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Rational design and assembly of colloidal metal nanoparticles with fluorescent 

materials like organic dyes, conjugated polymers or colloidal quantum dots has 

stimulated intense research interest in the past decade in view of obtaining 

nanomaterials with controllable optical properties and with applicability in 

optoelectronics and biosensing. The interaction between a fluorescent molecule and a 

metal nanoparticle, also known as plasmon-exciton interaction, is determined by 

several factors such as type, shape and size of the metal nanoparticle, electronic 

properties of the fluorescent molecule, metal nanoparticle-fluorescence molecule 

separation distance and local nanoenvironment. By tuning one or more of such factors 

one can achieve control of the plasmon-exciton interaction and therefore of the optical 

output. This research reports assembly by electrostatic binding and the single particle 

characterization of a series of plasmonic nanoclusters based on core/shell Au/SiO2 

nanoparticle capped with a water soluble conjugated polythiophene derivative. By 
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varying the thickness of the SiO2 spacer we demonstrate the ability to control the 

photoluminescence output of the metal nanoparticle/conjugated polymer nanocluster. 

Plasmonic nanoclusters exhibiting enhanced photoluminensce were further conjugated 

with Cytochrome C to investigate plasmon-assisted photoinduced charge transfer from 

the polymer to Cytochrome C. 
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CHAPTER 1. INTRODUCTION 

1.1 Background 

Noble metal nanostructures are known to exhibit remarkable and synthetically 

taylorable plasmonic properties owing to their surface plasmon modes. Surface 

plasmons are defined as collective electron oscillations in metallic nanoparticles that 

are excited by light[1]. When the frequency of photons matches the oscillation frequency 

of the “free” electrons on a metallic surface, the surface plasmon resonance is 

achieved[2]. The interaction between such surface plasmons and nearby fluorescent 

molecules can influence the molecule electronic properties, modulating the 

fluorescence response of the molecule[3]. This plasmon-exciton interaction has been the 

subject of many research reports and applied to the development of various 

nanomaterials in optoelectronics and biosensing[4],[5],[6].  

For optoelectronic applications, metal nanostructures such as nanoparticles, 

nanoprisms, nanorods, nanogratings, etc. have been incorporated in both photovoltaic 

solar cells and light emitting diodes to enhance the performance of such devices [7], [8]. 

For example, when gold nanoshells are embedded into the quantum dot absorber film 

layer in a solar cell, it can help efficiently control and enhance propagation and 

absorption of incoming light, with some solar cells achieving a 35% enhancement in 

photocurrent[9].  

Plasmon nanomaterials have been used also in the development of biosensors in 

particular for enhancing sensitivity in detection in electrochemical and fluorescence-

based assays[10]. For example, when fluorescently-labeled biomolecules such as 

proteins or DNA are additionally labeled with gold nanoparticles, a stronger 

photoluminescence signal can be attained providing increased detection sensitivity [11]. 
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1.2 Fundamental aspects of plasmon– exciton interactions 

Light illuminating a metal nanostructure can excite localized surface plasmon 

resonances so that if a fluorescent molecule is localized nearby it can impact its 

electronic properties in several ways. It can enhance the molecular excitation rate by 

increasing the local electric field, it can quench the fluorescence by introducing 

competing nonradiative channels such as nonradiative energy transfer or it can increase 

the fluorescence rate when the plasmon and fluorescence are in resonance[12], [13]. It is 

easy to understand the plasmon-exciton interaction by modeling the fluorescent emitted 

by the molecule as a two-state process, a first one involving excitation and a second 

one involving emission of fluorescence. In the excitation process, the rate for excitation 

is influenced by the local electric field by the Fermi’s golden rule,  

𝑘𝑒𝑥𝑐 = (
4𝜋2

ℎ
)|〈𝑒|𝑬 ∙ 𝒑|𝑔〉|2𝜌𝑒                                  (1.1) 

Where h is Plank constant, e and g are wave functions for the excited and ground state, 

E is the local electric field, p is the dipole moment of the molecule and 𝜌𝑒 is the density 

of the excited state[14]. In the emission process, this step is regulated by the quantum 

yield of fluorescence according to  

𝜙 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
                                            (1.2) 

Where kr, knr, are rates for radiative deactivation (spontaneous emission) and 

nonradiative deactivation. The fluorescence emission intensity is given by 

       𝐼 = 𝑘𝑒𝑥𝑐 × 𝜙                                                            (1.3) 

 When a plasmonic nanoparticle is present in the proximity of the fluorescent molecule, 

the emission intensity can vary in two ways. The excitation rate can be increased by 

the local electric field enhancement which can be due to the optical excitation of 
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localized surface plasmon resonances in the metal nanoparticle and according to eq.1.1 

and eq.1.3 this will increase the intensity of fluorescence. Once in the excited state, the 

fluorescent molecule (exciton) can decay by three pathways: (i) radiative decay by the 

emission of a photon, (ii) nonradiative decay through its internal channels and (iii) by 

energy transfer to the metal nanoparticle where it excites the localized plasmon 

resonance of the metal. The coupling of the plasmon with the exciton can affect both 

radiative and nonradiative rates kr and knr. The excited localized plasmon can decay 

radiative thus emitting a photon or nonradiative, resulting in quenching of fluorescence. 

The balance between nonradiative and radiative decay for the localized plasmon is a 

relationship between the absorption and scattering cross section of the metal 

nanoparticle at the emission wavelength of the fluorescent molecule[15]. For coupled 

localized plasmon resonance and exciton having surface plasmon resonance band and 

fluorescence emission band in strong overlap, the radiative rate can be enhanced and 

this results in the increase in intensity[16]. For uncoupled resonance or no spectral 

overlap, the nonradiative rate for energy transfer is enhanced and this results in 

quenching. For these plasmonic nanosystems, an overall enhancement results from the 

competing enhancement by excitation rate over nonradiative energy transfer to metal 

nanoparticle. Non-radiative energy transfer rate depends on the separation distance 

between the fluorescent molecule and the metal nanoparticle while the local field 

enhancement can be biased by the type, size and shape of the metal nanoparticle[17]. 

Therefore, an easy way to control the intensity of emitted fluorescence is to vary the 

separation distance, for example by using an optical inert material or the size of the 

metal nanoparticle.  
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1.2.1  Metal nanoparticle size and distance effects on plasmon-exciton 

interactions 

 

The metal NP’s size has an important effect on the surface plasmon resonance (SPR) 

band[18]. Generally, for the gold nanoparticles (diameter greater than approximately 

10nm), as the particle size increases, the peak of SPR shifts to longer wavelengths[19]. 

Fig. 1.1 shows the SPR vs size for gold spherical nanoparticles. If the particle size 

continues to increase toward the bulk, the SPR moves into infrared and most of the 

visible light is reflected. By changing the size of the nanoparticle, one can overlap the 

plasmon resonance with the fluorescence band of a given molecule and therefore 

enhance the radiative rate or it can simply enhance the excitation rate when using larger 

size nanoparticles to obtain an enhancement in the local electric field. 

 

Figure 1. 1: Plasmon band spectrum of gold nanoparticles which size increases from 20nm to 100nm. 

The separation distance between the fluorescent molecule and metal nanoparticle (NP) 

and the color (wavelength) of incoming light are both have important effects on the 

plasmon-exciton interaction, as they can control the competition between nonradiative 

energy transfer to the metal and plasmon enhancement by local electric field (excitation 

rate)[20]. Fig. 1.2 shows theoretical calculations for the expected fluorescence 

enhancement as a function of intercomponent distance and wavelength of excitation 
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for a fluorescent molecule emitting at 600nm in the vicinity of a 60nm size gold 

nanoparticle according to reference[21] . According to Figure 1.2, if the intercomponent 

distance is less than 10nm, the fluorescence of the emitter will be quenched as at short 

distances the plasmon-exciton interaction is dominated by non-radiative energy 

transfer[22]. If the distance is larger than 15nm, the fluorescence of emitter will be 

enhanced by the plasmon effect, mainly increase in the excitation rate as plasmon 

resonance (530nm) and fluorescence (600nm) do not overlap. Some recent reports 

showed that it is possible to control the optical output of a plasmonic nanocluster 

composed of a gold NP and a colloidal quantum dot by the use of DNA linkers. The 

results shows when the DNA linker (intercomponent) is around 30nm, the fluorescence 

of quantum dots can be enhanced around 5 times[23].  

 

Figure 1. 2: PL enhancement vs. Surface-surface and excitation wavelength. Unpublished results 

provided by M.Sfeir from Brookhaven National Laboratory, New York. 

 

 

 

 
 
 
PL enhancement 
 

 

 

 
PL quenching  



 

6 

 

 

1.3 Self-assembly methods 

Self- assembly of molecules can be realized through non-covalent interactions (e.g., 

hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, π-π 

interactions, and/or electrostatic)[24], [25], [26]. Some important examples of self-assembly 

in materials science involve the formation of molecular crystals, DNA self-recognition, 

antibody-antigen interactions, phase-separated polymers, and self-assembled 

monolayers by electrostatic interactions (layer-by-layer) [27]. The following will 

specifically introduce some recent studying method for self-assembly. 

1.3.1 Self-Assembly Based on biomolecular self-recognition  

DNA has unique molecular recognition properties and it can combine other nucleic 

acids to create self-assembling branched DNA complexes with useful properties. 

Recently, many nano-structures have been built by utilizing this self-recognition ability 

of DNA. For example, some nanoparticles encoded with DNA can be recognized into 

nanoaggregates by DNA base pair self-assembly method[28]. Fig. 1.3 shows 

heterodimers assembly, which were composed of a colloidal quantum dot and a gold 

nanoparticle linked via dsDNA. They were prepared via a step-wise surface-based 

DNA self-assembly method with dimeric stoichiometry and varying interparticle 

distance given by the length of the DNA linker connecting the two nanoparticles. 

Among these dimers, those with a DNA-defined interparticle distance of ~30 nm can 

achieve photoluminescence enhancement from gold plasmon effect, on average 5 

times[23]. 
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Figure 1. 3: Surface-based approach for the assembly of Qdot–AuNP heterodimers. Q, Qdot; GNP, AuNP. 

Reproduced from reference[23] 

 

In addition, antibody-antigen recognition is another common molecular self-assembly 

method. Biosensing platforms have been proposed in which biomolecules can be 

detected by combining them with metal nanoparticles via antibody-antigen self-

recognition[29].  

1.3.2 Layer-by-layer (LbL) method 

Layer-by-layer (LBL) assembly is a simple, versatile, and significantly inexpensive 

approach by which nanocomponents of different groups can be combined to coat both 

macroscopically flat and non-planar (e.g., colloidal core-shell particles) surfaces[30]. It 

also has been widely used for plasmonic biology detection. In LbL assembly, we can 

employed its molecular spacers to tune the vertical separation of fluorophore from the 

metal (Au or Ag) surface, which help precisely modulate plasmon-exciton interactions 

and the photoluminescence (PL) of fluorophore[31].  
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CHAPTER 2. Materials and Methods 

 

2.1 Materials 

 

2.1.1 Conjugated Polymer-PHT 

 

Poly [2-(3-thienyl) ethyloxy-4-butylsulfonate] sodium salt (PHT) was obtained from 

QCR Solutions Corp (Port St. Lucie, FL) as a water soluble conjugated polymer with 

negative charges due to sulfonate functional group. The chemical structure is shown in 

Fig. 2.1. Since this conjugated polythiophene polymer has extended π-systems 

backbone, it has some unique delocalized electronic and optical properties. Absorption 

and Emission Spectrum of polymer PHT (pH 7) are shown in Fig. 2.1. The peaks for 

absorption and emission are around 410nm and 580nm, respectively, and it emits with 

a quantum yield of 5%. In addition, optical properties of PHT solution has a 

dependence on the pH.  Increasing alkaline pH in solution leads to the more charged 

side chains for PHT, which causes a more planar conformation of the backbone and 

aggregation of the polymer chains, and the PHT spectra will be shifted toward red. 

 

 

 
 

Figure 2. 1: Chemical structure of Poly [2-(3-thienyl) ethyloxy-4-butylsulfonate] sodium salt 

 

PHT 
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2.1.2 Gold-silica core-shell nanoparticles (AuNP/SiO2)  

 

Au/SiO2 core/shell nanoparticle are usually synthesized by well-established solgel 

chemistry methods such as the Strober method by starting with commercially available 

metal (Au, Ag) NPs[32]. The surface of silica shell can be modified with functional amino 

group to become positively charged (Figure 2.2). We used four different types of core/shell 

Au/SiO2, each with a 50nm gold core and various shell thicknesses, 10, 16, 19 and 30nm 

custom made by Nanocomposix (San Diego, CA). Some physical parameters are shown in 

table 1.  

 
Figure 2. 2: Sketch of Silica Coated 50nm Gold Nanospheres 

 
 

 

Table 1: Physical parameters of Au/SiO2 core/shell nanoparticle 

 

 

 

 

 

 

 

 

 

Silica shell thickness (50nm core 
Au) 

plasmon band 
peak 

Hydrodynamic 
Diameter 

10nm 537nm 133.8nm 

16mn 535nm 102.1nm 

19nm 534nm 107.4nm 

30nm 543nm 130.9nm 
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2.1.3 Self-assembly for Au/SiO2 and PHT 

 

We assembled PHT and Au/SiO2 by electrostatic binding in water (pH 7) with PHT 

coating the surface of positively charged Au/SiO2, thus  forming a Au/SIO2-PHT 

complex (Fig. 2.3) with the polymer and AuNP separated by the SiO2 shell which varies 

among the four samples to investigate the plasmon-assisted photoluminescence of the 

conjugated PHT. 

 

 
 

Figure 2. 3: Schematic of So Au/SIO2 –PHT composites 
 

2.1.4 Cytochrome C 

 

Cytochrome C is a small heme protein which is part of the electron transport chain in 

mitochondria, accepting one electron. Cytochrome C is highly soluble in water, it has 

a high isoelectric point (10) which means it is positively charged at neutral pH and can 

be assembled on the AuSiO2-PHT plasmonic nanocluster at the outer silica shell to 

form a plasmonic donor-acceptor charge transfer nanocluster. Fig. 2.4 shows the 

absorption spectrum of cytochrome C with the main peak around 405nm. In Fig. 2.5 

the energy difference between the lowest unoccupied molecular orbit (LUMO) of the 

conjugated polymer (donor) and protein (acceptor) ensures efficient electron transfer 

from polymer PHT to Cytochrome C. For the presented experiments, cytochrome c 

from bovine heart was obtained from Sigma-Aldrich as poweder (St. Louis, MO). 
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Figure 2. 4: Normalized Absorption spectrum of Cytochrome C 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 5: A difference in energy level between polymer PHT donor and Cytochrome C acceptor is 

essential for efficient exciton creation (1) and electron transfer (2). LUMO: Lowest unoccupied molecular 

orbit. HOMO: Highest occupied molecular orbit. 
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2.2 DLS for confirming particle formation and non-aggregation 

Dynamic light scattering (DLS) is usually used to measure the size and size distribution 

of molecules and nanoparticles typically in the submicron region[33]. The basic 

principle of the method consists of shining a laser beam through a solution containing 

diluted nanoparticles. The Brownian motion of these particles in solution causes the 

laser light to be scattered at different angle intensities[34]. Experimentally one 

characterizes these intensity fluctuations of the scattered light by computing the second 

order correlation function of the intensity, whose analysis by a three-dimensional 

diffusion model can provide the diffusion coefficient of the particles. The Stokes 

Einstein formula (shown in equation 2.1) can be used to calculate the hydrodynamic 

radius Rh of the particles in solution.  

       Rh = 
𝑘𝐵𝑇

6𝜋𝜂𝐷
                              (2.1) 

Where R= hydrodynamic radius, kB is the Boltzmann constant, T the temperature, 

and η the shear viscosity of the solvent, D = Diffusion co-efficient[35]. In our case, the 

method is used to prove successful assembly of AuSiO2-PHT nanocomposites and the 

lack of aggregation of the assembled nanocomposites. The experiments were 

performed on a Malvern-Zetasizer DLS instrument with a 632nm He Ne laser. 

 

2.3 Single particle photoluminescence microscopy 

Single molecule optical microscopy (SMS) has evolved in the past two decades as an 

important tool to investigate processes in many areas, from biology, to chemistry to 

physics[36]. Compared to the traditional ensemble spectroscopy which can only measure 

average properties, single molecule spectroscopy interrogates one molecule at a time 
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and as such it removes ensemble averaging, resolves heterogeneity and subpopulation 

of molecules behaving different and it can capture transient species that might not be 

detectable in ensemble due to their low contribution[37].  For plasmon-assisted 

fluorescence studies, single molecule microscopy has a large advantage over 

conventional photoluminescence spectroscopy by using narrow laser lines for 

excitation and optical filters for rejection of scattering, thus measuring the real 

plasmon-assisted fluorescence signal[23]. Confocal-based single molecule fluorescence 

microscopy with time-resolved detection by the time-correlated single photon counting 

(TCSPC) method allows measurement of several molecular parameters 

simultaneously, for example fluorescence intensity, lifetime, and fluorescence 

spectrum on a molecule by molecule basis. In TCSPC one records the time dependent 

intensity profile of the emitted fluorescence (decay curve) upon excitation by a short 

flash of light, typically a laser pulse[38]. TCSPC measures the arrival time of the emitted 

photons with respect to the laser pulse and photons from multiple excitation/emission 

cycles to retrieve the lifetime of a fluorescent molecule or the decay times associated 

with different processes present in the molecule. In single molecule microscopy, 

TCSPC can be implemented in a time-tagged time-resolved mode as shown in Fig 2.6 

by recording for each photon from a single molecule both the arrival time with respect 

to the laser pulse (microtime) and with respect to the beginning of the experiment 

(macrotime)[39]. The microtime information is histogrammed to build fluorescence 

decay curves and the macrotime to build time traces of fluorescence intensity. If the 

single molecules to be probed are immobilized on a substrate, a scanning method can 

be implemented to obtain fluorescence lifetime imaging microscopy (FLIM) with 

single molecule sensitivity[40]. 
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Figure 2. 6: Time-Tagged Time-Resolved SMS[41]  

 

2.3.3 Experimental setup for fluorescence decay measurements with TCSPC 

Single molecule fluorescence experiments were performed with an Olympus IX81 

inverted confocal microscope equipped with a 1.4 NA oil immersion lens and coupled 

to a picosecond solid-state diode laser featuring 440 nm and 532nm laser light at 10 

MHz). The schematics of the microscope is shown in Fig.2.7. The microscope was 

equipped with a piezo-scanner for imaging via FLIM Fluorescence was collected by 

the same lens, spectrally separated from excitation laser by a dichroic mirror (R532, 

Semrock Filters) imaged onto a 75 µm pinhole and then split by a 50/50 beam splitter 

onto two single photon counting avalanche photo diode detectors (MPD, Picoquant 

GmbH, Germany). One detector was used to image the backscattering signal from the 

gold nanoparticles by using a narrow bandpass filter centered on the laser light 

(Semrock, 532/3 bandpass) while the second detector imaged the fluorescence from the 

polymer PHT with a 650nm/50 bandpass filter (Semrock). Signals from both detectors 

were fed onto a time analyzer (PicoHarp300) and recorded by a commercial software, 

Symphotime (Picoquant GmbH, Germany). 

TTTR 
PL 
Intensity 

PL 
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Figure 2. 7: Schematic of single molecule microscopy 
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CHAPTER 3. Results and Discussion 

 

 

3.1 UV-VIS AND PHOTOLUMINESCENCE SPECTROSCOPY  

 

Fig. 3.1 shows the UV-vis spectrum of the 50 nm Au/SiO2 NPs (19 nm shell thickness) 

in water and the UV-vis and photoluminescence (PL) spectra of conjugated PHT in 

water. The surface plasmon resonance (SPR) peak from Au/SiO2 NPs for various shell 

thicknesses between 10nm and 30nm peaks in the range 537-543nm (see table 1), 

slightly red shifted comapred to bare 50nm goldnanoparticles (SPR at around 530nm). 

For PHT, the absorption peak is located at 410nm and extends broadly onto low energy 

part of the visible spectrum, up to 600nm while the PL peaks at 580nm and overalps 

considerably with the SPR of the AuNP/SiO2. to ensure plasmon-exciton interaction 

in a AuNP/SiO2-PHT nanocomposite. For example, these nanocomposites can be 

excited at 440nm and considered off-SPR, and at SPR with 532nm to monitor and 

quantify changes in PL intensity and lifetime as a function of shell thickness which 

here will dictate the separation distance between the plasmonic and excitonic 

components.  
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Figure 3. 1: UV-vis spectrum of 50 nm Au/SiO2 NPs in water (black line). UV-vis and PL spectra 

(440 nm excitation) of PHT in water. 

 

 

 

3.2 Dynamic Light Scattering of Au/SiO2-PHT nanocomposites 

Size distribution of Au/SiO2 nanoparticles and Au/SiO2-PHT composites were 

determined by dynamic light scattering (DLS) to demonstrate electrostatic binding of 

PHT to the aminated surface of AuNP/SiO2 and at the same time to prove that there is 

no aggregation of the formed nanocomposites. The size distribution for the four types 

of nanocomposites is shown in Fig. 3.2 and for all of them we observed an increase in 

particle size from Au/SiO2 nanoparticles to Au/SiO2 –PHT nononomposites. The 

observed variation in particle size, Δd is in the range 4-10nm and this variation might 

be attributed to the errors from the DLS estimation. 
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Figure 3. 2: Dynamic light scattering of Au/SiO2 and Au/SiO2-PHT composites. (a) shell thisckness: 

10nm. (b) shell thisckness: 16nm. (c) shell thisckness: 19nm. (d) shell thisckness: 30nm. 
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3.3 Single particle imaging of Au/SiO2-PHT nanocomposites 

 

Fig 3.3 shows (a) the backscattering image recorded with 532nm excitation, and (b) 

and (c) the fluorescence lifetime images (FLIM) recorded with 440nm and 532nm 

excitation from the same area of 15x15 microns containing isolated 50nm-core/19nm-

shell Au/SiO2-PHT particles spin coated on a transparent glass substrate. As shown for 

the particles surrounded by cycles, we can successfully image PHT photoluminescence 

and scattering of gold from the same nanoparticle using 532nm excitation to confirm 

again assembly of polymer PHT on the surface of silica shell and formation of Au/SiO2-

PHT nanocomposites. Fig 3.4 shows the lifetime distribution based on the FLIM 

images (shown Fig 3.3 (b) and (c)), which applys a multiexponential fit to the image 

on a pixel-by-pixel basis. So the lifetime of so many occurences from the image pixel-

by-pixel can be revealed in this distribution. We found lifetime distribution by 

excitation 532nm is almost same with excitation 440nm. This can be explained that 

radiative decay rate is almost non-changed in plasmonic effect, which causes 

unchanged lifetime of PHT. 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 3: Confocal single particle microscopy of 50nm-core/19nm-shell Au/SiO2-PHT nanocomposites. 

spin coated on transparent cover glass substrate. Imamge area is 15x15 microns. (a) backscattering image 

visualizing gold core, (b) FLIM image upon 440nm excitation, and (c) FLIM image upon 532nm 

excitation. 

(a) 

(b) (c) 
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Figure 3. 4: Lifetime distribution of Au/SiO2-PHT by excitation 532nm (red line) and excitation 440nm 

(black line).  

 

 

3.4 Dependencies of PL enhancement factor on the SiO2 shell thickness 

 

As discussed before, four types of core/shell Au/SiO2-PHT nanoclusters were 

subjected to 440 nm (off SPR) and 532nm (at SPR) laser excitation and confocal FLIM 

investigation. From the FLIM images as those shown in Fig.3.3 we could determine 

the PL intensity measured with alternate laser excitation and calculate for each 

nanoparticle the observed PL enhancement for PHT due to the presence of AuNP. Fig 

3.5 shows the distribution of the PL enhancement factor estimated from 25 individual 

50nm/19nm core/shell Au/SiO2-PHT nanoclusters from FLIM images with alternate 

laser excitation, calculated according to 

 

EPL = (IPL (532 nm)/IPL (440 nm))/ (Abs (532 nm)/Abs (440 nm)          (3.1) 
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A fit by a Gaussian function estimates a mean value and the width of the distribution 

from Fig. 3.5 to be 4.6 and 2.31 for the observed PL enhancement for the particular 

shell of 19nm  

Fig.3.6 shows the mean values for the PL enhancement factor obtained for all 

nanoclusters using similar distributions measured from each 25 nanoclusters of a given 

type. All nanoclusters show PL enhancement, except for Au/SiO2-PHT nanoclusters 

with 10nm shell thickness for which we obtained a value close to 1, meaning no 

enhancement. The highest enhancement is observed for 16nm and 19 nm shell 

thicknesses, around 4.5 and 4.6nm, and lower for 30nm thickness (about 2nm). These 

distances are in similar range with the calculations from Fig.1.2 which suggested 

predicted enhancement at values larger than 15nm separation distance between an 

emitting molecule with a PL peak at 605nm and a large gold nanoparticle. Since in our 

case the PL peak of the polymer (580nm) is red shifted from the gold SPR (537-

543nm), according to the theoretical treatment of the plasmon-exciton interaction we 

only expect that the interaction between PHT and AuNP is dominated by energy 

transfer from the polymer to metal nanoparticle and PL enhancement of the excitation 

rate and these processes compete to each other. For 10nm shell thickness it seems that 

the two processes equal in strength or in other words they cancel each other. For larger 

separation distances (thicker shells), the PL enhancement by the excitation rate 

overcomes the quenching by energy transfer to the metal nanoparticle and we observe 

PL enhancement larger than 1, highest at 15nm separation and going down at larger 

distance, for example at 30nm.  
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Figure 3. 5: Distribution of the PL enhancement factor from 25 individual 50nm/19nm core/shell Au/SiO2-

PHT nanoclusters investigated with alternate 440/532nm laser with the PL detected around 580nm. Also 

shown is a Gauss fit with a mean value of 4.6 and full width at the half maximum (fwhm) of 2.31. 
 

 

 
Figure 3. 6: Mean PL enhancement factor for four types of Au/SiO2-PHT. 
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3.5 Dependencies of PL lifetime on SiO2  shell thickness 

 

We used pulsed laser excitation and TCSPC detection and this allowed us to estimate 

PL lifetimes as a function of polymer PHT-AuNP separation distance off and at SPR. 

Figs. 3.7 and 3.8 show the distribution for PL lifetimes from 25 individual 50nm/19nm 

core/shell Au/SiO2-PHT nanocomposites obtained by 440nm and 532nm excitation, 

respectively. Each data point is the result of a fit with a single exponential model and 

the resulting histogram was fit by a Gauss function, resulting in mean values Pmean (e) 

(440nm) = 0.81ns and fwhm (440nm) =0.14ns and Pmean (e) (532nm) = 0.77ns and fwhm 

(532nm) =0.22ns, indicating that for nanocomposites with observed PL enhancement 

there is no change in PL lifetime when exciting either at plasmon resonance or outside. 

This confirms that the PL enhancement is due to excitation rate enhancement which in 

turn can increase the overall PL intensity at resonance as discussed in the beginning.  

The dependency of PL lifetimes measured at the two excitation wavelengths for the 

four types of Au/SiO2-PHT nanocomposites are shown in Fig 3.9. The experiments at 

440nm probe only the PL quenching of PHT by the metal nanoparticle with the PL 

lifetime decreasing with the decrease of shell thickness which indicates stronger 

quenching by energy transfer. At 30nm shell thickness, supposedly there is no energy 

transfer from PHT to metal surface because the distance is too large and the observed 

PL lifetime is the same as from PHT films alone. At shorter distances (shell 

thicknesses) we observe increase quenching since the PL lifetime decrease 

considerably, down to 0.5 ns at 10nm separation. When the nanocomposites are excited 

at 532nm, the PL lifetime vs. shell thickness is similar in trend with the dependency at 

440nm, suggesting that we only obtain PL enhancement by increased excitation rate 

leading to increased PL quantum yield, as proposed before.  
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Figure 3. 7: Distribution of PL lifetimes from 25 individual 50nm/19nm core/shell Au/SiO2-PHT measured 

upon excitation at 440nm. Also shown is a Gauss fit. 
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Figure 3. 8: Distribution of PL lifetimes from 25 individual 50nm/19nm core/shell Au/SiO2-PHT measured 

upon excitation at 532nm. Also shown is a Gauss fit. 

 

 
Figure 3. 9: PL lifetime vs Silica shell thickness for Au/SiO2-PHT nanocomposites measured with 

532nm (red line) and 440nm (black line) excitation. 
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3.6 Photoinduced charge transfer from PHT to Cytochrome C in the 

presence of Au nanoparticles 

Cytochrome C is an efficient quencher for PHT fluorescence as it can be seen in Fig 

3.10 where PHT photoluminescence is measured at various concentrations of protein, 

and with increased concentration the PL decay becomes more quenched. Because PHT 

is a p-type material donating electrons and Cyt-C is known as electron acceptor, 

quenching of photoexcited PHT by Cyt-C happens most probably by photoinduced 

electron transfer with the donor and acceptor molecules oppositely charged and binding 

to each other. To investigate if plasmonic effects can bias the electron transfer between 

PHT and Cyt-C we conjugated by electrostatic binding Au/SiO2-PHT nanocomposites 

of 19nm shell thickness and performed FLIM with the two excitations, off SPR at 

440nm and at SPR at 532nm. Fig 3.11 shows the distributions of PL intensity measured 

from Au/SiO2-PHT and Au/SiO2-PHT-CytC nanocomposites with 440nm and 532nm 

excitation, each distribution containing data from 25 isolated nanocomposites. Using 

the relationship which defines the quenching efficiency for electron transfer as 𝐸 =

1 −
𝐼𝑑𝑜𝑛𝑜𝑟−𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟

𝐼𝑑𝑜𝑛𝑜𝑟
⁄ with 𝐼𝑑𝑜𝑛𝑜𝑟  and 𝐼𝑑𝑜𝑛𝑜𝑟−𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟 the mean values for the PL 

intensity obtained form Fig.3.11 by Gauss fits for AuSiO2-PHT as donor and AuSiO2-

PHT –CytC as donor-acceptor systems, we estimated efficiencies E(440nm)=63% and 

E(532nm)=34% which suggests a decrease in electron transfer efficiency when exciting 

at plasmon resonance. Since we suspect that there might be differences in the loading 

of PHT between donor and donor-acceptor samples, we also estimated the PL lifetimes 

of the two sets of samples as this property is not affected by concentration, as opposed 

to PL intensity. Fig 3.12 shows the distributions of PL lifetimes for Au/SiO2-PHT-Cyt 

C measured by 440nm and 532nm, each from 25 nanocomposites, with similar mean 

values around 0.35ns, suggesting there is no effect of the plasmon resonance on the 

electron transfer rate. Since there is PL enhancement in intensity when the excitation 

happens at plasmon resonance, up to 4.3 times for this particular sample, it means that 
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more excitons can be produced and separated in charges when exciting at resonance 

compared to off-resonance. In other words, even if the rate does not change, the amount 

of charges per time unit (electrons in Cyt-C and holes in PHT) is larger when exciting 

at plasmon resonance. Comparing data from Fig.3.12 and 3.7 and 3.8, and using the 

relation  

kET = 
1

τPHT/Cyt C 
 - 

1

𝜏𝑃𝐻𝑇
                                                                                (3.1) 

We obtain a rate for electron transfer from PHT to CytC of 1.69x109sec-1.  

 

 

Figure 3. 10: Fluorescence decay (lifetime fluorescence) of polymer PHT solutions with different 

concentration Cytochrome C. 
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Figure 3. 11: Distribution of PL intensity measured for (a) Au/SiO2-PHT excited at 440nm, (b) Au/SiO2-

PHT-Cyt C excited at 440nm, (c) Au/SiO2-PHT excited at 532nm, (d) Au/SiO2-PHT-Cyt C excited at 532nm 

together with corresponding Gauss fits.  
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Figure 3. 12: PL lifetime distribution for individual Au/SiO2-PHT-Cytochrome C. (a) 440nm excitation, (b) 

532nm excitation. It was fitted by a Gaussian function. 
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CHAPTER 4. Conclusions 

 

 

In the present research report we designed self-assembled and optically characterized 

a series of plasmonic nanoclusters based on core/shell gold nanoparticle/silica scaffolds 

capped with a conjugated polymer (PHT) with optical output, here photoluminescence, 

tunable by the variation of the silica shell thickness. Using dynamic light scattering and 

a combination of confocal backscattering and photoluminescence microscopy with 

single particle sensitivity we demonstrated formation of Au/SiO2-PHT composites 

particle and non-aggregation in solution. By varying the size of the thickness of the 

silica shell (10nm, 16nm, 19nm and 30nm), we could produce plasmonic nanoclusters 

with controlled optical (PL) output, from efficient PL quenching to PL enhancement. 

Single molecule microscopy (SMS) by alternate two color excitation was used to 

characterize the optical properties of the nanoclusters and to understand the mechanism 

of interaction between plasmon (AuNP) and exciton (PHT). Experiments at 440nm 

excitation characterized the photoluminescence quenching by energy transfer to the 

metal nanoparticle while those at 532nm demonstrated enhancement in polymer 

photoluminescence due to an increase in optical excitation rate as a result of local 

electric field enhancement produced by the presence of Au nanoparticle. The highest 

enhancement was observed for nanocomposites with a shell thickness around 15-19 

nm, of about 4 times when excited at plasmon resonance. Finally, we tested the 

utilization of these nanoclusters in combination with an electron acceptor moiety, 

cytochrome c to find that indeed the Au nanoparticle does not modify the rate for 

electron transfer between PHT and CytC but it does increase the amount of charges that 

can be extracted from such donor-acceptor per time unit by creating more excitons at 

plasmon resonance then off resonance.  
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