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ABSTRACT 

 
COLLOIDAL PLEXCITONIC NANOCRYSTALS 

 
Noble metal nanocrystals, especially gold and silver, which have attracted a great 

deal of attention due to the supporting of surface plasmon polaritons (SPPs), have been 

extensively investigated and studied. With recent developments in colloid chemistry, 

synthesis of noble metal nanocrystals with tunable optical properties in the visible region 

of the electromagnetic spectrum has become easier. Until now, noble metal nanocrystals 

(NPs) synthesized by using various synthetic methods, have a variety of shapes, such as 

bipyramid, rod, disk, prism, and ring, etc. In the strong coupling regime, SPPs supported 

by metal nanocrystals interact strongly with excitons of organic dyes, semiconducting 

quantum dots (carbon or perovskite quantum dots) to generate a new hybrid optical mode 

called plexciton (plasmon-exciton). Plexcitonic nanocrystals have received interest owing 

to their ease of synthesis, scalability, and ability to provide sub-wavelength confinement 

of incident light and offer promising applications. Plasmon–exciton interaction at 

nanoscale dimension can be improved by generating new plexcitonic nanoparticles with 

tunable optical properties, which may be utilized in critical applications such as 

nanolasers, sensors, nano-optics, solar cells, and light emitting diodes. Therefore, there 

has been a tremendous amount of interest in the synthesis of new plexcitonic nanocrystals 

having excellent optical and chemical properties. The main goal of this thesis is to 

synthesize new plexcitonic nanoparticles with tunable optical properties in the visible 

spectrum: (i) synthesis of different shaped colloidal monometallic and bimetallic 

nanocrystals, (ii) synthesis of new colloidal plexcitonic nanocrystals, (iii) synthesis of 

carbon quantum dots (CDs), (iv) coupling of excitons of CDs and SPPs on the silver thin 

film. 
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ÖZET 

 
KOLLOID PLEKZİTONİK NANOKRİSTALLER 

 
Soy metal nanokristaller, özellikle altın ve gümüş, yüzey plazmon polaritonları 

desteklemeleri nedeniyle büyük ilgi görmüş, kapsamlı bir şekilde araştırılıp ve 

çalışılmıştır. Kolloid kimyasındaki son gelişmeler ile elektromanyetik spektrumun 

görünür bölgesinde ayarlanabilir optik özelliklere sahip asil metal nanokristallerin sentezi 

kolaylaşmıştır. Şimdiye kadar çeşitli sentetik yöntemler kullanılarak sentezlenen asil 

metal nanokristaller bipiramid, çubuk, disk, prizma ve halka vb. gibi çeşitli şekillere 

sahiptir. Güçlü birleştirme rejiminde, metal nanokristaller tarafından desteklenen yüzey 

plazmon polaritonları, plekziton (plazmon-eksiton) adı verilen yeni bir hibrit optik mod 

oluşturmak için organik boyaların, yarı iletken kuantum noktaların, karbon noktaların 

veya perovskitlerin eksitonları ile güçlü bir şekilde etkileşime girer. Plekzitonik 

nanokristaller, sentez kolaylıkları, ölçeklenebilirlikleri ve gelen ışığın sınırlandırılmasını 

sağlama yetenekleri ve umut verici uygulamalar sunmaları nedeniyle ilgi görmüştür. 

Nano boyuttaki plazmon-eksiton etkileşimi, nanolazerlerde, sensörlerde, nano-

optiklerde, güneş pillerinde ve ışık yayan diyotlarda kritik uygulamalarda kullanılabilen 

ayarlanabilir optik özelliklere sahip yeni pleksitonik nanoparçacıklar üretilerek 

geliştirilebilir. Bu nedenle, mükemmel optik ve kimyasal özelliklere sahip yeni 

pleksitonik nanokristallerin sentezine büyük bir ilgi vardır. Bu tezin temel amacı, görünür 

spektrumda ayarlanabilir optik özelliklere sahip yeni pleksitonik nanopartiküllerin 

sentezlenmesidir: (i) farklı şekillere sahip kolloidal monometalik ve bimetalik 

nanokristallerin sentezi, (ii) yeni kolloidal pleksitonik nanokristallerin sentezi, (iii) 

karbon kuantum nokta sentezi, (iv) karbon kuantum noktaların eksitonları ve gümüş ince 

film tarafından desteklenen yüzey plasmon polaritonlarının  etkileşimi. 
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CHAPTER 1 

 

1                             INTRODUCTION 

 
When surface plasmon polaritons (SPPs) supported by metal nanoparticles interact 

strongly with molecular excitons or excitons of organic dyes, semiconducting quantum 

dots, and perovskites, hybrid particles showing half-plasmonic and half-excitonic 

characters are generated. The main goal of this thesis is to investigate strong interaction 

between SPPs generated by metal nanoparticles or metal thin films, and excitons of 

semiconductor organic dye or carbon dots. This part of the thesis involves general 

information about nanoparticles, plasmons, excitons, plexcitons, and liquid crystals. 

1.1. Nanoparticles           

Nanotechnology and nanoscience were introduced for the first time on December 

29th1959 by Nobel laureate and a renowned physicist Richard P. Feynman at the famous 

conference "There's Plenty of Room at the Bottom"14 and nobody knew that scientists 

would produce materials at the atomic and molecular level and make cutting-edge scientific 

discoveries by using them at those times. As time progressed, the ability to synthesize, 

characterize, manipulate, and control materials at nanoscale dimensions have gradually 

increased. Up until recently, many types of nanomaterials have been fabricated and 

synthesized at nanoscale dimension owing to the advancements in nanofabrication and 

colloid chemistry.  

Nanoparticles are tiny particles of various shapes whose size is 1-100 nm range at 

least in one dimension.15 In Figure 1.1, the size difference of nanoparticles with other 

molecules and materials is given. The field of science that deals with nanoparticles is called 

nanoscience and it has produced many new materials that have useful chemical and 

physical properties. Depending on their size, morphology, and chemical composition, 

variety of nanoparticles such as metal nanoparticles,11,12,16–20 carbon-based 

nanoparticles,13,21,22 semiconductor nanoparticles,23–26ceramic nanoparticles,27,28 

polymeric nanoparticles,29  and lipid-based nanoparticles can be obtained.30 
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Figure 1.1. Size of nanoparticles with respect to other materials.1 

 

There are two ways to synthesize nanoparticles, one is the bottom-up approach and 

the other is the top-down approach. The bottom-up approach focuses on the usage of 

chemical and physical forces at the nanoscale dimension to assemble basic units into 

nanoparticles whereas the top-down approach is the destructive approach that contains the 

breakage of bulk material into nanoscale dimensions.  

The reason why nanoparticles get so much attention is that the material properties 

change as their size approaches to the nanoscale dimension. When the optical, electrical, 

mechanical, magnetic, and catalytic properties of nanoparticles are compared with their 

bulk counterparts, many differences can be easily detected. Generally, at nanoscale 

dimension, color changes; electric and magnetic properties are enhanced; hardness 

increases; inert materials become efficient chemical catalysts. As materials are shrunk, 

their volume decreases faster with respect to the surface areas, thus increasing the surface 

area-to-volume ratio. One of the most important features that make nanoparticles special 

is that they have a very large surface area-to-volume ratio. The use of nanoparticles is even 

older than we think. Nanoparticles have been used knowingly or unknowingly for a long 

time. The best example of this is the colored windows in the churches (Figure 1.2). The 

nanoparticles have found a place for themselves in many industries such as textile, 

cosmetics, electronics, pharmaceuticals, and even food.  
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Figure 1.2. One of the windows of the Votive Church, Vienna 

. 
 

1.1.1. Metal Nanoparticles  

Metal nanoparticles are synthesized by using metal oxides or metal salts. Metal ions 

are reduced to metal atoms and these atoms self-assemble into nanoparticles in any shape 

by chemical and physical forces at nanoscale dimension. The metal core is covered with 

inorganic or organic molecules or metal oxides. Ever since Michael Faraday conducted 

research on colloidal gold and published his famous paper "Experimental relations of gold 

(and other metals) to light"31 in the 1800s, noble metal nanoparticles such as gold, silver, 

platinum, and copper have been an important research topic. So far, we have witnessed 

many different metal nanoparticle morphologies such as triangular nanoprisms,32 

nanorods,33 nanocubes,34 nanocages,35 nanodisks,11 and nanostars,17,36 nanodecahedrals,12 

nanowires,18,37 and hollow nanostructures20 (see Figure 1.3). These metallic particles can 

be obtained by using various methods such as lithography (top-down approach) and wet 

chemistry (bottom-up approach).  
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Figure 1.3. Different shapes of metal nanoparticles.2 

 

The most attractive synthesis method of metal nanoparticles is using wet chemistry 

because, in this method, a large number of nanoparticles can be synthesized in colloidal 

form. In addition, the size and shape of nanoparticles are tuned by changing reaction 

ingredients. Metal ions, complexing agents, weak and strong reducing agents are all used 

in the colloidal synthesis of metal nanoparticles, and the associated colloidal synthesis of 

metal nanoparticles is frequently activated and accelerated by heat, light, or, in certain 

situations, a reducing agent. Photoinduced techniques, for example, have been utilized to 

change the shape of the metal nanoparticles by using visible and ultraviolet light sources. 

Metal nanoparticles like gold and silver possess different optical, electrical, 

mechanical, magnetic, catalytic properties from their bulk counterparts. The color of any 
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material depends on how the material interacts with the incoming light. When the incident 

light interacts with material, the amount of light reflected, scattered, absorbed, and 

transmitted determine the color we see, and it is unique to the material itself. If you have 

several gold coins and bars of different sizes, all of them will be gold in color. Similarly, 

if you have several silver coins and bars with different sizes, all of them will be silver in 

color. However, if the size of gold approaches to nanoscale (aorund 100 nm), the size of 

the nanoparticle is now comparable with the wavelength of the incident light. Then, when 

light interacts with gold nanoparticles, the amount of light reflected, scattered, absorbed, 

and transmitted not only depends on the material but also on the size, shape, and the 

surrounding medium (refractive index) of the nanoparticles. This is exactly why we can 

see nano-sized nobel metals in different colors (Figure 1.4.).   

 

 

 

Figure 1.4. Color change of the gold nanoparticles with size and shape.3 

 

Metal nanoparticles embody many free electrons. These free electrons oscillate 

collectivelly. Quantum of these free electron oscillations are called plasmons or mainly 

surface plasmons (SPs). When incident light impinges on the surface of the metal 

nanoparticles, their free electrons interact strongly with the electric field of the incident 
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light at the metal-dielectric interface and hence surface plasmon polaritons (SPPs) are 

formed. The plasmonic properties of these metal nanoparticles will be discussed in detail 

in part 1.2. Controlling the dimensions and shape of the metal nanoparticles has always 

been the focus of initiatives in this area.  Thanks to their unique optical properties, metal 

nanoparticles have been involved in many applications such as combining photonics and 

electronics at nanoscale dimension.38–40  

1.1.2. Carbon Quantum Dots 

 

Carbon quantum dots (CDs) are fluorescent semiconductor nanocrystals having 

zero-dimension (less than 10 nm in size). In fact, CDs were discovered by chance during 

the purification of carbon nanotubes by preparative electrophoresis in 2004.41 To be able 

to synthesize CDs, both bottom-up and top-down approaches have been widely employed. 

Hydrothermal, solvothermal, and microwave synthesis of CDs from organic precursors 
13,42,43 are the most commonly used synthesis strategies along with laser ablation of graphite 

powder,44 electrochemical conversions of carbon nanotubes into CDs,45 separations of 

impurities (carbon quantum dots) from arc-synthesized single-walled carbon nanotubes.41 

However, the bottom-up approach has caught more interest than the top-down approach 

because by using the bottom-up approach, the degree of carbonization of CDs can be 

affectively tuned.  

Photoluminescence behaviors of CDs are strongly dependent on excitation, solvent, 

and the pH of the solvent. In spite of the fact that the size of the CDs, surface chemical 

groups, and doping atoms may explain the photoluminescence (PL) behavior, there is no 

widespread assertion on the particular PL mechanism.46 CDs show excitonic transitions in 

the visible region. When photons with energy higher than the energy of the bandgap of the 

material, excitons are generated.47 Electrons are elevated from the valence band to the 

conduction band. As a result, a positively charged hole is left by the negatively charged 

electron. This electron-hole pair is named as an exciton.  

CDs are nominated instead of fluorescent dyes and traditional cadmium and lead-

based semiconductor quantum dots due to their low cost, photostability, chemical inertness, 

biological friendly, low toxicity, water-solubility, bright and strong luminescence, ease of 

functionalization, and simple synthesis. Therefore, there have been a rapid increase in the 

carbon quantum dots (CDs) and their successful applications in optoelectronic devices,48 

photodynamic therapy,49 drug delivery, and bioimaging.50   
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1.2. Surface Plasmon Polaritons 
 

Collective oscillations of electron density in a conducting medium such as a metal 

is known as plasma oscillations. The quantum of plasma oscillations is called plasmon. 

When incident photons interact with surface plasmons of metal surface, surface plasmon 

polaritons (SPPs) are formed in the strong coupling condition. SPPs, which are hybrid state 

of electron and photon, are at the metal-dielectric interface (see Figure 1.5). First 

discovered by Rufus Ritchie51 in 1957, surface plasmon polaritons were extensively 

studied by many well-known scientists such as E. Kretschmann, E. N. Economou, Heinz 

Raether. 

 

 

Figure 1.5.  Surface plasmon polaritons (SPPs) on a metal-dielectric interface.4 

 

Metal nanoparticles and metal thin films support surface plasmon polaritons. When 

photon impinges on the surface of the metal nanoparticles, the electric field of the incident 

photon interacts with the free electrons on the surface of the metal nanoparticles. This 

resonant oscillation is called surface plasmon resonance (SPR). The plasmon resonances 

of metal nanoparticles of silver and gold can be in the visible range of the electromagnetic 

spectrum. If they are illuminated with a white light, gold and silver nanoparticles absorb 

incident light when the incident light is in resonance with the surface plasmon frequency.  
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Light can be confined and guided by metal nanoparticles in subwavelength regions. 

Localized surface plasmon polaritons (LSPPs) are electron density oscillations locally 

around the metal nanoparticle (see Figure 1.6). 

 

 

Figure 1.6.  A localized surface plasmon polariton in a metal nanoparticle.4 

 

When localized surface plasmons interact with incident photons, localized surface 

plasmon polaritons (LSPPs) are generated. In LSPP, the formation of a dipole in the metal 

nanoparticle is caused by the electric field of the incident photon, whereas the restoring 

forces try to eliminate this formation. Therefore, only the frequency of visible light which 

is resonant with the collective oscillation of free electrons of metal nanoparticles is 

absorbed.  

SPPs are easily affected by the change in the shape and size of the metal 

nanoparticles as well as the change in the refractive index of the environment in which they 

are dispersed.52 Thus, if any of these parameters change, the resonance frequency of SPPs 

can be tuned. SPPs have demonstrated themselves in many application areas such as solar 

cells, sensors, microscopy, light-emitting diodes, nano-optics, and surface-enhanced 

spectroscopy.53–55    In this thesis, silver nanodisks, decahedral silver nanoparticles, 

decahedral bimetallic (silver & gold) nanoparticles, and silver thin films are used in order 

to generate SPPs. 

When surface plasmons on the metal thin films and incoming photons are in 

resonance, SPPs can be generated. To be able to excite SPs on the surface of the metal thin 

films, photons cannot be utilized directly owing to the momentum mismatch.5 To defeat 
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momentum mismatch, special arrangements are required. Excitation of surface plasmons 

on metal thin films is achieved by Kretschmann configuration,56 Otto configuration,57 or 

diffraction grating.58 Figure 1.7 shows the different types of special arrangements. Among 

them, Kretschmann configuration is mostly the preferred method.59 In the Kretschmann 

configuration, a glass prism is used to increase momentum of the incident photon in order 

to achieve excitation of SPPs. In this study, for the excitation of SPPs on metal thin films, 

Kretschmann configuration has been used. 

 

 

Figure 1.7.  Surface plasmon resonance: (a) Otto configuration, (b) Kretschmann 
configuration, (c) a diffraction grating, and (d) an evanescent field at 
the interface.5 
 

1.3. Excitons 
 

Semiconductor and insulator materials have a bandgap while metals do not have a 

bandgap. In order to generate excitons, semiconducting materials must be excited by 

photons with an energy higher than the energy of the bandgap of the semiconductor 

material.60 When semiconductors or insulators are excited by photons that have higher 

energy than their band gaps, electrons are elevated by the energy absorbed from incoming 

photons and electrons go to the conduction band, hence a positively charged hole is left 

behind the negatively charged electron. This hole-electron pair is called an exciton and is 

electrically neutral. The positive and negative charges are attracted to each other 

coulombically. The first scientist to mention the exciton was Yakov Frenkel in 1931.61 
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There are two types of excitons due to the strength of electron-hole binding; one is Frenkel 

and the other is Wannier-Mott excitons (see Figure 1.8) 

 

 

Frenkel excitons can be found in materials that have a comparably small dielectric 

constant in which the Coulombic interaction between hole and electron tends to be strong 

thus exciton Bohr radius is small, which leads to excitons to be small62. Besides, the binding 

energy of Frenkel excitons is between 0.1-1.0 eV.63 Frenkel excitons can be found in 

organic semiconducting materials.61 J-aggregate dyes are the most commonly used Frenkel 

excitons. 

Wannier-Mott excitons can be found in materials that have large dielectric 

constants in which the Coulombic interaction between hole and electron is decreased as a 

result of electric field screening thus exciton Bohr radius is large.62Wannier-Mott excitons 

are named by Swiss physicist Gregory Wannier64 and British physicist Nevill Francis Mott. 

The binding energy of the Wannier-Mott excitons is 0.01 eV.63 Wannier- Mott excitons 

can be observed in inorganic semiconducting materials.61 Nowadays, halide perovskites, 65 

quantum dots (QDs),66 and CdSe nanoplatelets67 are used as the source of Wannier-Mott 

excitons.  
In this thesis, J-aggregate dyes and carbon quantum dots (CDs) are used as source 

of exciton. In 1937, J-aggregate dyes were firstly introduced by Scheibe68 and Jelley.69 

These organic molecules have the ability to self-assemble at high concentrations. At high 

concentration, the dye monomers self-assemble into dimers and then the brick wall-like 

Figure 1.8. Schematic illustration of representative exciton models.6 
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structure. Strong π-π interactions between the molecules result in reversible aggregation of 

dye molecules.70,71 The chemical structure of cyanine dye C8S3 is given in Figure 1.9. 

The absorption bands of dye monomers shift to shorter or longer wavelengths by 

aggregation of the molecules and are also narrowed (see Figure 3.3). In fact, the molecular 

aggregates can be categorized as H-aggregates, and J-aggregates owing to the geometry  

 

 

Figure 1.9. a) Chemical structure of cyanine dye C8S3. b) A model of double-walled   
nanotube of C8S3.7 

 

of the molecular arrangement.72 The geometry of the molecular arrangement of J-

aggregates and H-aggregates are shown in Figure 3.3. The dye monomers stick face to face 

in H-aggregates and absorption bands of the H-aggregates shift to shorter wavelengths 

because the electronic state is at higher energy whereas, in J-aggregates, monomers follow 

the edge to edge aggregation or in other words head to tail configuration and the absorbance 

bands of the J-aggregates shift to longer wavelengths because the electronic state is at lower 

energy (Figure 1.10).9  

The electronic band structure of these dye molecules can be modified by different 

geometric formations. Strong intermolecular π electronic coupling occurs because of the 

packing of the aggregates.72 Delocalization of electronic states is increased in aggregates 

owing to the alignment of the monomers.73 
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Owing to their electronic and optical properties, J-aggregates have attracted great 

attention. They can act as a light-harvesting system based on chlorophyll.73 Among J-

aggregates, cyanine dyes are well known such as 5,5′,6,6′-tetrachlorodi(4-sulfobutyl) 

benzimidazolocarbocyanine (TDBC).  In this thesis, TDBC is used as J-aggregate dye to 

synthesize colloidal plexcitonic nanoparticles. 

 
Figure 1.10. Schematic representation of the formation of H- and J-aggregates.8 
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Figure 1.11. a) Face to face stacking of monomers to form H-aggregates. b) Head to tail   
stacking of monomer to form J-aggregates.9 

 

1.4. Plexcitons 
 

Plexcitons are hybrid states that result from the interaction between plasmons of 

metal nanoparticles or metal thin films and excitons of molecules or quantum dots (see 

Figure 1.12).74 Plexcitons have received interest owing to their ease of synthesis, 

scalability, and ability to provide sub-wavelength confinement and hence they offer 

promising applications.75 The first plexcitonic nanoparticles, which are a complex of gold 

nanoshell and J-aggregate, were synthesized by N. J. Halas et al.74 in 2008. Plexcitonic 

particles can be produced by using lithographic techniques and wet chemistry methods to 

study the plasmon-exciton interaction. Plexcitons show half-plasmonic and half-excitonic 

character. The interaction between plasmons and excitons is divided into two; one is 

strongly coupled system where interaction between plasmons and excitons is strong and 

another is weakly coupled system where the interaction between plasmons and excitons is 

weak. 
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When metal nanoparticles meet with the excitonic source, their resonance overlaps thus 

leading to the splitting of the original absorption band of the metal nanoparticle (see 

Figure 4.2). This separation between upper and lower branches is known as vacuum Rabi 

splitting.76 In such systems, there is a reversible energy flow between plasmon and 

exciton. The Rabi splitting energy yields information about the coupling strength and the 

amount of energy exchanged between plasmon and exciton.10 

 

 

Figure 1.13. a) Extinction spectrum of disk shaped silver nanoplate colloid in water. b) 
Absorption spectrum of TDBC dye in water. c) Extinction spectrum of disk 
shaped plexcitonic nanoparticle colloid.11 

 

 

Figure 1.12. Schematic representation formation of plexcitonic nanoparticles.10 
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1.5. Liquid Crystals (LCs) 
 

In general, matter can be found in three main states; these are solid, liquid, and gas 

states. From the past to the present, scientists discovered new intermediate states of matter 

such as liquid crystals. When liquid crystals are discovered by two scientists Friedrich 

Reinitzer77 and Otto Lehmann,78 solid, liquid, and gas were known as the three main states 

of matter. Liquid crystal is a well-known intermediate state of matter in which the 

properties of the liquid phase and the solid phase are combined. Due to its dual character, 

liquid crystal phases are known as mesophase or mesomorphic phases.79 At certain 

temperatures, some materials become liquid crystalline, which means they tend to flow like 

a liquid but have some of the optical properties of a solid due to the ordered arrangement 

of their molecules. Liquid crystals can be grouped according to their different optical 

properties such as texture. 

In general, liquid crystals are divided into two according to the method of obtaining the 

phase; these are lyotropic and thermotropic liquid crystals. To obtain the lyotropic liquid 

crystal phase, the solvent is varied whereas for having thermotropic liquid crystal phase, 

the temperature is changed. In this thesis, lyotropic liquid crystal mesophases are used to 

confine CDs into spaces for studying plasmon-exciton coupling on the metal thin film.  

To achieve lyotropic liquid crystal (LLC) mesophases, amphiphilic molecules 

(molecules that have hydrophilic head and hydrophobic tail) are dissolved in solvent under 

suitable temperatures. The amount of solvent added and as well as the amount of 

amphiphilic molecule dissolved play a vital role in the formation of the phase. The LLCs 

are classified as lamellar, hexagonal, and micellar cubic phases structurally. Lyotropic 

liquid crystals have a bright future owing to their unique properties and played important 

role in many application areas such as biology, food science, photonics, electronics, 

pharmacy, etc. For instance, they are used as gel-electrolytes for optical modulators,80  and 

solar cells,81  as media for the synthesis of CDs,82, and as a potential drug delivery system.83 
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2 CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1. Experimental Methodology 
 

2.1.1. Synthesis of Colloidal Nanodisk Shaped Plexcitonic              

Nanoparticles 
 

During the whole experimental procedure and characterization, Milli-Q water with 

a resistivity of 18.2 MΩ cm was utilized. L-Ascorbic acid (C6H8O6), trisodium citrate 

dihydrate (TSC), poly(sodium 4-styrenesulfonate) (PSS), silver nitrate (AgNO3), and 

sodium tetraborate (NaBH4) were purchased from Sigma Aldrich. 5,5',6,6'-

Tetrachlorodi(4-sulfobutyl)benzimidazolocarbocyanine (TDBC) dye was purchased from 

FEW Chemicals GmbH. All reagents were used without purification.  

The synthesis of spherical silver nanoparticles was conducted in an aqueous 

medium at room temperature. All solutions required for synthesis were freshly prepared. 

The synthesis steps proceed as follows. 5 mL of 2.5 mM TSC solution was transferred to 

a glass vial containing a magnetic stirring bar. After that glass vial containing TSC solution 

was placed on the magnetic stirrer. Then, 0.25 mL of 500 mg/L poly(sodium 4-

styrenesulfonate) (PSS) and 0.3 mL of  10 mM NaBH4 were added to solution mentioned 

above. In the final step, about 2mL per minute to be dropped, 5 mL of 0.5 mM AgNO3 

was introduced dropwise to this mixture. In approximately, 30 minutes, a yellow-colored 

solution along with the plasmon resonance wavelength around 400 nm, which indicates 

the formation of spherical silver nanoparticles, was achieved. For further use, the yellow-

colored seed solution was covered by aluminum foil in order to protect the solution from 

sunlight exposure and aged about overnight to be able to decompose the excess reducing 

agent which is NaBH4.Yellow-colored spherical silver nanoparticles were used as seed 

solution in order to synthesize silver nanoprisms. 
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As in the synthesis of spherical silver nanoparticles, the synthesis of silver 

nanoprisms was conducted in aqueous environment at room temperature. To synthesize 

silver nanoprisms, spherical silver nanoparticles were utilized as seed solutions. Typical 

seed-mediated growth of silver nanoprisms was achieved as follows.84,85 First of all, 5mL 

Milli-Q water was transferred to glass vial containing magnetic stirring bar. After that 75 

μL of 10 mM ascorbic acid was added in 5mL water and continued with the addition of 

different amounts of seed solution, e.g., 60 μL, depending on desired size of silver 

nanoprisms. About 1mL per minute to be dropped, 0.5 mM AgNO3 was introduced 

dropwise to this reaction mixture right after the addition of seed solution. Upon addition 

of AgNO3 solution, the color of the reaction mixture changes due to the amount of seed 

solution present. Finally, 0.5 mL of 25 mM TSC solution was added to stabilize the newly 

formed silver nanoprism. Glass vials containing silver nanoprisms were covered with 

aluminum foil and stored for further use. There was no need for purification for further 

use. 

The shape conversion method was used to synthesize silver nanodisks. To do this, 

nanoprisms were heated as in previous studies.86 The newly synthesized silver 

nanoprisms, which do not require purification, were placed in an oil bath and heated at 95 

°C for 2 hours under stirring. Upon heating, the color of the silver nanoparticle solutions 

changed. After the heating procedure, the silver nanodisk solutions were removed from 

the oil bath and allowed to reach room temperature in the dark. After reaching room 

temperature, silver nanodisk solutions were covered with aluminum foil and stored for 

further use. 

To synthesize plexcitonic nanoparticles, there is a need for plasmon and exciton 

sources. In here, silver nanodisks were used as plasmon sources while 5,5′,6,6′-

tetrachlorodi(4-sulfobutyl)benzimidazolocarbo-cyanine (TDBC) was used as the source 

of exciton. TDBC was used without any purification whereas silver nanodisk solutions 

were centrifuged at 15 000 rpm for 15 min to remove sideproduct, supernatants were 

discarded and pellets were redispersed in water. After that 0.1 mM TDBC solution was 

prepared. Then, plexcitonic particles were synthesized as follows. First of all, different 

amounts of 0.1 mM TDBC solution, e.g 10 and 100 μL, were introduced to silver nanodisk 

solution under stirring. After the addition of TDBC, the color of the solutions changed, 

which is a strong indication of the formation of plexcitonic nanoparticles. In order to get 

rid of excess dye molecules in the solution, nanodisk shaped plexcitonic nanoparticles 

were centrifuged 15 000 rpm for 15 min. Finally, the supernatants were removed and the 
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pellets were redispersed in water. Nanodisk shaped plexcitonic nanoparticles were 

covered with aluminum foil and stored for spectroscopical characterization. 
 

2.1.2. Decahedral Shaped Ag Nanocrystals and Strong Light- Matter 

Coupling in Decahedral Ag-Au Alloyed Nanocrystals 
 

In this subsection of the thesis, the laser-assisted synthesis of anisotropic silver 

nanocrystals and strong light-matter coupling in silver-gold alloyed nanocrystals are 

given. 
During the whole experimental procedure and characterization, Milli-Q water with 

a resistivity of 18.2 MΩ cm was utilized. Polyvinylpyrrolidone (PVP) (40000), trisodium 

citrate dihydrate (TSC), L-Arginine, silver nitrate (AgNO3), HAuCl4, sulfuric acid 

(H2SO4) (95%), hydrogen peroxide (H2O2) (30%), 16-mercaptohexadecanoic acid 

(90%), (3-aminopropyl)trimethoxysilane (97%) and sodium tetraborate (NaBH4) were 

purchased from Sigma Aldrich. 5,5',6,6'-Tetrachlorodi(4-

sulfobutyl)benzimidazolocarbocyanine (TDBC) dye was purchased from FEW Chemicals 

GmbH. All reagents were used without purification. For plasmon-plasmon coupling index 

matching fluid, a glass prism made of BK7 and supercontinuum laser (Koheras-SuperK 

Versa) with a spectral width of around 1 nm were used. Blue laser at 488 nm was 

purchased from CrystaLaser. 

The synthesis of spherical silver nanoparticles was conducted in an aqueous 

medium at room temperature. All solutions required for synthesis were freshly prepared. 

The synthesis steps proceed as in the previous study.87 First of all, 7 mL of Milli-Q water 

was transferred to glass vial containing magnetic stirring bar and this glass vial was placed 

on the magnetic stirrer. It was followed by the addition of 0.5 mL of 50 mM TSC and 15 

μL of 50 mM PVP (40000), respectively. After that 200 μL of 5 mM AgNO3 was 

introduced to this mixture. 80 μL of 100 mM NaBH4 was added this mixture to reduce the 

silver ions present. Finally, 50 μL of 5 mM L-Arginine was added which is used as a 

photochemical promoter. The yellow-colored solution was allowed to stir for several 

minutes. The resulting yellow color of the colloid indicates the formation of spherical 

silver nanoparticles, which have localized SPP resonance wavelength at around 400 nm. 

The synthesis of decahedral shaped silver nanoparticles was conducted in an 

aqueous medium at room temperature under magnetic stirring. To be able to synthesize 
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decahedral shaped silver nanoparticles, previously synthesized spherical silver 

nanoparticles was taken into a dark room and irradiated by blue laser at 488 nm (50 mW, 

CrystaLaser) for nearly 15 h. In the final step, the resulting solution was centrifuged at 

5000 rpm for 15 minutes. The supernatants, which contain byproducts, were removed 

while the pellets were redispersed in water for further use. The resulting solution was 

covered by aluminum foil. 

 

Figure 2.1. Schematic representation of the synthesis of decahedral shaped silver 
nanoparticles conducted in an aqueous medium at room temperature under 
magnetic stirring by blue laser at 488 nm.12 Reprinted with permission from 
Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; Karadeniz, U.; 
Tertemiz, A.; Balci, S. Laser Assisted Synthesis of Anisotropic Metal 
Nanocrystals and Strong Light-Matter Coupling in Decahedral Bimetallic 
Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 

 

The synthesis of silver-gold bimetallic nanoparticles was conducted in an aqueous 

medium at room temperature under magnetic stirring. The synthesis steps proceed as 

follows. First of all, 4 mL of laser-assisted synthesized decahedral silver nanoparticles 

were centrifuged two times at 5000 rpm for 15 minutes. The supernatants were removed 

while the pellets were redispersed in 1 mL of water. Then, 100 ml of 50 mM of TSC was 

introduced to solution of decahedral silver nanoparticles for stabilization. It was followed 

by the dropwise addition of 50 μL of 50 mM HAuCl4 solution several times to achieve 

silver-gold bimetallic nanoparticles. Upon the addition of HAuCl4, galvanic replacement 

reaction between silver atoms and gold ions started, and bimetallic nanoparticles were 

formed. In the final step, bimetallic nanoparticles were centrifuged at 15000 rpm for 10 

min and the pellets were redispersed in water. The resulting solution was covered by the 

aluminum foil for further use. 
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To synthesize plexcitonic nanoparticles, there is a need for plasmon and exciton 

sources. In here, silver-gold bimetallic decahedral nanoparticles were used as plasmon 

sources while 5,5′,6,6′-tetrachlorodi(4-sulfobutyl)benzimidazolocarbo-cyanine (TDBC) 

was used as the source of exciton.  TDBC was used without any purification.  Silver-gold 

bimetallic decahedral nanoparticles centrifuged and dispersed in water in the previous step 

were combined with different amounts of 0.1 mM TDBC, e.g 10 and 100 μL, under stirring 

at room temperature. The resulting mixture was covered by aluminum folie and incubated 

overnight. Afterward, the incubated mixture was centrifuged at 15 000 rpm for 10 min to 

remove uncoupled TDBC molecules. The supernatant was removed whereas the pellet 

was redispersed in water. The resulting solution was covered by aluminum foil. 
Plasmon-plasmon coupling or hybridization between decahedral shaped bimetallic 

nanoparticles and the flat metal thin film was achieved by Kretschmann configuration.88To 

prepare flat silver thin films with the thickness of 40 nm, the following procedure was 

conducted. First of all, the glass microscope slides were cleaned with a piranha solution. 

Piranha solution was prepared by combining 3:1 ratio of sulfuric acid (95%) and hydrogen 

peroxide (30%). After that cleaned glass microscope slides were coated by thermal 

evaporation of silver with a purity 99.9 % under vacuum. Thereafter, the surface of the 

prepared flat silver thin films was chemically modified by using 16-

mercaptohexadecanoic acid (90%) and (3-aminopropyl)trimethoxysilane (97%). To do 

this, 10 mM 16-mercaptohexadecanoic acid (90%) was prepared in 10 mL isopropanol 

and silver thin films were dipped into this solution for 30 minutes. It was followed by the 

washing of silver thin films with isopropanol. After that modified silver thin films were 

dipped into 30 mM (3-aminopropyl)trimethoxysilane (97%) in isopropanol for 30 

minutes. It was followed by washing of silver thin films with isopropanol and water.  

Silver thin films were dried. Then, bimetallic decahedral nanoparticles were coated on the 

surface of the silver thin film by spin-coater and electrostatically self-assembled on the 

modified surface of the silver thin film.  Afterward, bimetallic decahedral nanoparticles 

coated silver thin films were put on the glass prism made of BK7 which contained index 

matching fluid. Index matching fluids reduce unwanted optical reflections. Surface 

plasmons of silver thin films were excited by utilizing glass prism made of BK7 and a 

tunable laser light source, which was supercontinuum laser (Koheras-SuperK Versa) with 

a spectral width of around 1 nm. Thus, localized SPPs of metal nanoparticles and 

propagating SPPs of Ag thin film are coupled. 
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2.1.3. Strong Coupling of Carbon Quantum Dots in Liquid Crystals 
 

During the whole experimental procedure and characterization, Milli-Q water with 

a resistivity of 18.2 MΩ cm was utilized.  L-Phenylalanine, o-Phenylenediamine (OPD), 

sodium hydroxide (NaOH), sulfuric acid (H2SO4) (95%), hydrogen peroxide (H2O2) 

(30%), decaethylene glycol mono-dodecyl ether were purchased from Sigma Aldrich. 

5,5',6,6'-Tetrachlorodi(4-sulfobutyl)benzimidazolocarbocyanine (TDBC) dye was 

purchased from FEW Chemicals GmbH. All reagents were used without purification. For 

plasmon-exciton coupling index matching fluid, a glass prism made of BK7 and 

supercontinuum laser (Koheras-SuperK Versa) with a spectral width of around 1 nm were 

used. 

A hydrothermal method was used to synthesize carbon quantum dots at high 

temperatures and under high pressure. To do this, 8 mL of Milli-Q water was transferred 

to 25 mL Teflon-lined stainless-steel autoclave containing magnetic stirring bar. 

Afterward, Teflon-lined stainless-steel autoclave was placed on the magnetic stirrer. It was 

followed by the addition of 0.0991 g (0.6 mmol) of L-Phenylalanine and 0.0649 g (0.6 

Figure 2.2. The experimental setup utilized to couple localized surface plasmon 
polaritons of Ag-Au bimetallic decahedral shaped nanoparticles with 
propagating surface plasmon polaritons of flat Ag thin film is depicted 
schematically.12 Reprinted with permission from Balci, F. M.; Sarisozen, 
S.; Polat, N.; Guvenc, C. M.; Karadeniz, U.; Tertemiz, A.; Balci, S. Laser 
Assisted Synthesis of Anisotropic Metal Nanocrystals and Strong Light-
Matter Coupling in Decahedral Bimetallic Nanocrystals. Nanoscale 
Advances 2021, 3 (6) https://doi.org/10.1039/d0na00829j. Copyright 
2021 Royal Society of Chemistry. 
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mmol) of o-Phenylenediamine. Then, 2 mL of sulfuric acid (95%) was introduced to this 

mixture. Upon addition of sulfuric acid, the solubility of chemicals added was increased 

significantly. The mixture was allowed to stir for the complete dissolution of the chemicals 

in an 8:2 mixture of Milli-Q water and sulfuric acid. After dissolving the chemicals, the 

resulting solution was transparent in color. Subsequently, the magnetic stirring bar was 

removed from the Teflon-coated stainless-steel autoclave. The Teflon-lined stainless-steel 

autoclave was then placed in a preheated oven at 210°C. The reaction took 12 hours to 

complete. After 12 hours, the Teflon-coated stainless-steel autoclave was removed from 

the oven and allowed to cool. The solution color at the end of the reaction was observed 

as dark blue. Subsequently, the dark blue colored solution was centrifuged at 15000 rpm 

for 15 minutes. Precipitated large aggregates were removed whereas the supernatant was 

filtered by a 0.22 μm syringe filter. After that NaOH solution was prepared in water. 

Meanwhile centrifuged and filtered dark blue colored CD solution was diluted with Milli-

Q water.  NaOH solution was introduced drop by drop in diluted dark blue colored solution 

in order to precipitate CD under stirring. The addition of NaOH continued until pH reached 

7. In order to discard the excess amount of NaOH, the neutralized solution was centrifuged 

three times at 15000 rpm for 15 min. In each centrifugation, the supernatant was removed 

and the pellet was redispersed in water. In the end, the pellet was left to dry for further use 

and characterization. 

In order to prepare LLC mesophases, sulfuric acid (SA) / Polyoxyethylene (10) 

lauryl ether (C12E10) having a mole ratio of 2.5 was used as a solution in ethanol. Then, 

this solution was dropped on the glass microscope slide. When ethanol evaporated, the gel 

phase formed. The gel phase on the glass microscope slide showed hexagonal texture 

under the polarized optical microscope. 

Plasmon-exciton coupling between SPPs of silver thin film and excitons of CDs 

was achieved by utilizing Kretschmann configuration. To prepare flat silver thin films 

with the thickness of 25, 50 and 60 nm following procedure was conducted. First of all, 

the glass microscope slides were cleaned with piranha solution. Piranha solution was 

prepared by combining a 3:1 ratio of sulfuric acid (95%) and hydrogen peroxide (30%). 

After that cleaned glass microscope slides were coated by thermal evaporation of silver 

with the purity 99.9 % under vacuum. Then, the pellets of CDs were dispersed in LLC 

solution. Subsequently, this solution was coated over silver thin films by spin coater. 

Hence, a gel was formed in which the carbon dots were embedded.  Afterward, coated 

silver thin films were put on the glass prism made of BK7 which contained index matching 
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fluid. Index matching fluids reduce unwanted optical reflections. Surface plasmons of 

silver thin films were excited by utilizing glass prism made of BK7 and a tunable laser 

light source, which was supercontinuum laser (Koheras-SuperK Versa) with a spectral 

width of around 1 nm. Thus, excitons of CDs and propagating SPPs of Ag thin film are 

coupled. 
 

2.2. Characterization Techniques 
 

In this subsection of the thesis study, information about characterization 

techniques utilized is given. 

 

2.2.1. UV-VIS Spectroscopy 

 
UV-VIS spectroscopy is a non-destructive and quantitative characterization 

technique in which how much of the light passing through the sample absorbed or 

transmitted is measured with respect to a reference or blank. Light is sent by a light source 

and then passes through the sample. Afterwards, the light passes through the sample and 

absorbed or transmitted light is converted into an electronic signal.  

In this work, absorption measurements of the solutions were conducted in a 1 cm 

quartz cuvette by utilizing fiber-coupled Ocean Optics spectrometer (USB4000, Ocean 

Optics) and balanced deuterium–tungsten halogen light source (DH2000-BAL, Ocean 

Optics) under ambient conditions.  The detector of the spectrometer is a linear silicon CCD 

array.  With this spectrometer, absorption measurement between 200 and 1100 nm range 

can be measured. Absorption data were analyzed by using a software program called 

OceanView from Ocean Optics, Inc. 

 

2.2.3. Polarized Light Microscopy 
 

A polarized light microscope is an optical microscope that contains polarizing 

filters, lenses and a detector. This microscope serves to characterize birefringent samples.  

Polarization is selected by using the first filter while polarization is selected by the second 
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filter once again. When these two filters are positioned perpendicular, waves cannot pass 

through. Birefringent samples are placed along the light beam and light is split into two 

waves by polarization. The waves whose polarization is affected by the sample can pass 

through the second filter. 

In this work, LLC thin films were characterized by using polarizing light 

microscope.  The images were achieved in the transmission mode. 
 

2.2.4. Fluorescence Spectroscopy 
 

Fluorescence is a type of photoluminescence (PL), which is caused by the 

absorption of photons. When fluorescent material is irradiated by photons, electrons of 

that fluorescent material get excited and go to one of the vibrational levels of the excited 

state. Afterward, excited electrons rotate or vibrate down to the closest excited electronic 

level, which is called internal conversion (non-radiative process). The electrons in that 

excited electronic level have some potential energy. Thus, electrons want to go back to 

their ground state by radiative relaxation. So, the electrons in the excited electronic level 

turn back to the ground state by giving their energy as a photon. This photon will be in the 

emission spectrum of the fluorescent material. In a typical measurement, light is produced 

by the light source. Then, the desired excitation wavelength is selected by using either a 

monochromator or filter.  It follows the irradiation of the sample by the selected 

wavelength. After that photon is emitted in all directions. Then, some of these photons go 

through the second monochromator or filter. In the end, this photon is detected. The 

location of the detector is perpendicular to the excitation beam in order to reduce the 

possibility of detection of reflected or transmitted light produced from the light source. 

Fluorescence lifetime (FLT) is the time that refers to how long the electrons of 

fluorescent material stay in the excited state before going back to their ground level. In 

order to measure FLT, two methods are used; one is the time-domain other one is the 

frequency domain. In the time-domain method, the fluorescent material is excited by using 

a pulsed laser. Then, the emission intensity of that sample is measured with respect to time 

and a decay curve is constructed. By using the slope of the decay curve, FLT is calculated. 

Among LFT measuring methods, time-correlated single-photon counting (TCSPC) is very 

useful owing to the ease of data collection and enlarged photon counting. 
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The ratio of photons that are emitted from the fluorescent material by radiative 

decay to photons absorbed by the fluorescent material is called absolute fluorescence 

quantum yield. To measure quantum yield, an integrating sphere (accessory for 

spectrofluorometers) or reference dye can be utilized. 

In this work, FS5 Spectrofluorometer (Edinburgh Instruments, UK) was used to 

measure photoluminescence (PL), time-resolved lifetime (LT), and PLQY. Xenon lamp 

was utilized for PL and QY measurements. For FLT measurement, a 350 nm pulsed laser 

with the pulse width of 100 ps and a repetition rate of 1 MHz was used. 
 

2.2.5. Scanning Transmission Electron Microscopy (STEM)  

 
Scanning transmission electron microscopy (STEM), which is the combination of 

scanning electron microscopy and transmission electron microscopy, is a very useful 

technique that can be used in both transmission electron microscope and scanning electron 

microscope. There is no need for an additional new instrument for this technique. In SEM, 

electrons are sent on the sample surface and scan the surface of the sample. These electrons 

interact with the atoms in the sample. Upon this interaction, secondary electrons (electrons 

experienced elastic scattering) and backscattered electrons (electrons experienced inelastic 

scattering) are generated. These electrons are used to produce image. In STEM, beam of 

electrons scans the surface of the sample as same as in SEM. However, in STEM, 

transmitted electrons are used as to produce image and these transmitted electrons are 

detected by a high angle annular dark field (HAADF) detector.In this work, SEM (Quanta 

250, FEI, Hillsboro, OR, USA) was used in scanning transmission electron microscope 

mode. 
 

2.2.6. High Resolution Transmission Electron Microscopy (HRTEM) 
 

High-resolution transmission electron microscopy (HRTEM) is a type of 

transmission electron microscopy (TEM) imaging. The only difference between the two 

is the magnification used. With these higher magnifications, visualization of lattice 

spacing of materials can be achieved. Thus, this technique is very vital for the 

morphological characterization of nanostructured materials. In HRTEM, electrons are sent 
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on the sample surface and transmitted through the sample on the grid to study the 

interaction between electrons and atoms in the sample. When electrons are transmitted 

through the sample, they interact with atoms of the sample either inelastic or elastic 

scattering. Electrons that have experienced elastic scattering conserve their energy and 

thus, these electrons are used to produce high-resolution images. 

In this work for morphological characterization, FEI 120 kV Jeol HRTEM was 

used. The samples were dropped on the 200 mesh formvar/ carbon coated copper grids. 

 

2.2.7. Fourier-Transform Infrared Spectroscopy (FT-IR) 
 

 

IR spectroscopy studies the interaction of infrared light with matter. First of all, 

infrared light is produced from the light source. Then, IR light is directed to the sample. 

Some light is reflected whereas some light is absorbed or transmitted by the sample. When 

infrared light passes through the sample, vibrations of molecular bonds are triggered. The 

transmitted light reaches the detector to create electronic signal. This electronic signal is 

converted into spectrum by applying Fourier transforming. 
In this work, the PerkinElmer Spectrum 65 FT-IR Spectrometer and as sampling 

technique attenuated total reflection (ATR) accessory were used. 
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……………………  CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1. Colloidal Nanodisk Shaped Plexcitonic Nanoparticles 
 

Wet chemical synthesis of silver nanoprisms (Ag NPs) in aqueous environment 

was achieved via seed mediated growth, as previously described.84,85 Seed mediated 

growth of silver nanoprisms consists of two steps; the procedure is depicted schematically 

in Figure 3.1. 

 

The synthesis of spherical and isotropic Ag nanoparticles was achieved by reducing silver 

ions in the presence of strong reducing agent, in our case sodium borohydride. The color 

of the obtained colloidal solution was yellow, which demonstrates that nanoparticles were 

formed. The plasmon resonance wavelength of this yellow solution, which was used as 

the seed to synthesize the Ag nanoprisms, is about 400 nm as shown in figure 3.2. Since 

the plasmon resonance wavelength of Ag nanoparticles is responsive to size, shape, and 

Figure 3.1. Schematic representation of the shape evolution of plasmonic nanoparticles 
and synthesis of plexcitonic nanodisks.11 Reprinted with permission from 
Balci, F. M.; Sarisozen, S.; Polat, N.; Balci, S. Colloidal Nanodisk Shaped 
Plexcitonic Nanoparticles with Large Rabi Splitting Energies. Journal of 
Physical Chemistry C 2019, 123 (43). 
https://doi.org/10.1021/acs.jpcc.9b08834. Copyright 2019 American 
Chemical Society. 
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dielectric environment, it can be tuned in the visible range of the electromagnetic spectrum 

by making changes in these parameters.89,90 

 

 

 

 

 

 

 

 

Seed-mediated synthesis of Ag nanoprisms was conducted by reduction of silver 

ions by with using a weak reducing agent, in our case ascorbic acid. The size of the silver 

nanoprisms that were formed change according to the number of seed nanoparticles added 

to the reaction medium, thus the plasmon resonance wavelength of Ag nanoprisms 

changes in the visible range of the electromagnetic spectrum.84 When the number of seed 

nanoparticles in the growth solution is high, Ag nanoprisms with short edge lengths are 

formed, but if small number of seed nanoparticles exists, it causes the formation of long-

edged Ag nanoprisms. Since the change in size affects the location of the plasmon 

resonance wavelength, the plasmon resonance wavelength of the growth solution can be 

easily adjusted by varying the number of seed nanoparticles. 

The synthesized Ag nanoprisms were converted to Ag nanodisks under the 

influence of heat, as shown in figure 3.3a. To manipulate the shape of Ag nanoparticles, 

many shape conversion methods are located in the literature. Despite the fact that initially 

shape transformation studies focused on obtaining Ag nanoprisms from spherical Ag 

Figure 3.2. Extinction spectrum of seed silver nanoparticle colloid. Reprinted with 
permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Balci, S. Colloidal 
Nanodisk Shaped Plexcitonic Nanoparticles with Large Rabi Splitting 
Energies. Journal of Physical Chemistry C 2019, 123 (43). 
https://doi.org/10.1021/acs.jpcc.9b08834. Copyright 2019 American 
Chemical Society. 
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nanoparticles,91 now it is generally focused on the transformation from nanoprisms to 

nanodiscs.92 Recent studies have come to the following conclusions: (i) nanoprisms were 

transformed into nanodisks;92 (ii) under the influence of heat localized plasmon resonance 

frequency of nanoparticles was adjusted;93 (iii) plasmon resonance wavelength of the 

nanoparticles shifted to lower wavelengths (blue-shift) under heating condition;94 (iv) it 

was found out that nanoprisms are not as stable as nanodiscs; 94 (v) single crystal structure 

is possessed by both nanoprisms and nanodisks; 92 and (vi) nanoprisms were reversibly 

transformed to nanodisks.92 In another study, by performing chemical functionalization 

with thiol terminated poly(ethylene glycol), nanoprisms were transformed into nanodisk.95 

This work demonstrates the formation of Ag nanodisks from Ag nanoprisms by 

applying heat in an oil bath at 95 °C. Time-dependent extinction spectra of one of the Ag 

nanoprisms heated at 95 °C in oil bath for 90 minutes is shown in figure 3.3a. The silver 

nanoprism, which has localized plasmon resonance at about 750 nm, shifts its localized 

plasmon resonance to about 550 nm under the influence of heat as shown in figure 3.3a. 

Figures 3.3c and 3.3d display STEM images of plasmonic particles. It is clear that the 

shape of the silver nanoparticles shown in Figure 3.3c is a nanoprisms. On the other hand, 

figure 3d shows the transformation of Ag nanoprisms into Ag nanodisks with the effect of 

heat. As shown in Figure 3.4, after shape transformation by applying heat, the resulting 

Ag nanoparticles are mostly in nanodisk morphology. 

While the Ag nanoprisms are heated, they are truncated and this truncation causes the 

generation of nanodisk shape as shown in figure 3.5a. There are extensive studies in the 

literature on the synthesis of Ag nanodisks from Ag nanoprisms. The shape conversion 

mechanism from nanoprism to nanodisk is considered to be as follows: while the Ag 

nanoprisms are heated, the silver atoms, which locate on the corners of the Ag nanoprisms, 

dissolve and then adsorp on the side surface of Ag nanoprisms again.86To be able to 

fabricate nanodisk shaped plexcitonic nanoparticles, a cyanine dye called TDBC, which 

is exciton source, was utilized. TDBC is a J-aggregate dye that has the ability to self-

assemble at high concentrations in the aqueous environment. The absorption band of 

TDBC shifts to longer wavelengths by aggregation of the molecules and is also narrowed 

in water. Figure 3.5b represents the absorption spectrum of TDBC in water. It is clear that 

TDBC has very sharp absorption peak around 587 nm. Different amounts of 0.1 mM 

TDBC solution were introduced to Ag nanodisk solution under stirring. Upon addition of 

0.1 mM TDBC, dye molecules self-assemble on the surface of the Ag nanodisks and form 

organic molecular layer. The interaction between this organic molecular layer and Ag 
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nanodisk yields metal-organic nanoparticles. In other words, the interaction between 

localized surface plasmon polariton of Ag nanodisk and excitons of TDBC molecules 

results in strongly coupled hybrid systems which have different energy than that of both 

constituents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When Ag nanodisks meet with the excitonic source in this case TDBC, their 

resonance overlap, thus leading to the splitting of the original absorption band of the Ag 

nanodisk as shown in figure 3.5c. This splitting of the original absorption band of the Ag 

Figure 3.3. a) Transformation of extinction spectra of Ag nanoprism to Ag nanodisks 
under the heating condition in the time interval of 0−90 min. Ag nanoprisms 
having plasmon resonance wavelength approximately at 750 nm were 
transformed into Ag nanodisks at lower wavelengths. The direction of 
shifting of localized plasmon resonance wavelength is represented by the red 
arrow. (b) Plasmon resonance wavelength as a function of time. (c) STEM 
image of initial Ag nanoprisms. (d) STEM image of Ag nanodisks.11 
Reprinted with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Balci, 
S. Colloidal Nanodisk Shaped Plexcitonic Nanoparticles with Large Rabi 
Splitting Energies. Journal of Physical Chemistry C 2019, 123 (43). 
https://doi.org/10.1021/acs.jpcc.9b08834. Copyright 2019 American 
Chemical Society. 
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nanodisk is a strong indication of the formation of plexcitonic nanoparticles. This 

separation between upper and lower branches is known as vacuum Rabi splitting.76 

 

 
 

Figure 3.4. STEM image of silver nanoparticles synthesized by applying heat and mostly 
in the morphology of nanodisk.11 Reprinted with permission from Balci, F. 
M.; Sarisozen, S.; Polat, N.; Balci, S. Colloidal Nanodisk Shaped Plexcitonic 
Nanoparticles with Large Rabi Splitting Energies. Journal of Physical 
Chemistry C 2019, 123 (43). https://doi.org/10.1021/acs.jpcc.9b08834. 
Copyright 2019 American Chemical Society. 

 

The Rabi splitting energy yields information about the coupling strength and the 

amount of energy exchanged between plasmon and exciton.10 In addition, the color of the 

solution of plexcitonic nanoparticles is different than that of the color of the solution of 

Ag nanodisk, see Figures 3.5a and 3.5c. In order to get rid of excess dye molecules in the 

solution, nanodisk shaped plexcitonic nanoparticles were centrifuged. The supernatants 

were removed and the pellets were redispersed in water. Thus, the resulting solution does 

not contain any excess dye molecules and only includes nanodisk shaped plexcitonic 

nanoparticles. Furthermore, the number of dye molecules conjoined to Ag nanodisks can 

be adjusted by adding different amounts of dye molecules to the reaction media (Figure 

3.6). 
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The color change with increasing dye concentration on the surface of the Ag nanodisk 

is shown in the photograph in Figure 3.6a. The dye concentration starts to increase as go 

from left to right in the photograph.  Figure 3.6b displays the extinction spectra of both 

the Ag nanodisk and nanodisk shaped plexcitonic nanoparticles with different Rabi 

splitting energies. For the exciton and plasmon to interact strongly, the energy transfer rate 

between them, g, is greater than the plasmon decay rate (κ) and the exciton decay rate (γ) 

(g  γ, κ).96 In such strongly coupled systems, there is a reversible energy flow between 

plasmon and exciton.97On the other hand, for the exciton and plasmon to interact weakly, 

the energy transfer rate between them, g, is smaller than both the plasmon decay rate (κ) 

and the exciton decay rate (γ) (g  γ, κ).98 Figure 3.6b shows the transformation from the 

weakly coupled system to a strongly coupled system by increasing the dye concentration 

in the reaction media. The red arrow in Figure 3.6b represents the increase in dye 

concentration. It is undeniable that the magnitude of the Rabi splitting energy, which 

assigns the strength of plasmon-exciton coupling, can be varied with changing the dye 

concentration.97As the number of dye molecules increases in the Ag nanodisk colloid, the 

magnitude of Rabi splitting energy enhances until it gets at saturation see in figure 3.6b. 

Figure 3.5. a) Extinction spectrum of Ag nanodisk in aqueous environment. b) 
Absorption spectrum of TDBC dye aqueous environment. c) Extinction 
spectrum of disk shaped plexcitonic nanoparticle in aqueous environment.11 
Reprinted with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Balci, 
S. Colloidal Nanodisk Shaped Plexcitonic Nanoparticles with Large Rabi 
Splitting Energies. Journal of Physical Chemistry C 2019, 123 (43). 
https://doi.org/10.1021/acs.jpcc.9b08834. Copyright 2019 American 
Chemical Society. 
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3.2. Decahedral Shaped Ag Nanocrystals and Strong Light- Matter 

Coupling in Decahedral Ag-Au Alloyed Nanocrystals 

 

The photochemical production of decahedral shaped Ag nanoparticles from 

spherical Ag nanoparticles is depicted schematically in Fig. 3.7. Figure 3.8b shows the 

extinction spectra of spherical, isotropic Ag nanoparticles in water. The solution of 

spherical, isotropic Ag nanoparticles is yellow in color and possesses localized surface 

plasmon polariton wavelength at about 400 nm as shown in figure 3.7. 

Figure 3.6. (a) A photo of Ag nanodisks containing different amounts of 0.1mM TDBC. 
(b) Extinction spectra of Ag nanodisks containing different amounts of 0.1 
mM TDBC. (c) Rabi splitting energies obtained by utilizing data from figure 
b.11 Reprinted with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; 
Balci, S. Colloidal Nanodisk Shaped Plexcitonic Nanoparticles with Large 
Rabi Splitting Energies. Journal of Physical Chemistry C 2019, 123 (43). 
https://doi.org/10.1021/acs.jpcc.9b08834. Copyright 2019 American 
Chemical Society. 
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Figure 3.7. Photochemical synthesis of decahedral shaped Ag nanoparticles.12 Reprinted 
with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; 
Karadeniz, U.; Tertemiz, A.; Balci, S. Laser Assisted Synthesis of Anisotropic 
Metal Nanocrystals and Strong Light-Matter Coupling in Decahedral 
Bimetallic Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 

 

The plasmon resonance wavelength of isotropic Ag nanoparticles can be efficiently 

adjusted over the whole visible and near-infrared region of the electromagnetic spectrum 

by changing the form of the nanoparticles. L-arginine, which is one of the amino acids 

utilized in the biosynthesis of proteins, was utilized as a photocatalyst for the synthesis of 

decahedral Ag nanoparticles.87 Unlike other studies, in this study, instead of using blue 

LED or white light as a light source, a blue laser at 488 nm was utilized. As shown in 

figure 3.8a, chemically produced isotropic spherical Ag nanoparticles were illuminated by 

a 488 nm laser at room temperature and pressure for the synthesis of decahedral shaped 

Ag nanoparticles. Lasers have previously been utilized to produce monometallic and 

bimetallic isotropic nanoparticles.99,100In contrast to earlier studies in the literature, we 

have come to the following conclusions as a result of these studies: (i) synthesis of 

decahedral Ag nanoparticles by blue laser at 488 nm, (ii) separation of Ag nanoprism and 

Ag decahedral nanoparticles by centrifugation, (iii) production of Ag-Au bimetallic 

decahedral shaped nanoparticles by galvanic replacement reaction, (iv) synthesis of 

plexcitonic nanoparticles from silver-gold bimetallic decahedral shaped nanoparticles, (v) 
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achieving plasmon-plasmon coupling between silver-gold bimetallic decahedral shaped 

nanoparticles and flat Ag thin film by Kretschmann configuration. Moreover, to be able 

to confirm that experimental results match the theoretical calculation, plasmonic 

nanoparticles, plexcitonic nanoparticles, and plasmon-plasmon hybridization in 

decahedral nanoparticles on flat Ag films were FDTD simulated. After exposing spherical 

silver nanoparticles to the blue laser at 488 nm, it was observed that the resulting 

anisotropic solution has its localized surface plasmon polariton resonance wavelength at 

about 490 nm as shown in extinction spectra in figure 3.8b. 

 

There are both prisms and decahedra in the colloid solution formed after about 15 hours. 

The low-intensity peak at about 400 nm indicates that spherical Ag nanoparticles, which is 

used as seed, are still present in the colloid. We discovered that irradiating the spherical Ag 

nanoparticles for 15 hours is adequate to transform almost all of the spherical Ag 

nanoparticles into anisotropic Ag nanoparticles by measuring the absorbance as a function 

of exposure duration. 

Figure 3.8. a) Synthesis of decahedral Ag nanoparticles and nanoprisms by blue laser at 
488 nm and separation of Ag nanoprism and Ag decahedral nanoparticles 
by centrifugation. b) Extinction spectra of Ag nanoprisms, decahedral and 
spherical Ag nanoparticles. c) Photos of anisotropic Ag colloid, decahedral 
Ag nanoparticle and Ag nanoprisms .12 Reprinted with permission from 
Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; Karadeniz, U.; 
Tertemiz, A.; Balci, S. Laser Assisted Synthesis of Anisotropic Metal 
Nanocrystals and Strong Light-Matter Coupling in Decahedral Bimetallic 
Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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Through centrifugation, Ag nanoprisms and decahedral Ag nanoparticles were separated 

from each other as shown in figure 3.8a. Figure 3.8c shows that decahedral Ag 

nanoparticles are bicolored, whereas Ag nanoprism is monocolored. STEM image of 

decahedral Ag nanoparticles is represented in figure 3.9. 

 

 

 

 

It can be clearly seen from STEM image that the Ag nanoparticles are in decahedral shape. 

Besides, the average size of decahedral Ag nanoparticles is about 50 nm. As shown in 

figure 3.10, the plasmon resonance wavelength of decahedral shaped Ag nanoparticles can 

be tuned via galvanic replacement reaction Ag and Au3+. Thus, bimetallic decahedral 

shaped nanoparticles were generated. In 2008, Pietrobon et. al87 obtained decahedral 

shaped Ag nanoparticles with adjustable plasmon resonances by introducing spherical Ag 

nanoparticles to decahedral shaped Ag nanoparticle solution during irradiation by visible 

light. 

Figure 3.9. STEM image of laser assisted synthesized decahedral Ag nanoparticles.12 
Reprinted with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; 
Guvenc, C. M.; Karadeniz, U.; Tertemiz, A.; Balci, S. Laser Assisted 
Synthesis of Anisotropic Metal Nanocrystals and Strong Light-Matter 
Coupling in Decahedral Bimetallic Nanocrystals. Nanoscale Advances 
2021, 3 (6) https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal 
Society of Chemistry. 
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Galvanic replacement reaction is very attractive method to prepare bimetallic 

nanoparticles, because it occurs when metals with different standard electrochemical 

reduction potentials meet. The difference in electrochemical reduction potential of silver 

atoms and gold ions leads to oxidation of decahedral shaped Ag nanoparticles through 

gold ions, thus Ag-Au bimetallic decahedral shaped nanoparticles were generated. 

  

 

The Gibbs free energy of the electrochemical reaction between silver atoms and gold ions 

is negative due to the equation below, thus it is a spontaneous reaction.20 

 

 

ΔGo is Gibbs free energy, n is the number of electrons, F is Faraday constant and Eo is 

the standard cell potential of the electrochemical reaction. 

Photos from 1 to 6 in figure 3.10a represent decahedral shaped Ag nanoparticles 

that contain different concentrations of gold ions. The first (0) photo on the left in figure 

4a shows how decahedral shaped Ag nanoparticles appear on a dark background whereas 

the second (1) photo on the left in figure 4a displays how decahedral shaped Ag 

nanoparticles appear on a white background. On the other hand, other photographs show 

Ag-Au bimetallic decahedral shaped nanoparticles with different amounts of gold added. 

As going from left to right, the number of gold ions, which were added to the solution Ag 

decahedral nanoparticle, enhances. 

 Figure 3.10b shows the extinction spectra of Ag decahedral shaped nanoparticles 

after adding different quantities of gold ions, as well as the associated localized SPP 

resonance shift.  Localized surface plasmon polariton resonance wavelength can be tuned 

by introducing gold ions into Ag decahedral shaped nanoparticle colloid, subsequently, 

galvanic displacement reaction between silver atoms and gold ions occurs. Thus, 

electrochemical reaction changes the optical properties of Ag decahedral shaped 

nanoparticles. As a result, Ag nanoparticles’ localized surface plasmon polariton 

resonance wavelength can be altered by more than 200 nm, as shown in Fig. 3.10c. Thanks 

to the addition of gold ions that cover Ag nanoparticles, the stability of Ag decahedral 

shaped nanoparticles has been substantially increased. 

(1) 

(2) 
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A single gold ion displaces three silver atoms throughout the galvanic replacement 

reaction. Therefore, as observed in our prior research,20 tiny gaps in gold-covered Ag 

nanoparticles may exist. Indeed, STEM images of Ag-Au bimetallic decahedral shaped 

nanoparticles prove that the form of nanoparticles is retained upon the addition of gold 

ions, see in figure 3.11. Besides, energy dispersive X-ray (EDX) elemental analysis reveals 

that Ag-Au bimetallic decahedral shaped nanoparticles were formed, as shown in figure 

3.12. 

Figure 3.10. a) The first (0) and second (1) photos shows the (monometallic) Ag 
decahedral shaped nanoparticle solution in the dark and white 
background. Other photographs from 2 to 6 show Ag-Au bimetallic 
decahedral shaped nanoparticles with different amounts of gold added. 
As going from left to right the amount of gold ions in the solution 
increases. (b) Extinction spectra of the Ag decahedral shaped 
nanoparticles and Ag-Au bimetallic decahedral shaped nanoparticles 
which contain different amounts of gold ions. As the concentration of 
gold ions increases in the colloid, localized surface plasmon polariton 
resonance wavelength shifts to longer wavelengths owing to galvanic 
replacement reaction between silver atoms and gold ions. (c) Change in 
the plasmon polariton resonance wavelength with respect to gold 
amount.12 Reprinted with permission from Balci, F. M.; Sarisozen, S.; 
Polat, N.; Guvenc, C. M.; Karadeniz, U.; Tertemiz, A.; Balci, S. Laser 
Assisted Synthesis of Anisotropic Metal Nanocrystals and Strong Light-
Matter Coupling in Decahedral Bimetallic Nanocrystals. Nanoscale 
Advances 2021, 3 (6) https://doi.org/10.1039/d0na00829j. Copyright 
2021 Royal Society of Chemistry. 
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To be able to fabricate Ag-Au decahedral shaped plexcitonic nanoparticles, TDBC was 

utilized as a J-aggregate dye. TDBC has exciton resonance wavelength of about 585 nm, 

as shown in figure 3.13c. The photochemically synthesized Ag decahedral shaped 

nanoparticles, on the other hand, exhibit a plasmon resonance wavelength of roughly 490 

nm (see figure 3.13a). Galvanic replacement reaction was utilized for the synthesis of Ag- 

Au bimetallic decahedral shaped nanoparticles in order to achieve spectral overlap between 

the plasmon resonance of nanoparticle and the exciton transition in J-aggregates as shown 

in figure 3.13b. Note that the localized surface plasmon polariton resonance After the 

addition of TDBC to Ag-Au bimetallic decahedral shaped nanoparticle, the localized 

surface plasmon polariton resonance wavelength of the bimetallic nanoparticle split into 

Figure 3.11. a) Large area STEM image of Ag-Au bimetallic decahedral shaped 
nanoparticles. b) Small area STEM image of Ag-Au bimetallic 
decahedral shaped nanoparticles. 12Reprinted with permission from 
Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; Karadeniz, U.; 
Tertemiz, A.; Balci, S. Laser Assisted Synthesis of Anisotropic Metal 
Nanocrystals and Strong Light-Matter Coupling in Decahedral 
Bimetallic Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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lower and upper branches. wavelength shifted about from 490 to 600 nm after galvanic 

replacement reaction as shown in figure 3.13b. 

 

 

This splitting proves the strong interaction between localized surface plasmon 

polaritons of bimetallic nanoparticles and excitons in J-aggregate dye (see figure 3.13c). 

Besides, the extinction spectra of Ag decahedral shaped nanoparticles, Ag-Au bimetallic 

decahedral shaped nanoparticles, and Ag-Au bimetallic decahedral shaped plexcitonic 

nanoparticles were the finite time-domain (FDTD) simulated to corroborate the 

experimental results with theoretical results as shown in figure 3.14. As seen in Figure 

3.14, theoretical calculations and experimental data agree with each other. Sharp corners 

of Ag decahedral shaped nanoparticles are very conducive to enhancement in light-matter 

interaction. Consequently, to understand light-matter interaction at nanoscale dimensions, 

 Figure 3.12. (a) Large area SEM image of the Ag-Au bimetallic decahedral shaped 
nanoparticles. (b) EDX spectrum of the selected area in SEM image. 
(c) Detected elements by the EDX analysis. The Ag-Au bimetallic 
decahedral shaped nanoparticles were dropped on a silicon wafer and 
thus silicon elements also appear in the spectrum.12 Reprinted with 
permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; 
Karadeniz, U.; Tertemiz, A.; Balci, S. Laser Assisted Synthesis of 
Anisotropic Metal Nanocrystals and Strong Light-Matter Coupling in 
Decahedral Bimetallic Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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Ag decahedral shaped nanoparticles can be utilized, e.g, single-molecule strong coupling 

at room temperature.101 
 

 

 

 
 

Plasmon-plasmon coupling between Ag-Au bimetallic decahedral shaped 

nanoparticles and flat Ag thin film was studied. Both plasmon resonance shifts and massive 

increments in an electric field can be caused by plasmon–plasmon coupling between 

localized surface plasmon polaritons of metal nanoparticles and propagating surface 

plasmon polaritons of flat metal thin films, hence are commonly used in surface-enhanced 

spectroscopies, strong plasmon–exciton couplings, plasmonic light sources, and solar 

cells.102,103 Plasmon-plasmon coupling between Ag-Au bimetallic decahedral shaped 

nanoparticles and flat Ag thin film was achieved by Kretschmann configuration.88 

Figure 3.13. (a) Extinction spectrum of Ag decahedral shaped nanoparticles in water. (b) 
Extinction spectrum of Ag-Au bimetallic decahedral shaped 
nanoparticles in water. (c) Absorbance spectrum of J-aggregate dye, 
TDBC, in water. (d) Extinction spectrum of Ag-Au decahedral shaped 
plexcitonic nanoparticles.12 Reprinted with permission from Balci, F. 
M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; Karadeniz, U.; Tertemiz, 
A.; Balci, S. Laser Assisted Synthesis of Anisotropic Metal Nanocrystals 
and Strong Light-Matter Coupling in Decahedral Bimetallic 
Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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Surface plasmons on flat Ag thin films are often excited using the Kretschmann 

arrangement. The experimental setup utilized to study the interaction of localized and 

propagating surface plasmon polaritons is depicted schematically in figure 3.15a. To 

investigate the interaction between localized and propagating surface plasmon polaritons, 

at each angle of incidence, spectroscopic reflection measurements, which depend on 

polarization, were taken.  

Through a tunable laser light source, which was supercontinuum laser with a 

spectral width of around 1 nm, and glass prism made of BK7, surface plasmons of flat Ag 

thin film were excited. For electrostatically self-assembly of Ag-Au bimetallic decahedral 

shaped nanoparticles on the surface of the flat Ag thin film, surface modification was 

required. To modify the surface of flat Ag thin film, self-assembled monolayer of thiols 

provided by 16-mercaptohexadecanoic acid was used, subsequently it followed by further 

Figure 3.14. Experimental extinction spectrum of (a) Ag decahedral shaped 
nanoparticles, (b) Ag-Au bimetallic decahedral shaped nanoparticles, 
and (c) Ag-Au bimetallic decahedral shaped plexcitonic nanoparticles. 
Theoretical extinction spectra of (d) Ag decahedral shaped nanoparticles 
(e) Ag-Au bimetallic decahedral shaped nanoparticles, and (f) Ag-Au 
bimetallic decahedral shaped plexcitonic nanoparticles. The electric field 
distribution in the resonant excitation in the Ag decahedral shaped 
nanoparticles is shown as an inset in (d).12 Reprinted with permission 
from Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. M.; Karadeniz, 
U.; Tertemiz, A.; Balci, S. Laser Assisted Synthesis of Anisotropic Metal 
Nanocrystals and Strong Light-Matter Coupling in Decahedral 
Bimetallic Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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modification via self-assembled monolayers of aminosilanes provided by (3-

aminopropyl)trimethoxysilane. 

 

 

 
Through surface modification, Ag-Au bimetallic decahedral shaped nanoparticles 

self-assembled on the chemically treated surface of the flat Ag thin film electrostatically in 

water.88 Figure 3.15b displays reflection spectra of a bare flat Ag thin film and a coupled 

Ag-Au bimetallic decahedral shaped nanoparticles with flat Ag thin film. The localized 

surface plasmon polaritons of Ag-Au bimetallic decahedral shaped nanoparticles are 

strongly coupled to propagating surface plasmon polaritons of flat Ag thin films, as shown 

in the dispersion curve in figure 3.15c. The dispersion curve of bare flat Ag thin film does 

Figure 3.15. (a)  The experimental setup utilized to excite surface plasmons on flat Ag 
thin film is depicted schematically. (b) Reflection spectra of a bare flat 
Ag thin film and a coupled Ag-Au bimetallic decahedral shaped 
nanoparticles with Ag thin film. (c) Experimentally achieved dispersion 
curve of Ag-Au bimetallic decahedral shaped nanoparticles on the flat 
Ag thin film. (d) Theoretically achieved dispersion curve of Ag-Au 
bimetallic decahedral nanoparticles on the flat Ag thin film.12 Reprinted 
with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. 
M.; Karadeniz, U.; Tertemiz, A.; Balci, S. Laser Assisted Synthesis of 
Anisotropic Metal Nanocrystals and Strong Light-Matter Coupling in 
Decahedral Bimetallic Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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not possess anticrossing behavior whereas anticrossing behavior proves that there is the 

strong interaction between the localized surface plasmon polaritons of Ag-Au bimetallic 

decahedral shaped nanoparticles and propagating surface plasmon polaritons of flat Ag thin 

film. In other words, localized surface plasmon polaritons of Ag-Au bimetallic decahedral 

shaped nanoparticles strongly coupled to propagating surface plasmon polaritons of flat Ag 

thin film as shown in figures 3.16c and 3.16d. To confirm the experimental results 

corroborate with theoretical results, the dispersion curves of bare flat Ag thin film and Ag-

Au bimetallic decahedral shaped nanoparticles coated on flat Ag thin film were FDTD 

simulated. As can be seen in Figure 10, theoretical and experimental studies agree with each 

other. 
 

Figure 3.16. (a) Theoretical dispersion curve of bare Ag film. (b) Theoretical dispersion 
curve of coated Ag film coated. (c) Experimental dispersion curve of bare 
Ag film. (d) Experimental dispersion curve of Ag-Au bimetallic 
decahedral shaped nanoparticles self-assembled on Ag film.12 Reprinted 
with permission from Balci, F. M.; Sarisozen, S.; Polat, N.; Guvenc, C. 
M.; Karadeniz, U.; Tertemiz, A.; Balci, S. Laser Assisted Synthesis of 
Anisotropic Metal Nanocrystals and Strong Light-Matter Coupling in 
Decahedral Bimetallic Nanocrystals. Nanoscale Advances 2021, 3 (6) 
https://doi.org/10.1039/d0na00829j. Copyright 2021 Royal Society of 
Chemistry. 
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3.3. Strong Coupling of Carbon Quantum Dots in Liquid Crystals 
 

A hydrothermal method was used to synthesize carbon quantum dots (CDs) by 

utilizing L-phenylalanine (LPA) and ortho-phenylendiamine (OPD) as carbon and amine 

precursor at high temperature in Teflon-lined stainless-steel autoclave for 12h, as shown 

in figure 3.17a. After 12 hours of hydrothermal reaction, the Teflon-coated stainless-steel 

autoclave was removed from the oven and allowed to cool to room temperature. The 

solution color at the end of the reaction was observed as dark blue while the initial color 

of the solution was transparent. This color change from transparent to dark blue 

demonstrates the formation of CDs. Centrifugation and filtration were performed to get 

rid of large aggregates from the CDs colloid. The resulting CD colloid possesses red 

luminescence when irradiated by white light. In addition, there is approximately 0.8 mg 

of CDs per 1 mL of colloid. NaOH solution was introduced drop by drop in dark blue 

colored solution in order to precipitate CD under stirring. The addition of NaOH continued 

until pH reached 7. In order to discard the excess amount of NaOH, the neutralized 

solution was centrifuged three times. In each centrifugation, the supernatant was removed 

and the pellet was redispersed in water. After the last centrifugation, different buffer 

solutions at different pH values were utilized to disperse pellets of CDs for 

photoluminescence measurements.  

It is undeniable that the fluorescence behavior of CDs is contingent on pH values 

as shown in figure 3.18. By utilizing photoluminescence data dependent 2D excitation-

emission topographical maps of CDs were constructed (see in figure 3.18). 

It's worth mentioning that CD solutions are quite a stability at room temperature. 

The ideal sulfuric acid to water ratio required for the synthesis was determined to be 0.25. 

Lyotropic liquid crystalline (LLC) mesophases were used to disperse CDs as shown in 

figure 3.17b. Amphiphilic molecules have the ability to self-assemble into a variety of 

structures in presence of a wide range of environments, e.g, water, acids, salts, etc. LLC 

mesophases can be obtained by dissolving amphiphilic molecules, i.e., nonionic 

surfactants, in the solvent, i.e., hygroscopic species such as acids and salts. Very stable 

LLC mesophases are formed when the sulfuric acid/ C12E10 mole ratio of the solution 

prepared using sulfuric acid, one of the strong acids, and 10-lauryl ether (C12E10), one of 

the nonionic surfactants, is between 2 and 12.82 
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The increase in the number of sulfuric acid results in the enhancement of the amount of 

water in the system. If the amount of sulfuric acid is raised from 2 to 12 per C12E10, the 

water absorption of the stable C12E10/sulfuric acid lyotropic liquid crystal system 

enhances from 2.3 to 4.3 per sulfuric acid. Two-dimensional hexagonal LLC mesophases 

are achieved by the combination of C12E10 and sulfuric acid with the amount of water, 

until the ratio of sulfuric acid to C12E10 reaches about 3.5, whereas micelle cubic LLC 

mesophases are formed above 3.5. A characteristic fan pattern is displayed for hexagonal 

LLC mesophases under a polarizing optical microscope, whereas no texture is observed 

for cubic LLC mesophases because it is in cubic phase refraction index is identical in every 

direction, hence it looks black under the polarizing optical microscope. We used a sulfuric 

acid/C12E10 mixture having mole ratio of 2.5 for this study; this produces a very stable 

hexagonal LLC mesophase with the characteristic fan texture under a polarizing optical 

microscope as shown in figure 3.19. Surfactant which is C12E10, sulfuric acid, and 

ethanol were used to form the LLC mesophases. 

 

 Figure 3.17. (a) Hydrothermal synthesis of red luminescent CDs (b) Preparation of LLC 
mesophases and confining CDs into spaces.13 Reprinted with 
permission from Sarisozen, S.; Polat, N.; Mert Balci, F.; Guvenc, C. M.; 
Kocabas, C.; Yaglioglu, H. G.; Balci, S. Strong Coupling of Carbon 
Quantum Dots in Liquid Crystals. The Journal of Physical Chemistry 
Letters 2022, 3562–3570. https://doi.org/10.1021/acs.jpclett.1c03937. 
Copyright 2022 American Chemical Society. 
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 Figure 3.19. Images of (a) the hexagonal LLC mesophase and (b) the hexagonal LLC 
mesophase having CDs under polarizing optical microscope (POM).13 
Reprinted with permission from Sarisozen, S.; Polat, N.; Mert Balci, F.; 
Guvenc, C. M.; Kocabas, C.; Yaglioglu, H. G.; Balci, S. Strong Coupling 
of Carbon Quantum Dots in Liquid Crystals. The Journal of Physical 
Chemistry Letters 2022, 3562–3570. 
https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 American 
Chemical Society. 

Figure 3.18. 2D excitation-emission topographical maps of CDs that are pH-dependent.
(a-b) pH = 1, (c-d) pH = 3, (e-f) pH = 7, (g-h) pH = 11. The greatest PL 
emission intensity is shown by the red-colored region on the map, while
the least PL emission intensity is indicated by the blue-colored region.13

Reprinted with permission from Sarisozen, S.; Polat, N.; Mert Balci, F.; 
Guvenc, C. M.; Kocabas, C.; Yaglioglu, H. G.; Balci, S. Strong Coupling 
of Carbon Quantum Dots in Liquid Crystals. The Journal of Physical 
Chemistry Letters 2022, 3562–3570.
https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 American
Chemical Society. 
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Red light is emitted by CDs due to the presence of sulfuric acid in the LLC mesophases. 

Moreover, due to embedded CDs in LLC mesophases, thin films capable of emitting red 

light can be formed. The mesophase is initially prepared as a solution in ethanol to be able 

to achieve LLC film. The red emissive gel phase is obtained as thin film by spin coating 

the LLC solution onto the desired substrate. It is worth noting that stable and homogeneous 

CD thin films could not be produced in the presence of polyvinyl alcohol (PVA) in this 

study; the reason for this is that the film produced with PVA may break down under a very 

strong acidic environment.104   

Figure 3.20a represents the HRTEM image of the synthesized red emissive CDs 

while figure 3.20b shows magnified HRTEM image of single CD in the targeted area 

defined by the white rectangle. 

    

 
 

 
 

This high-resolution image contains lattice fringes. The crystallinity of the sample is 

demonstrated by the well-resolved lattice fringes. The CDs, in fact, do have high 

crystallinity with a lattice spacing of 0.20 nm corresponding to that of graphene (100) 

facet's in-plane lattice spacing.105 As shown in figure 3.20, CDs have well-resolved lattice 

Figure 3.20. The atomic resolution of CDs is shown by TEM micrographs with high 
resolution (a) CDs with an average diameter of less than 5 nm as shown 
in a large area TEM micrograph with high resolution. (b) HRTEM image 
of single CD in the targeted area. A magnified HRTEM image of white 
marked enclosed area shown in (a) shows d spacing of roughly 0.2 nm.13 
Reprinted with permission from Sarisozen, S.; Polat, N.; Mert Balci, F.; 
Guvenc, C. M.; Kocabas, C.; Yaglioglu, H. G.; Balci, S. Strong Coupling 
of Carbon Quantum Dots in Liquid Crystals. The Journal of Physical 
Chemistry Letters 2022, 3562–3570. 
https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 American 
Chemical Society. 
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fringes having a lattice spacing of roughly 0.2 nm. Defects in the crystal structure is 

indicated by TEM micrograph with high resolution. The average size distribution was 

found to be about 4 nm based on HRTEM images. Moreover, figure 3.21 shows the FTIR 

spectrum of the synthesized CDs, which plays vital role to determine the functional groups 

in the CDs. The stretching vibrations of C-OH (3300 cm-1), C-H (2920 cm-1), vibrational 

absorption of C=O (1730 cm-1), and C=C (1620 cm-1) are all present in the FT-IR spectrum 

of the CDs.106 

 

 

 

As shown in figure 3.22, neutralized CDs were redispersed in acidic medium, and 

moreover, red emission was obtained when illuminated with visible light. Very sharp and 

strong absorption peak of the CDs is observed at 610 nm while very intense emission peak 

of CDs is found at around 624 nm in water see figure 6a. A UV-Vis spectrophotometer 

was utilized to measure the absorption spectra of CDs dispersed in various environments. 

The absorption peak at about 280 nm corresponds to π → π * electronic transitions of both 

C=N and C=C double bonds. The CDs absorb light in the lower region, which is between 

Figure 3.21. FTIR spectrum of synthesized CDs.13 Reprinted with permission from 
Sarisozen, S.; Polat, N.; Mert Balci, F.; Guvenc, C. M.; Kocabas, C.; 
Yaglioglu, H. G.; Balci, S. Strong Coupling of Carbon Quantum Dots in 
Liquid Crystals. The Journal of Physical Chemistry Letters 2022, 3562–
3570. https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 
American Chemical Society. 
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500 and 650 that generating fluorescence emission both in water and ethanol. Other 

absorption peaks are observed in the absorption spectrum of CDs in water and the 

observed weak absorption peak are as follows; 560 nm, 517 nm, and 477 nm. The full 

width at half maximum (FWHM) of absorption and emission peaks were calculated as 22 

nm and 35 nm, respectively. Taxus leaves were utilized to produce CDs by using 

solvothermal synthesis in prior work,107 followed by the purification of the CDs by column 

chromatography. FWHM of the emission peak of the resulting purified product is 

extremely narrow and at around 20 nm. Triangular CDs were synthesized by solvothermal 

treated three-fold symmetric PG triangulogen at 200 °C with different reaction times and 

possess very narrow emission peaks having FWHM around 30 nm in another study.48 In 

acidic aqueous solutions, the optical characteristics of CDs were examined widely at room 

temperature in the literature. Figure 3.19b shows the CDs' excitation-emission color map. 

It is clear that from figure 3.19b, when synthesized CDs were irradiated at the different 

excitation wavelengths, the spectral locations of the strong emission peak at approximately 

624 nm and a weak emission peak at about 680 nm held their spectral location of emission 

wavelength. The fluorescence of synthesized CDs displays good photostability and 

excitation-independent emission behavior. Herein, in this study, the time-resolved single-

photon counting technique was employed to determine the quantum yield (QY) of CDs in 

different mediums. Figure 3.23 represents the QY measurements of CDs in water and 

ethanol. While the QY of the synthesized carbon dots was measured as 35.4% in ethanol 

for red fluorescence emission, in water, however, the QY was measured as 23.4% for the 

strong red fluorescence emission. To conduct QY measurements, 580 nm light was used 

to excite CDs in acidic aqueous solution having pH of 1 whereas 570 nm light was utilized 

for exciting CDs in ethanol. Besides, the photoluminescence lifetime measurement of CDs 

was conducted in water and found as about 2 ns (see Figure 3.22c). 
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Figure 3.22. Linear optical characteristics of CDs. (a) Extinction and 
photoluminescence (PL) spectra of CDs measurements in water. (b) 
2D excitation-emission map of CDs in water. (c) PL lifetime of CDs 
in water. The measured PL lifetime of CDs is about 2 ns in water. (d) 
Extinction and PL spectra of CDs in ethanol. (e) 2D excitation-
emission map of CDs in ethanol. (f) Photo of CDs in water was left in 
the daylight and exposed to white light. (g) Photo of CDs dispersed in 
the LLC mesophase spin coated on a glass substrate was left in 
daylight and exposed white light. Red fluorescence emission is 
exhibited by both aqueous solution and LLC thin films containing 
CDs. 13 Reprinted with permission from Sarisozen, S.; Polat, N.; Mert 
Balci, F.; Guvenc, C. M.; Kocabas, C.; Yaglioglu, H. G.; Balci, S. 
Strong Coupling of Carbon Quantum Dots in Liquid Crystals. The 
Journal of Physical Chemistry Letters 2022, 3562–3570. 
https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 
American Chemical Society. 



52 

 

 
 

The synthesized carbon dots are poorly water-soluble, which causes them to 

agglomerate in water, maybe this is the reason why the quantum yields may be low in 

water compared to ethanol. As a result, excessive energy transfer or direct π-π interactions 

between the CDs may lead to fluorescence emission of CDs to die down.108Absorption 

and emission spectra of CDs in ethanol are represented in figure 3.22d. Figure 3.22e shows 

the 2D excitation-emission color map of the CDs in ethanol. It is clear that from figure 

3.22e, when synthesized CDs were irradiated at different excitation wavelengths in 

ethanol, the spectral location of emission wavelength did not change. The fluorescence of 

synthesized CDs displays excitation-independent emission behavior in ethanol. In 

addition, a very small and broad shoulder peak is observed at about 713 nm. The disparity 

in excitation-emission maps in water and ethanol indicates that CDs have distinct energy 

gaps in various solvents.109 A prior study found that when the polarity of the solvent was 

increased, the absorption wavelength of CDs redshifted.109 In addition, colloidal CDs in 

the water in the quartz cuvette is observed as blue under sunlight but emit red light when 

excited with white light, as shown in figure 3.22f. As demonstrated in Fig. 3.22g, LLC 

Figure 3.23. Quantum yields (QYs) of CDs were measured in (a) water as 23.4 %, and 
(b) ethanol as 35.4 %. 13 Reprinted with permission from Sarisozen, S.; 
Polat, N.; Mert Balci, F.; Guvenc, C. M.; Kocabas, C.; Yaglioglu, H. G.; 
Balci, S. Strong Coupling of Carbon Quantum Dots in Liquid Crystals. 
The Journal of Physical Chemistry Letters 2022, 3562–3570. 
https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 American 
Chemical Society. 
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solution containing CDs was spin-coated onto a glass substrate and exposed to sunlight 

and after that and illuminated with white light. Upon white light illumination, a thin film 

of LLC mesophase containing CDs emits red light (see figure 3.22g). It is worth 

mentioning that red fluorescence emission is exhibited by both aqueous solution and LLC 

mesophase thin films containing CDs. 

Plasmon-exciton coupling between SPPs of silver thin film and excitons of CDs 

was achieved by utilizing Kretschmann configuration (see figure 3.24a).75Among other 

configurations, Kretschmann configuration is mostly the preferred method for excitation 

of surface plasmons on metal thin films. Metal thin films are the source of surface 

plasmons. If surface plasmons on the metal thin films and incoming photons are in 

resonance, SPPs can be excited. To be able to excite SPPs on the surface of the metal thin 

films, photons cannot be utilized directly owing to momentum mismatch. To defeat 

momentum mismatch, Kretschman configuration was used. In Kretschmann 

configuration, a glass prism is used to enhance the momentum of the incident photon in 

order to achieve excitation of SPPs.  

To investigate the interaction between propagating surface plasmon polaritons of 

flat Ag thin film and excitons of CDs at each angle of incidence, spectroscopic reflection 

measurements, which depend on polarization, were taken as shown in figure 3.24b. 

Tunable supercontinuum laser light source having a spectral width of around 1 nm was 

utilized to achieve surface plasmon polariton dispersion curve of bare flat Ag thin film as 

shown in figure 10c. Surface plasmon polariton dispersion curve of bare Ag film and 

dispersion curve of a 60 nm thick Ag film coated with CD was the finite time-domain 

(FDTD) simulated to corroborate the experimental results with theoretical results as 

shown in figures 3.24d, 3.24f, and 3.24h, respectively. As seen in Figure 3.24, theoretical 

calculations and experimental data agree with each other. The dispersion curve of bare flat 

Ag thin film does not possess anticrossing behavior whereas anticrossing behavior proves 

that there is the strong interaction between the SPPs of bare flat Ag thin film (60 nm) and 

excitons of CDs. While the maximum absorbance of CDs in water is around 610 nm, it is 

625 nm in LLC mesophases as shown in figure 3.25. 
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Indeed, anticrossing was achieved both in the experimental and theoretical dispersion 

curves at around 625 nm which is the same resonance as that of CDs in LLC mesophase 

as shown in Figures 3.24e and 3.24f. For the strong coupling to occur between SPPs of 

Ag thin film and excitons of CDs is 2g > |γe + γpl|/2 where 2g, γe, and γpl are the Rabi 

Figure 3.24. (a) The experimental setup utilized to excite surface plasmons on flat Ag 
thin film is depicted schematically.  (b) The strong coupling observed 
between excitons of CDs and surface plasmon polaritons of flat Ag thin 
film is depicted schematically. Anticrossing occurs in the strong 
plasmon-exciton interaction. (c)  Experimentally achieved surface 
plasmon polariton dispersion curve from a bare flat Ag thin film. (d) 
Theoretically achieved surface plasmon polariton dispersion curve 
from a bare silver film. (e) Experimentally achieved dispersion curve 
from a 60 nm thick Ag film coated with CDs. (f) Theoretically achieved 
polariton dispersion curve of Ag film coated with Lorentz oscillator 
which has the same resonance wavelength and linewidth as the CDs. 
High and low reflectivity are indicated sequentially by red and blue 
colors. At around 625 nm which is the same resonance as that of CDs 
in LLC solution, an anticrossing was obtained both in the experimental 
and theoretical dispersion curves. (g) Experimentally achieved 
dispersion curve from a 25 nm thick Ag film coated with CDs. (h) 
Theoretically achieved polariton dispersion curve of a 25 nm thick Ag 
film coated with Lorentz oscillator which has the same resonance 
wavelength and linewidth as the CDs. 13 Reprinted with permission 
from Sarisozen, S.; Polat, N.; Mert Balci, F.; Guvenc, C. M.; Kocabas, 
C.; Yaglioglu, H. G.; Balci, S. Strong Coupling of Carbon Quantum 
Dots in Liquid Crystals. The Journal of Physical Chemistry Letters 
2022, 3562–3570. https://doi.org/10.1021/acs.jpclett.1c03937. 
Copyright 2022 American Chemical Society. 
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splitting energy (~90 meV), the linewidth of the exciton (~75 meV), and the linewidth of 

the plasmon polariton (~100 meV for 60 nm thick Ag film).110–112 

 

 

 

 

 

  

In fact, the theoretical calculations given in Figure 10f backed up the experimental 

results given in Figure 10e. Furthermore, as the number of excitons is enhanced, the Rabi 

splitting energy can be enhanced, because the Rabi splitting energy is proportional to the 

square root of the number of excitons.98 In figure 3.24e, enhancing the gap between lower 

and upper polariton branches could not be achieved, because, on the one hand, a certain 

amount of carbon dots can be embedded in the liquid crystal mesophases, on the other 

hand, the excess amount of CDs aggregates. The change in the thickness of metal thin film 

allows the linewidth of SPPs to be adjusted.98 The Ag thin film thickness was reduced to 

25 nm (γpl ~300 meV) to demonstrate the weak coupling between excitons of CDs and 

surface plasmon polaritons of Ag thin film. In a prior study98 in the literature showed that 

by changing the metal film thickness, the interaction between surface plasmon polaritons 

and excitons can be adjusted. There is no splitting at the maxima of the absorption peak 

 
 Figure 3.25. UV-vis absorbance spectra of CDs in water and in the hexagonal LLC 

mesophase. 13 Reprinted with permission from Sarisozen, S.; Polat, N.; 
Mert Balci, F.; Guvenc, C. M.; Kocabas, C.; Yaglioglu, H. G.; Balci, S. 
Strong Coupling of Carbon Quantum Dots in Liquid Crystals. The Journal 
of Physical Chemistry Letters 2022, 3562–3570. 
https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 American 
Chemical Society. 
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of CDs (~ 625nm) in the liquid crystal mesophase in the dispersion curves obtained both 

experimentally and theoretically as shown in figures 3.24g and 3.24h. 

In this study, the photostability of the TDBC dye, which is the most common 

exciton source, and the synthesized CDs were compared in the final step as shown in figure 

3.26. To do this, a continuous-wave blue laser at 488 nm and having an optical power of 

50 mW was used to irradiate the aqueous solution of TDBC and synthesized CDs. The 

peak of the TDBC losses its appearance in the absorption spectrum which demonstrates 

that TDBC undergoes rapid photodegradation if it is irradiated with laser light. The CDs, 

in particular, are extremely stable against laser irradiation at room temperature. When J-

aggregate dyes TDBC, widely employed in strong light-matter interaction experiments, 

and synthesized CDs were compared, the following conclusions were reached; (i) 

compared to TDBC, better photostability is possessed by CDs, (ii) their absorption 

linewidths are comparable, (iii) CDs can be synthesized in high yields and in a short time 

whereas difficult synthetic procedures and much more time are needed for the synthesis 

of J-aggregates, and (iv) CDs and J-aggregates on metal thin films with the same oscillator 

strength have Rabi splitting energies that are remarkably similar as demonstrated by 

theoretical calculations. As a result, colloidal CDs have a promising future in research 

involving intense light-matter interactions. 
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Figure 3.26. (a) Change in absorption peak intensity of CDs exposed to laser light. See 
that the photostability of CDs is very high when exposed to laser light at 
488 nm. (b) Change in absorption peak intensity of J-aggregate dye, 
TDBC exposed to laser light at 488 nm. (c) Blue and red colors indicate 
the absorbance peak intensity of CDs and J-aggregate dye, TDBC 
variations as a function of time. 13 Reprinted with permission from 
Sarisozen, S.; Polat, N.; Mert Balci, F.; Guvenc, C. M.; Kocabas, C.; 
Yaglioglu, H. G.; Balci, S. Strong Coupling of Carbon Quantum Dots in 
Liquid Crystals. The Journal of Physical Chemistry Letters 2022, 3562–
3570. https://doi.org/10.1021/acs.jpclett.1c03937. Copyright 2022 
American Chemical Society. 
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…………………… CHAPTER 4 

 

CONCLUSION 

 
First, colloidal nanodisk shaped plexcitonic nanoparticles were demonstrated for 

the first time with extremely high Rabi splitting energies, exceeding 350 meV. Seed-

mediated synthesis was utilized to obtain Ag nanoprisms, followed by shape 

transformation from nanoprism to nanodisk under high temperature. Ag atoms in the 

corners of Ag nanoprisms exposed to high temperature dissolved and then silver ions 

were readsorbed on the side surfaces of Ag nanoprisms, thus Ag nanodisks are generated. 

Under the influence of heat localized plasmon resonance frequencies of Ag nanodisks 

were adjusted. Then, to be able to fabricate nanodisk shaped plexcitonic nanoparticles, a 

cyanine dye called TDBC was utilized. TDBC self-assemble on the Ag nanodisk to yield 

plexcitonic nanoparticles in the aqueous environment. Localized surface plasmon 

polaritons of Ag nanodisks and excitons of J-aggregate, TDBC, strongly couple to create 

nanodisk shaped plexcitonic nanoparticles. The theoretical simulation of single 

plexcitonic and nanodisk shaped nanoparticles agreed well with the experimental results. 

Aqueous solutions of plexitonic nanodiscs can be kept for several weeks at room 

temperature, that is, they are stable. The large Rabi splitting energy and good stability at 

room temperature of plexcitonic nanoparticles expand their application areas, for 

example in plasmon laser, biosensor, solar cells, and molecular nanophotonics active 

devices.113 For studying energy flow at nanoscale dimensions, the plexcitonic 

nanoparticles can be utilized to create a range of nanophotonic devices.113,114 

Furthermore, because a high yield of pure colloidal plexcitonic nanoparticles can be 

synthesized, large area plexcitonic devices can be produced by combining with two-

dimensional nanomaterials like graphene.115 
Secondly, laser-induced synthesis of anisotropic noble metal nanocrystals and 

colloidal synthesis of bimetallic decahedral shaped plexcitonic nanocrystals with 

adjustable optical characteristics in the visible range have both been demonstrated. 

Spherical Ag nanoparticles were irradiated by blue laser having 50 mW at 488 nm in 

order to photochemically synthesize Ag decahedral nanocrystals. Centrifugation was 
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utilized to separate the monocolored Ag prism shaped nanoparticles from the bicolored 

Ag decahedral nanoparticles after the laser aided production. Besides, the optical 

characteristics of decahedral nanoparticles can be altered by introducing gold ions into 

reaction medium. Upon addition of gold ions, galvanic displacement reaction between 

silver atoms and gold ions occurs. This, electrochemical reaction changes the optical 

properties of decahedral shaped nanoparticles. Excitons of J-aggregate dyes and SPPs of 

bimetallic decahedral shaped nanoparticles interact in the strong coupling regime, 

resulting in decahedral plexcitonic nanoparticles. Localized SPP of bimetallic decahedral 

shaped nanoparticles couples in the strong coupling regime with the propagating SPPs 

of Ag thin film, resulting in the generation of novel hybrid polaritonic modes. The 

electromagnetic field can be localized in a very tiny region owing to extremely sharp 

corners of Ag-Au bimetallic decahedral shaped nanoparticles. Gaining more insight 

about light–matter interaction at nanoscale levels can be done with decahedral shaped 

plexcitonic nanoparticles with better and controllable optical characteristics in the visible 

range. 

Finally, weak and strong coupling of CDs in LLC mesophases are achieved for 

the first time by embedding hydrothermally synthesized red emissive, water-soluble CDs 

with high yield having an average diameter of around 4 nm into LLC mesophase and 

coating onto Ag thin film. Also, high crystallinity and both very sharp linewidth spectral 

absorbance and emission are possessed by synthesized red light-emitting CDs. The 

photoluminescence (red emission) of the CDs synthesized on a wide scale using a simple 

hydrothermal process is highly stable and strong. The fluorescence of synthesized CDs 

displays excitation-independent emission behavior. The Quantum yield of red emissive 

CDs is around 35.4 percent (in ethanol) and their lifetime is at around 2 ns in an aqueous 

acidic solution. Ultrafast transient absorption spectroscopy (fs-TA) was used to 

investigate the excited state dynamics of the produced CDs. After neutralization, CDs 

were dispersed in the LLC mesophases. In reality, the CDs were embedded in the 

hydrophilic domains of LLC mesophases. LLC solution containing CDs was spin coated 

onto Ag thin film. Upon spin coating, thin film with red emission was formed on top of 

the Ag film. Excitons of CDs and propagating surface plasmon polaritons of thin Ag 

films interact substantially, as evidenced by polarization-dependent spectroscopic 

reflection studies, and a plasmon-exciton hybrid state can be seen in the polariton 

dispersion curve. When J-aggregate dyes TDBC, widely employed in strong light-matter 

interaction experiments, and synthesized CDs were compared, the following conclusions 
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were reached; (i) compared to TDBC, better photostability is possessed by CDs, (ii) their 

absorption linewidths are comparable, (iii) CDs can be synthesized in high yields and in 

a short time whereas difficult synthetic procedures and much more time are needed for 

the synthesis of J-aggregates, and (iv) CDs and J-aggregates on metal thin films with the 

same oscillator strength have Rabi splitting energies that are remarkably similar as 

demonstrated by theoretical calculations. As a result of the unique properties and 

advantages of CDs such as low cost, ease of synthesis, water-solubility, bright and strong 

fluorescence with very narrow absorption linewidths, high quantum yields, high 

photostability, low toxicity, and tunable emission in the visible and near-infrared regions 

of the electromagnetic spectrum, CDs are witnessed the rapid increase in their usage in 

many applications, e.g., in optoelectronic devices, nanoscale light sources, drug delivery, 

bioimaging, biosensing. 
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