.42 
(2.376) 

0.64 - - 0.40 

60bp-Au4.0nm 0.5 (2.0) 0.94 - - 0.21 

45bp-
Au8.25nm 

1.38 (0.72) 0.59 0.4 
(2.5) 

0.38 0.03
0 

60bp-
Au8.25nm 

0.86 (1.16) 0.94 - - 0.01
0 

 

a)  

 

Figure 3.6 a) DNA length dependent FAM quenching data for 0.945 nm radius AuNP b) 

DNA length dependent FAM quenching data for 1.5 nm radius AuNP c) DNA length 

dependent FAM quenching data for 2.15 nm radius AuNP d) DNA length dependent FAM 

quenching data for 2.65 nm radius AuNP e) DNA length dependent FAM quenching data 

for 3.3 nm radius AuNP f) DNA length dependent FAM quenching data for 4.0 nm radius 

AuNP g) DNA length dependent FAM quenching data for 8.25 nm AuNP 
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b)  

 

c)  

 

(Figure 3.6 continued) 
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d)  

 

e)  

 

                                                   (Figure 3.6 continued) 
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f)  

 

g)  

 

(Figure 3.6 continued) 
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The image dipole approximation, which incorporates radiative and non-radiative rates, correctly 

describes the observed fluorescent behavior of a dye as a function of its separation distance from 

the metal surface. The developed size dependent NSET model in this manuscript accurately 

predicts experimental data collected for AuNP sizes between 0.95 and 8.25 nm radii interacting 

with excited state oscillators in resonance and near resonance with the LSPR of the AuNP. The 

careful measurement of the size dependent quenching of the excited state of molecular 

fluorescent molecules by AuNPs up to 8.25nm demonstrates that the observed size dependent 

quenching behavior can be understood in terms of the modification of the non-radiative effects 

within this size range without inclusion of radiative rate modification. More importantly, the as 

derived size dependent NSET expression accounts for the reported shift in d0 values observed by 

others as the AuNP increases in size.   

NSET provides an important predictive model for scientists using AuNPs as energy 

transfer reporters, whether in biophysics or molecular chemistry. The correlation observed 

between theory and experiment demonstrates the validity of the derived size dependent NSET 

model when the correct terms for 휀2 and A are incorporated. The developed model can be used to 

generate curves for other fluorescent molecules and is currently being explored to test the 

validity of the model for other metals. New experimental studies and derivation of the theorem 

are currently being pursued to provide an analytically predictive model for other shapes, sizes, 

and metal compositions.   
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CHAPTER FOUR 

SUPER QUENCHING OF BLUE DYES 

4.1 Introduction 

AuNPs are very important in the biophysical toolbox with applications in resonant energy 

transfer (RET) spectroscopy to surface enhanced RAMAN spectroscopy (SERS), optical sensors, 

bio-diagnostics, and use in drug delivery platforms[70, 1, 71, 72, 73, 2]. The use of AuNPs in 

biotechnology reflects their ease of synthesis, ability to be functionalized, and stability. One of 

the most useful characteristics of AuNPs is known as the localized surface plasmon. The LSPR 

in AuNPs arises from the oscillation of the free electrons producing a strong electric field at the 

surface, which is extremely sensitive to ligand passivation, particle size, shape and environment. 

These induced oscillation has been dubbed the intraband transitions and have been studied 

extensively.  

In this chapter the enhanced quenching of fluorescent molecules by the higher energy 

interband transitions of 2nm AuNPs will be discussed. This enhanced quenching of an excited 

state fluorophore is attributed to the interactions between the excited state wavefunction and the 

higher energy, size-independent interband (d → sp) transition in Au, in addition to the size-

dependent intraband transitions (the LSPR) [74, 9, 75, 76, 77]. This coupling, which leads to the 

observation of a competition between radiative enhancement and radiative quenching depends on 

the composition, size, and shape of the nanoparticle [74, 80, 60, 76, 78, 81, 82, 83, 84]. There 

have been extensive studies that have looked at the quenching of fluorophores by the LSPR of 

AuNPs, and found to follow the frequency dependence of a 2nm AuNP absorption spectra [31, 

32, 33, 19, 29, 76, 78]. Fluorophores whose emission does not overlap with the absorption 

spectra of the AuNPs did not show any quenching while the one whose emission overlaps with 
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the LSPR show a quenching behavior with a 1/d4 distance dependence as predicted by the NSET 

model [31, 32, 19].  

 The intensity of interband transitions (d→ sp) increase exponentially above the LSPR 

band [63, 76]. These transitions are strongly absorptive in nature and likely the major contributor 

to quenching of molecular dyes in the far field. The quenching behavior of molecular dyes with 

emission blue of the LSPR is important since coherent coupling with the interband transition 

should be destructive leading to strong quenching of the excited state intensity, but has received 

only limited attention [76, 79]. In this chapter, the quenching behavior for Alexa Fluor 350 

(AF350) by the d → sp interband transition will be investigated. The photoluminescence (PL) of 

AF350 (λem = 440 nm) overlaps strongly with the interband transition and is higher in energy 

than the LSPR in 2 nm Au (λLSPR = 520 nm). The use of 2 nm AuNP allows the interband effect 

to be probed without interference from a large scattering contribution from the intraband (LSPR) 

that may be present in larger AuNPs, since 2 nm AuNPs exhibits a weak, intraband contribution 

with no significant scattering [33]. 

4.2 Materials and Methods 

The dye coupled DNA strands used in this study were purchased from Midland Oligos 

Inc. and the sequences are given Table 4.1. The complementary strands were annealed together 

by heating them in 20 mM PBS 100 mM NaCl pH7.5 buffer to 95 oC for 2 min and then cooling 

to room temperature. The annealed ds-DNA was treated with dithiothreitol (DTT) to deprotect 

the thiol linker and then passed through a NAP-V column to remove the excess DTT and 

protecting group. The deprotected ds-DNA is instantly mixed with a solution of BSPP coated 2 

nm AuNPs such that the DNA:Au ratio was 1:1.1. The unreacted AuNPs were removed by 

ethanol precipitation. The steady state experiments were conducted on a Varian Cary Eclipse 
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Fluorescence spectrophotometer respectively at 293K±2 K in 20 mM PBS buffer, 0.1 M NaCl, 

pH7.5 with λex = 350 nm. The Stern-Volmer studies were conducted by keeping the 

concentration of the AF350 labeled strands constant at (0.175mM) and varying the concentration 

of the 2nm AuNPs from 0.245mM to 0.05 mM. Figure 4.1 illustrates how this study hopes to 

track quenching of AF350 as the dye is positioned through the near field and into the far field. 

4.3 DNA Complex Results 

The coupling to the excited state of the dye by the AuNP comes from the resonance of 

the absorption of the AuNP with the emission of the dye. AF350 has an absorption maxima λabs = 

350 nm, and an emission maxima λem = 440 nm. The extinction spectra of the AuNP is 

comprised of a size dependent LSPR band (intraband transitions) and a size independent d → sp 

(interband) transitions. This study will look at coupling to the interband transition which is blue 

of 520nm. Ignoring the ligand contributions (λBSPP = 250 nm) to the observed extinction spectra 

for a AuNP, the intraband (λSPR = 520 nm) and higher lying interband contribution to the total 

dielectric function of the metal can be expressed as equation (4.1), such that, [9, 75]  

휀𝑡𝑜𝑡𝑎𝑙 = 휀𝑖𝑛𝑡𝑟𝑎 + 휀𝑖𝑛𝑡𝑒𝑟 = (휀𝑖𝑛𝑡𝑟𝑎
′ + 휀𝑖𝑛𝑡𝑟𝑎

′′ ) + (휀𝑖𝑛𝑡𝑒𝑟
′ + 휀𝑖𝑛𝑡𝑒𝑟

′′ ) (4.1) 

The real component, 휀′describes scattering while the imaginary component, 휀′′ absorptive. By 

using a 2nm AuNP the 휀′ term approaches zero for the energy range under investigation in this 

chapter. The εintra is calculated for a spherical particle using the Mie approximation assuming the 

Drude model where the free conduction electron cloud vibrates resonantly with the incident field 

against a positive background allowing εintra to be written as equation 4.2 [76, 77], 

휀𝑖𝑛𝑡𝑟𝑎 = 1 −
𝜔𝑝,𝑒𝑓𝑓

𝜔(𝜔+𝑖𝛾𝑒𝑓𝑓)
 (4.2) 
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where ωp,eff is the effective plasma frequency and γeff is the damping rate for the collective 

oscillations (plasmon). The εintra equation can be expressed in terms of a size dependent function 

following the approach of Kreibig [33, 9]. Kreibig determined γeff to be size dependent, which 

results in a broadening of the LSPR band with decreasing size [9, 33, 75]. 

The interband transitions described the direct excitation of core electrons in the AuNPs. 

These core electrons are strongly coupled to the positive nuclei that make up the lattice structure 

of the nanoparticles. Due to the extreme difference in mass between the core electrons and the 

nuclei, the Etchegoin approximations allow the positive charge of the nuclei to “spread out” as a 

background that effects all the core electrons equally. Since the core electrons feel the positive 

charge of nuclei directly, more energy is required to perturb them. Etchegoin’s approximations 

treat this relationship by introducing a dampening factor that is related to the positive charge of 

the nuclei [63]. This dampening factor is much larger in magnitude than the dampening exerted 

upon the Drude electrons discussed in the previous chapter. The dielectric function for the 

interband transitions is expressed in equation 4.3, [105, 111, 63] 

휀𝑖𝑛𝑡𝑒𝑟 = ∑
𝐴𝑖

𝜔𝑖
[

𝑒𝑖𝜙𝑖

𝜔𝑖
−1−𝜔−1−Γ𝑖

−1 +
𝑒−𝑖𝜙𝑖

𝜔𝑖
−1+𝜔−1+Γ𝑖

−1]𝑖=1,2  (4.3) 

where Γi is the interband damping rate and is size independent because it only considers the 

positive charge the core electrons feel from the nuclei that make up the lattice, and Ai is a 

measure of the electron occupation number of the d band.  𝜔𝑖 is known as a critical frequency 

that is described the energy required to induce the excitation of the electron, and 𝜙𝑖 is the 

efficiency of that transition. Figure 4.2 shows the overlay of the AuNPs absorptions spectra with 

the absorption and emission of AF350. The arrow indicates the peak of the intraband transitions. 

To the blue of this arrow the intraband transitions decline sharply and the interband transition 

increase in intensity. 
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  In Figure 4.3, the steady-state intensity quenching for the AF350 Au-DNA conjugate for 

15bp (68.75 Å), 22bp (93.08 Å), 30bp (118.1 Å), 45bp (170.0 Å) and 90bp (296.4Å) is shown. 

Control over the dye to AuNP separation distance is achieved by appending the dye to the distal 

end of double stranded DNA through a 5′-phosphate modification. The choice of DNA lengths 

reflect desire to measure quenching behavior in the near-field (15-30bp) as well as the far-field 

(45 and 90bp). For this study, DNA is assumed to conform to a rigid rod approximation over the 

experimental length scale, allowing the separation distance to be calculated from the 2 nm AuNP 

surface to the center of the dye using the Clegg model [67]. The experimental results on AF350 

in Figure 4.3 show >95% quenching the steady state results irrespective of the dye-AuNP 

separation distance.  

The appended DNA experiments were conducted in dilute solutions to eliminate the 

effects of self-quenching and the inner filter effect of the AuNP absorption of incident light. 

Comparison of the results to earlier studies on LSPR intraband effects on quenching indicate the 

>95% quenching at all experimentally measured distances is surprising and likely implies that  

coupling of the excited state wavefunction of the dye with the interband transitions of the AuNP 

is different than coupling to the intraband transition. 

Melting studies were done to ensure the dye is not being damaged during the 

experiments. The AF350 labeled ds-DNA were heated from RT, (about 20 oC) to 30 oC, 50 oC, 

70 oC and 100 oC and the cooled back down to RT. In Figure 4.4 it is clear that as the DNA melts 

the labeled strand diffuses away from the particle resulting the fluorescent signal is recovered. It 

is apparent that over the course of the study the AF350 labeled strand does unanneal resulting in 

the AF350 emission turning on. The melting study was done on two different strand lengths. The 

15mer melting signal does not return to the original room temperature measurement which led to 
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the conclusion that some of the linker strand must have dissociated from the surface over the 

course of the experiment. This resulted in signal from free dye being observed after the sample 

was heated, and then cooled to RT. 

Table 4.1 List of DNA sequences used in the proximal study of the quenching of AF350 by 2nm 

AuNPs 

15mer-AF350 

68 Å 

AF350-C6-CGTGTGAATTCGTGC 

15mer-SH RSS-C6-GCACGAATTCACACG 

22mer- AF350 

93 Å 

AF350-C6-CGCCTACTACCCAGTCATCAGC 

22mer-SH RSS-C6-GCTGACTGGGTAGTAGGCG 

30mer- AF350 

117 Å 

AF350-C6- CGCCTACTACCGAATTCGATAGTCATCAGC 

30mer-SH RSS-C6-GCTGATGACTATCGAATTCGGTAGTAGGCG 

45mer- AF350 

170 Å 

AF350-C6-

CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG 

45mer-SH RSS-C6-

CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG 

90mer- AF350 

310 Å 

AF350-C6-

CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTC 

GCGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG 

90mer-SH RSS-C6-

CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG 

CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG 
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The melting study reached a maximum at 100 oC but did not reach the level expected 

when compared to the control with the free gold and unappended dye labeled DNA. This may be 

a result in a drop in quantum yield with increasing temperature. To test this hypothesis a heating 

study was done on the AF350 labeled strand in the absence of AuNPs and it was indeed found 

that as the temperature increased the signal decreased, shown in Figure 4.5. This effect could be 

the result of nonradiative pathways opening up as kinetic energy of the system is increased. 

 

Figure 4.1 Illustration the experimental approach to investigating the distance 

dependence of the quenching behavior blue dyes will have. The gold ball in the 

middle represents the AuNP, the red cloud its near-field, the blue its far-field, 

and the yellow arrows dipoles at discrete distances from the AuNP 
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Figure 4.2 Spectral overlay of 2nm absorption spectra with AF350 absorption and emission. 

The arrow at 520nm indicates the decline of the intraband and the beginning of the interband 

transitions 

 

 

Figure 4.3 Normalized PL intensity for AF350 for the control (AF350 labeled strand in the 

presence of unappended AuNPs) and the different length strands appended to the surface of 

the 2nm AuNP 

 

10

8

6

4

2

0

In
te

n
s

it
y

800700600500400300

Wavelength (nm)

 AF350 absorption
 AF350 emission
2nmAuNP absorption

1.0

0.8

0.6

0.4

0.2

0.0

N
o

rm
a

li
z
e

d
 I

n
te

n
s

it
y

600550500450400

Wavelength (nm)

 control
 15AF350
 22AF350
 30AF350
 45AF350
 90AF350

 



94 

A plot of the quenching data for AF350 versus distance is shown in Figure 4.6 along with 

the original empirical NSET, the size dependent NSET, and the CPS-Kuhn model predictions. 

The poor agreement between data and theory confirms the failure of the available NSET models 

to predict quenching behavior for dyes that overlap the interband transition in the AuNPs. 

Agreement with the CPS-Kuhn model cannot be confirmed or denied with the limited distances 

DNA can achieve, due to the limited distance range for maintaining a rigid rod approximation for 

DNA (<100bp, 330 Å including the C6 spacers) the lengths required to map the full behavior 

exceed the experimental range for DNA based distance control in this study. In an attempt to 

further understand the strong quenching behavior a Stern-Volmer Study was carried-out to allow 

the extrapolation of the radius of the quenching sphere around AF350 to be calculated, in order 

to determine the d0 value. 

4.4 Stern-Volmer Studies 

4.4.1 Stern-Volmer on AF350 

 Stern-Volmer studies were conducted in order to determine if the observed range of 

quenching is reasonable. Stern-Volmer quenching assumes that a sphere of action exists around 

the emitting dye wherein if a single quencher is present the dye will be 100% quenched. This 

sphere has a volume that can be calculated by rearranging equation 4.4 

  𝜆 = 𝑉[𝑄]𝑁/1000  (4.4) 

where 𝜆 is the mean number of quenching inside the sphere of action, V is the volume of the 

sphere of action, [Q] is the concentration of the quenching in this case AuNPs, N is Avogadro’s 

number. In order to solve for V 𝜆 is to 1 and the Q is set at the concentration where 50% of the 

signal is quenched, this value is the reciprocal of the measured KSV.  
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During the proximal experiments, where the DNA is appended to the AuNP, the steady 

state measurements are taken after dilutions are done to the reaction to obtain maximum signal. 

This has to be done because of what is known as the “inner filter effect” [85]. This effect points 

out that a portion of the incident light is absorbed by the AuNP resulting in decreased signal 

from the fluorophore not because the fluorescence is quenched but a smaller population of 

fluorophores are excited initially. This is a difficult problem to get around due to the differences 

in extinction coefficients of the AuNPs and the fluorophore at the wavelength that the system 

needs to be pumped at. For example, with AF350 the experiment is pumped at 350nm. 

At this wavelength AF350 has an extinction coefficient of 19,000 (cm•M)-1 and the AuNP’s is 

over 300,000 (cm•M)-1. This results in the AuNP absorbing an order of magnitude more incident 

light than AF350 when there is a 1:1 ratio between their concentrations, as is the case during the 

appended experiments and the corresponding controls. To avoid this as much as possible in all 

the Stern-Volmer experiments AF350 was at least 5 times more concentrated than the AuNP. For 

these experiments the concentration of the AF350 labeled DNA was kept constant at 1.75mM 

and the concentration of 2nm AuNP was varied.  
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Figure 4.4 Melting study indicates that as the ds-DNA is melted the AF350 signal returns as 

the labeled strand diffuses away 
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a) 

 

b) 

 

Figure 4.5 a) Temperature dependence of free AF350 labeled DNA. b) Plot of the 

normalized integrals for the temperature dependence 
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Figure 4.6 Efficiency curves for several theories explaining resonant energy transfer coupled 

to the LSPR of metal NPs the data point with the red circle around it represents the 90mer 

and is noted because it is likely that the rigid rod approximation is failing  

 

The amount of quenching was monitored via steady state emission. The raw data is 

shown in Figure 4.7. For the most dilute sample of AuNP a larger decrease in intensity is 

observed than would expected from just an inner filter effect. The AuNP concentration is 1/100th 

of the AF350 labeled DNA. At this ratio just by the inner filter effect a less than 10% drop in 

intensity is expected, instead a 70% drop is observed. Using the Stern-Volmer equation (4.5) the 

extent of the quenching can be compared to other dyes. 

𝐼0

𝐼
= 1 + 𝐾𝑠𝑣[𝑄]  (4.5) 

where I0 and I are the integrated photoluminescence intensity of the emitter in the absence of and 

in the presence of the quencher, respectively. KSV is the Stern-Volmer constant for the system 
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and Q is the quenching concentration. Figure 4.7 plots the I0/I values and the inner filter 

corrected values which are used to extract the KSV. 

 Clearly the more concentrated the AuNPs, the less signal detected from AF350. A plot of 

I0/I vs. [AuNP] yields the classic Stern-Volmer plot. The linear nature of the concentration 

dependence, observed in Figure 4.7, is indicative of collisional quenching opposed to static 

quenching. Further proof would be represented in the lifetime quenching data but the extent of 

quenching even at low AuNPs prevented any lifetime measurements from being obtained. 

Without the lifetime studies to correlate the steady state experiments with, static quenching 

cannot be completely be ruled out, but these experiments have been designed to minimize static 

interactions by passivated the surface with BSPP which is negatively charged and should repel 

the negatively charged phosphate backbone of the ds-DNA. With this information it is possible 

to conclude that the extra 60% drop in signal most likely results from collisional quenching by 

the AuNPs. 

Comparing the experimentally derived KSV values for AF350 and AuNPs to literature values 

for dyes that are in resonance with the LSPR of the AuNPs it is seen to be much larger. This 

indicates that a lower concentration of AuNPs is required to quench 50% of the emission of 

AF350 then is needed for quenching redder dyes such as coumarin 153, and acridium ester [7, 

107]. Coupled to the information from the proximal quenching with the appended DNA 

experiments it is possible to conclude that this quenching mechanism must be more efficient than 

the available resonant energy transfer theories predict. 

Using the KSV from the steady state experiments the 50% quenching concentration was 

determined to be 24μM. This corresponds to a sphere of action with the volume of 6.9•10-17m3. 

From the volume of the sphere the radius of that sphere for AF350 being quenched by a 2nm 
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AuNP is 2540nm. This is much longer than any energy transfer model expects. This must be due 

to the fact that the energy transfer process is different than that of the current models describe. 

4.4.2 Diphenyl Anthracene Stern-Volmer 

In an attempt to verify the enhanced quenching behavior coupled to the d-sp transitions, 

diphenyl anthracene (DPA) was also tested via Stern-Volmer quenching. For the AF350 all the 

DNA appended samples were quenched so much that it was not possible to obtain enough signal 

to measure fluorescent lifetimes, DPA was chosen because of its extended native lifetime of 

6.7ns. DPA is organically soluble so it was necessary to adjust the synthesis of the 2nm AuNP to 

remain organically soluble.  The particles for this study were synthesized by the biphasic 

reduction method discussed in chapter two. Instead of using TPP as a capping agent 

dodecanethiol was used. The choice of a thiol over the phosphine reflects the desire to maintain 

stability and ensure no exchange of would occur at the surface during the experiment. The 

resulting 2nm AuNPs were organically soluble and quite stable due to the thiol group. The DPA 

Stern-Volmer plot of I0/I is plotted in Figure 4.8. 

The quenching data does seem to indicate enhanced quenching at low concentrations of 

AuNPs. In this study the DPA concentration was kept constant at 1mM and the most 

concentrated AuNP sample was 32μM. The choice of not to go more concentrated than 32μM 

reflects the lack of PL signal due to the increased inner filter effect. Unfortunately, the quenching 

data alone is not sufficient enough to claim enhanced quenching so lifetimes were taken of the 

samples.  The results are in Figure 4.9. 

According to the lifetime results there is no significant change the radiative decay rate 

over concentration range studied. Anthracene has been known to intercalate into long carbon 

chains [86] and it was hoped that the addition of the two phenyl groups would limit the packing 
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efficiency of the DPA into the dodecanthiol that passivated the AuNP. The lack of agreement 

between the steady state and the lifetime data, illustrated in Figure 4.9, indicates that there is 

significant of static interaction. Further studies are required to eliminate static quenching 

contributions from the data. 

4.5 Conclusions 

Energy transfer can be thought of as a ball rolling down hill in most applications.  FRET, 

the most basic example, has a higher energy excited state donor and its energy (the ball) rolls 

downhill to a lower energy excited state of an acceptor. For all the experiments discussed 

previously with NSET a resonance between the donor dye and accepting AuNP is met but the 

emissions of the donor is lower energy than the dominant feature in the absorption, the LSPR at 

520nm.  In this chapter a “downhill” type energy transfer process was investigated from a set of 

high frequency dye to 2nm AuNPs. The extinction spectra can be divided into scattering and 

absorption terms reflecting the real and imaginary dielectric dispersion curves for the transitions 

[32, 19, 74, 76]. This study was conducted to minimize the real (scattering) component in an 

effort to observe the higher energy interactions between a fluorophore and AuNPs. Minimization 

of the scattering was very important for this study as higher frequency radiation is scattered more 

efficiently and a large scattering artifact in the measurements would have been detrimental to the 

study.  As it is, a distant dependent quenching model cannot be used to explain the proximal 

quenching of AF350 by 2nm AuNPs.  In order to determine whether there is, in fact, a distance 

dependence to the coupling of the interband transitions through the far field the experiment needs 

to be redesigned to be able enable longer distances to be mapped. 
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a)  

b)

 

 

Figure 4.7 a) Raw data for Stern-Volmer studies on AF350 b) Stern-Volmer plot included 

points corrected for the inner filter effect with line of best fit on the corrected data to extract a 

KSV of 41735M-1  
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Figure 4.8 The I0/I plots of the intensity integrals of the diphenyl anthracene fluorescence in 

the presence of various 2nm AuNP concentrations along with the points corrected for the 

inner filter effect and a best fit line to extract a KSV of 636720M-1 

 

Figure 4.9 Lifetime results for Stern-Volmer studies on the least concentrated and most 

concentrated AuNP samples with single exponential decay fits. 
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Figure 4.10 Plot of the τ0/τ and I0/I data showing a lack of agreement between lifetime and 

steady state experiments leads to the conclusion of static quenching of the DPA 
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