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Abstract 

The resonance excitation energy transfer (EET) from various 

photoexcited donors to acceptors has been studied thoroughly in the recent 

past due to its importance in photovoltaics, light-emitting diodes, sensors, 

bioimaging, etc. Nonradiative energy transfer from a photoexcited donor 

to an acceptor via dipole-dipole interactions is well known as Förster 

resonance energy transfer (FRET). Over the last few years, metal and 

semiconductor nanoparticle (NPs) based donor-acceptor composite 

systems have gained considerable attention due to their size-dependent 

optoelectronic properties which allow easy tuning of energy transfer 

efficiency. For example, semiconductor NPs or quantum dots have been 

extensively used as FRET-based donor due to their stable and bright size-

dependent photoluminescence (PL) in the visible region of the 

electromagnetic spectrum. It has been observed that metal NP with distinct 

localized surface plasmon resonance (LSPR) often quenches the molecular 

excitation energy of nearby fluorophore by nanometal surface energy 

transfer (NSET), which is quite different from the conventional FRET. 

Extensive theoretical and experimental studies have been performed to 

understand the mechanism behind the highly efficient quenching of 

molecular excitation energy of various photoexcited fluorophores by metal 

NPs. Some reports have illustrated the PL quenching of photoexcited 

donors in the presence of metal NPs by FRET mechanism, whereas 

several other studies have demonstrated that EET from photoexcited donor 

to metal NP is best modeled by NSET theory. Moreover, it has been 

reported that NSET does not require the spectral overlap between the 

emission spectrum of donor and absorption spectrum of acceptor. In 

contrast, several researchers have validated the involvement of spectral 

overlap in NSET process. Despite numerous reports, the fundamental 

mechanism of EET from various photoexcited donors to metal NP as well 

as the role of spectral overlap in the EET process still remains obscure. 
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Moreover, very less is known about the mechanism and dynamics of 

fluorescence quenching near the ultrasmall metal nanocluster (NC) 

surface, which lacks characteristic LSPR. In this thesis, the detailed 

mechanism and dynamics of EET from various photoexcited donors such 

as silicon quantum dots (Si QDs), carbon dots (CDs), and 4´,6-diamidino-

2-phenylindole (DAPI) to silver nanoparticles and nanoclusters (Ag NP 

and Ag NC) as acceptors have been demonstrated. The role of spectral 

overlap between donor emission spectrum and LSPR band of Ag NPs in 

NSET process as well as the effect of different sizes of NPs on NSET 

efficiency has been clearly presented. Furthermore, the influence of 

various microheterogeneous environments such as surfactants, polymer, 

and DNA on the efficiency of energy transfer has been illustrated. 

The contents of each chapter included in the thesis are discussed 

briefly as follows: 

1. Introduction 

In this chapter, a brief overview of the unique optical properties of 

Ag NP, Ag NC, Si QD, and CD has been provided. The effect of metal 

NPs and NCs on the emission properties of various photoexcited 

fluorophores has been briefly explained. The mechanism and dynamics of 

various EET theories have been discussed in detail. Further, the 

importance of spectroscopic nanorulers such as FRET and NSET, in 

numerous biologically relevant microheterogeneous environments has 

been illustrated.  

2. Materials and experimental techniques 

 The details of all the chemicals and complete synthetic procedures 

of citrate-stabilized Ag NP, dihydrolipoic acid-capped Ag NC, allylamine-

functionalized Si QD, and CD have been mentioned here. A brief 

description of the sample preparations and experimental techniques used 

to complete the entire work of this thesis has been provided. 
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3. Surfactant-induced modulation of nanometal surface energy 

transfer from silicon quantum dots to silver nanoparticles 

In this chapter, the EET from Si QD to Ag NP and its modulation 

in the presence of CTAB surfactant has been demonstrated by means of 

steady-state and time-resolved PL spectroscopy. Significant spectral 

overlap between the emission spectrum of Si QDs and localized surface 

plasmon resonance (LSPR) of Ag NPs results in a substantial amount of 

PL quenching of Si QDs. In addition, the PL lifetime of Si QDs is 

shortened in the presence of Ag NPs. The origin of this PL quenching has 

been rationalized on the basis of increased nonradiative decay rate due to 

EET from Si QDs to Ag NPs surface. The observed energy transfer 

efficiency correlates well with the NSET theory with 1/d4 distance 

dependence rather than conventional FRET theory. It has also been 

observed that the EET efficiency drastically reduces in the presence of 0.5 

mM CTAB. Dynamic light scattering (DLS), and single particle PL 

microscopy results indicate the formation of large surfactant-induced 

aggregates of Ag NPs. Finally, the energy transfer efficiency values 

obtained from experiment have been used to calculate the distance 

between Si QDs and Ag NPs in the absence and presence of CTAB, which 

correlates well with the proposed model.  

4. Resonant excitation energy transfer from carbon dots to different 

sized silver nanoparticles 

 The influence of size on the efficiency of NSET process between 

excited donor and different sized metal NP is poorly explored in literature. 

Here in this work, a systematic study has been demonstrated by correlating 

the size of Ag NPs with the efficiency of EET from photoexcited CD to 

Ag NP. Three different sized citrate-capped Ag NPs with mean 

hydrodynamic diameter of 39.91 ± 1.03, 53.12 ± 0.31 and 61.84 ± 0.77 nm 

have been synthesized for the present study. The estimated zeta potential 

of synthesized CD is -25.45 ± 1.23 mV while that for the smallest, 
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medium and largest sized Ag NP is -76.24 ± 3.92, -67.60 ± 4.40, and -

58.01 ± 3.10 mV. It has been observed that the spectral overlap between 

the emission spectrum of CD and LSPR band of Ag NP increases with 

increase in the size of Ag NPs. The steady-state and time-resolved PL 

measurements reveal significant PL quenching of CD as a function of Ag 

NP size. A control experiment with Ag NPs having LSPR at 398 nm 

shows negligible amount of PL quenching of CDs. The negligible PL 

quenching of CD in the presence of Ag NP having inadequate spectral 

overlap confirms the resonant EET from photoexcited CD to different 

sized Ag NPs. The separation distances between CD and different sized 

Ag NPs estimated using FRET theory exceed the FRET limit. The 

calculated EET related parameters correlate well with the 1/d4 distance-

dependent NSET theory. Further, it has been observed that the NSET 

efficiency increases with increase in the size of Ag NPs. This phenomenon 

has been explained by considering larger spectral overlap and shorter 

separation distance between CD and larger sized Ag NPs due to reduced 

electrostatic repulsion. These results reveal that the size of NP plays an 

important role in the NSET process and this phenomenon can be easily 

utilized to tune the efficiency of energy transfer for various applications. 

5. Effect of compartmentalization of donor and acceptor on the 

ultrafast resonance energy transfer from DAPI to silver nanoclusters 

 In this chapter, the mechanism and dynamics of EET from 

photoexcited DAPI to dihydrolipoic acid-capped Ag NC and its 

subsequent modulation in the presence of cationic polymer PDADMAC 

and CT-DNA have been demonstrated using steady-state FL and 

femtosecond FL upconversion techniques. The synthesized Ag NCs were 

characterized using FTIR spectroscopy, mass spectrometry, XPS, 

HRTEM, DLS, UV-Vis and PL spectroscopy. The mass spectrometric 

analysis reveals the formation of ultrasmall Ag4 NCs with a small amount 

of Ag5 NCs. UV-Vis and PL spectra show distinct molecular-like 
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optoelectronic behavior of these ultrasmall Ag NCs. The Ag NCs strongly 

quench the FL of DAPI with concomitant increase in its PL intensity at 

675 nm. This steady-state FL quenching proceeds with a significant 

shortening of FL lifetime of DAPI in the presence of Ag NCs, signifying 

the nonradiative FRET from DAPI to Ag NCs. Various energy transfer 

related parameters have been estimated from FRET theory. The present 

FRET pair shows a characteristic Förster distance of 2.45 nm and can be 

utilized as a reporter of short-range distances in various FRET-based 

applications. Moreover, this nonradiative FRET completely suppresses in 

the presence of both 0.2 wt% PDADMAC and CT-DNA. Steady-state PL, 

HRTEM, and PL imaging measurements reveal efficient and complete 

encapsulation of acceptor (Ag NCs) within the polymer matrix. It has been 

observed that the nonradiative FRET process completely suppresses in the 

presence of CT-DNA due to the selective binding of DAPI with CT-DNA. 

This selective compartmentalization of donor and acceptor and the 

subsequent modification of FRET process may find application in various 

sensing, photovoltaic, and light harvesting applications. 

6. Effect of surfactant assemblies on the resonance energy transfer 

from 4',6-diamidino-2-phenylindole to silver nanoclusters 

Here, the effect of SDS assemblies on the FRET between DAPI 

and Ag NC in phosphate buffer has been demonstrated by using FL 

spectroscopy. While DAPI interacts specifically with SDS surfactants in a 

concentration-dependent manner, Ag NC shows no specific interaction 

with surfactant assemblies. At very low concentrations of SDS (< 0.6 

mM), DAPI forms surfactant-induced aggregates at the interface. In the 

case of intermediate SDS concentrations (0.6 mM ≤ SDS < 4 mM), DAPI 

associates with the negatively charged SDS pre-micelles via electrostatic 

interaction. Beyond 4 mM SDS, the FL intensity of DAPI saturates due to 

complete incorporation of DAPI into the micellar Stern layer. The 

negligible changes in the FL of DAPI upon addition of non-ionic triton X-
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100 (TX-100) and cationic CTAB surfactants indicate minimal interaction 

of DAPI with TX-100 and CTAB. Hence, the significant FL enhancement 

of DAPI in the presence of SDS is due to the specific electrostatic 

interactions between the positively charged DAPI and negatively charged 

SDS. Notably, the interaction between DAPI and Ag NC significantly 

perturbs in the presence of SDS. In phosphate buffer, FRET efficiency 

(ϕEff) of 78% has been estimated for DAPI-Ag NC pair. This ϕEff decreases 

to 23% in the presence of 1 mM SDS. Furthermore, in the presence of 16 

mM SDS, complete suppression of this nonradiative FRET has been 

observed due to incorporation of DAPI into the micellar Stern layer. 

7. Conclusion and future scope 

The conclusions of the entire research work of this thesis described here 

are as follows: 

1) The observed PL quenching of Si QDs in the presence of Ag NPs 

correlates well with NSET rather than FRET model. The NSET 

efficiency significantly reduces in the presence of 0.5mM CTAB. 

The CTAB molecules not only induce aggregation of Ag NPs, but 

also provide an extra bilayer shell on top of the citrate-capped Ag 

NPs, due to which the mean separation distance between Si QD 

and the surface of Ag NP increases. As a result, the NSET 

efficiency decreases. 

2) The steady-state and time-resolved lifetime measurements reveal 

that the observed PL quenching of CD in the presence of different 

sized Ag NPs is due to the resonant EET. The separation distances 

between CD and different sized Ag NPs estimated using FRET 

theory exceed the FRET limit. The calculated EET related 

parameters correlate well with NSET theory. Moreover, the NSET 

efficiency increases with increase in the size of Ag NPs. It was 

observed that with increase in the size of Ag NPs, the spectral 



xiii 

 

overlap increases. More importantly, the zeta potential of Ag NPs 

decreases with increase in the size and as a consequence, the 

effective distance between CD and Ag NPs decreases due to 

reduced electrostatic repulsion. Hence, these results reveal that the 

efficiency of NSET process can be easily tuned as a function of NP 

size. 

3) The significant FL quenching of DAPI by Ag NC with a 

concomitant increase in the PL of Ag NCs clearly signifies the 

involvement of FRET from photoexcited DAPI to Ag NC. 

Selective compartmentalization of Ag NC and DAPI has been 

observed in the presence of 0.2 wt% PDADMAC and CT-DNA, 

respectively. Moreover, complete suppression of the nonradiative 

FRET has been observed in the presence of both 0.2 wt% 

PDADMAC and CT-DNA. 

4) It has been shown that the specific electrostatic interactions of 

DAPI with SDS significantly alter the FRET process between 

DAPI and Ag NC. The FRET efficiencyof DAPI-Ag NC pair 

reduces from a bulk value of 78% to 23% in the presence of 1 mM 

SDS. Furthermore, this FRET completely suppresses in the 

presence of 16 mM SDS due to the incorporation of DAPI into the 

micellar Stern layer of SDS. 

Further, the relevant future scope of the work described in this thesis has 

been discussed briefly. 
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1.1. Background 

Nobel metal nanoparticles (NPs) have attracted considerable 

attention in the past few decades due to their potential applications in 

miniature optical devices, sensors, medical diagnostics

etc [1-4] . The electronic and optical properties of metal NPs depend 

greatly on their size, particularly in the nanometre range (Scheme 1.

[5-9] .  

 

 

 

 

 

 

 

 

 

Scheme 1.1. Electronic energy 

Bulk metals are electrically conducting and good optical 

reflectors due to the freely moving delocalized electrons in the 

conduction band. Metal NPs (2

result of the localized surface plasmon resonance (LSPR), which arises 

due to the collective oscillation of conduction electrons upon 

interaction with light [5, 6]

reduced to around 2 nm or less, the continuous band structure becomes 

                                                                              Chapter 1

2 

Nobel metal nanoparticles (NPs) have attracted considerable 

attention in the past few decades due to their potential applications in 

optical devices, sensors, medical diagnostics, therapeutics, 

The electronic and optical properties of metal NPs depend 

greatly on their size, particularly in the nanometre range (Scheme 1.1) 

Electronic energy levels of metal NC, NP, and bulk metal. 

Bulk metals are electrically conducting and good optical 

reflectors due to the freely moving delocalized electrons in the 

conduction band. Metal NPs (2-100 nm) display intense colors as a 

ace plasmon resonance (LSPR), which arises 

due to the collective oscillation of conduction electrons upon 

[5, 6] . When the size of a metal NP is further 

reduced to around 2 nm or less, the continuous band structure becomes 

 

Chapter 1 

Nobel metal nanoparticles (NPs) have attracted considerable 

attention in the past few decades due to their potential applications in 

, 

The electronic and optical properties of metal NPs depend 

) 

 

Bulk metals are electrically conducting and good optical 

reflectors due to the freely moving delocalized electrons in the 

100 nm) display intense colors as a 

ace plasmon resonance (LSPR), which arises 

due to the collective oscillation of conduction electrons upon 

. When the size of a metal NP is further 

reduced to around 2 nm or less, the continuous band structure becomes 

 



                                                                              Chapter 1 

 

3 
 

discrete due to the quantum confinement effect (Scheme 1.1) [7-9] . In 

such an extremely small size scale, NPs are known as nanoclusters 

(NCs). These metal NCs are said to have molecule-like properties with 

discrete electronic energy levels and size-dependent emission. 

Extensive theoretical and experimental studies have been 

performed to understand the emission properties of various 

fluorophores in the presence of metal NP and NC. Metal NPs and NCs 

alter the emission properties of fluorophores within the several 

nanometers from their surface. Metal NPs exhibiting distinct LSPR 

band are known to either enhance or quench the fluorescence yield of 

nearby fluorophore [10-20]. The ultrasmall luminescent metal NCs 

having molecule-like properties affect the nearby fluorophore in an 

entirely different way as they do not show any LSPR. Metal NCs act as 

efficient quenchers in the presence of nearby photoexcited molecules 

[21-23]. The influence of metal NPs and NCs on the fluorescence 

quantum yield of nearby fluorophore is very complex and depends on 

various parameters such as size of the metal NP and NC, shape of the 

metal NP, the separation distance between fluorophore and metal NP or 

NC, the orientation of fluorophore dipole with respect to metal NP or 

NC, and the spectral overlap between the emission spectrum of 

fluorophore and absorption spectrum of metal NP or NC. In this thesis, 

the effect of silver nanoparticles and nanoclusters (Ag NPs and NCs) 

on the emission properties of the various fluorophores such as silicon 

quantum dots (Si QDs), carbon dots (CDs) and 4´, 6-diamidino-2-

phenylindole (DAPI) has been demonstrated. A brief overview of the 

optical properties, synthetic routes and applications of Ag NPs, Ag 

NCs, Si QDs, and CDs has been provided in the next sections. 
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1.2. Silver Nanoparticles (Ag NPs)  

In the past few decades, Ag NPs have been utilized in diverse 

domains including optoelectronics, biosensors, antimicrobials catalysis, 

surface enhanced Raman scattering (SERS), near-field scanning probe 

microscopy, luminescence enhancement and quenching at the metal 

surface, etc [24-31].  The shape and size of the Ag NP directly 

influence its characteristic LSPR band. The LSPR maximum (λLSPR) of 

spherical Ag NP ranges from 390-500 nm depending on the size of the 

Ag NP [25, 26]. With the increase in the size of NP, the λLSPR shifts to 

the longer wavelength. 

Colloidal particles of varying size and shape have been 

synthesized using templates, photochemistry, seeds, electrochemistry, 

and radiolysis [32-36]. The simplest and the most commonly used 

synthetic method for Ag NPs usually makes use of a soluble Ag salt, a 

reducing agent, and a stabilizing agent. The stabilizing agent caps the 

NP and prevents further growth or aggregation. The formation of 

colloidal solutions from the reduction of Ag salts involves two stages, 

namely nucleation and subsequent growth. The size and shape of the 

synthesized Ag NPs are strongly dependent on these stages. The initial 

nucleation and the subsequent growth of the nuclei can be controlled by 

adjusting the reaction parameters such as reaction temperature, pH, 

precursors, reducing agents, and stabilizing agents [25, 37-41]. 

Recently, Agnihotri et al. (2014) precisely controlled the nucleation and 

growth kinetics to synthesize different sized spherical Ag NPs using 

sodium borohydride as a primary reducing agent and trisodium citrate, 

both as secondary reducing agent as well as stabilizing agent [25] . 

They prepared monodisperse Ag NPs with average size varying from 5-
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100 nm exhibiting λLSPR in between 393 to 462 nm. They also 

illustrated the size and dose-dependent bacteriostatic/bactericidal effect 

of different sized Ag NPs. In this thesis, different sized citrate-capped 

Ag NPs exhibiting λLSPR at 398, 415, 425, 435, and 449 nm have been 

synthesized by the well-known Lee and Meisels method with slight 

modifications [42] . The effect of citrate-capped Ag NPs on the 

emission properties of Si QDs and CDs has been demonstrated. 

1.3. Silver Nanoclusters (Ag NCs) 

Ag NCs have sizes comparable to the Fermi wavelength of an 

electron and exhibit molecular-like properties including discrete 

electronic states and size-dependent PL properties [43, 44]. For the 

synthesis of Ag NCs, the most common route follows the reduction of 

Ag+ ion precursor in the presence of suitable ligand. Various reduction 

techniques such as radiolytical, photochemical, sonochemical, etc. have 

been employed for the synthesis of Ag NCs [45-52]. The frequently 

used capping ligands are DNA, polymer microgels, peptides, proteins, 

and thiol- or amine-appended molecules (Scheme 1.2) [21, 47, 50-55]. 

For example, Xiao et al. (2013) synthesized luminescent Ag NCs using 

ssDNA chain containing 12 cytosine bases as the scaffold. They 

employed Ag NCs in energy transfer studies and demonstrated the 

biosensing application of Ag NCs [21] . In another study, Li et al. 

(2013) synthesized highly stable water-dispersible luminescent Ag5 

clusters with a PL quantum yield of 9.7% using tridentate polymer 

ligand. For the first time, they demonstrated the successful application 

of Ag NCs as biomarkers to label mouse liver tissues [56] . 

 

 



                                                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2. Schematic representation 

stabilizing the Ag NCs. 

Small molecules containing carboxylic and thiols groups have 

also been used to stabilize silver 

borohydride as reducing agent 

(2010) reported a single step facile synthesis of water

dihydrolipoic acid (DHLA) capped luminescent Ag

showing excellent optical properties, narrow emission profile, good 

photostability, and large Stokes shift 

sensing application of Ag NC for ultrasensitive detection of highly 

toxic mercury ions. Over the past few years, Ag NCs due to their 

excellent optical properties, sub
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Schematic representation of the different ligands 

Small molecules containing carboxylic and thiols groups have 

also been used to stabilize silver NCs in solution using sodium 

borohydride as reducing agent [52, 55, 57]. Recently, Adhikari et al. 

reported a single step facile synthesis of water-dispersible, 

dihydrolipoic acid (DHLA) capped luminescent Ag4 and Ag5 NCs 

showing excellent optical properties, narrow emission profile, good 

photostability, and large Stokes shift [52] . They also demonstrated the 

sensing application of Ag NC for ultrasensitive detection of highly 

toxic mercury ions. Over the past few years, Ag NCs due to their 

excellent optical properties, sub-nanometer size and non-toxicity have 
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been employed in various important chemical and biological systems 

[21, 44, 52-54, 56]. In this thesis, the effect of ultrasmall DHLA-

capped Ag NCs on the emission properties of DAPI has been 

demonstrated. 

1.4. Quantum Dots (QDs) 

The term “quantum dot” was first used by Mark A. Reed in 

1988 to describe a spatially quantized system, where the 

electrostatically bound electron-hole pair which is known as exciton is 

confined in all the three spatial dimensions [58] . The bulk 

semiconductor consists of the continuous valence band (VB) and 

conduction band (CB) separated by a region of the forbidden energy 

gap, known as band gap, ��, of the material. An electron gets excited 

from filled VB to the empty CB leaving a hole in the VB, by absorbing 

a photon of energy greater than ��. The average distance between the 

electron and hole is called the exciton Bohr radius. When the size of the 

particle approaches near or below the exciton Bohr radius, the energy 

bands become discrete and the properties of the particles become size 

dependent (Scheme 1.3). The energy gap between VB and CB 

increases as the size decreases resulting in a blue shift of the optical 

transitions [58-60]. This effect is known as quantum confinement 

effect, which is usually observed in size regime below 10 nm for most 

of the semiconductor materials. Compared to bulk materials, QDs show 

unique size-dependent photoluminescence (PL) properties due to the 

quantum confinement effect. 

 



                                                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.3. Quantum confinement and size

QDs. 

 

QDs exhibit broad excitation spectra, size

tunable narrow emission from ultraviolet to near

range, high quantum yield and better stability against photobleaching. 

QDs show excitation-dependent emission because of signi

distribution, which allows their selective optical excitation. In addition, 

QDs have relatively large surface
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Quantum confinement and size-tunable PL properties of 

QDs exhibit broad excitation spectra, size- and composition-

tunable narrow emission from ultraviolet to near-infrared wavelength 

range, high quantum yield and better stability against photobleaching. 

dependent emission because of significant size 

distribution, which allows their selective optical excitation. In addition, 

QDs have relatively large surface-area to volume ratio which is 
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promising for its water-solubilization, sensing applications, 

bioconjugation, etc. 

Several solution phase synthesis, purification, and 

characterization procedures have been well established to synthesize 

high-quality QDs, consisting elements from the groups II-VI, III-V, and 

IV-VI of the periodic table, such as CdSe, CdTe, CdS/ZnS, CdSe/ZnS, 

InAs, etc [61-65]. As a result of their narrow size distribution, selective 

morphology, controlled surface chemistry and bright PL, these QDs 

have been widely used for solar cell applications, LEDs, sensors, 

biolabeling, etc [65-68]. However, these heavy metal QDs possess 

significant drawbacks in biological application due to their potential 

cytotoxicity [69-72]. Therefore, extensive research has been carried out 

to develop less toxic, heavy metal free QDs such as silicon quantum 

dots (Si QDs), carbon-based nanomaterials such as carbon dots (CDs), 

graphene quantum dots (GQDs), polymer dots, etc. 

1.4.1. Silicon Quantum Dots (Si QDs) 

Bulk silicon is an indirect bandgap semiconductor material 

which shows poor applications in light emitting devices (Scheme 1.4). 

However, as the size of the silicon nanomaterial becomes comparable 

to its exciton Bohr radius, it exhibits quantum confinement effect. As a 

consequence, the band gap increases resulting into the direct exciton 

recombination in Si QD (Scheme 1.4). Si QDs show size-tunable PL 

emission with high quantum yields [73] . Unlike heavy metal QDs, Si 

QDs are considered highly promising candidates for large-scale bio-

applications, particularly for in vivo applications due to their low-

toxicity, good biocompatibility, and smaller size [73] . 

 



                                                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.4. Indirect and direct exciton recombination in bulk silicon 

and Si QD, respectively. 

Numerous synthetic 

few decades for the synthesis of mono

broadly classified into “top

68, 73-80]. Recently, relatively mono

PL properties have been synthesized with different surface 

functionalizations such as amines, carboxylic acid, amphiphilic block 

copolymer, etc. Earlier, Warner et al. (2005) synthesized amine

terminated water-dispersible Si

using hydride reducing agent inside reverse micelles at room 

temperature [79] . Recently

characterized luminescent Si QDs functionalized with propionic acid, 

pentanoic acid, heptanoic acid, and undecanoic acid 
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Indirect and direct exciton recombination in bulk silicon 

Numerous synthetic methods have been developed over the past 

few decades for the synthesis of mono-dispersed Si QDs which are 

top-down” and “bottom-up” approaches [60-

Recently, relatively mono-dispersed Si QDs having tunable 

PL properties have been synthesized with different surface 

functionalizations such as amines, carboxylic acid, amphiphilic block 

Earlier, Warner et al. (2005) synthesized amine-

dispersible Si QDs by reducing silicon precursor 

using hydride reducing agent inside reverse micelles at room 

Recently, Clark et al. (2010) prepared and 

characterized luminescent Si QDs functionalized with propionic acid, 

pentanoic acid, heptanoic acid, and undecanoic acid [81] . They 
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illustrated that the oxidative and optical stability was improved by 

increasing the length of the carbon spacer between the silicon surface 

and the polar carboxylic acid group. The surface functionalization plays 

an important role in determining the solubility, stability, cytotoxicity, 

and hence the applicability of Si QDs in various fields. In this thesis, 

the PL properties of allylamine-capped Si QDs in the presence of 

citrate-capped Ag NPs have been explored. 

1.4.2. Carbon Dots (CDs) 

In 2004, while purifying single-walled carbon nanotubes, Xu et 

al. (2004) serendipitously discovered an unknown luminescent carbon 

nanomaterial which is now referred to as carbon quantum dots or CDs 

[82]. CDs constitute a fascinating class of luminescent carbogenic 

nanomaterial having sizes below 10 nm with an outer shell composed 

of oxygen or other heteroatom rich functional groups and an inner core 

rich in sp2 hybridized carbon atoms [83-87]. Analogous to 

semiconductor QDs, these surface-passivated CDs display size and 

wavelength-dependent luminescence properties, resistance to 

photobleaching, facile bio-conjugation, etc [83-87]. These CDs 

combine several favourable attributes of traditional semiconductor-

based QDs without incurring the burden of intrinsic toxicity, elemental 

scarcity, tedious and costly synthetic procedures. There have been 

several explanations for the origin of the optical properties of CDs [85-

94]. Some studies have stated that the luminescence of CD is due to the 

electronic transition within the core, whereas other reports have linked 

the emission to surface-localized states. Also, the characteristic 

excitation-dependent PL properties of CDs have been explained by 

several researchers on the basis of either distribution of different 
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Scheme 1.5. Schematic illustration of CD

up” and “top-down” approaches.

 

The fabrication of 

kinds of approaches, “bottom

Bottom-up approaches fabricate CDs from molecular precursors such 

as citric acid, sucrose, and glucose through microwave synthesis, 

thermal decomposition, hydrothermal treatment,

and plasma treatment [95-

from macroscopic carbon structures, such as 

and carbon nanotubes by treatments like arc

electrochemical oxidation, 

[86, 88, 100-102]. For example, 

scale “green solution” for the synthesis of CDs having uniform 

spherical shape with an average size of 4.6 nm, using waste food as 
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or sizes. Till now, the origin of intense 

dependent PL properties of CD is a matter of debate and 

not yet entirely understood. 

Schematic illustration of CD preparations via “bottom-

down” approaches. 

The fabrication of CDs can generally be classified into two 

“bottom-up” and “top-down” (Scheme 1.5).

up approaches fabricate CDs from molecular precursors such 

and glucose through microwave synthesis, 

hydrothermal treatment, template-based routes,

-100]. Top-down approaches synthesize CDs 

pic carbon structures, such as graphite, activated carbon,

and carbon nanotubes by treatments like arc-discharge, laser ablation,

 chemical oxidation, and ultrasonic synthesis

For example, Park et al. (2014) reported a large-

scale “green solution” for the synthesis of CDs having uniform 

spherical shape with an average size of 4.6 nm, using waste food as 
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carbon sources under ultrasound treatment at room temperature [102] . 

Recently, Ding et al. (2016) hydrothermally synthesized CDs having 

different degree of oxidation with tunable PL and a quantum yield of 

upto 35% in water and separated these CDs via silica column 

chromatography [97] . The separated CDs displayed bright and stable 

luminescence from blue to red under a single-wavelength UV light 

exhibiting high optical uniformity. In the recent years, CDs owing to 

their outstanding merits in terms of luminescence, stability, 

biocompatibility, and low cost have found potential applications in 

numerous important fields such as biosensing, bioimaging, drug 

delivery, photocatalysis, and optoelectronics [83, 84, 88, 101-105]. In 

this thesis, the effect of three different sized citrate-capped Ag NPs on 

the PL properties of CDs has been illustrated. 

 

1.5. Influence of Metal NPs and NCs on the Nearby Fluorophore  

Metal NPs show broad LSPR band due to collective oscillation 

of conduction electrons upon interaction with light, whereas ultrasmall 

metal NCs display size-dependent bright luminescence due to the 

discreteelectronic energy levels. Due to their drastically different 

optical properties, metal NPs and NCs affect the nearby fluorophore in 

different ways. The presence of metal NPs either enhances or quenches 

the luminescence yield of the nearby fluorophore. It is well established 

that the origin of luminescence enhancement is due to either enhanced 

electromagnetic field of LSPR at the metal NP surface or an increase in 

the radiative decay rate of the excited fluorophore near the metal NP 

[10-13]. It has been observed that metal NP often quenches the 

fluorescence yield due to nonradiative energy transfer, electron 

transfer, or by decreasing the radiative rate of the fluorophore [15-20]. 
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The ultrasmall metal NC having molecule-like properties quenches the 

luminescence yield of the nearby fluorophore due to either nonradiative 

energy transfer or electron transfer [21-23]. The radiative (kr) and 

nonradiative (knr) decay rates of the fluorophore are expressed as [106] : 

                   �� = ��
τ	        (1)  

                 �
� = ����
τ	 �                                 (2) 

where ϕD is the quantum yield and τD is the average lifetime of the 

fluorophore. 

 Several investigations have been performed to understand the 

highly efficient nonradiative energy transfer from various photoexcited 

fluorophores to metal NPs and NCs. Since metal NP exhibits broad 

LSPR band and metal NC shows size-dependent PL properties due to 

discrete electronic energy levels, both NP and NC quench the nearby 

photoexcited donor via different mechanisms. The mechanism of 

excitation energy transfer and the different related theories have been 

discussed briefly in the next section.  

1.6. Mechanism of Excitation Energy Transfer (EET) 

EET is defined as the nonradiative transfer of excitation energy 

from a photoexcited donor to a proximal acceptor [106]  (Scheme 1.6). 

The donor is a fluorophore and the acceptor can be another fluorophore 

of lower excitation energy, a dark quencher, a metal film or a metal NP. 

The rate of energy transfer depends upon various parameters such as 

size and shape of the acceptor, the orientation of the donor and acceptor 

transition dipoles, the distance between donor and acceptor, and the 

spectral overlap between the emission spectrum of donor and 
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absorption spectrum of acceptor [106] . Since EET is sensitive to the 

donor-acceptor spectral properties and the donor-acceptor distance, it is 

commonly known as the “spectroscopic ruler”. Being a sensitive and 

selective fluorescence technique, it has been widely applied in various 

fields including photovoltaics, light-emitting diode, sensors, 

bioimaging, etc [107-110]. 

 

 

 

 

 

 

 

Scheme 1.6. Jablonski diagram for nonradiative resonance energy 

transfer. 

Energy transfer techniques rely on the measurement of the 

intensity quenching and/or the lifetime quenching of the donor. The 

quenching efficiency for a donor-acceptor pair is given by the equation 

[106] : 

																															���� � 1 � �	��
�	

	� 1 � �	��
�	

      (3) 

where ϕD-A and ϕD are the quantum yield of the donor in the presence 

and absence of the acceptor, respectively. τD-A and τD are the excited-
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state average lifetimes of the donor in the presence and absence of the 

acceptor, respectively. The rate of energy transfer (kET) between a 

donor and acceptor is expressed as [106] : 

                                                       ��� = �
�	 ���

� ��
                  (4) 

where ��  is the excited-state average lifetime of the donor in the 

absence of the acceptor, R0 is the distance at which efficiency of energy 

transfer is 50%, R is the estimated separation distance between the 

donor and acceptor, and n is the power dependence of the theory used 

to describe R0. Both R0 and n are highly dependent on the nature of the 

donor and acceptor. Due to the strong distance dependence of kET, EET 

has found various applications in structural biology to measure 

distances and to monitor structural or conformational changes in 

biomolecules.  

Numerous models such as Förster resonance energy transfer 

(FRET), Gersten-Nitzan (G-N), Chance, Prock, Silbey-Kuhn (CPS-

Kuhn), and nanometal surface energy transfer (NSET) have been 

developed in the last few decades to understand the mechanism of 

energy transfer from photoexcited donors to metal NPs and NCs [15-

17, 111, 112]. A brief description of these theories, their assumptions, 

and limiting conditions are provided in the next section. 

1.6.1. Förster Resonance Energy Transfer (FRET) 

In 1948, Theodor Förster quantum mechanically described the 

theory of FRET occurring between two closely juxtaposed molecules 

[111] . FRET is defined as the nonradiative energy transfer from a 

photoexcited donor (D) to an acceptor (A) via dipole-dipole 
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interactions. It is a through space distance-dependent interaction in 

which the excited donor transfers its excitation energy to an acceptor 

molecule nonradiatively. The rate of FRET depends upon various 

factors such as the extent of spectral overlap, the relative orientation of 

the transition dipoles and the center-to-center distance between the 

donor and acceptor molecules (Scheme 1.7) [106, 111]. 

FRET invokes the Fermi Golden Rule in the dipole 

approximation of energy transfer. The Golden Rule approximation 

relates the energy transfer rate (kET) to a product of the interaction 

elements of the donor (FD) and acceptor (FA), kET ≈ FDFA. These 

interaction elements can be simplified such that their separation 

distance (R) dependencies are sole functions of their geometric 

arrangement. For single dipoles, F ≈ 1/R3, for a 2D dipole array, F ≈ 

1/R, and for a 3D dipole array, F = constant such that the power of the 

distance factor decreases as the dimension increases [17] . FRET, which 

consists of two single dipoles, is easily derived from this rule such that 

kFRET ≈ FDFA ≈ (1/R3)(1/R3) ≈ 1/R6. Therefore, the rate of FRET (kFRET) 

for a donor-acceptor pair is given by the following equation: 

                                                      ����� = �
�	 ���

� ��
       (5) 

where τD is the excited state average lifetime of the donor in the 

absence of the acceptor, R is the separation distance between donor and 

acceptor, and R0  is the distance at which the 50% FRET is observed 

which is known as the Förster distance (R0). R0 is a function of the 

oscillator strengths of the donor and acceptor molecules, their mutual 

energetic resonance, and the vector addition of their dipoles. The 

Förster distance (R0) can be expressed as  
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																																		 ! � "#8.8	 & 10()*+,(-.�/0#λ*12
�/�

    (6) 

where κ2 is the orientation factor of the transition dipoles of the donor 

and the acceptor, η is the refractive index of the medium, ϕD is the 

quantum yield of the donor and J(λ) is the spectral overlap integral 

between the donor emission and the acceptor absorption spectrum. The 

value of κ2 depends on the relative orientation of the donor and 

acceptor dipoles. For randomly oriented dipoles, κ
2= 2/3, and it varies 

between 0 and 4 for the cases of orthogonal and parallel dipoles, 

respectively. 

 

 

 

 

 

 

Scheme 1.7.  Important parameters on which FRET depends. 

FRET is only useful for measuring donor-acceptor 

intermolecular distances in between 1 and 10 nm [113, 114]. This 

range is sufficient for observing dynamic interactions between proteins, 

nucleic acids, and cell membranes. Recently, FRET has also been 

applied to explain the luminescence quenching of various photoexcited 

donors such as dyes, semiconductor QDs, and CDs in the presence of 

metal NPs. But the assumption of a metal NP to behave as a single 
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point dipole is debatable [115] . Therefore, by changing the acceptor 

from a point dipole to a metal NP, the 1/R6 distance dependent term 

alters giving larger abrupt donor-acceptor separation

the FRET limit [116, 117]. A number of alternative 

models such as G-N, CPS-Kuhn, and NSET have been developed to 

treat an oscillator in the metal NP near field, in an attempt to account 

for the quenching of photoexcited molecules in the presence of metal 

.  

.2. Gersten-Nitzan (G-N) model 

The GN-model provides one of the first theoretical treatments 

for a molecular dipole in the presence of either a metallic sphere or 

spheroid [16, 118]. In this model, the NP is assumed 

volume of uncoupled dipoles (Scheme 1.8). This assumption results

 distance dependence as the donating dipole couples to a single 

dipole in the volume of oscillators present in the metal NP.

volume of dipoles has all possible orientations, the orientation factor is 

no longer required. 

 

 

 

Scheme 1.8. Schematic illustration of fluorophore

acceptor system by G-N theory. 
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The fluorophore is placed at a distance R from the center of a 

spherical NP of radius r, such that r<<<λ. The assumption of the NP 

being much smaller than the wavelength of light (λ) allows for the 

problem to be treated within the electrostatic theory. The assembly of 

the NP with the fluorophore placed in its vicinity is treated as one 

complete system with a dipole moment which has contributions from 

both the metal NP and the fluorophore. This is considered to be more 

appropriate because of the generation of the induced dipole due to the 

electric field of the metal NP. The induced dipole causes an image 

enhancement effect which is prominent at distances closer to the metal 

surface. The field of the NP affects both the kr and knr. If the changes in 

the kr are ignored and only nonradiative energy transfer isthe dominant 

process, then the distance (R0
GN) corresponding to 50% energy transfer 

given by the following equation [16, 119]: 

                           !45 =  62.25 .  9:
;�:   .  �/  .  <=  .  #>?@ (*A@ >AA

|>A|A C
� �D    (7) 

where ωD is the frequency of the donor, ϕD is the quantum yield of the 

donor, r is the radius of the metal NP, ϵ1 and ϵ2 are the real and 

imaginary components of the dielectric constant of the metal and c is 

the speed of light. This equation is derived under the assumption that 

there is no change in the radiative rate of the donor molecule in the 

presence of the metal NP and therefore no enhancement effects. 

Overall, this model predicted more efficient quenching than FRET 

because the increased number of accepting dipoles increased the 

probability of coupling. But it failed to predict both the rates of energy 

transfer as well as the dependence upon the distance between the 

emitter and NP surface [20, 117].  
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1.6.3. CPS-Kuhn model 

In 1970, Kuhn explained the energy transfer from a dipole to a 

thin metal film [112]. His theory deals with the quenching of an 

emitting fluorophore when placed close to a thin metal film and is 

applicable when the thickness of the film (D) is less than the distance of 

the fluorophore from its surface (d) (Scheme 1.9). The emitter is again 

treated as a simple harmonic oscillator and the metal film is assumed to 

be a perfect mirror with a reflectivity of unity. The emitting field from 

the donor induces oscillations in the acceptor and this induced field in 

the acceptor travels back to the donor and slows down the acceptor 

oscillator. Thus, it can be said that the quenching in Kuhn theory is a 

retardation effect on the emitter due to the acceptor. The theory also 

explains the quenching of a quadruple emitter by a metal thin film 

acceptor. 

 

 

 

 

 

Scheme 1.9. Schematic representation of CPS-Kuhn approximation for 

a fluorophore-metal thin film as the donor-acceptor pair. 

However, it was later found that the Kuhn’s theory greatly over-

estimated the extent of energy transfer and it was modified by Chance, 

Prock, and Silbey which is now known as CPS-Kuhn model. The CPS- 
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Kuhn model was developed to describe thin films below the electron 

mean free path and assumes that the metal thin film is primarily an 

absorber of the excited-state oscillator energy in the near field through 

the formation of an image dipole. In the CPS-Kuhn model, the surface 

is treated as a strongly correlated collection of oscillators resulting in d-

4 distance dependence. According to this model, the distance (d0
CPS-

Kuhn) at which the probability of nonradiative energy transfer is 50% is 

given by the following equation [15, 12 119]: 

                             E!FGHIJℎ
 =  KL
M #N�*� .D OMP

(M �1 + >?A
|>A|A�R

� .D
   (8) 

where the orientation of the donor to the metal plasmon vector is α, 

which takes a value of #1 4T⁄ *. #9*� .D  for a dipole oriented 

perpendicularly to the metal surface while it takes a value 

of #1 4T⁄ *. #9 2⁄ *� .D  when the dipole is aligned parallel to the metal 

surface. λ is the emission wavelength maximum of the donor, η is the 

refractive index of the medium, A is the absorptivity of the thin film 

mirror, ϕD is the quantum yield of the donor, ηr is the refractive index 

of the metal, ϵ1 is the dielectric function, and ϵ2 is the complex dielectric 

function of the metal which can be decomposed into the real and 

imaginary components (ϵ2 = ϵ2
iϵ2 +׳

 The CPS-Kuhn expression is .(״

only appropriate for a thin film with mirror-like behavior where the 

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

dipole, which is dependent on the metal complex dielectric function (ϵ2) 

and absorptivity (A) at the oscillator frequency [15, 120]. 

It has been reported that the G-N model developed for spherical 

metal NP predicting R-6 distance dependence failed to predict 
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separation distance-dependent quenching [117]. The failure of G-N 

model was believed to reflect the inability to accurately predict the 

observed rates for the fluorophore when the NP has insignificant 

scattering contributions. In the NP, neither an infinite surface nor a bulk 

volume is a correct model and thus the CPS-Kuhn model, although 

validated in thin films, over-predicted the interaction strength of NP 

with the dipole [112, 114, 120, 121]. Hence, there was a requirement of 

the incorporation of size-dependent electronic properties of the metal 

NPs in the quasi-static CPS-Kuhn model [112, 115, 122].  

1.6.4. Nanometal Surface Energy Transfer (NSET) 

The NSET model is an extension of the theory proposed by 

Persson and Lang in the year 1981 where the FL quenching of an 

oscillating dipole on a metal surface was illustrated (Scheme 1.10) 

[17] .  

 

 

 

 

 

 

Scheme 1.10. NSET model for the fluorophore-metal NP as the donor-

acceptor system. 
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The metal is treated within the jellium approximation. The 

frequency of oscillation of the dipole (ωD) is smaller than the plasma 

frequency (ωp) of the metal as only in this region the conduction 

electrons of the metal can respond adiabatically to the slowly varying 

external field and adjust to the instantaneous static configuration. The 

theory explains the effects of the metal surface on the emitter in the 

long distance range such that D>>ωF /ωDkF, where ωF is the Fermi 

frequency and kF is the Fermi wave-vector for the metal. The theory 

also assumes that the surface of the metal NP is going to affect the 

emitter differently than the volume, therefore the effects of surface and 

core electrons are considered separately. This makes the theory 

extremely applicable to the metal NP quenching as the surface and core 

electrons behave differently. The rate of surface quenching is a function 

of the electron gas density parameter while the volume damping is a 

function of the bulk dielectric function arising from the scattering of the 

electrons against the phonons, impurities etc.  

The generalized damping rate can be written as, 

                                                �WX =  YA
. Z:ħ  . [                                (9) 

where μ is the dipole moment of the emitter, d is the distance from the 

center of the emitter to the metal NP surface and F is the surface or 

volume dependent quenching term such that, 

                                         [HJ�\]^_ = 1.2 ;�
;`  . �

a`Z                        (10) 

and,  

                                                 [bcdJe_ = 3 ;�
;`  . �

a`d                           (11) 
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The volume quenching is thus a function of 1/d3 and the mean 

free path (l) for the metal while the surface quenching is a 1/d4 

dependent phenomenon. For very small particles where the surface and 

the volume are indistinguishable, only surface quenching is observed 

while for large particles which have a well-formed surface and a 

distinguishable volume, surface quenching is observed at shorter 

distances while volume quenching plays a dominant role at longer 

distances. Also, for metals with extremely long mean free paths such as 

the noble metals, surface quenching is the dominant player at distances 

as long as 30 nm [122] . With these approximations and results the rate 

of NSET (kNSET) is given by the following equation: 

                                              �5HWX = 0.225 9:
;�A ;`a`Zg

��
��                 (12) 

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

is the angular frequency of the donor, ωF is the angular frequency of the 

bulk metal, kF is the Fermi wave-factor for the bulk metal, τD is the 

excited state lifetime of the donor in the absence of acceptor and d is 

the distance from the centre of the donor to the surface of metal NP. 

This can be expressed in more simplified form with measurable 

parameters [121, 122]: 

                                                      �hi�� = �
�	 �Z�

Z �.
                         (13)   

where d0 is the separation distance between the center of donor and the 

surface of metal NP at which the energy transfer efficiency is 50%. For 

the Persson and Lang NSET model, the distance (d0) at which donor 

display equal probabilities for energy transfer and spontaneous 

emission is expressed as [15, 17, 120, 121]:  



                                                                              Chapter 1 

 

26 
 

                                                E! = �0.225 ^:  ��
;�A ;`a`�� .D

     (14) 

Several reports have demonstrated that the nonradiative EET 

from photoexcited donors to metal NPs is best modeled by the NSET, 

showing a fair correlation between the experimental and theoretical 

results [114-116, 121]. 

1.7. Resonance EET from Photoexcited Donors to Metal NPs and 

NCs 

Earlier, the resonance EET has been studied in simple dye-

based donor-acceptor systems having significant spectral overlap 

between the emission spectrum of donor dye and the absorption 

spectrum of the acceptor dye. This spectral overlap criterion for an 

efficient EET led to the limited choice of donor-acceptor pairs in dye-

based energy transfer systems. However, this limitation has been 

overcome by the development of new quantum confined nanomaterials 

showing size-dependent emission properties such as QDs, CDs, and 

metal NCs [43, 44, 79, 80, 86, 87, 92, 94]. The development of these 

nanomaterials has extended the applications of resonance EET due to 

their extremely tunable and size-dependent optical properties spanning 

from UV to near IR region with high quantum yields. Over the past few 

years, several reports have illustrated the EET involving photoexcited 

semiconductor and carbon-based QDs as donors and metal NPs and 

NCs as acceptors [18, 21, 107, 108, 114-116, 121-123]. The EET from 

photoexcited QDs and CDs to ultrasmall metal NCs follows the FRET 

mechanism, as these are treated as point dipoles due to their smaller 

sizes. However, the EET from photoexcited donor to nearby metal NP 

(2-100 nm) is best described by NSET rather than FRET mechanism. 
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Extensive studies have been performed to demonstrate the 

mechanism and dynamics of the quenching of photoexcited 

fluorophores in the close proximity of metal NPs and NCs [18, 21, 114-

116, 121-124]. For example, Singh et al. (2010), directly correlated 

spectral overlap between the LSPR of a 2 nm gold nanoparticle (Au 

NP) and emission spectra of the different donor dyes (λem = 520-780 

nm) as well as the separation distance with the magnitude of FL 

quenching of different dyes by Au NPs [115] . The dyes and Au NPs 

were separated by synthetic DNA sequences of different lengths. They 

compared their experimental results with the theoretical predictions 

from classical FRET, GN, CPS-Kuhn, and NSET models for energy 

transfer from different photoexcited dye to Au NP. Comparison of the 

models suggested that the NSET model best described the observed 

spectral overlap dependent quenching of donor dyes by a 2 nm Au NP, 

whereas CPS-Kuhn over-predicts the distance dependence, and FRET 

as well as GN under-predict the distance. Recently, Liu et al. (2015) 

demonstrated the NSET based biosensor for selective fluorimetric and 

colorimetric detection of hyaluronidase using amino-functionalized 

CDs as donor and hyaluronate stabilized AuNPs as acceptor [125]. 

In another study, Xavier et al. (2010) utilized the protein 

lactoferrin as a stabilizer to synthesize AuNCs and demonstrated the 

EET from the fluorescent protein residues to the clusters using FRET 

[124] . Similarly, Pu et al. (2011) reported FRET between blue-

fluorescent conjugated oligomer-substituted polyhedral oligomeric 

silsesquioxane (POSSFF) and red-emitting bovine serum albumin 

(BSA)-encapsulated gold NCs (Au NCs) [126]. Subsequently, they 

demonstrated the mercury-ion sensing both in solution and in cell. 

Recently, Russell et al. (2015) estimated a tryptophan-AuNC donor-
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acceptor separation distance using FRET for human serum albumin-

(HSA) stabilized AuNCs [127]. This information was then used to 

correlate where the clusters were nucleating on the protein structure. In 

this thesis, the PL quenching of Si QD and CD in the presence of 

citrate-capped Ag NPs showing broad LSPR bands has been 

rationalized on the basis of NSET theory. In both the cases, the 

estimated Förster distances (R0) were beyond the detection limit of 

FRET theory, signifying that the EET from photoexcited Si QD and 

CD to citrate-capped Ag NPs does not follow conventional FRET 

process. On the other hand, it has been demonstrated that the FL 

quenching of DAPI in the presence of ultrasmall luminescent Ag NC is 

due to the FRET from photoexcited DAPI to Ag NC. 

Since EET is sensitive to the donor-acceptor distance and 

spectral properties, it has been extensively studied in various 

microheterogeneous environments such as micelles, polymers, 

biomolecules, etc. to probe the structure and dynamics of chemically 

and biologically relevant systems [21, 113-115, 119, 122, 124-132]. 

These microheterogeneous environments have been illustrated as 

excellent bio-mimetic. The energy transfer studies in such 

environments extend the applicability of FRET and NSET techniques 

in various important fields such as sensing, molecular imaging, drug 

delivery systems, etc [21, 110, 113, 123-125, 127, 128, 131]. A brief 

description of the various microheterogeneous environments such as 

surfactant assemblies, polymer, and DNA followed by illustration of 

FRET and NSET studies in these environments has been provided in 

the next section. 
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1.8. Microheterogeneous Environments 

1.8.1. Surfactant Assemblies 

The surfactant is an amphiphilic molecule containing the 

nonpolar hydrocarbon tail and the polar head group. The hydrocarbon 

tail of a surfactant can be linear, branched or aromatic and the polar 

head group can be neutral or ionic depending upon the charge it carries. 

Surfactants are classified based on the charge of the polar head group. 

The non-ionic surfactant contains the neutral polar head group, whereas 

polar head groups with net positive and negative charge are known as 

cationic and anionic surfactants, respectively. If the polar head group 

contains both, the negatively and positively charged head group, it is 

called as the zwitterionic surfactant. The chemical structures of the 

cationic surfactant cetyltrimethylammonium bromide (CTAB), anionic 

surfactant sodium dodecyl sulfate (SDS), and neutral surfactant triton 

X-100 (TX-100) are presented in scheme 1.11. 

 

 

 

 

 

Scheme 1.11. The chemical structures of CTAB, SDS, and TX-100. 

At very low concentrations, the surfactant molecules due to 

their amphiphilic nature form a monolayer at the air-water interface 

(Scheme 1.12) [133, 134]. The polar head groups remain in the 
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aqueous phase with hydrophobic tails pointing towards the air. 

Addition of further surfactant molecules results into the formation of 

pre-micellar aggregates in the solution, followed by the formation of 

spherical aggregates at or beyond the critical micelle concentration 

(CMC) (Scheme 1.12) [133, 134]. These spherical aggregates are 

known as micelles, in which the hydrophobic tails form the core of the 

aggregate and the hydrophilic heads are in contact with the surrounding 

aqueous medium. The CMC of above-mentioned surfactants CTAB, 

SDS, and TX-100 is 1, 8, and 0.22 mM, respectively.. 

 

 

 

 

Scheme 1.12. Representation of the surfactant assemblies in solution. 

The physicochemical properties and structure of micelles are 

strongly dependent on the nature and size of polar head groups, the 

length of the hydrocarbon chains, type of counterion, electrolyte 

addition, solution pH, and temperature [133-137]. The number of 

surfactant molecules forming a micelle is known as the aggregation 

number (N). The aggregation number of the above-mentioned 

surfactants CTAB, SDS, and TX-100 is 61, 64, and 140, respectively. 

The typical diameter of ionic micelles ranges from 3 to 5 nm, 

depending on the nature of surfactants. Scheme 1.13 shows the 

structure of the anionic micelle which consists of a hydrophobic core 

composed of the hydrocarbon chains of the surfactant molecules, a 
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Stern layer surrounding the core, and a Gouy-Chapman layer 

surrounding the Stern layer.  

 

 

 

 

 

 

 

 

 

Scheme 1.13. Schematic illustration of the structure of an anionic 

micelle. 

1.8.2. Polymer  

The polymer is a long-chain molecule which is prepared 

via polymerization of several small molecules which are known as 

monomers (Scheme 1.14) [138] . Polymers are classified in number of 

ways based on their origin, synthetic methods, thermal response, line 

structure, charge, tacticity, crystallinity, applications, and physical 

properties [138] . 
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Scheme 1.14. Illustration of a polymer composed of small monomeric 

units. 

The well-known examples of polymers include polyethylene, 

proteins, polysaccharides, methyl cellulose, nylons, resins, rubbers, etc 

[138]. Due to the recent technological advancements, the applications 

of polymers have extended from everyday materials and processes to 

various complex and challenging fields such as drug delivery, bio-

sensing, biomedical devices, optoelectronics, etc [139-142]. 

1.8.3. Deoxyribonucleic acid (DNA) 

DNA consists of two long polynucleotide chains, which are 

composed of monomeric units known as nucleotides [143] . A 

nucleotide is made up of a sugar (deoxyribose), a phosphate group, and 

one of four nitrogenous bases: adenine (A), thymine (T), guanine (G) or 

cytosine (C).The nucleotides are joined to one another in a chain 

by covalent bonds between the sugar of one nucleotide and the 

phosphate of the next, resulting in an alternate sugar-phosphate 

backbone. The nitrogenous bases of the two separate polynucleotide 

strands are bound together, according to base pairing rules (A with T, 

and C with G), with hydrogen bonds to make double-stranded DNA 

(Scheme 1.15) [143] . When the strands are far apart, major grooves are 

formed and when the strands are closer, minor grooves are formed 

(Scheme 1.15). Major grooves are wider than minor grooves which 
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mean that the edges of the bases are more accessible in the major 

groove than in the minor groove.  

 

 

Scheme 1.15. Schematic representation of a double

According to Ortiz et al. (2011), there are three way

can bind to double-stranded DNA, namely intercalation

binding and external electrostatic binding [144] . 

insertion of the planar molecule between the DNA base pairs. 
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microheterogeneous environments [21, 113-115, 119, 122, 124-132]. 

For example, Mondal et al. (2013) reported a very simple approach for 

the measurement of the surfactant bilayer thickness by using FRET as a 

tool, where carbon NP acted as a donor and the different dyes as 

acceptors. The authors proposed that the synthesized core-shell carbon 

NPs may have applications in bio-nanotechnology and such a carbon 

NP-dye conjugate can be utilized as a drug carrier and can be mapped 

through fluorescence imaging [153] . Similarly, Mandal et al. (2011) 

synthesized Au NPs into the surface cavities of P123 micellar 

assemblies together with the fluorescent dye molecules and 

investigated NSET from confined donor dye to metal NP [122] . They 

also demonstrated a comparative study on quenching efficiencies of 

different dyes (coumarin 480, coumarin 343, and rhodamine 6G) 

having different locations inside micelles in order to probe different 

regions of Au-P123 hybrid nanospheres. They concluded that their 

results can be helpful to further explore the potential applicability of 

their energy transfer system in sensing and medicinal chemistry.  

In another study, Kundu et al. (2014) designed organic-

inorganic light harvesting assemblies in which highly efficient FRET 

from CdTe quantum dots (donors) to Nile Red dye (acceptor) 

encapsulated poly(methyl methacrylate) (PMMA) polymer NPs [154] . 

The negatively charged thioglycolic acid capped CdTe QDs were 

attached to the surface of the polymer NPs by electrostatic interaction. 

The authors suggested that their fundamental investigation of FRET 

from the surface to the core of the assemblies may find applications in 

artificial light harvesting systems. Recently, Xiao et al. (2013) 

demonstrated distance-dependent FRET from different photoexcited 

donors to Ag NCs by designing a hybridized DNA duplex model [21] . 
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The separation distance between the donor and Ag NC was adjusted by 

changing the DNA duplex model and the number of hybridized pairs. 

They also employed their FRET-based energy transfer system for 

biosensing applications. In some other studies, Strouse and co-workers 

(2005, 2006 and 2013) investigated the fluorescence behavior of 

various molecular dyes in the presence of different-sized Au NPs [18, 

115, 116, 121]. The separation distance between the dyes and Au NPs 

was varied using the double-stranded DNA of different lengths. They 

demonstrated that quenching behavior of dyes was consistent with 1/d4 

separation distance in accordance with the NSET model. They 

proposed that NSET from a dipole to a metal nanosurface may provide 

a new paradigm for the design of optical-based molecular ruler 

strategies at larger distances desirable for diverse biological 

applications. 

In this thesis, along with the demonstration of the mechanism 

and dynamics of EET from various photoexcited donors to Ag NP and 

Ag NC, the influence of microheterogeneous environments of CTAB, 

SDS, poly(diallyldimethylammonium chloride) (PDADMAC) and calf 

thymus DNA (CT-DNA) on the efficiency of EET has also been 

illustrated.  

1.10. Organization of Thesis 

The overall objective of the work described in the thesis is to 

unveil the fundamental mechanism and dynamics of resonance EET 

from various photoexcited donors such as Si QDs, CDs, and DAPI to 

Ag NPs and Ag NCs. Moreover, the influence of various 

microheterogeneous environments such as surfactant assemblies, 
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polymer, and DNA on the efficiency of energy transfer has also been 

illustrated. 

Chapter 1 discusses the unique optical properties of Ag NP, Ag NC, 

and quantum dots such as Si QD and CD. The effect of metal NPs and 

NCs on the PL properties of various fluorophores has been briefly 

explained. The mechanism and dynamics of various EET theories have 

been discussed in detail. Finally, the importance of spectroscopic 

nanorulers such as FRET and NSET, in numerous biologically relevant 

microheterogeneous environments has been illustrated.  

Chapter 2 includes details of the chemicals and complete synthetic 

procedures of citrate-stabilized Ag NP, dihydrolipoic acid-capped Ag 

NC, allylamine-functionalized Si QD, and CD. A brief description of 

the sample preparations and experimental techniques used to complete 

the entire work of this thesis has been provided here.  

Chapter 3 demonstrates the influence of Ag NP on the PL properties 

of water-dispersed biocompatible Si QD in the absence and presence of 

CTAB. The mechanism and dynamics of nonradiative EET from Si QD 

to Ag NP has been illustrated and the influence of CTAB on this 

nonradiative EET has been explored. 

Chapter 4 investigates the effect of three different sized citrate-capped 

Ag NPs having distinct LSPR bands on the PL properties of the nearby 

CDs. The dynamics of the PL quenching of CDs in the presence Ag 

NPs has been quantitatively discussed, establishing the mechanism of 

nonradiative EET and demonstrating the influence of the size of Ag NP 

on the efficiency of EET. 
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Chapter 5 addresses the fundamental mechanism and dynamics behind 

the FL quenching of DAPI by DHLA-capped Ag NCs and 

demonstrates the influence of cationic water-soluble PDADMAC and 

CT-DNA on the FL quenching. 

Chapter 6 illustrates the specific concentration-dependent interaction 

between DAPI and SDS and investigates the influence of surfactant 

assemblies of SDS on the FRET between DAPI and Ag NC.  

Chapter 7 concludes the work done in this thesis along with their 

scope for future applications. 
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2.1. Introduction 

  This chapter mentions all the chemicals used for the synthesis of Si 

QD, CD, Ag NP, and Ag NC along with the chemicals utilized to study 

the mechanism of resonance energy transfer in different restricted 

environments such as surfactant assemblies, polymer, and DNA. The 

complete synthesis procedures of allylamine-capped Si QDs, CDs, citrate-

stabilized Ag NPs and dihydrolipoic acid capped Ag NCs have been 

discussed in detail. All the sample preparation methods opted during the 

work of this thesis have been mentioned here. This chapter also covers the 

detailed experimental techniques used to complete the entire thesis work.  

2.2. Chemicals 

  Silver nitrate (Ag NO3, ≥99%), cetyltrimethylammonium bromide 

(CTAB, ≥98%), triton X-100 (TX-100, AR grade), tetraoctylammonium 

bromide (TOAB, 98%), chloroplatinic acid hexahydrate, sodium dodecyl 

sulfate (SDS, 98.5%), quinine sulphate dihydrate, isopropyl alcohol 

(99%), coumarin 152, ethylenediamine (EDA,Z99.5%), Pur-A-Lyzert 

Dialysis Kit (MWCO 3.5 kDa), (±)-α-lipoic acid, 4´,6-diamidino-2-

phenylindole dihydrochloride (DAPI, ≥95%,HPLC), methanol,  

poly(diallyldimethylammoniumchloride) (PDADMAC, MW= 100000-

200000), and deoxyribonucleic acid sodium salt from Calf Thymus (type 1 

fibers, CT-DNA) were purchased from Sigma-Aldrich. Tri-sodium citrate 

dihydrate (TSC), silicon tetra-chloride (SiCl4, 99%), sulphuric acid 

(H2SO4, 98%), tetrahydrofuran (THF, 99.5%), andcitric acid monohydrate 

(99.5%) were purchased from Merck (Germany). Allylamine (99%) was 

purchased from Spectrochem (India). Lithium aluminum hydride (LAH, 

97%) and toluene (99%) were purchased from SD Fine Chemicals (India).  
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Sodium borohydride (NaBH4) was purchased from SRL.Milli-Q water 

was obtained from a Millipore water purifier system (Milli-Q integral). 

2.3. Synthesis  

2.3.1. Citrate-Stabilized Silver Nanoparticles (Ag NPs) 

  Different sized Ag NPs were prepared by the well-known Lee and 

Meisels method by slightly varying the amount of AgNO3 and TSC in 

order to synthesize Ag NPs having sizes from 35 to 75 nm [1]. A solution 

of AgNO3 (25 mL) in deionized water was heated to boiling. Then, 4 mL 

tri-sodium citrate (TSC) solution was added drop-wise to the boiling silver 

nitrate solution, accompanied by vigorous stirring. The color of the 

solution slowly turned into greyish yellow, indicating the reduction of the 

Ag+ ions. The heating was continued for an additional 15 min and finally, 

a green-grey silver colloid was obtained (Scheme 2.1). The solution was 

removed from the heating element and stirred until cooled to room 

temperature. The final concentration of synthesized Ag NPs was estimated 

using the molar extinction coefficient at maximum LSPR wavelength [2]. 

 

 

 

 

 

Scheme 2.1. Synthesis of citrate stabilized Ag NPs. 
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2.3.2. Dihydrolipoic Acid-Capped Silver Nanoclusters (Ag NCs) 

  Ag NCs were synthesized according to the earlier literature with 

minor modification (Scheme 2.2) [3]. 26.30 mg of lipoic acid and 10 mL 

of Milli-Q water were placed in a round bottom flask. To this insoluble 

mixture, ~1.5 mg of pure sodium borohydride was added and stirred well 

until a clear solution was obtained. In this step, the insoluble mixture of 

lipoic acid is reduced to water-soluble dihydrolipoic acid (DHLA). Next, 

to prepare fluorescent Ag NCs, 500 µL of 25 mM aqueous AgNO3 

solution is added to the freshly prepared above aqueous DHLA solution 

and this mixture was stirred well for 1 min. To this, a slight excess of 

dilute aqueous sodium borohydride solution was added slowly and the 

stirring was continued for 3 h. The color of the solution changes from 

colorless to deep orange marking the completion of the reaction. The 

concentration of as-synthesized Ag NCs was estimated ~0.2 mM based on 

the assumption that all the silver in silver nitrate was reduced to form Ag 

NCs. 

 

 

 

 

 

 

Scheme 2.2. Synthesis of DHLA-capped Ag NCs. 
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2.3.3. Allylamine-Capped Silicon Quantum Dots (Si QDs) 

  The allylamine-capped Si QDs were synthesized under an argon 

atmosphere according to the literature (Scheme 2.3) [4]. Initially, TOAB 

(1.5 g) was dispersed in dry toluene (100 mL) by stirring for 30 min. Then 

92 μL of SiCl4 was added through a gastight syringe, followed by stirring 

for 1 h. The hydrogen-terminated Si-QDs were then formed by adding 2 

mL of 1 M LAH in THF. After 3 h, anhydrous methanol (20 mL) was 

added to oxidize the excess LAH. The hydrophilic particles were then 

formed by modifying the surface Si-H bond by the reaction with 100 μL 

of 0.1 M chloroplatinic acid hexahydrate in isopropanol as a catalyst and 2 

mL of allylamine. After 3 h of stirring, the solvent was then removed by 

rotary evaporation to produce a white dry powder consisting of mainly 

TOAB and Si-QDs. The hydrophilic allylamine-capped Si QDs were then 

redispersed in 20 mL of distilled water followed by its sonication for 30 

min. Then the allylamine-capped Si-QDs were dissolved in water, and the 

undissolved TOAB was removed by successive filtration through a 0.22 

μm membrane filter. The concentration of the synthesized Si-QD solution 

was estimated spectrophotometrically using ε260 of 2.6 × 105 M−1 cm−1 [5]. 

 

 

 

 

 

Scheme 2.3. Synthesis of allylamine-capped Si QDs in TOAB micelles. 
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2.3.4. Carbon Dots (CDs) 

  The synthesis of CD was carried out according to the literature 

(Scheme 2.4) [6]. In brief, citric acid (1.015 g) and ethylenediamine (335 

mL) were dissolved in Milli-Q water (10 mL) and sonicated for 5 min. 

Then the solution was transferred to a teflon-coated stainless steel 

autoclave (25 mL) and heated at 200 °C for 5 h. Subsequently, the reactor 

was cooled to room temperature and the solution was dialyzed in the Pur-

A-Lyzert Dialysis Kit (MWCO3.5 kDa) (Sigma-Aldrich) for 48 h. The 

water for dialysis was changed after every 6 h. Finally, the black-brown 

CD solution was obtained. 

 

 

 

 

 

Scheme 2.4. Synthesis of CDs using citric acid and ethylenediamine. 

2.4. Sample Preparations 

  The synthesized Si QDs, CDs, Ag NPs, and Ag NCs were further 

diluted as per the experimental requirements using pH 7.4 phosphate 

buffer. The aqueous stock solutions of DAPI, SDS, TX-100, and CTAB 

were prepared by dissolving the desired amount in Milli-Q water. For 

further experiments, the aqueous stock solutions of DAPI, SDS, TX-100, 

and CTAB were diluted using phosphate buffer (pH 7.4). PDADMAC was  
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used directly from the stock according to the weight percentage. CT-DNA 

solution was prepared by dissolving 0.5 mg/mL in phosphate buffer (pH 

7.4). The DNA purity was estimated ~1.76 (A260/A280) and the 

concentration of the CT-DNA stock was determined using �260=13200 bp 

M-1 cm-1. For microscopy experiment, the samples were spin coated on a 

clean cover slide with a spin coater (Apex Instruments, Spin NXG-P1). 

Cleaning of the cover slides was done by using chromic acid, followed by 

2% Hellmanex III (Sigma-Aldrich). Each of the cleaning steps was 

followed by repeated washing with Milli-Q water. Finally, the washed 

slides were rinsed with methanol and dried in vacuum oven. The samples 

were spin cast on cover slides at 1000 rpm for 3 min.  

  The fluorescence quantum yields (ϕ) of Si QDs, CDs and DAPI 

were estimated by using the following equation: 

   �� = ��� � �����	 
 �������  ������ 	 

where ϕ is the QY, I is the integrated fluorescence intensity, � is the 

refractive index of the solvent, and A is the optical density. The subscript 

“ST” stands for standard and “S” stands for the sample. For Si QDs and 

DAPI, the QY was estimated using quinine sulfate (ϕ= 0.54 in 0.1M 

H2SO4) as the standard [7]. The QY of CD at 400 nm excitation 

wavelength, was estimated relative to coumarin 152 dye (φ= 0.19 in 

ethanol) [8]. 
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2.5. Instrumentation 

2.5.1. Fourier Transform Infrared (FTIR) Spectrometer  

  FTIR technique was used to confirm the formation of Si QDs, 

CDs, Ag NPs, and Ag NCs. The characteristic bond frequencies of the 

surface ligands were measured with the help of a Bruker spectrometer 

(Tensor-27) on a thin KBr pellet and were collected in the wavenumber 

range of 800 to 4000 cm-1. 

2.5.2. Atomic Force Microscope (AFM) 

  The morphologies and sizes of the synthesized Si QDs and Ag NPs 

were determined by AFM technique. AFM images were recorded on a 

cleaned glass coverslip using a scanning probe microscope AIST-NT 

microscope (model SmartSPM-1000). The samples were deposited on the 

coverslips by spin-coating at 1000 rpm for 5 min.  

2.5.3. Field-Emission Scanning Electron Microscope (FE-SEM) 

  The morphologies and sizes of different sized Ag NPs were 

estimated using FE-SEM technique. The SEM images were recorded by 

using FE-SEM, Supra 55 Zeiss. The samples were spin-coated on the 

coverslips at 1500 rpm for 3 min followed by the gold coating. 

2.5.4. Transmission Electron Microscope (TEM) 

  TEM was used to determine morphologies and sizes of the 

synthesized CDs and Ag NCs as well as to visualize the morphology of 

Ag NCs-PDADMAC composite. The images were recorded on a JEOL 

electron microscope (JEM-2100 F) operating at an accelerating voltage of  
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200 kV. Samples were placed on the holey carbon lacey grid and air dried 

prior to imaging. 

2.5.5. Liquid Chromatography-Mass Spectrometer (LC-MS) 

  In order to confirm the exact molecular mass and composition of 

the as-synthesized Ag NC core, mass spectrometric analysis was 

performed. Mass spectrum was recorded using electrospray ionization 

(ESI) quadrupole time-of-flight liquid chromatography-mass spectrometer 

(Bruker Daltonik) in 1:1 water-methanol mixture as a solvent by positive-

mode ESI. 

2.5.6. Powder X-Ray Diffractometer (PXRD)  

  The powder X-ray diffraction pattern of CDs was recorded on a 

Rigaku SmartLab, Automated Multipurpose X-ray Diffractometer with a 

Cu Ka source (the wavelength of X-rays was 0.154 nm). 

2.5.7. X-ray Photoelectron Spectrometer (XPS) 

  The chemical nature and composition of Ag NCs were determined 

by using XPS. The X-ray photoelectron spectrum was recorded using Mg 

K-alpha (1253.6 eV) source and DESA-150 electron analyzer (Staib 

Instruments, Germany). The binding-energy scale was calibrated to Au-

4f7/2 line of 83.95 eV. The sample was drop cast on a glass plate and dried 

in air under IR lamp. Chamber pressure during XPS measurement was 

1×10-8  Torr. 

2.5.8. Dynamic Light Scattering (DLS) and Zeta Potential 

  DLS was used to estimate the hydrodynamic diameter of CDs, Ag 

NPs and Ag NCs. For CDs and Ag NCs, the diameters were determined  
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using the Brookhaven particle size analyzer (model 90 Plus). The DLS and 

zeta potential measurements for different sized Ag NPs were performed on 

the NanoPlus zeta/particle size analyzer (NanoPlus-3 model). The zeta 

potential of CDs was also estimated using the same set-up. All the samples 

for DLS and zeta potential measurements were prepared in phosphate 

buffer (pH 7.4) and were filtered through 0.22 μm syringe filter 

(Whatman) prior to measurements. 

2.5.9. UV-Vis Spectrophotometer 

  Absorption spectra were recorded in a quartz cuvette (10 × 10 mm) 

using a Varian UV-Vis spectrophotometer (Carry 100 Bio) and were 

corrected using solvent absorption as the baseline.  

2.5.10. Spectrofluorometer 

  PL spectra were recorded using Fluoromax-4 spectrofluorometer 

(HORIBA JobinYvon, model FM-100) with excitation and emission slit 

width at 2 nm. All measurements were performed at room temperature. 

2.5.11. Time-Correlated Single Photon Counting Technique (TCSPC) 

  To estimate the PL lifetime, TCSPC technique was used. 

Photoluminescence (PL) decays were recorded on a HORIBA JobinYvon 

picosecond time-correlated single photon counting (TCSPC) spectrometer 

(model Fluorocube-01-NL). The PL decays were collected with the 

emission polarizer at a magic angle of 54.7° by a photomultiplier tube 

(TBX-07C). The instrument response function (IRF, FWHM∼ 140 ps) 

was recorded using a dilute scattering solution. The PL decays were 

analyzed using IBH DAS 6.0 software by the iterative reconvolution  
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method, and the goodness of the fit was judged by reduced χ-square (χ2) 

value. All the decays were fitted with an exponential function: 

���� = � �� ���
�

���
�− 1 ���⁄  

where F(t) denotes normalized PL decay, ai is the normalized amplitude of 

decay component τi, and n represents the number of decay components.  

 

The average lifetime (τavg) was obtained from the equation: 

�!"# = � ����
�

���
 

2.5.12. Femtosecond Fluorescence Upconversion 

  The femtosecond fluorescence upconversion measurements were 

performed to explore the dynamics of fluorescence quenching of DAPI in 

the presence of Ag NCs. The absorbance of the samples was kept ~1 for 

the upconversion experiments. The output of a femtosecond pulsed 

oscillator from a mode-locked Ti:sapphire laser (Tsunami, Spectra 

Physics, USA) pumped by a 5 W DPSS laser (Millennia, Spectra Physics), 

centered at 740 nm with a repetition rate of 80 MHz, was used as the gate 

pulse for the femtosecond fluorescence upconversion experiments. The 

second harmonic (375 nm) of this pulse was used as the source of 

excitation for the sample placed in a rotating cell. The power of the second 

harmonic light was restricted to 5 mW at the sample in order to minimize 

photobleaching. The fluorescence from the sample was upconverted in a 

nonlinear crystal (0.5 mm BBO, θ = 38°, φ = 90°) by mixing with the gate  
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pulse, which consists of a portion of the fundamental beam. The 

upconverted light was dispersed in a monochromator and detected using 

photon counting electronics. A cross-correlation function had FWHM of 

300 fs which was obtained using the Raman scattering from ethanol. The 

femtosecond fluorescence decays were fitted using a Gaussian function of 

the same FWHM as the excitation pulse. The fluorescence decays were 

recorded at the magic angle polarization with respect to the excitation 

pulse on FOG 100 fluorescence optically gated upconversion spectrometer 

(CDP Systems Corp., Russia). The resolution was in appropriate multiples 

of the minimum step size of the instrument, i.e. 0.78 fs/step. The decays 

were analyzed by iterative reconvolution using a homemade program 

using Igor Pro software [9]. 

2.5.13. Single Molecule Epifluorescence Microscopy 

  Microscopy experiments were performed on a home-built 

epifluorescence microscopy setup (Scheme 2.5). An air-cooled argon ion 

laser (Melles Griot, model 400-A03) with excitation wavelength at 457 

nm was used to excite the sample placed on an inverted microscope 

(Nikon, model Eclipse Ti-U). The laser beam was expanded and 

subsequently focused on the back-focal plane of an oil immersion 

objective (100× 1.49 NA Nikon) to illuminate 60 × 60 μm2 area of the 

sample. The PL from the sample was collected through a B2A filter cube 

(Nikon) with a 505 nm dichroic mirror and a 520 nm long-pass filter and 

finally imaged with a back-illuminated EMCCD camera (Andor, model 

iXon X3 897). The exposure time was 200 ms. The images were analyzed 

with ImageJ (Version 1.46r) NIH. All PL measurements were performed 

at room temperature. For microscopy experiments, the samples were spin- 
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casted with a spin-coater (Apex Instruments, Spin NXG-P1) on a clean 

cover slide.  

 

 

 

 

 

 

 

 

 

 

Scheme 2.5. Schematic representation of our home-built epifluorescence 
microscope. 
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3.1. Introduction 

Excitation energy transfer from various photo-excited donors to 

ground state acceptors has been studied thoroughly in the recent past due 

to its importance in photovoltaics, light-emitting diodes, sensors, and 

bioimaging [1-8]. The nonradiative energy transfer from a photo-excited 

donor to an acceptor via dipole-dipole interactions is well known as 

Förster resonance energy transfer (FRET). Over the past few years, metal 

and semiconductor NPs based donor-acceptor nanocomposite systems 

have gained considerable attention due to their unique optoelectronic 

properties which allow easy tuning of energy transfer efficiency [9-14]. 

Extensive theoretical and experimental studies have been performed to 

understand the highly efficient quenching of molecular excitation energy 

of various fluorophores by metal nanoparticles. The quenching of excited 

donor in the presence of metal NP is demonstrated earlier by Chance et al. 

(1978) and later extended by Persson and Lang (1982) by using a Fermi 

Golden Rule [15, 16]. This dipole to metal surface excitation energy 

transfer is known as nanometal surface energy transfer (NSET). The 

details related to both the energy transfer mechanisms have been 

mentioned in the introduction of this thesis.  

The fundamental difference between FRET and NSET is that for 

the later process it is not necessary to have a spectral overlap between 

donor emission and the acceptor absorption. For example, Jennings et al. 

(2006) have demonstrated the distance-dependent fluorescence quenching 

of different dyes attached to 1.5 nm Au NPs, which lack characteristic 

SPR band. They have observed a 1/d4 distance-dependent quenching 

mechanism irrespective of the length of the dsDNA and assigned it due to 

nonradiative energy transfer to the metal surface, while the radiative rate  
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remains unchanged [17]. In another study, Haldar et al. (2010) have 

demonstrated that the significant spectral overlap between the emission 

spectrum of CdSe QDs and the LSPR of Au NPs leads to an efficient 

nonradiative FRET between them [18]. Similarly, Li et al. (2011) have 

demonstrated the effect of metal NPs size and the degree of spectral 

overlap on the energy transfer process between CdSe/ZnS QDs and Au 

NPs [12]. It has been observed that 3 nm sized Au NPs with negligible 

LSPR quench the PL of QDs with a 1/d4 distance dependence, while 15 

and 80 nm sized Au NPs with strong LSPR band that overlaps with the PL 

band of the QDs quench the PL with a 1/d6 distance dependence, which is 

dominated by the dipole-dipole interaction according to FRET.  

In this chapter, we have investigated the influence of Ag NPs on 

the PL properties of water-dispersed biocompatible Si QDs in the absence 

and presence of cetyltrimethylammonium bromide (CTAB) and shown 

that even with significant spectral overlap between the luminescence 

spectra of Si QDs and LSPR of Ag NPs, the nonradiative EET process 

follows NSET theory rather than conventional FRET theory. Moreover, 

easy tuning of the EET efficiency has been achieved by using CTAB 

surfactant. 

3.2. Results and Discussion 

3.2.1. Characterization of Si QDs and Ag NPs 

Synthesized allylamine-capped Si QDs were characterized by 

Fourier transform infrared (FTIR) spectroscopy, atomic force microscopy 

(AFM), UV-Vis and PL spectroscopy. The chemical attachment of 

allylamine moieties at the Si QDs surface is confirmed by FTIR 

spectroscopy (Figure 3.1). The most characteristic peak at 1640 cm−1  
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indicates the attachment of allylamine moiety at the surface of Si QDs, 

which is very close to the reported value. Other noticeable peaks between 

2500 and 3500 cm−1are assigned due to symmetric and asymmetric 

vibration of C−CH2 and C−NH2 moieties. Two weak peaks at 1460 and 

1260 cm−1 arise due to vibration scissoring and symmetric bending of 

Si−CH2. No detectable signal is observed from the Si−H bond at 2100 

cm−1. 

 

 

 

 

 

 

 

Figure 3.1. FTIR spectrum of synthesized allylamine-capped Si QDs. 

The morphology and the mean size of the synthesized Si QDs are 

estimated from AFM measurements. The AFM image reveals the spherical 

nature of the synthesized Si QDs (Figure 3.2A). The size distribution 

histogram generated from the height profiles of 265 Si QDs gives a mean 

size of 3.04 ± 1.65 nm (Figure 3.2B). The sizes of these Si QDs vary from 

1.50 to 6.80 nm. 
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Figure 3.2. (A) AFM image and (B) size distribution histogram of 

allylamine-capped Si QDs. 

 The absorption spectrum of Si QDs shows a broad continuous 

absorption between 200 and 600 nm with two distinct shoulders at 265 and 

310 nm (Figure 3.3), which is similar to that previously reported [19]. 

Excitation at 375 nm wavelength results in an intense PL band centered at 

455 nm.  

 

 

 

 

 

 

Figure 3.3. Absorption and PL (λex = 375 nm) spectra of Si QDs. 
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The synthesized citrate-capped silver nanoparticles (Ag NPs) were 

characterized by AFM, dynamic light scattering (DLS) and UV-Vis 

spectroscopy. Figure 3.4A displays the AFM image of as-synthesized 

citrate-capped Ag NPs. The AFM height profiles of two selected spherical 

Ag NPs are shown in the inset of Figure 3.4A. It is clear from the image 

that these Ag NPs are spherical in nature and the size varies from 38 to 82 

nm. To estimate the mean hydrodynamic diameter of these Ag NPs, we 

performed DLS measurements. Figure 3.4B shows the size distribution 

histogram from DLS measurements. The diameter varies from 47 to 99 nm 

with a mean diameter of 70 ± 17 nm. The absorption spectrum of Ag NPs 

is characterized by a strong LSPR band centered at 449 nm (Figure 3.4C). 

Here it is important to mention that the position of the LSPR peak is in 

accordance with the estimated mean size of synthesized Ag NPs [20]. 

These citrate-capped Ag NPs do not show any PL in bulk aqueous 

solution. 

 

 

 

 

Figure 3.4. (A) AFM image of synthesized Ag NPs. The inset shows the 

height profile of two Ag NPs marked with an arrow. (B) The size 

distribution histogram of Ag NPs from DLS measurement. The mean 

hydrodynamic diameter is mentioned with the standard deviation. (C) The 

absorption spectrum of Ag NPs. 
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3.2.2. Interaction of Si QDs and Ag NPs with CTAB 

 The absorption spectrum of Si QDs remains unaltered in the 

presence of CTAB surfactant (Figure 3.5A). Previously, we have shown  

that allylamine functionalized Si QDs do not show any specific 

interactions with the positively charged CTAB surfactants in the 

concentration range of 0.1 to 2 mM at pH 7.6 [19]. However, significant 

spectral changes have been observed in the LSPR band of Ag NPs in the 

presence of CTAB surfactants (Figure 3.5A). In the absence of CTAB, the 

LSPR band of Ag NPs is centered at 449 nm. The peak position as well as 

the absorbance of Ag NPs change progressively upon gradual addition of 

CTAB upto a concentration of 0.5 mM (Figure 3.5A and B). In the 

presence of 0.5 mM CTAB, Ag NPs show a broad LSPR band centered at 

504 nm with a 55 nm red shift (Figure 3.5A). Figure 3.5B shows the 

changes in LSPR peak intensity with CTAB concentrations in the range of 

0 to 2 mM. It is important to note that both the peak position as well as the 

intensity of LSPR band saturate at 0.5 mM CTAB. Importantly, no such 

spectral changes of Ag NPs have been observed in the presence of 

negatively charged SDS and neutral TX 100 surfactants (Figure 3.5C and 

D).  
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Figure 3.5. (A) Changes in the LSPR of Ag NPs (black and blue line) and 

absorption spectra of Si QDs (red and green line) in the presence of 0.5 

mM CTAB. (B) The maximum absorbance of Ag NPs versus CTAB 

concentrations. Changes in the LSPR of Ag NPs upon addition of (C) SDS 

and (D) TX-100. 

These spectral changes in the LSPR of Ag NPs in the presence of 

CTAB indicate the formation of surfactant-induced aggregates of Ag NPs. 

The noticeable amount of red shift observed with significant spectral 

broadening in the LSPR of Ag NPs can be attributed to the coupling of the 

surface plasmon of the closely spaced Ag NPs in the aggregates. 

Moreover, the absence of any such spectral changes in the presence of 

negatively charged SDS and neutral TX-100 surfactant indicate that the  
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aggregates are formed due to the specific electrostatic interactions 

between the negatively charged citrate molecules on the surface of Ag 

NPs and positively charged CTAB head groups. Previously, similar kind 

of spectral changes have been observed for different metal NPs in the 

presence of CTAB surfactant due to the formation of various types of 

surfactant-induced aggregates [21-23]. 

To get further insights into this surfactant-induced aggregation of 

Ag NPs, we performed DLS experiment. Figure 3.6A shows the size-

distribution histogram of Ag NPs in the presence of 0.5 mM CTAB from 

DLS measurements. The sizes of Ag NPs vary from 96 to 305 nm with a 

mean hydrodynamic diameter of 182 ± 66 nm. This increase in mean 

hydrodynamic diameter from 70 ± 17 to 182 ± 66 nm of Ag NPs in the 

presence of 0.5 mM CTAB clearly substantiates our claim that these Ag 

NPs undergo surfactant-induced random aggregation. Further evidence 

comes from zeta potential measurements. The estimated zeta potential of 

citrate-capped Ag NPs is -38 mV, while that in the presence of 0.5 mM 

CTAB shows a value of 4.3 mV (Figure 3.6B). This drastic change of zeta 

potential with reversal of surface charge indicates the presence of CTAB 

molecules on the surface of Ag NPs.  
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Figure 3.6. (A) Size distribution histogram of Ag NPs in the presence of 

0.5 mM CTAB from DLS measurement. The mean diameter with standard 

deviation is mentioned in the figure. (B) The estimated zeta potentials of 

citrate-capped Ag NPs in the absence and presence of 0.5 mM CTAB. 

Here it is important to comment on the structural arrangements of 

individual surfactant molecules on the surface of Ag NPs. The self-

assembly of surfactant molecules on the surface of Ag NPs could result in 

either a micellar or a bilayer structure in the aqueous medium. In the 

micellar structure, a monolayer of surfactant encapsulates the Ag NPs, 

where the hydrophobic tails of surfactant molecules interact with the Ag 

NPs with their charged head groups faced toward the aqueous medium. 

However, in the present study, the micellar arrangements of CTAB 

surfactant are highly unlikely, as we have used citrate-capped Ag NPs and 

not the bare Ag NPs. Moreover, the absence of such aggregation in the 

presence of SDS and TX-100 surfactants indicates that the hydrophobic  
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interactions between hydrocarbon chains of surfactant and the surface of 

Ag NPs are negligible. A more realistic arrangement could be the 

formation of CTAB bilayer on the surface of Ag NPs due to the favorable 

electrostatic interactions. Moreover, CTAB bilayer can also act as a cross-

linker between several Ag NPs to induce random aggregation. Previously, 

Nikoobakht et al. (2001) proposed similar kind of bilayer arrangements of 

CTAB surfactant on the Au NPs surface in which the inner layer is bound 

to the Au surface via the surfactant headgroups and is connected to the 

outer layer through hydrophobic interactions [21]. Similarly, Yang et al. 

(2007) have reported CTAB bilayer-induced aggregation and subsequent 

formation of silver nanochains on the glass slide [22]. Hence, on the basis 

of the previous literature and our present results, we propose a model 

where the citrate-capped Ag NPs are encapsulated by CTAB bilayer, 

which cross-links several such Ag NPs and results in aggregation (Scheme 

3.1). 

 

 

 

 

 

 

Scheme 3.1. Proposed model for CTAB bilayer-induced aggregation of 

Ag NPs. 
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Single-particle PL microscopy experiments have been performed 

to get the PL characteristics of individual Ag NPs in the absence and 

presence of CTAB. The synthesized Ag NPs do not show any 

luminescence in solution. This is in agreement with the previously 

reported results [24]. However, we have observed localized diffraction 

limited (FWHM ~1 to 2 pixels) luminescent spots when these Ag NPs are 

deposited on the air-glass interface. Figure 3.7A shows the PL image of 

Ag NPs on the glass coverslip. Most of these bright diffraction limited 

spots arise from PL of a single Ag NP. In addition, these localized 

luminescent spots show distinct luminescent blinking (fluorescence 

on/off) that persists over several minutes. Figure 3.7B shows the time 

traces of three selected luminescent spots. The random luminescence 

bursts observed in these time traces indicate the on-events from the citrate-

capped Ag NPs. However, the number of luminescent spots decreases 

significantly in the presence of 0.5 mM CTAB. Figure 3.7C shows the PL 

image of Ag NPs in the presence of 0.5 mM CTAB. It is evident that in 

the presence of 0.5 mM CTAB, Ag NPs show very few bright and bigger 

sized luminescent spots with FWHM varying from 4 to 9 pixels. These 

luminescent spots of Ag NPs in the presence of CTAB do not show any 

characteristic luminescent blinking (Figure 3.7D). Importantly, it has been 

observed that each of these bright spots consists of several small 

luminescent spots.  

 

 

 

 



 

 

 

Figure 3.7.

image and (D) PL intensity profiles of Ag NPs in 

CTAB. 

the formation of emitting Ag nanoclusters from silver oxides on the 

surface of Ag NPs

nanoclusters that consist of 2 to 8 Ag atoms can show intense 

luminescence in the visible region of the electromagnetic

Hence, the absence of luminescence from Ag NPs solution in the present 

study indicates the lack of silver oxide formation in solution. However, 

when these Ag NPs are deposited on the air

intense luminescence due

of Ag NPs which triggers photoactivated emission from Ag nanoclusters. 
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Figure 3.7. (A) PL image and (B) PL intensity profiles of Ag NPs. (C) PL 

image and (D) PL intensity profiles of Ag NPs in the 

 

It is well-established that the luminescence of Ag NPs arises due to 

formation of emitting Ag nanoclusters from silver oxides on the 

surface of Ag NPs [25-27]. Previously, it has been shown that only those 

nanoclusters that consist of 2 to 8 Ag atoms can show intense 

luminescence in the visible region of the electromagnetic

Hence, the absence of luminescence from Ag NPs solution in the present 

study indicates the lack of silver oxide formation in solution. However, 

when these Ag NPs are deposited on the air-glass interface they exhibit 

intense luminescence due to the formation of silver oxides on the surface 

of Ag NPs which triggers photoactivated emission from Ag nanoclusters. 

In addition, the distinct luminescence bursts observed in the time traces of 
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nanoclusters that consist of 2 to 8 Ag atoms can show intense 

luminescence in the visible region of the electromagnetic spectrum [25]. 

Hence, the absence of luminescence from Ag NPs solution in the present 

study indicates the lack of silver oxide formation in solution. However, 

glass interface they exhibit 

to the formation of silver oxides on the surface 

of Ag NPs which triggers photoactivated emission from Ag nanoclusters. 

In addition, the distinct luminescence bursts observed in the time traces of  
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Ag NPs indicate the on-events from these Ag nanoclusters. However, 

diffusion and subsequent aggregation of these Ag nanoclusters on the 

surface of Ag NPs result in the off-events due to the formation of non-

luminescent Ag nanoclusters [23]. On the contrary, the bigger-sized non-

blinking luminescent spots of Ag NPs in the presence of 0.5 mM CTAB 

arise due to the formation of surfactant-induced aggregates of Ag NPs. 

The absence of any distinct photon bursts clearly signifies the lack of 

silver oxide formation on the Ag NPs surface due to the presence of an 

extra surfactant bilayer on top of the citrate-capped Ag NPs. Moreover, 

the presence of multiple luminescent spots in each of these non-blinking 

bigger sized luminescent spot clearly justifies our earlier proposed model 

of CTAB bilayer-induced cross-linking of several Ag NPs.  

3.2.3. Steady-State PL Quenching of Si QDs in the Presence of Ag NPs 

Figure 3.8A shows excellent spectral overlap between PL spectrum 

of Si QDs (λex= 375 nm) and LSPR band of Ag NPs. Figure 3.8B displays 

the changes in absorption spectra of Si QDs in the presence of Ag NPs. It 

is evident that the LSPR of Ag NPs appears at 460 nm upon the addition 

of Ag NPs in the Si QDs solution. Si QDs show an intense PL band 

centered at 455 nm at an excitation wavelength of 375 nm (Figure 3.8C). 

The quantum yield of this band decreases significantly upon addition of 

Ag NPs (Figure 3.8C). Importantly, similar kind of PL quenching has been 

observed irrespective of the excitation wavelength in the range 375-460 

nm. Here it is important to mention that the PL spectrum of Si QDs in the 

presence of Ag NPs was corrected for the absorbance at 375 nm, as the 

LSPR band of Ag NPs appears in the wavelength range of 320-700 nm 

[28]. A control experiment with only tri-sodium citrate dihydrate ligand     

shows no changes in the absorption and PL spectra of Si QDs (Figure  
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3.8D), which suggests that the surface of Ag NP interacts with Si QDs 

instead of the surface citrate ligands.   

 

 

 

 

 

 

 

 

 

 

Figure 3.8. (A) Spectral overlap between PL spectrum (λex= 375 nm) of Si 

QDs and LSPR band of Ag NPs. Changes in the (B) absorption spectra 

and (C) PL spectra (λex= 375 nm) of Si QDs in the presence of 5 pM Ag 

NPs. (D) PL spectra of Si QDs in the presence of tri-sodium citrate 

dihydrate at an excitation wavelength of 375 nm. 

However, negligible changes have been observed in the absorption 

spectrum of Si QDs upon addition of similar concentration of Ag NPs in 

the presence of 0.5 mM CTAB (Figure 3.9A). No noticeable LSPR band 

of Ag NPs has been observed from the nanocomposite solution in the 

presence of 0.5 mM CTAB. Moreover, negligible PL quenching of Si QDs  
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has been observed upon addition of Ag NPs in the presence of 0.5 mM 

CTAB (Figure 3.9B).  

 

 

 

 

 

 

Figure 3.9. Changes in the (A) absorption spectra and (B) PL spectra 

(λex= 375 nm) of Si QDs in the absence and presence of 5 pM Ag NPs with 

0.5 mM CTAB. 

The significant spectral overlap between the PL spectrum of Si 

QDs and LSPR band of Ag NPs signifies that the observed PL quenching 

of Si QDs in presence of Ag NPs might be due to EET from Si QDs to Ag 

NPs. Previously, it has been observed that noble metal NP acts as an 

efficient fluorescence quencher for various organic dyes and quantum dots 

[29-33]. Notably, the quenching efficiency of Ag NPs drastically reduces 

in the presence of 0.5 mM CTAB. This can be explained on the basis of 

the presence of an extra CTAB bilayer shell on the surface of these Ag 

NPs aggregates. As it has been previously discussed, these Ag NPs 

undergo surfactant-induced aggregation in the presence of 0.5 mM CTAB, 

where positively charged head groups of CTAB molecules interact with 

negatively charged citrate molecules at the Ag NPs surface. Our DLS 

results indicate that the CTAB molecules not only induce aggregation of  
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Ag NPs, but also provide an extra bilayer shell on top of the citrate-capped 

Ag NPs. As a result of this extra CTAB bilayer shell on the aggregated Ag 

NPs, the mean separation distance between Si QDs and the surface of Ag 

NPs increases. To further substantiate this claim and to establish the 

mechanism of EET from Si QDs to Ag NPs, we performed PL decay 

measurements. 

3.2.4. Time-Resolved PL Quenching of Si QDs in the Presence of Ag 

NPs 

Figure 3.10A shows the PL decay traces of Si QDs in the absence 

and presence of Ag NPs monitored at 460 nm emission wavelength. All 

the decays were fitted with a three-exponential decay function. The 

average PL lifetime of Si QDs is 0.84 ± 0.03  ns with lifetime components 

of 0.17 ns (74%), 1.24 ns (18%), and 6.14 ns (8%), which is very close to 

the previously reported value [19]. The addition of Ag NPs results in 

significant changes in the decay trace of Si QDs. The average lifetime 

decreases from 0.84 ± 0.03 ns to 0.37 ± 0.01 ns upon addition of 5 pM Ag 

NPs with lifetime components of 0.11 ns (86%), 0.75 ns (10%), and 4.77 

ns (4%) (Table 3.1). 
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Figure 3.10. PL decay traces (λex = 376 nm) of Si QDs in the absence and 

presence of (A) 5 pM Ag NPs and (B) 5 pM Ag NPs with 0.5 mM CTAB. 

However, minimal changes have been observed in the PL decay 

traces of Si QDs with Ag NPs in the presence of 0.5 mM CTAB (Figure 

3.10B). The average lifetime decreases marginally from 0.84 ± 0.03 ns to 

0.74 ± 0.02 ns with lifetime components of 0.16 ns (76%), 1.07 ns (16%), 

and 5.58 ns (8%) (Table 3.1).The rate of EET is calculated from the 

average lifetime of Si QDs and has a value of 1.51 × 109 s-1 and 0.16 × 109 

s-1 in the absence and presence of 0.5 mM CTAB, respectively (Table 3.2). 
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Table 3.1. PL decay parameters of Si QDs, and Si QDs with Ag NPs in the 

absence and presence of 0.5 mM CTAB.  

 

It is well known that metal NPs influence the intrinsic radiative 

and nonradiative decay rates of nearby fluorophores [17, 34-41]. The 

shortened PL lifetime of Si QDs indicates that either the radiative or 

nonradiative decay rate is increased in the presence of Ag NPs. We have 

estimated the radiative and nonradiative decay rates of Si QDs in the 

presence of Ag NPs according to the following equations: 

�� = ��
�                       (1) 

                                            ��� = �	
��
� �                                 (2) 

where kr and knr are the radiative and nonradiative decay rates, 

respectively. ϕD is the quantum yield and τ is the average lifetime of the 

donor. It is evident from Table 3.2 that the nonradiative decay rate of Si 

QDs increases by a factor of 2.34 in the presence of Ag NPs. Importantly, 

no appreciable change has been observed in the raditative decay rate of Si 

QDs upon addition of Ag NPs in the absence and presence of CTAB. 

Hence, the observed shortening of PL lifetime of Si QDs in the presence  

System τ1 

(ns) 

a1 τ2 

(ns) 

a2 τ3 

(ns) 

a3 <τ> 

(ns) 

χ
2 

Si QDs 0.17 0.74 1.24 0.18 6.14 0.08 0.84 1.12 

+ Ag NPs 0.11 0.86 0.75 0.10 4.77 0.04 0.37 1.20 

+ Ag NPs-

CTAB 

0.16 0.76 1.07 0.16 5.58 0.08 0.74 1.12 
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of Ag NPs is due to the increased nonraditaive decay rate rather than 

radiative decay rate. This increase in nonradiative decay rate in the 

presence of Ag NPs can be explained by considering the nonradiative EET 

from Si QDs to Ag NPs. Similarly, minimal but noticeable increase by a 

factor of 1.14 in the nonradiative decay rate of Si QDs has been observed 

upon addition of Ag NPs in the presence of 0.5 mM CTAB. 

We have estimated the efficiency (ϕEff) of this nonradiative EET 

process from the PL lifetimes of Si QDs in the presence and absence of Ag 

NPs using the following equation: 

��� = 1 − ����
��

   (3) 

where τD-A and τD are the excited state lifetimes of Si QDs in the presence 

and absence of Ag NPs, respectively. It is evident from Table 3.2 that the 

efficiency of EET decreases significantly from 56% to 12% in the 

presence of 0.5 mM CTAB. 

Table 3.2. Estimated quantum yields, average lifetimes, radiative rates, 

nonradiative rates, energy transfer rates, and efficiency of energy transfer 

from Si QDs to Ag NPs in the absence and presence of CTAB. 

 

System ϕD <τ> 

(ns) 

kr  

(× 108 s-1) 

knr  

(× 108 s-1) 

kET 

(× 109 s-1) 

ϕET 

Si QDs 0.052 0.84 0.62 11.3 - - 

+ Ag NPs 0.024 0.37 0.64  26.4  1.51  0.56 

+ Ag NPs-

CTAB 

0.047 0.74 0.63  12.9 0.16 0.12 
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3.2.5. Mechanism of EET from Si QDs to Ag NPs 

To establish the mechanism behind this EET from the Si QDs to 

the Ag NPs, we have compared the experimentally obtained EET 

efficiencies with the theoretical curves calculated from NSET and FRET 

theory for the Si QDs-Ag NPs system. Persson’s NSET theory is based on 

the collective interactions of all dipoles in a thin film near the metal 

surface and results in a 1/d coupling instead of the conventional 1/d3 

coupling [16]. According to the NSET mechanism, the rate of EET can be 

expressed as  

    ���� = 	
��

���
� �

�
                   (4) 

where τD is the excited state lifetime of the donor in the absence of 

acceptor, d is the distance between the donor and surface of the acceptor, 

and d0  is the separation distance at which the energy transfer efficiency is 

50%. The distance d0 can be calculated by using the following equation:                

                                   �� = ��.���   ��� 

!�
" !# $#

�
	 �%

        (5) 

where ϕD is the quantum yield of the donor, c is the velocity of light, ωD is 

the angular frequency of the donor electronic transition, ωF is the Fermi 

frequency, and kF is the Fermi wave vector of the metal. For the present 

system, the d0 value is calculated using ϕD = 0.052, c = 3 × 1010 cm s-1, ωD 

= 4.14 × 1015 s-1, ωF = 8.3 × 1015 s-1, and kF= 1.2 × 108 cm-1 [42]. The 

calculated d0 for the Si QDs-Ag NPs system is 3.81 nm. Similarly, the 

Förster distance R0 can be expressed as  

                               &� = '(8.8 × 10
��,-.�/
��01(2,34	/6      (6) 
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where κ2 is the orientation factor of the transition dipoles of the donor and 

the acceptor, ϕD is the quantum yield of the donor, η is the refractive index 

of the medium, and J(λ) is the overlap integral between the donor emission 

and the acceptor absorption spectrum. For the present Si QDs-Ag NPs 

system, the calculated overlap integral is 3.43 × 10-8 M-1 cm3 and the 

estimated R0 is 26.55 nm. Here it is important to mention that for an ideal 

FRET pair, the typical Förster distance is in the range of 20-60 Å [43, 44]. 

Hence, for the present system the significantly higher value of R0 which is 

beyond the detection limit of FRET signifies that the present EET from Si 

QDs to Ag NPs does not follow the conventional FRET process. 

On the basis of the estimated values of d0 and R0, we have 

calculated the theoretical quenching efficiency as a function of distance 

according to the following equation        

    �� = 	
	7� 8

8�
�

9         (7) 

where ϕET is the energy transfer efficiency and d is the separation distance 

between Si QD and Ag NP. n is a factor which depends on the mechanism 

of energy transfer and has a value of either 6 or 4 for the FRET and NSET 

model, respectively. In the case of FRET, d0 is equal to R0.  Figure 3.11 

shows the theoretical plots of the quenching efficiency against the 

separation distance based on the NSET and FRET theory. Experimentally 

obtained quenching efficiencies in the absence and presence of CTAB are 

shown on the Y-axis of Figure 3.11. 
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Figure 3.11. Correlation between experimentally obtained EET 

efficiencies for the Si QDs-Ag NPs system in the absence (red point) and 

presence (blue point) of 0.5 mM CTAB with the theoretical curves 

generated from NSET (black line) and FRET (magenta line) theory. 

The estimated separation distance between Si QDs and the surface 

of Ag NPs is 3.60 and 6.20 nm in the absence and presence of 0.5 mM 

CTAB. This increase in distance in the presence of CTAB can only be 

explained if we consider the presence of CTAB bilayer shell on the 

surface of Ag NPs aggregates. The reported end to end length of CTAB is 

~2.0 nm and the measured thickness of CTAB bilayer at 0.5 mM 

concentration is ~2.99 nm [45, 46]. Hence the observed 2.60 nm increase 

in separation distance between Si QDs and the surface of Ag NPs in the 

presence of 0.5 mM CTAB concentration strongly substantiate the 

presence of CTAB bilayer on the surface of Ag NPs. These obtained 

distances which correlate well with our proposed model strongly suggest 

that the observed EET quenching for the present system is due to the 

nanometal surface energy transfer from Si QDs to Ag NPs surface. Hence,  
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on the basis of our obtained results we propose that the long-range 

interactions between Si QDs and Ag NPs result in pronounced NSET, 

while in the presence of 0.5 mM CTAB, Ag NPs form CTAB bilayer-

capped aggregates and as a result the efficiency of NSET decreases 

significantly due to the increased distance between Si QDs and the surface 

of Ag NPs (Scheme 3.2). Moreover, our present results demonstrate that it 

is possible to modulate the NSET efficiency from Si QDs to Ag NPs by 

tuning the nanoscale distance between them with simple surfactant 

molecules. 

 

 

 

 

 

Scheme 3.2. Schematic illustration of the CTAB-induced modulation of 

the NSET between Si QDs and Ag NPs. 

3.3. Conclusions 

In summary, the observed PL quenching of Si QDs in the presence 

of Ag NPs is mainly due to the EET from Si QDs to the surface of Ag 

NPs. The quenching in steady-state PL yield as well as in the excited state 

lifetime of Si QDs in the presence of Ag NPs arises due to the increased 

nonradiative decay rate, while the radiative decay rate remains almost 

constant. The experimentally estimated quenching efficiency from the 

lifetime data correlates well with the NSET mechanism rather than FRET  
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mechanism. The drastic reduction in the EET efficiency observed in the 

presence of 0.5 mM CTAB is due to the increased distance between Si 

QDs and the surface of Ag NPs as a result of an extra CTAB bilayer in the 

CTAB-induced aggregates of Ag NPs.  
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4.1. Introduction 

Noble metal nanoparticles (NPs) with characteristic localized 

surface plasmon resonances (LSPRs) have attracted considerable attention 

in the past few decades due to their potential applications in miniature 

optical devices, sensors, medical diagnostics and therapeutics [1-4]. It has 

often been observed that noble metal NPs with distinct LSPR significantly 

alter the emission properties of nearby fluorophores. This phenomenon is 

either observed as enhancement or quenching of the fluorescence quantum 

yield of nearby fluorophores. The enhancement occurs either due to an 

increase in the radiative decay rate of fluorophores or the enhanced 

electromagnetic field at the NP surface [5-8]. On the other hand, 

fluorescence quenching in the presence of metal NPs is due to modulation 

of either a radiative or a nonradiative decay or both [9-12]. 

 The luminescence quenching mechanism of various dyes and 

quantum dots in the presence of metal NPs has been extensively studied, 

to understand the dipole to the metal surface energy transfer which is 

known as nanometal surface energy transfer (NSET). This is quite 

different from the conventional Förster resonance energy transfer (FRET) 

between two molecular dyes via dipole-dipole interaction [9, 11, 13-17]. 

Earlier, Pons et al. (2007) demonstrated the validity of the NSET 

mechanism for the excitation energy transfer (EET) from CdSe/ZnS QDs 

to gold NPs (Au NPs) separated via a variable-length polypeptide [14]. 

Similarly, Breshike et al. (2013) studied the distance-dependent NSET 

from various fluorophores to different sized Au NPs [15]. Although these 

earlier studies are very informative and describe the NSET mechanism 

from various donors to different nanometal surfaces in detail, the role of 

spectral overlap in the NSET process still remains obscure. 
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It has often been observed that energy transfer processes involving 

a significant spectral overlap follow the FRET mechanism, while 

processes having no spectral overlap follow the NSET mechanism. 

Earlier, Strouse and co-workers (2005 and 2006) demonstrated NSET 

from various dyes to ultrasmall Au NPs (< 2 nm) having no noticeable 

LSPR band [9, 11]. In another study, Saraswat et al. (2011) showed that 

the spectral overlap plays no role in NSET from fluorescent proteins to Au 

and Ag NPs [18]. In contrast, a number of recent studies have shown that 

the NSET mechanism can still be valid for a donor-acceptor pair having a 

significant spectral overlap. For example, Singh et al. (2010) have recently 

demonstrated the importance of spectral overlap in the NSET process from 

various dyes to 2 nm sized Au NPs [19]. While substantial efforts have 

been made to understand the PL quenching of various fluorophores near 

the metal surface, a direct correlation between the extent of NSET from 

carbon dots (CDs) to Ag NPs with the particle size and spectral overlap 

has not been explored yet. 

In the present study, we have investigated the effect of three 

different sized Ag NPs having a distinct LSPR band on the PL properties 

of nearby CDs and shown that the PL quenching of CDs is due to the 

nonradiative NSET from CDs to Ag NPs. Moreover, it has been observed 

that the EET efficiency increases with the increase in the size of Ag NPs. 

4.2. Results and Discussion 

4.2.1. Characterization of CDs and Ag NPs 

Figure 4.1A shows the FTIR spectrum of CDs. The peak near 3420 

cm-1 arises due to the stretching vibrations of O-H and N-H moieties. The 

two characteristic peaks at 2925 cm-1 and 1394 cm-1 are assigned to the  
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stretching and bending vibrations of C-H moieties. Another prominent 

peak at 1690 cm-1 arises due to the stretching vibration of C=O functional 

groups. The peak at 1566 cm-1 arises from the bending vibration of the N-

H moieties. Figure 4.1B shows the HRTEM image of synthesized CDs on 

a holey carbon lacey grid. It is evident that these CDs are spherical in 

shape with a mean size of 3.80 nm. The inset of Figure 4.1B displays the 

magnified image of a single CD. Figure 4.1C shows the size distribution 

histogram of CDs from DLS measurements. The mean hydrodynamic 

diameter was estimated to be 4.14 nm. 

 

 

 

 

 

 

 

 

 

Figure 4.1. (A) FTIR spectrum, (B) HRTEM image, the inset shows the 

magnified image of single CD, (C) size distribution histogram of CDs 

from DLS measurements, and (D) normalized absorption (black line) and 

PL spectra (red line) of CDs at λex = 400 nm. 
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The estimated zeta potential of these CDs is -25.45 ± 1.23 mV at 

pH 7.4. Figure 4.1D shows the absorption and PL spectra (λex = 400 nm) 

of the synthesized CD in pH 7.4 phosphate buffer. A prominent absorption 

peak at 337 nm is observed due to n–π* transitions from C=O bond of CD 

[20, 21]. A weak shoulder near 240 nm appears due to the π – π* 

transitions from the core of CD [21]. These CDs show an intense PL band 

centered at 495 nm upon excitation at 400 nm (Figure 4.1D). The 

elemental analysis reveals the composition of these synthesized CDs with 

53.18% carbon, 14.13% nitrogen, 5.72% hydrogen and 26.97% oxygen 

(Figure 4.2A). Figure 4.2B displays the powder XRD spectrum of CDs. A 

broad peak at 2θ = 25° (d = 0.35 nm), which exactly matches with the 

earlier reported value signifies the amorphous nature of these CDs [20]. 

 

 

 

 

 

Figure 4.2. (A) The elemental analysis histogram and (B) powder XRD 

spectrum of the synthesized CDs.  

For the present study, we have synthesized three different sized 

citrate-capped Ag NPs. The morphologies and mean hydrodynamic 

diameters of these three different sized Ag NPs are estimated from SEM 

and DLS measurements, respectively. The mean diameters estimated from  
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SEM measurements for smallest (s), medium (m) and largest (l) Ag NPs 

are 36.58 ± 2.98, 48.26 ± 3.16 and 57.93 ± 2.64 nm, respectively (Figure 

4.3A). The SEM images reveal spherical morphologies of all the three 

different sized Ag NPs (insets of Figure 4.3A). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. (A) Size distribution histograms estimated from SEM 

measurements for s-Ag NP (blue), m-Ag NP (green) and l-Ag NP (red). 

The inset of each graph shows SEM image of respective Ag NP. (B) The 

hydrodynamic size distribution histogram of synthesized s-, m- and l-Ag 

NPs estimated from DLS measurements. (C) Normalized LSPR of s-, m- 

and l-Ag NPs. 
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Figure 4.3B shows the size distribution histograms obtained from 

DLS measurements for the three different sized Ag NPs. The estimated 

mean hydrodynamic diameters of s-, m- and l-Ag NPs are 39.91 ± 1.03, 

53.12 ± 0.31 and 61.84 ± 0.77 nm, respectively. The LSPR bands of s-, m-

, and l-Ag NPs are centered at 415, 425 and 435 nm, respectively (Figure 

4.3C). These citrate-capped Ag NPs do not show any PL in bulk aqueous 

solution. The zeta potential of s-, m-, and l-Ag NPs is estimated to be -

76.24 ± 3.92, -67.60 ± 4.40 and -58.01 ± 3.10 mV, respectively. 

4.2.2. Steady-State PL Measurements of CD in the Presence of Ag NPs 

Figure 4.4A shows the extent of spectral overlap between LSPR of 

three different sized Ag NPs and the PL spectrum of CDs (λex = 400 nm). 

The spectral overlap integrals for the three different CD-Ag NP systems 

have been calculated using the following equation: 

                                          ���� = � ���	�
��	�	�	∞

�
� ���	�∞

� 	                           (1) 

where FD(λ) is the PL intensity of CD in the wavelength range λ+Δλ with 

total intensity (area under the curve) normalized to unity, εA(λ) is the 

molar extinction coefficient of Ag NP at λ. The estimated values of the 

spectral overlap integral for CD-Ag NP system are 1.52 × 10-8, 4.83 × 10-

8, and 11 × 10-8 M-1 cm3 for s, m, and l- Ag NPs, respectively. Hence, it is 

evident from these results that the spectral overlap integral increases with 

the increase in the size of Ag NPs. The inset of Figure 4.4A shows the 

changes in the absorption spectrum of CD upon addition of 20 pM s-, m-, 

and l-Ag NPs. The characteristic LSPR of Ag NPs appears in the 

absorption spectrum of CDs upon addition of different sized Ag NPs. The 

PL intensity (λex = 400 nm) of CDs decreases gradually upon increasing  
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the concentrations of Ag NPs (Figure 4.4B-D). Here it is important to 

mention that a similar kind of PL quenching of CDs has been observed 

irrespective of the excitation wavelength in the range of 340-400 nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. (A) Spectral overlap between LSPR bands of different sized Ag 

NPs and PL spectrum (λex = 400 nm) of CDs. The inset shows the changes 

in the absorption spectra of CDs in the presence of 20 pM s-, m-, and l-Ag 

NPs. Changes in the PL spectra (λex = 400 nm) of CDs upon addition of 

(B) s-, (C) m-, and (D) l-Ag NPs. 

Next, we have analyzed these spectral changes in the form of 

Stern-Volmer plots in order to quantify the extent of quenching in the  
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presence of three different sized Ag NPs. Figure 4.5A shows the steady-

state Stern-Volmer plots for the three different sized Ag NPs. All the plots 

are linear, suggesting a single kind of quenching mechanism. The 

estimated Stern-Volmer constants are 2.3×1010, 3.1× 1010, and 4.5 × 

1010M-1 for s-, m-, and l-Ag NPs. Hence, these results clearly indicate that 

the quenching efficiency increases with the increase in the size of Ag NPs, 

having the maximum efficiency for the l-Ag NPs. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. (A) Steady-state Stern-Volmer plots for CDs in the presence of 

s-, m- and l-Ag NPs. (B) Normalized excitation spectra of CD (λem= 495 

nm) upon addition of 20 pM s, m, and l-Ag NPs. (C) Spectral overlap 

between the LSPR of Ag NP (λLSPR = 398 nm) and PL spectrum (λex= 400  
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nm) of CDs. (D) The steady-state Stern-Volmer plot for CDs in the 

presence of Ag NP having LSPR band at 398 nm.  

Previously, it has been reported that noble metal NPs act as 

efficient quenchers for various organics dyes and quantum dots [10, 22-

25]. The observed PL quenching of CDs in the presence of three different 

sized Ag NPs could be due to various processes such as NP induced 

aggregation of CDs, electron transfer, and/or excitation energy transfer. As 

the estimated zeta potential of CDs and all the three different sized Ag 

NPs is highly negative, it is very unlikely that CDs will aggregate on the 

surface of Ag NPs. Moreover, the excitation spectrum (λem = 495 nm) of 

CDs remains unaltered in the presence of different sized Ag NPs (Figure 

4.5B). In addition, the PL peak position and full width at half maximum 

(FWHM) of the PL spectrum of CDs remain unaltered in the presence of 

different sized Ag NPs. These results clearly signify that the observed PL 

quenching of CDs in the presence of Ag NPs is not due to the aggregation 

of CDs at the surface of Ag NPs. CDs are well known for their electron 

donating and accepting properties [26]. In order to know the mechanism 

of quenching, we have performed a control experiment with citrate-capped 

Ag NPs having the LSPR band centered at 398 nm, which shows a 

minimal spectral overlap with the PL spectrum of CDs. Here, it is 

important to mention that if electron transfer is the mechanism for PL 

quenching of CDs, then we should expect a similar PL quenching of CDs 

in the presence of these Ag NPs (λLSPR = 398 nm). However, if resonant 

excitation energy transfer is the mechanism behind the PL quenching of 

CDs, then the quenching efficiency should decrease significantly as a 

consequence of minimal spectral overlap. Figure 4.5C shows the minimal 

spectral overlap between the PL spectrum of CDs and LSPR of these Ag  
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NPs. Here it is important to note that the observed spectral overlap is only 

between the tails of LSPR of Ag NPs and the PL band of CDs. 

Interestingly, the PL intensity of CDs remains unaltered in the presence of 

these Ag NPs. Figure 4.5D displays the steady-state Stern-Volmer plot for 

CDs in the presence of Ag NPs (λLSPR = 398 nm). The plot remains almost 

parallel to the x-axis signifying a lack of any PL quenching. These results 

clearly rule out the involvement of photo-induced electron transfer in the 

present system. To establish the mechanism behind this PL quenching of 

CDs, excited-state PL decay measurements have been performed. 

4.2.3. Time-Resolved PL Measurements of CD in the Presence of Ag 

NPs 

Figure 4.6 shows the PL decay traces of CD in the absence and 

presence of 20 pM s, m and l- Ag NPs at 495 nm emission wavelength. 

All the decays were fitted with a three exponential decay function. The 

average PL lifetime of CD is 3.99 ± 0.12 ns with lifetime components of 

0.44 (22%), 2.08 (35%), and 7.36 ns (43%), which is very close to the 

previously reported value [27]. The decay trace of CD changes 

significantly upon addition of different sized Ag NPs (Figure 4.6).  

The average lifetime of CD decreases to 3.12 ± 0.08, 2.67 ± 0.07, 

and 1.80 ± 0.05 ns upon addition of 20 pM s, m, and l-Ag NPs, 

respectively (Table 4.1). These time-resolved results correlate well with 

our steady-state observation that the quenching efficiency increases with 

increase in the size of Ag NPs. All the fitted parameters are listed in table 

4.1.  
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Figure 4.6. Changes in the PL decay traces (λex = 405 nm) of CD in the 

presence of s, m, and l- Ag NPs recorded at 495 nm emission wavelength. 

Table 4.1. PL decay parameters of CD in the absence and presence of 

different sized Ag NPs. 

 

The influence of LSPR of metal NPs on the intrinsic radiative and 

nonradiative decay rates of nearby fluorophores is well known in various  

System τ1 

(ns) 

a1 τ2  

(ns) 

a2 τ3  

(ns) 

a3 <τ> 

(ns) 

χ
2 

CD 0.44 0.22 2.08 0.35 7.36 0.43 3.99 1.14 

+ s- Ag NP 0.26 0.41 2.36 0.31 8.10 0.28 3.12 1.20 

+ m-Ag NP 0.19 0.46 1.88 0.26 7.33 0.28 2.67 1.18 

+ l- Ag NP 0.12 0.61 1.50 0.18 6.89 0.21 1.80 1.21 
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reports [9-12, 28-34]. The shortened lifetime of CD in the presence of Ag 

NPs suggests that either the radiative or nonradiative decay rate is 

increased. The radiative and nonradiative decay rates of CD in the 

presence of Ag NPs were estimated according to the following equations: 

    �� = ��
τ

   (2)  

            ��� = ��� ��
� �                                (3) 

where kr and knr are the radiative and nonradiative decay rates, 

respectively. ϕD is the quantum yield and τ is the average lifetime of the 

CD. All the estimated parameters are listed in Table 4.2. It is evident from 

Table 4.2 that the nonradiative decay rate of CD increases by a factor of 

1.29, 1.50, and 2.25 in the presence of s, m, and l - Ag NPs, respectively. 

Importantly, no appreciable change has been observed in the radiative 

decay rate of CD upon addition of Ag NPs. This increase in nonradiative 

decay rate in the presence of Ag NPs can be explained by considering 

nonradiative EET from CD to Ag NP. The rate of this nonradiative EET is 

calculated from average lifetime of CD in the absence and presence of 

different sized Ag NPs by using the following equation:  

                                           ��� = �
���

− �
��

                                    �4� 

where τDA and τD are the average PL lifetimes of CD in the presence and 

absence of Ag NPs, respectively. The estimated kET is 0.07 × 109, 0.12 × 

109, and 0.30 × 109 s-1 for s, m, and l- Ag NPs, respectively (Table 4.2). 
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The efficiency (ϕEff) of this nonradiative EET process is estimated 

using the following equations: 

              !"" = 1 − ��$�
��

= 1 − ��$�
��

      (5) 

where ϕD-A and ϕD are the steady-state quantum yields of CD in the 

presence and absence of Ag NPs, respectively. τD-A and τD are the excited-

state lifetimes of CD in the presence and absence of Ag NPs, respectively. 

The estimated EET efficiencies from the lifetime values are 22, 33, and 

55% for s, m, and l-Ag NPs, respectively, which matches well with that 

estimated from steady-state measurements (Table 4.2). As expected from 

our steady-state PL quenching measurements, the efficiency of EET from 

CD to Ag NP increases with increase in the size of Ag NPs. 

4.2.4. Mechanism of EET from CD to Ag NPs 

The observed resonant EET from CD to Ag NP could be due to 

either FRET or NSET process. These two most common resonant energy 

transfer theories have been extensively used to account EET for various 

donor-acceptor pairs. FRET is a nonradiative dipole-dipole through space 

interaction between two molecular dyes and is generally limited to 

distances up to 1-10 nm [13, 35, 36]. Hence, distances larger than 10 nm 

between center of donors and center of acceptors could not be accounted 

by FRET theory. The Förster distance R0 for CD-Ag NP system is 

estimated using the following equation: 

                  %& = '�8.8 × 10�,-�./,0�1 2 ����34�/6
      (6) 

where R0 is the distance from centre of donor to centre of acceptor at 

which the energy transfer efficiency is 50%, κ
2 is the orientation factor of  
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the transition dipoles of the donor and the acceptor, ϕD is the quantum 

yield of the donor, η is the refractive index of the medium, and J(λ) is the 

overlap integral between the donor emission and the acceptor absorption 

spectrum. The estimated Förster distance (R0) is 23.11, 28.02, and 32.13 

nm for s, m, and l- Ag NPs, respectively which is well beyond the range of 

classical FRET theory. The theory of Persson and Lang, now referred to as 

NSET, has been highly successful in describing the recent experimental 

findings of fluorescence quenching near the metal NP surface [9, 11, 12, 

14, 15, 19, 37]. Persson’s NSET theory considers the collective interaction 

of all dipoles in a thin film near the surface of the metal, creating a 1/d 

coupling [37]. Importantly, this empirical NSET theory has been 

experimentally verified by various groups for different donor-acceptor 

pairs [9, 11, 12, 14, 15, 19]. According to the NSET mechanism, the rate 

of EET can be expressed as    

                   �78!9 = �
��

��
 �

1
                  (7) 

where τD is the excited state lifetime of the donor in the absence of 

acceptor, d is the separation distance between the center of the donor and 

surface of the acceptor, and d0  is the separation distance at which the 

energy transfer is 50% efficient. The distance d0 can be calculated by 

using the following equation:     

                        :& = �&.,,-   ��  ;<  

=� 
> =?@?

�
� 1A

                 (8) 

where ϕD is the quantum yield of the donor, c is the velocity of light, ωD is 

the angular frequency of the donor electronic transition, ωF is the Fermi 

frequency, and kF is the Fermi wave vector of the metal. For the present  
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system, the d0 value is calculated using ϕD = 0.053, c = 3 × 1010 cm s-1, ωD 

= 3.8 × 1015 s-1, ωF = 8.3 × 1015 s-1, and kF = 1.2 × 108 cm-1 [18]. The 

calculated d0 for the CD-Ag NP system is 4.0 nm. 

 

 

 

 

 

 

Figure 4.7. Theoretical curve of energy transfer efficiency against the 

distance between CD and Ag NP generated from NSET theory. Separation 

distances obtained from the experimentally determined energy transfer 

efficiencies are highlighted with blue, green and red arrows for s, m, and 

l- Ag NPs (20 pM) respectively. 

Table 4.2. Estimated quantum yields, radiative rates, nonradiative rates, 

energy transfer rates, efficiencies of energy transfer and estimated 

distance (d) between CD and 20 pM Ag NPs. 

System ϕD kr 

(×109s-1) 

knr 

(×109s-1) 

kET 

(×109s-1) 

ϕET 

(τ) 

ϕET 

(ϕD) 

d 

(nm) 

CD 0.053 0.013 0.24 - - - - 

+ s-Ag NP 0.037 0.012 0.31 0.07 0.22 0.31 5.49 

+ m-Ag NP 0.033 0.012 0.36 0.12 0.33 0.38 4.77 

+ l-Ag NP 0.028 0.015 0.54 0.30 0.55 0.48 3.80 
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On the basis of this calculated value of d0, quenching efficiencies 

are estimated as a function of distance according to the following 

equation: 

     !9 = �
�B� C

C�
�

�    (9) 

where ϕET is the energy transfer efficiency and d is the separation distance 

between CD and Ag NP. Figure 4.7 shows the theoretical plot of the 

quenching efficiency against the separation distance based on NSET 

theory. By using the values of experimentally obtained quenching 

efficiencies, we have estimated the separation distance between CD and 

the surface of Ag NP which has a value of 5.49, 4.77, and 3.80 nm for s, 

m, and l- Ag NPs, respectively (Table 4.2, Scheme 4.1).  Here it is 

important to compare the estimated average distance between CD and 

different sized Ag NPs and the corresponding NSET efficiencies. Notably, 

with the increase in the size of Ag NPs from s to l- Ag NPs the 

corresponding zeta potential decreases gradually from -76.24 to -58.01 

mV. As a consequence of this reduced negative surface charge of larger 

sized Ag NPs, the effective electrostatic repulsion between CD and Ag 

NPs decreases and results in the shorter distance between CD and larger 

sized Ag NP. As a result of this reduced distance between CD and larger 

sized Ag NPs, the NSET efficiency increases (Scheme 4.1).   

 

 

 

   



                                                        

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Schematic representation of EET from CD to different sized 

Ag NPs. 

4.3. Conclusions 

The present results shine 

between CD and different sized Ag NPs. The steady

resolved lifetime measurements reveal that the observed PL quenching of 

CD in the presence of Ag NPs arises due to the increased nonradiative 

decay rate while the radiative decay rate remains constant. This 

enhancement in the nonradiative decay rate of CD in the presence of Ag 

NPs arises mainly due to the EET from CD to Ag NPs. This nonradiative 

EET from CD to Ag NP has been explained by considering NSET theo

Moreover, it has been observed that the efficiency of this EET increases 

with increase in the size of Ag NPs. This phenomenon has been explained 

by considering the extent of spectral overlap and distance between CD and 
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Schematic representation of EET from CD to different sized 

The present results shine a light on the resonant NSET process 

between CD and different sized Ag NPs. The steady-state and time-

resolved lifetime measurements reveal that the observed PL quenching of 

CD in the presence of Ag NPs arises due to the increased nonradiative 

le the radiative decay rate remains constant. This 

nonradiative decay rate of CD in the presence of Ag 
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Moreover, it has been observed that the efficiency of this EET increases 

with increase in the size of Ag NPs. This phenomenon has been explained 

extent of spectral overlap and distance between CD and 
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different sized Ag NPs. It has been observed that with increase in the size 

of Ag NPs the spectral overlap increases. More importantly, the zeta 

potential of Ag NPs decreases with increase in the size and as a 

consequence the effective distance between CD and Ag NPs decreases due 

to reduced electrostatic repulsion. As the effective distance between CD 

and Ag NPs decreases, the NSET efficiency increases. Finally, our present 

study revealed that the efficiency of NSET process can be easily tuned as 

a function of NP size. 
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5.1. Introduction 

Nonradiative excitation energy transfer (EET) from a photo-

excited donor to an acceptor via distance-dependent dipole-dipole 

interactions is well known as Förster resonance energy transfer (FRET). 

FRET is particularly important for measuring the dynamic changes in the 

distance between molecular donor and acceptor covalently attached to 

biological macromolecules and finds enormous application in single 

molecule biophysics [1, 2].  

Over the last few years, semiconductor quantum dots and metal 

nanoparticle (NP) based donor-acceptor composite systems have gained 

considerable attention due to their size-dependent optoelectronic 

properties which allow easy tuning of energy transfer efficiency [3-8] . It 

has been observed that metal NP with distinct localized surface plasmon 

resonance (LSPR) often quenches the molecular excitation energy of 

nearby fluorophore due to modulation of either radiative or nonradiative 

decay rate or both [9-18]. Although the mechanism and dynamics of EET 

process are extensively studied in the presence of various metal NPs 

having distinct LSPR in the visible region of the electromagnetic 

spectrum, very less is known about the mechanism and dynamics of 

fluorescence quenching near the ultrasmall metal nanocluster (NC) 

surface, which lacks characteristic LSPR. 

Recently, there is a growing interest to explore these metal NCs for 

a wide range of applications such as nanophotonics, catalysis, biolabeling, 

and sensing, because of their small size, and unique optoelectronic 

properties [19-27]. Due to the strong quantum confinement, the energy 

bands split into discrete energy levels and as a result metal NCs do not 

show any LSPR, instead, they exhibit multiple narrow molecular-like  
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electronic transitions with strong luminescence. Earlier, it has been 

demonstrated that Au NC with no LSPR signal can also act as an efficient 

acceptor of molecular excitation energy in many composite systems [14, 

15, 28]. Similarly, Muhammed et al. (2008) have demonstrated the 

nonradiative FRET process between dancyl chromophore and ultrasmall 

glutathione-capped Au25 NC (Au25SG18) through steady-state and 

femtosecond time-resolved fluorescence techniques [29] . Recently, Bain 

et al. (2015) have illustrated the role of surface capping ligands of Au25 

NCs on the FRET process in metal NC-semiconductor composites [30] . 

While most of these earlier studies on EET were performed with Au NCs, 

similar thorough investigations with Ag NCs are rare. 

In the present work, the fundamental mechanism and dynamics 

behind the fluorescence quenching of DAPI by dihydrolipoic acid 

(DHLA)-capped Ag NCs and its subsequent suppression in the presence of 

cationic water-soluble polymer poly(diallyldimethylammoniumchloride) 

(PDADMAC) and CT-DNA have been demonstrated. The results reveal 

that the fluorescence quenching of DAPI near the ultrasmall Ag NCs 

occurs via efficient ultrafast nonradiative FRET process. Moreover, it has 

been illustrated that the selective compartmentalization of either donor 

(DAPI) or acceptor (Ag NC) leads to complete suppression of this FRET 

process. 

5.2. Results and Discussions 

5.2.1. Characterization of Ag NCs  

The as-synthesized DHLA-capped Ag NCs were characterized by 

FTIR, HRTEM, UV-Vis spectroscopy, PL spectroscopy, and mass 

spectrometry. Figure 5.1A shows the FTIR spectrum of DHLA-capped Ag  
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NCs with that of DHLA ligand only. The characteristic stretching 

frequency of S-H bond at 2547 cm-1 observed for DHLA ligand disappears 

upon conjugation with Ag NCs, indicating the attachment of DHLA to the 

Ag NC surface through its free thiol end. Other noticeable peaks at 1560 

cm-1 and 1420 cm-1 can be assigned to the stretching of the carboxylate 

groups. Hence, the absence of any thiol peak and the presence of 

carboxylate peaks in the FTIR spectrum of DHLA-capped Ag NCs 

confirm the formation of the DHLA-Ag NCs nanoconjugate. This kind of 

bonding interactions between DHLA and Ag NCs is expected as DHLA 

remains in thiol carboxylate form at pH 7.4. Therefore, at pH 7.4 the thiol 

carboxylate is the predominant species. Figure 5.1B shows the absorption 

and PL spectra of as-synthesized DHLA-capped Ag NCs in pH 7.4 

phosphate buffer. The absorption spectrum of the Ag NCs consists of two 

narrow peaks at 329 and 426 nm with a weak shoulder at 497 nm, which 

matches well with the earlier reported absorption spectrum of DHLA-

capped Ag NCs [31] . The PL spectrum of these Ag NCs consists of a 

distinct PL band centered at 675 nm (λex=375 nm), which is close to the 

other reported DHLA-capped Ag NCs [31, 32]. The inset of Figure 5.1B 

shows the photographs of Ag NCs dispersed in aqueous buffer under day-

light (i) and UV light exposure (ii).  
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Figure 5.1. (A) FTIR spectra of dihydrolipoic acid and synthesized Ag 

NCs. (B) The normalized absorption (black line) and PL (red line) spectra 

of 5 µM Ag NCs. Photographs of Ag NCs in pH 7.4 buffer under (i) day-

light and (ii) UV light. 

Notably, the PL peak position and spectral shape do not change 

with excitation wavelength indicating the narrow and homogeneous size 

distribution of these Ag NCs (Figure 5.2A). Here it should be noted that 

simple Ag(I)-DHLA complex prepared by mixing Ag(I) salt with DHLA 

ligand does not exhibit any characteristic absorption and luminescence 

bands, signifying that our synthesized DHLA-capped Ag NCs are 

chemically and structurally quite different from that of simple Ag(I)-S-

Ag(I) kind of complex (Figure 5.2B). 

 

 

 

 

 

 

 

Figure 5.2. (A) Normalized PL spectra of Ag NCs at different excitation  
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wavelengths. (B) Absorption and normalized PL spectrum (λex= 375 nm) 

of Ag(I)-DHLA complex. 

The exact molecular mass and composition of the as-synthesized 

Ag NC core have been confirmed by the mass spectrometric analysis. 

Figure 5.3 shows the mass spectrum of DHLA-capped Ag NCs in 1:1 

water-methanol mixture. The spectrum reveals a major peak at m/z 

477.80, which can be assigned to [Ag4+2Na]+ cluster. A minor peak 

observed at m/z 578.03 corresponds to [Ag5+K]+ cluster. Other noticeable 

peaks at higher m/z values correspond to ligand associated Ag4 and Ag5 

clusters (Figure 5.3, inset). These peaks are in good agreement with the 

earlier reported high-resolution mass spectroscopy spectrum of DHLA-

capped Ag NCs [31] . Hence, these results reveal that our as-synthesized 

Ag NCs contain the majority of Ag4 core with a minor amount of Ag5 

core. 

 

 

 

 

 

 

 

 

Figure 5.3. Electrospray ionization mass spectrum of as-synthesized 

DHLA-capped Ag NCs in 1:1 water-methanol mixture (L represents 

DHLA ligand). The inset shows the mass spectrum beyond 850 m/z. 

 

To know the chemical nature and composition of these DHLA-

capped Ag NCs, X-ray photoelectron spectroscopy (XPS) measurements  

 



                                                                                  Chapter 5 

145 
 

 

were performed. Figure 5.4 displays the expanded XPS spectra of Ag 3d, 

S 2p, C 1s, and O 1s. Two binding energy peaks at 367.7 and 373.5 eV 

have been observed for Ag 3d5/2 and Ag 3d3/2, respectively. The Ag 3d5/2 

peak is located between the Ag(0) peak and Ag(I) peak and indicates the 

formation of Ag NCs with Ag(I)-thiolate bonding at the surface [33, 34]. 

The S 2p3/2 and S 2p1/2 peaks are observed at 162.7 and 163.9 eV, which 

indicate the presence of thiolate-Ag bonding in DHLA-capped Ag NC 

(Figure 5.4B). The C 1s spectrum shows two peaks at 284.9 and 289.0 eV 

due to the carbon atoms of aliphatic (C-C) and carboxylic acid (-COOH) 

groups, respectively (Figure 5.4C). Figure 5.4D shows the expected O 1s 

spectrum of DHLA-capped Ag NC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Expanded XPS spectra of the elements (A) Ag 3d, (B) S 2p, (C) 

C 1s, and (D) O 1s of DHLA-capped Ag NC. 
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Next, HRTEM measurements 

morphology and mean size of these Ag NCs (Fig

reveals spherical particles with an average diameter of 

The inset shows the presence of lattice planes with an interfringe distance 

of 0.23 nm, which corresponds to the (111) plane of the 

However, Ag NCs with Ag2-Ag

[35, 36]. Here, it is important to mention that although TEM has been 

used earlier to measure the sizes of various Ag NCs, it has often been 

observed that the high energy electron beam irradiation leads to 

aggregation of these NCs [35, 36]

0.28 nm) estimated from TEM measurements might be due to the 

aggregation of DHLA-capped Ag NCs upon high energy (200 kV) 

electron beam irradiation. In order to know the mean hydrodynamic 

diameter of these DHLA-capped Ag NCs DLS measurements

performed. DLS histogram reveals the presence of monodispersed Ag NCs 

with a mean hydrodynamic diameter of 1.8 nm (

 

 

 

 

 

 

 

Figure 5.5. (A) HRTEM image of Ag NCs. The inset shows the presence of 

lattice planes with an interfringe distance of 0.23

histogram of Ag NCs estimated from (B) TEM and (C) DLS measurements.
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Next, HRTEM measurements were performed to explore the 

morphology and mean size of these Ag NCs (Figure 5.5). The image 

reveals spherical particles with an average diameter of 1.73 ± 0.28 nm. 

The inset shows the presence of lattice planes with an interfringe distance 

of 0.23 nm, which corresponds to the (111) plane of the fcc Ag [31, 32]. 

Ag9 core should exhibit size well below 1 nm

important to mention that although TEM has been 

used earlier to measure the sizes of various Ag NCs, it has often been 

observed that the high energy electron beam irradiation leads to 

[35, 36]. Hence, the large mean diameter (1.73 ± 

0.28 nm) estimated from TEM measurements might be due to the 

capped Ag NCs upon high energy (200 kV) 

electron beam irradiation. In order to know the mean hydrodynamic 

capped Ag NCs DLS measurements were 

. DLS histogram reveals the presence of monodispersed Ag NCs 

mean hydrodynamic diameter of 1.8 nm (Figure 5.5C). 

(A) HRTEM image of Ag NCs. The inset shows the presence of 

interfringe distance of 0.23 nm. Size distribution 

histogram of Ag NCs estimated from (B) TEM and (C) DLS measurements.

Chapter 5 

to explore the 

). The image 

1.73 ± 0.28 nm. 

The inset shows the presence of lattice planes with an interfringe distance 

. 

core should exhibit size well below 1 nm 

important to mention that although TEM has been 

used earlier to measure the sizes of various Ag NCs, it has often been 

observed that the high energy electron beam irradiation leads to 

± 

0.28 nm) estimated from TEM measurements might be due to the 

capped Ag NCs upon high energy (200 kV) 

electron beam irradiation. In order to know the mean hydrodynamic 

were 

. DLS histogram reveals the presence of monodispersed Ag NCs 

(A) HRTEM image of Ag NCs. The inset shows the presence of 

nm. Size distribution 

histogram of Ag NCs estimated from (B) TEM and (C) DLS measurements. 
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5.2.2. Excitation Energy Transfer from DAPI to Ag NCs  

Figure 5.6A shows the normalized absorption and emission spectra 

of DAPI with the absorption spectrum of Ag NCs. DAPI in pH 7.4 

phosphate buffer shows an absorption peak at 340 nm and emission 

maximum at 492 nm upon excitation at 375 nm (Figure 5.6A). It is evident 

from Figure 5.6A that the broad emission spectrum of DAPI overlaps 

significantly with the absorption spectrum of Ag NCs. Figure 5.6B shows 

the changes in the individual emission spectrum of DAPI and Ag NCs 

upon formation of DAPI-Ag NC composite. The emission spectrum of the 

composite system exhibits significant fluorescence quenching of DAPI at 

492 nm with concomitant PL enhancement of Ag NCs at 675 nm 

compared to individual components.  

 

 

 

 

 

 

 

 

Figure 5.6. (A) The normalized absorption spectrum (black dashed line) 

and fluorescence (λex = 375 nm) spectrum (black line) of 2.5 µM DAPI 

and the normalized absorption spectrum of Ag NCs (red line). The blue 

dotted region shows the overlap between the absorption spectrum of Ag 

NCs and fluorescence of DAPI. (B) Changes in the fluorescence spectra 

(λex = 375 nm) of DAPI (black line) and Ag NCs (red line) upon formation 

of DAPI−Ag NCs composite (blue line). 
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A control experiment with only DHLA ligand shows no significant 

changes in the fluorescence quantum yield of DAPI, which indicates that 

the Ag NC itself quenches the fluorescence of nearby DAPI instead of the 

surface ligands (Figure 5.7A). The existence of significant spectral overlap 

between the fluorescence spectrum of DAPI and absorption spectrum of 

Ag NCs signifies that the observed fluorescence quenching of DAPI with 

a concomitant increase in PL intensity of Ag NCs might be due to FRET 

from photo-excited DAPI to Ag NCs. Similar kinds of fluorescence 

quenching of various fluorophores near the Au NC have been reported 

recently [29, 30]. Moreover, the normalized excitation spectra of Ag NCs 

in the absence and presence of DAPI recorded at 675 nm (with 399 nm 

filter) show enhanced intensity in the wavelength range 300-400 nm, 

which unequivocally prove the FRET process from DAPI to Ag NCs 

(Figure 5.7B).  

 

 

 

 

 

 

 

 

 

Figure 5.7. (A) Changes in the fluorescence spectra of DAPI (black line) 

on the addition of DHLA (red line). (B) Normalized (at 500 nm) excitation 

spectra of Ag NCs (λem= 675 nm) in the absence (black line) and presence 

(red line) of DAPI recorded with 399 nm filter. 
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Next, the fraction, ƒ, of the DAPI emission that is quenched due to 

DAPI-Ag NC FRET process was calculated according to the following 

equation [37] : 

                                ƒ =  ∆����	



∆������
� ∙  ��

�

��

                (1) 

where ∆�����
�  is the enhanced acceptor fluorescence, ∆�������

  is the 

difference in the donor emission intensities in the absence and presence of 

acceptor, and !�
  and !�

�  are the emission quantum yields of the only 

donor (0.021) and acceptor (0.02), respectively. The ƒ  value i.e. the 

fraction of quenching of DAPI emission due to FRET from DAPI to Ag 

NCs is estimated around 92%. This indicates that the majority of the 

observed fluorescence quenching is due to FRET process between DAPI 

and Ag NCs.  

In order to further explore the dynamics of this fluorescence 

quenching, femtosecond fluorescence upconversion measurements have 

been performed. Figure 5.8A shows the excited-state decay traces (λex= 

375 nm) of DAPI in the absence and presence of Ag NCs recorded at 490 

nm emission wavelength. DAPI in pH 7.4 phosphate buffer shows an 

average fluorescence lifetime of 81.50 ps with lifetime components of 

2.35 ± 0.18 ps (31%) and 117.90 ± 1.96 ps (69%) (Table 5.1). Similar bi-

exponential excited-state decay with a very short average lifetime of DAPI 

in aqueous solution is reported earlier [38, 39]. It has been proposed that 

DAPI in aqueous solution remains in two conformational structures 

(planner and twisted conformations) and exhibits fast non-radiative 

relaxation via excited-state proton transfer reaction [38, 39]. Significant 

shortening of fluorescence lifetime of DAPI has been observed in the 

presence of Ag NCs (Figure 5.8A). The average fluorescence lifetime of 

DAPI decreases from 81.50 to 3.71 ps in the presence of Ag NCs (Table  
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5.1). DAPI in the presence of Ag NCs exhibits a biexponential decay with 

lifetime components of 0.67 ± 0.02 ps (87%) and 24.80 ± 2.15 ps (13%). 

Here it is important to mention that the reported luminescence lifetime of 

DHLA-capped Ag NCs is in microsecond ("s) range and do not interfere 

with the decay traces of DAPI in the femtosecond time scale [31] . This 

shortened excited-state lifetime of DAPI in the presence of Ag NCs 

strongly signifies the involvement of nonradiative FRET from DAPI to Ag 

NCs. 

 

 

 

 

 

 

 

 

Figure 5.8. (A) Femtosecond fluorescence transients (λex = 375 nm) of 

DAPI in the absence (black) and presence of Ag NCs (blue) recorded at 

490 nm emission wavelength. (B) Theoretical curves of energy transfer 

efficiency against the distance between DAPI and Ag NCs generated from 

FRET theory. Experimentally obtained energy transfer efficiency from 

steady-state data is highlighted with a blue color circle. 

 

The efficiency (ϕEff) of this nonradiative FRET process was 

calculated using the following equation: 
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where ϕD-A and ϕD are the quantum yield of DAPI in the presence and 

absence of Ag NCs, respectively. The estimated EET efficiency of the 

present system is 77.7%. The calculated rate for this nonradiative EET is 

0.26 ×1012 s-1 (Table 5.2).  

Next, various energy transfer parameters for the present DAPI-Ag 

NC system were estimated. The Förster distance R0 for the present DAPI-

Ag NC system can be estimated by using the following equation: 

          '( = )*8.8 × 10/0123405/6! 7*829:;/=
     (3) 

where κ2 is the orientation factor of the transition dipoles of the donor and 

the acceptor, ϕD is the quantum yield of the donor, η is the refractive index 

of the medium, and J(λ) is the spectral overlap integral between the donor 

emission and the acceptor absorption spectrum. For the present DAPI-Ag 

NCs system, the calculated overlap integral is 5.51 × 10-14 M-1 cm3 and the 

estimated R0 is 2.45 nm (Table 5.2). Notably, for an ideal FRET pair, the 

typical Förster distance lies in the range of 2.0-6.0 nm [40] . Moreover, the 

estimated small R0 value for the present D-A system signifies that the 

present FRET pair can be used to probe the short-range distance 

fluctuations in various FRET- based applications.  

On the basis of the estimated value of R0, the theoretical quenching 

efficiency as a function of distance between DAPI and Ag NC was plotted 

according to the following equation:       

       !�� = ;
;>? @

@A
B

C       (4) 

where ϕET is the energy transfer efficiency and R is the separation distance 

between DAPI and Ag NC. Figure 5.8B shows the theoretical plots of the 

quenching efficiency against the separation distance based on the FRET 

theory for the present system. Experimentally obtained quenching 

efficiency for the present system is shown with the blue circle on the  
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curves. The estimated average separation distances between DAPI and Ag 

NC is 2.0 nm. Moreover, favorable electrostatic interactions between 

positively charged DAPI and negatively charged DHLA ligands on the 

surface of Ag NCs accounts for the very short distance (2.0 nm) between 

DAPI and Ag NCs (Scheme 5.1). 

 

Table 5.1. Fluorescence decay parameters of DAPI in the absence and 

presence of Ag NCs. 

 

System τ1(ps) a1 τ2 (ps) a2 <τ> (ps) 

DAPI 2.35  ± 0.18 0.31 117.90 ± 1.96 0.69 81.50 

+ Ag NCs 0.67  ± 0.02 0.87 24.80 ± 2.15 0.13 3.71 

 

Table 5.2. Estimated quantum yields, overlap integral (J), rate of energy 

transfer (kET), and R0 for DAPI-Ag NCs system. 

 

System ϕD J(λ)  

(M -1 cm3) 

kET 

(×1012s-1) 

R0 

(nm) 

DAPI 0.021  −  − − 

+ Ag NCs 0.0046 5.51 × 10-14 0.26 2.45 

 

 

 

 

 

 

 



                                            

 

 

 

 

 

 

 

 

 

 

Scheme 5.1. 

parameter R

center of Ag NC.

5.2.3. Effect of Ag NCs

Process

the presence of 0.2 wt % PDADMAC. Ag NCs in pH 7.4 phosphate buffer 

show an intense PL band (

luminescence properties of these Ag NCs alter significantly upon

of 0.2 wt

increases by a factor of 2.23 and the emission maximum shifts from 675 to 

666 nm with a 

specific interaction of negatively charged DHLA

positively charged polymer matrix. It is well known that the luminescence 

properties of noble metal NCs are very sensitive to t

ligands 

luminescence quantum yield. Hence, the observed enhancement in the 

luminescence intensity of DHLA

PDADMAC could be due to encapsulation of Ag NCs inside the polymer 

                                                                                  

153 

Scheme 5.1. Chemical structures of DAPI and DHLA

parameter R0  indicates the distance from center of DAPI molecule to 

r of Ag NC. 

Effect of Ag NCs-Polymer Composite Formation on the FRET 

Process 

Figure 5.9A displays the changes in the PL spectra of Ag NCs in 

the presence of 0.2 wt % PDADMAC. Ag NCs in pH 7.4 phosphate buffer 

show an intense PL band (λex=375 nm) centered at 675 nm. The 

luminescence properties of these Ag NCs alter significantly upon

of 0.2 wt% PDADMAC. The luminescence quantum yield of Ag NCs 

increases by a factor of 2.23 and the emission maximum shifts from 675 to 

666 nm with a 9 nm blue shift. These spectral changes strongly indicate 

specific interaction of negatively charged DHLA-capped Ag NCs with the 

positively charged polymer matrix. It is well known that the luminescence 

properties of noble metal NCs are very sensitive to t

 [28, 41]. Efficient surface capping of these NCs results in high 

luminescence quantum yield. Hence, the observed enhancement in the 

luminescence intensity of DHLA-capped Ag NCs in the presence of 

PDADMAC could be due to encapsulation of Ag NCs inside the polymer 
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Chemical structures of DAPI and DHLA-capped Ag NC. The 

r of DAPI molecule to the 

Polymer Composite Formation on the FRET 

A displays the changes in the PL spectra of Ag NCs in 

the presence of 0.2 wt % PDADMAC. Ag NCs in pH 7.4 phosphate buffer 

red at 675 nm. The 

luminescence properties of these Ag NCs alter significantly upon addition 

% PDADMAC. The luminescence quantum yield of Ag NCs 

increases by a factor of 2.23 and the emission maximum shifts from 675 to 

9 nm blue shift. These spectral changes strongly indicate 

capped Ag NCs with the 

positively charged polymer matrix. It is well known that the luminescence 

properties of noble metal NCs are very sensitive to the surface capping 

capping of these NCs results in high 

luminescence quantum yield. Hence, the observed enhancement in the 

capped Ag NCs in the presence of 

PDADMAC could be due to encapsulation of Ag NCs inside the polymer  
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matrix. This argument gains support from the observed 9 nm blue shift in 

the emission maximum of Ag NCs in the presence of PDADMAC. A 

control experiment with less polar methanol solvent shows similar 11 nm 

blue shifts in the emission maximum of Ag NCs compared to that in 

aqueous buffer (Figure 5.9B). Hence, the blue shift in the emission 

maximum of Ag NCs observed in the presence of PDADMAC could be 

due to the less polar environment of PDADMAC matrix compared to the 

bulk aqueous medium. These observations can be explained by 

considering effective encapsulation of Ag NCs by the positively charged 

PDADMAC.  

 

 

 

 

 

 

 

 

Figure 5.9. (A) Changes in the PL spectra (λex = 375 nm) of Ag NCs upon 

addition of 0.2 wt% PDADMAC. (B) Normalized PL spectra of Ag NCs in 

buffer (black line) and methanol (red line).  

To support this argument, the morphology of Ag NCs-PDADMAC 

composite system through HRTEM measurements has been visualized. 

Figure 5.10A displays the HRTEM image of Ag NCs-PDADMAC 

composite system. It is evident that all the Ag NCs are encapsulated in the 

polymer matrix. Notably, any Ag NCs have not been seen outside the 

polymer matrix. Figure 5.10B shows the magnified portion of a selected 

area of Figure 5.10A, where individual polymer encapsulated NC is  
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clearly visible. The inset of Figure 5.10B shows the size distribution 

histogram of the polymer encapsulated Ag NCs. The size varies from 2.25 

to 4.95 nm with an average size of 2.86 ± 0.56 nm. These HRTEM results 

reveal that the positively charged PDADMAC polymer efficiently 

encapsulates these negatively charged DHLA-capped Ag NCs through 

favorable electrostatic interactions. Further evidence of polymer 

encapsulation comes from PL imaging of individual Ag NC in the absence 

and presence of PDADMAC.  

 

 

 

 

 

 

 

 

Figure 5.10. (A) HRTEM image of Ag NCs-PDADMAC composite system. 

(B) A zoomed portion of image (A) showing encapsulated Ag NCs inside 

the PDADMAC matrix. The inset shows the size distribution histogram of 

encapsulated Ag NCs estimated from the HRTEM measurements. 

 

To explore the PL behavior of individual Ag NC in the absence 

and presence of PDADMAC, PL microscopy with an excitation 

wavelength of 457 nm from an argon ion laser (CW) has been performed. 

Figure 5.11A shows the PL image of Ag NCs on a clean glass coverslip. 

Localised diffraction limited (FWHM~1-3 pixels) luminescent spots have 

been observed from individual Ag NC. Intensity traces of these 

luminescent spots reveal no characteristic blinking (luminescence on/off)  

 



                                            

 

 

phenomenon (Figure 5.11B). Most of these

within few seconds (~10 sec). Earlier, Di

similar non-blinking single-molecule intensity traces of individual DNA

encapsulated Ag NCs [42]

encapsulated Ag NCs, our DHLA

Figure 5.11C shows the PL behavio

PDADMAC. It is evident that each of the luminescent spot

presence of 0.2 wt% PDADMAC becomes brighter compared to Ag NC 

alone. Figure 5.11D displays the PL intensity traces of three selected 

luminescent spots. Similar fast photobleaching with no characteristic 

blinking has been observe

PDADMAC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. (A) PL image and (B) intensity traces of individual Ag NCs. 

(C) PL image and (D) intensity traces of 

NCs. 
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). Most of these luminescent spots photobleach

within few seconds (~10 sec). Earlier, Dickson and co-workers observed 

molecule intensity traces of individual DNA-

[42] . However, in contrary to their DNA-

DHLA-capped Ag NCs photobleach very fast. 

behavior of Ag NC in the presence of 0.2 wt% 

PDADMAC. It is evident that each of the luminescent spots in the 

% PDADMAC becomes brighter compared to Ag NC 

D displays the PL intensity traces of three selected 

spots. Similar fast photobleaching with no characteristic 

blinking has been observed for Ag NCs embedded in 0.2 wt% 

(A) PL image and (B) intensity traces of individual Ag NCs. 

(C) PL image and (D) intensity traces of PDADMAC encapsulated Ag 
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Moreover, careful analysis of these luminescent spots in the 

absence and presence of PDADMAC reveals broader distribution of 

FWHM and higher luminescence intensity in the presence of PDADMAC 

(Figure 5.12). These observations correlate well with the earlier obtained 

results from HRTEM and steady-state PL measurements. The broader 

FWHM distribution (2-6 pixels) of luminescent spots in Ag NCs-polymer 

composite system might originate from co-localization of more than one 

Ag NC at the same luminescent spot during surface deposition. This 

possibility gain support from earlier observation of increased mean size of 

these NCs in Ag NCs-polymer composite system from HRTEM 

measurements. Similarly, the average intensity of each of these 

luminescent spots in Ag NCs-polymer composite system increases 

significantly, as compared to Ag NCs alone, which is similar to the 

enhanced PL quantum yield in steady-state PL measurements. Hence, 

these luminescence characteristics of Ag NC in the absence and presence 

of PDADMAC strongly support the formation of Ag NC-polymer 

composite system.  

 

 

 

 

 

 

 

 

 

Figure 5.12. Distribution histogram of (A) intensity and (B) FWHM of Ag 

NCs in the absence and presence of 0.2 wt% PDADMAC.  
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Next, the influence of Ag NCs-polymer composite formation on 

the extent of nonradiative FRET process between DAPI and Ag NC was 

monitored. Figure 5.13A shows the changes in the fluorescence spectra of 

DAPI in the absence and presence of Ag NCs-polymer composite. For 

comparison, the PL spectrum (λex= 375 nm) of Ag NCs alone is also 

shown in Figure 5.13A. Interestingly, the fluorescence quantum yield of 

DAPI remains almost unchanged in the presence of PDADMAC 

encapsulated Ag NCs (Figure 5.13A). On the other hand, a noticeable 

increase in the PL quantum yield of Ag NCs has been observed at 675 nm 

for the Ag NCs-polymer-DAPI system, compared to Ag NCs alone, which 

is similar to that has been observed earlier due to polymer encapsulation of 

Ag NCs.  

 

 

 

 

 

 

 

 

Figure 5.13. (A) Changes in the fluorescence spectra (λex = 375 nm) of 

DAPI (black line) and Ag NCs (red line) upon formation of DAPI-

PDADMAC-Ag NCs composite (blue line). (B) Femtosecond fluorescence 

transients (λex = 375 nm) of DAPI in the absence (black) and presence 

(blue) of PDADMAC-Ag NCs composite recorded at 490 nm emission 

wavelength.  

Figure 5.13B displays the fluorescence lifetime decay traces of 
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mentioned earlier, DAPI in aqueous buffer shows very short fluorescence 

lifetime of 81.50 ps with lifetime components of 2.35 ± 0.18 ps (31%) and 

117.90 ± 1.96 ps (69%) (Table 5.1). Notably, the fluorescence lifetime of 

DAPI does not quench in the presence of Ag NCs-PDADMAC composite. 

The average fluorescence lifetime of DAPI in the presence of Ag NCs-

PDADMAC composite shows a value of 115.90 ps with lifetime 

components of 3.21 ± 0.23 ps (29%) and 161.94 ± 2.98 ps (71%). This 

nominal increase in DAPI lifetime in the presence of Ag NCs-PDADMAC 

composite could be due to the increased hydrophobicity from the 

hydrocarbon side chains of polymer. Similar minor but noticeable increase 

in fluorescence quantum yield of DAPI has been observed upon addition 

of PDADMAC in steady-state measurement (Figure 5.14). These 

observations reveal that the nonradiative FRET process between DAPI 

and Ag NCs completely suppresses due to the compartmentalization of Ag 

NCs inside the polymer matrix (Scheme 5.2). Next, the effect of selective 

compartmentalization of donor (DAPI) on the FRET process was 

investigated. 

 

 

 

 

 

 

 

 

 

Figure 5.14. Changes in the fluorescence spectra of DAPI (λex= 375 nm) 

upon addition of 0.2 wt % PDADMAC.  
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Scheme 5.2. Schematic representation of the proposed polymer 

encapsulation of Ag NCs and subsequent modulation of nonradiative 

FRET process between DAPI and Ag NCs.
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Schematic representation of the proposed polymer 

encapsulation of Ag NCs and subsequent modulation of nonradiative 

FRET process between DAPI and Ag NCs. 

5.2.4. Effect of DNA Binding of DAPI on the FRET Process 

DAPI is an efficient DNA binding fluorescence marker and shows 

strong binding affinity with the minor-groove of DNA. In the present 

this phenomenon has been utilized for selective 

compartmentalization of DAPI (donor) from Ag NCs (acceptor). The aim 

is to know whether this selective compartmentalization of donor has any 

influence on the observed FRET process or not. Figure 5.15A shows the 

changes in the absorption spectra of DAPI in the absence and presence of 

DNA. DAPI shows an absorption maximum at 340 nm in pH 

phosphate buffer. However, in the presence of CT- DNA, the 

absorption peak shifts to 350 nm with a 10 nm red shift, signifying binding 

Figure 5.15A). On the other hand, the fluorescence 

= 375 nm) of DAPI exhibits a peak at 492 nm (Figure 

). Upon addition of CT-DNA, this peak shifts to 466 nm with a 26 

nm blue shifts. Moreover, a significant increase (~7 times) in fluorescence 

quantum yield has been observed in the presence of CT-DNA. This blue  
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shift with enhanced fluorescence from DAPI in the presence of CT-DNA 

clearly indicates that DAPI experiences more hydrophobic environment 

compared to bulk aqueous medium. 

 

 

 

 

 

 

 

 

Figure 5.15. (A) Absorption spectra and (B) fluorescence spectra of DAPI 

(2.5 µM, λex = 375 nm) in the absence (black line) and presence (red line) 

of 10 µM CT-DNA. 

In addition, the fluorescence lifetime of DAPI increases 

appreciably from 81.50 ps to 1.62 ns in the presence of CT-DNA (Table 

5.1 &5.3). Similar kinds of spectral changes have been observed earlier for 

DAPI bound to various hydrophobic host molecules [38, 39]. Earlier, it 

has been shown that DAPI binds to the AT base pairs of the minor groove 

of CT-DNA [43, 44]. Hence, on the basis of the previous literature and the 

present results, it can be stated that DAPI strongly binds to the minor 

groove of CT-DNA. Here it is important to mention that CT-DNA does 

not alter the PL characteristics of Ag NCs (Figure 5.16), indicating 

negligible interactions between the two. Next, the influence of this 

selective DNA binding of DAPI on the extent of FRET between DAPI and 

Ag NCs was investigated. 
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Figure 5.16. Changes in the PL spectra of Ag NCs upon addition of CT-

DNA.  

Figure 5.17A shows the fluorescence spectra (λex= 375 nm) of 

DNA bound DAPI in the absence and presence of Ag NCs. For 

comparison, Figure 5.17A also displays the emission spectra of DAPI and 

Ag NCs at 375 nm excitation. DNA bound DAPI shows a fluorescence 

peak (λex=375 nm) at 466 nm. The peak position and intensity of this 

fluorescence band of DNA bound DAPI remain unaltered in the presence 

of Ag NCs. Moreover, a red-shifted emission band centered at 670 nm has 

been observed for DAPI-DNA-Ag NC composite system, which can be 

assigned to luminescence from Ag NCs. These unchanged emission 

characteristics of DNA bound DAPI and Ag NCs in the mixture indicate 

complete suppression of nonradiative FRET process. To further 

substantiate this possibility, the changes in fluorescence lifetime of DNA 

bound DAPI in the absence and presence of Ag NCs have been measured. 

Figure 5.17B shows the lifetime decay traces of DNA bound DAPI in the 

absence and presence of Ag NCs recorded at 440 nm emission 

wavelength. All the decays were fitted with a bi-exponential decay 

function. DNA bound DAPI shows an average lifetime of 1.62 ± 0.02 ns  
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with lifetime components of 0.63 ns (51%) and 2.64 ns (49%) (Table 5.3). 

The lifetime of DNA bound DAPI remains unaltered in the presence of Ag 

NCs. The average lifetime of DNA bound DAPI shows a value of 1.68 ± 

0.03 ns with lifetime components of 0.50 ns (35%) and 2.32 ns (65%) in 

the presence of Ag NCs (Table 5.3).  

 

 

 

 

 

 

 

 

Figure 5.17. (A) Changes in the fluorescence spectra (λex = 375 nm) of 

DAPI-DNA complex (blue line) and Ag NCs (red line) upon formation of 

DAPI-DNA-Ag NCs composite (pink line). (B) Changes in the PL lifetime 

traces (λex = 375 nm) of DAPI-DNA complex (blue) in the presence of 5 

µM Ag NCs recorded at 440 nm emission wavelength. 

 

Table 5.3. Fluorescence decay parameters of DAPI in the presence of CT-

DNA and CT-DNA-Ag NCs system. 
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χ
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DAPI + CT-DNA 0.63 0.51 2.64 0.49 1.62 ± 0.02 1.06 

+ Ag NCs 0.50 0.35 2.32 0.65 1.68 ± 0.03 1.08 
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Hence, these results reveal selective and complete 

compartmentalization of DAPI within CT

suppression of nonradiative FRET process between DAPI and Ag NCs 

(Scheme 5.3). 

 

 

 

 

 

 

 

 

 

Scheme 5.3. Illustration of the effect of DNA binding 

nonradiative FRET process between DAPI and Ag NCs.

 

5.3. Conclusions 

In the present work, the fundamental mechanism behind the 

fluorescence quenching of DAPI in the presence of ultrasmall Ag NCs and 

its subsequent modulation in the presence 

CT-DNA has been addressed

quenches in the presence of Ag NCs. Importantly, the concomitant 

increase in the luminescence intensity of Ag NCs clearly signifies the 

involvement of FRET from DAPI t

quenching is predominantly nonradiative in nature with significant 

shortening of excited-state lifetime of DAPI. This nonradiative FRET 

process completely suppresses in the presence of a cationic polymer 
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Hence, these results reveal selective and complete 

compartmentalization of DAPI within CT-DNA and subsequent 

suppression of nonradiative FRET process between DAPI and Ag NCs 

Illustration of the effect of DNA binding of DAPI on the 

nonradiative FRET process between DAPI and Ag NCs. 

In the present work, the fundamental mechanism behind the 

fluorescence quenching of DAPI in the presence of ultrasmall Ag NCs and 

its subsequent modulation in the presence of PDADMAC polymer and 

been addressed. The fluorescence of DAPI significantly 

quenches in the presence of Ag NCs. Importantly, the concomitant 

increase in the luminescence intensity of Ag NCs clearly signifies the 

involvement of FRET from DAPI to Ag NCs. This fluorescence 

quenching is predominantly nonradiative in nature with significant 

state lifetime of DAPI. This nonradiative FRET 

process completely suppresses in the presence of a cationic polymer  
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PDADMAC. Steady-state PL, HRTEM, PL imaging measurements 

revealed efficient and complete encapsulation of acceptor (Ag NCs) 

within the polymer matrix. The effect of selective compartmentalization of 

donor (DAPI) on the FRET process is also demonstrated in the presence of 

CT-DNA. It has been observed that the nonradiative FRET process 

completely suppresses in the presence of CT-DNA due to the selective 

binding of DAPI with CT-DNA.   
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6.1. Introduction 

  Förster resonance energy transfer (FRET) has become one of the 

most widely used experimental tools in a variety of fields including single 

molecule investigation of DNA and proteins, light harvesting by model 

photosynthetic systems and supramolecular aggregates and nanoparticle-

based sensors [1-9]. FRET is a nonradiative process whereby an excited 

donor transfers its energy to a proximal ground state acceptor through 

dipole-dipole interactions [10]. The rate of energy transfer depends upon 

various factors such as the extent of spectral overlap, the relative 

orientation of the transition dipoles and most importantly, the distance 

between the donor and acceptor molecules which should be in the range of 

2-10 nm [10].  

           Over the past few years, numerous investigations have been 

executed on the structural and photophysical aspects of molecules 

entrapped in protein environments, DNA, micelles, reverse micelles, 

vesicles or various nanocavities due to the promising effects of confined 

assemblies on photophysical and biological phenomena [11-19]. Recently, 

due to the explicit distance dependence of FRET, it has been extensively 

used to characterize biologically relevant model membrane systems such 

as micelles and reverse micelles [20-24]. For example, Liu et al. (2013) 

investigated the concentration effect of the sulfonated Gemini surfactant 

on the FRET from acridine orange to rhodamine B [25]. Initially, with 

increase in surfactant concentration, the FRET efficiency increased almost 

linearly. Thereafter upon further addition of the surfactant, the FRET 

efficiency declined sharply due to the formation of large surfactant 

aggregates, which ultimately increased the distance between the donor and 

acceptor. In another study, Roy et al. (2016) performed a comparative  
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FRET study in pluronic triblock copolymer micelle and noisome 

composed of biological component cholesterol and investigated the effect 

of cholesterol and sucrose on the FRET parameters [26].  

           Recently, we have reported that DAPI and Ag NC form an 

excellent FRET pair with ~78% FRET efficiency and demonstrated the 

effect of compartmentalization of donor and acceptor on FRET efficiency 

[27]. DAPI exhibits excited state intramolecular proton transfer (ESIPT) 

from its amidino to indole moiety [28-30]. Due to this ESIPT, DAPI 

undergoes fast non-radiative relaxation which significantly retards upon 

binding with micelles, liposomes, DNA, etc. due to perturbed ESIPT [31-

35]. In the present work, we have studied the influence of surfactant 

assemblies of SDS on the FRET between DAPI and Ag NC. While DAPI 

interacts specifically with SDS surfactants in a concentration-dependent 

manner, Ag NC shows no specific interaction with surfactant assemblies. 

Our results reveal that DAPI forms aggregates with the SDS at the 

interface and with the increase in concentrations, it interacts with the SDS 

pre-micelles followed by its complete incorporation into the Stern layer of 

SDS micelles. These specific concentration-dependent interactions 

between DAPI and SDS hinder the non-radiative FRET between DAPI 

and Ag NC. 

6.2. Results and Discussion 

6.2.1. Interaction of DAPI with SDS: Steady-State FL Measurements  

  The absorption spectrum of DAPI shows a peak at 341 nm in pH 

7.4 phosphate buffer (Figure 6.1). Significant spectral changes have been 

observed upon addition of SDS. At low concentrations of SDS (upto 0.6 

mM), the absorbance of DAPI decreases. The absorption spectrum  
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broadens without any noticeable change in the peak maxima. However, on 

further increase in concentrations of SDS (1 to 16 mM), the absorbance of 

DAPI increases with gradual peak shift to a longer wavelength. At 1 mM 

SDS, a broad spectrum centered at 349 nm has been observed and this 

absorption maximum further shifts to 356 nm in the presence of 16 mM 

SDS.  

 

 

 

 

 

  

 

Figure 6.1. Changes in the absorption spectra of DAPI upon gradual 

addition of SDS. 

           Figure 6.2 shows the changes in FL spectra (λex = 375 nm) of DAPI 

in the presence of different concentrations of SDS.  DAPI exhibits FL 

maximum at 492 nm upon excitation at 375 nm (Figure 6.2A) [27]. The 

emission maximum of DAPI shifts to 556 nm with a red shift of 64 nm in 

the presence of 0.2 and 0.4 mM SDS. At 0.6 mM SDS, along with the 556 

nm peak, a blue shifted peak at 472 nm has been observed. The FL 

maximum shifts to 470 nm with 4 and 13 fold FL enhancements in 

the presence of 1 and 2 mM SDS, respectively (Figure 6.2B).  For  
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concentrations at and above 4 mM SDS, the emission maxima shift to 466 

nm showing FL enhancements of 45 and 48 fold upon addition of 4 and 16 

mM SDS, respectively (Figure 6.2B).  

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Changes in the FL spectra of DAPI (λex = 375 nm) upon 

addition of (A) (i) 0 mM, (ii) 0.2 mM, (iii) 0.4 mM, (iv) 0.6 mM SDS, and 

(B) (v) 1 mM, (vi) 2 mM, (vii) 4 mM, (viii) 8 mM, and (ix) 16 mM SDS. 

  Figure 6.3A shows the plot of FL intensity ratio (I/I0) of DAPI 

against concentrations of SDS. I and I0 represent fluorescence intensity of 

DAPI at 492 nm in the presence and absence of SDS, respectively. The 

sigmoidal plot illustrates that with the increase in the concentration of 

SDS from, the FL intensity of DAPI increases and beyond 4 mM SDS, the 

FL intensity saturates. To know the nature of interactions between DAPI  
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and SDS, we have studied the effect of non-ionic TX-100 and cationic 

CTAB surfactants on the FL of DAPI. Figure 6.3B displays the plot of I/I0 

(λem = 492 nm) against concentrations of TX-100 and CTAB.  Figure 6.3B 

shows that in the presence of TX-100 (0.1-1 mM), the FL intensity of 

DAPI shows negligible FL enhancement of 1.6 fold, whereas FL spectrum 

of DAPI remains unaltered upon addition of CTAB (0.2-2 mM). Since 

TX-100 is a non-ionic surfactant, the negligible FL enhancement may be 

due to the hydrophobic environment of non-ionic TX-100 micelles. The 

unaltered emission of DAPI in the presence of positively charged CTAB 

can be explained by considering the minimal interaction between DAPI 

and CTAB. This is due to the electrostatic repulsion between similarly 

charged molecules. These results clearly indicate that 48 fold FL 

enhancement of DAPI in the presence of SDS is due to the specific 

electrostatic interactions between the positively charged DAPI and 

negatively charged SDS.  

 

 

 

 

 

 

 

Figure 6.3. I/I0 (λem = 492 nm) against concentrations of surfactant for 

DAPI in the presence of (A) SDS and (B) TX-100 and CTAB. 
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  Previously, similar kind of spectral changes for various dye-

surfactant systems have been reported [36-39].  At lower concentrations 

of SDS (0.2-0.4 mM), the changes in the absorption spectra and the red-

shifted 556 nm peak in the FL spectra of DAPI can be explained by 

considering the formation of DAPI-SDS aggregates at the interface. The 

favorable electrostatic interaction between negatively charged SDS and 

positively charged DAPI results in aggregation. Previously, based on the 

spectral changes observed, the dye - surfactant aggregates are classified 

either as J/H-aggregates or non-specific aggregates [40-42]. In the 

presence of 0.2-0.4 mM SDS, the absence of peak shift in the absorption 

maxima along with the insignificant changes in the FL intensity of DAPI 

suggests that these DAPI-SDS aggregates cannot be assigned to J or H 

type of aggregates. Hence, these aggregates are referred to as non - 

specific DAPI-SDS aggregates [41]. With the gradual increase in 

concentrations, the surfactant monomers self-assemble to form pre-

micelles followed by the formation of micelles at CMC. The enhancement 

in absorbance of DAPI along with 8 to 15 nm bathochromic shifts upon 

addition of 0.6 to 16 mM SDS, respectively reflects the association of 

positively charged DAPI with the negatively charged surfactant 

assemblies. In the presence of 0.6 mM SDS, the appearance of two FL 

peaks clearly indicates the interaction of DAPI with two different 

surfactant assemblies. The emission at 556 nm is quite similar to the 

emission observed due to the formation of DAPI-SDS aggregates in the 

presence of 0.2-0.4 mM SDS. The blue-shifted emission at 472 nm 

signifies the association of positively charged DAPI with the negatively 

charged SDS pre-micelles. The FL enhancement at 1 and 2 mM SDS with 

a further blue-shifted emission maximum centered at 470 nm strongly 

indicates the association of DAPI with the negatively charged pre-micelles  
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of SDS, where DAPI experiences the less polar environment as compared 

to aqueous medium. The CMC of SDS in water is 8 mM which reduces to 

3-4 mM in phosphate buffers [43, 44]. Therefore, the sudden jump in the 

FL intensity of DAPI in the presence of 4 mM SDS can be rationalized by 

considering the incorporation of DAPI into the Stern layer of SDS 

micelles. The observed saturation of the FL intensity of DAPI upon further 

addition of SDS reveals that all the DAPI molecules get incorporated into 

the Stern layer of SDS micelles. Similar kind of FL enhancements with the 

significant blue shift in the emission maximum of DAPI have been 

observed in the presence of liposomes, proteins, DNA, cyclodextrin, etc. 

due to its specific association with these hydrophobic systems [31-35]. 

 6.2.2. Time-Resolved FL Measurements: DAPI-SDS System  

  To get further insights of the mechanism of interaction between 

DAPI and SDS, we have performed time-resolved fluorescence 

measurements. The FL decay traces of DAPI (λex = 375 nm) upon gradual 

addition of SDS have been recorded at an emission wavelength of 492 nm 

(Figure 6.4A and 6.4B). All the estimated lifetime components are listed 

in Table 6.1. 

  DAPI shows single exponential FL decay with the lifetime of 0.14 

ns which matches well with the earlier reports (Figure 6.4A) [32, 34]. The 

short lifetime of DAPI in the aqueous medium is due to the non-radiative 

ESIPT in the presence of water molecules. In various restricted 

environments, this ESIPT is hindered due to unavailability of water 

molecules in its vicinity, resulting in slower excited state dynamics [31-

35]. Figure 6.4A displays the changes in the FL decay traces of DAPI in 

the presence of 0.2 to 0.6 mM SDS. For 0.2 mM SDS, DAPI exhibits bi- 
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exponential decay with an average FL lifetime of 0.24 ns having lifetime 

components of 0.14 (88%) and 0.96 (12%) ns. At 0.4 mM SDS, the 

average FL lifetime increases to 0.30 ns with lifetime components of 0.15 

(83%) and 1.05 (17%) ns. In the presence of 0.2 mM SDS, the 0.14 ns 

component matches with the FL lifetime of free DAPI in the aqueous 

medium, whereas 0.96 ns component can be assigned to the DAPI-SDS 

non-specific aggregates formed at the interface. For 0.4 mM SDS, the free 

DAPI component further decreases with an increase in the contribution 

from DAPI-SDS aggregates.  

  Upon addition of 0.6 mM SDS, DAPI shows tri-exponential decay 

kinetics having average lifetime of 0.67 ns with lifetime components of 

0.19 (53%), 0.95 (37%) and 2.18 (10%) ns. The free DAPI component 

further decreases with an increase in contribution from DAPI-SDS 

aggregates. The additional 2.18 ns lifetime component can be assigned to 

the pre-micelles associated DAPI. These lifetime components of DAPI in 

the presence of 0.6 mM SDS clearly reveal the existence of free DAPI, 

DAPI-SDS aggregates at the interface and pre-micelles associated DAPI. 

The lifetime of pre-micelles associated DAPI increases due to the 

perturbed ESIPT. Figure 6.4B shows the changes in the FL decay traces of 

DAPI upon further addition of 1 to 16 mM SDS. At 1 mM SDS, DAPI has 

an average lifetime of 1.13 ns with lifetime components of 0.17 (31%), 

0.86 (31%) and 2.15 (38%) ns. For 2 mM SDS, the average lifetime 

becomes 1.42 ns with lifetime components of 0.16 (26%), 1.18 (32%) and 

2.40 (42%) ns. These FL lifetime results show the enhanced contribution 

of the component assigned to pre-micelles associated DAPI in the 

presence of 1 and 2 mM SDS.  

   



                                                                                  Chapter 6 

182 
 

 

   

 

 

 

 

 

 

 

 

Figure 6.4. (A) Changes in the FL lifetime decay traces of DAPI (λex = 

375 nm) in the presence of (A) (i) 0 mM, (ii) 0.2 mM, (iii) 0.4 mM, (iv) 0.6 

mM SDS, and (B) (v) 1 mM, (vi) 2 mM, (vii) 4 mM, (viii) 8 mM, and (ix) 

16 mM SDS recorded at 492 nm emission wavelength. (C) τ/τ0 (λem = 492 

nm) against concentrations of SDS for DAPI-SDS system. 

  DAPI shows single exponential decay kinetics at and above 4 mM 

SDS concentration (Figure 6.4B). In the presence of 4 mM SDS, the FL 

lifetime of DAPI increases to 2.90 ns, which further enhances to 3.10 and 

3.14 ns upon addition of 8 and 16 mM SDS, respectively. It is important to 

mention here that upon micellization, i.e. at SDS ≥ 4 mM, the single 

exponential decays of DAPI clearly indicate the association of DAPI to 

only one type of surfactant assembly. In phosphate buffer, since the CMC 

of SDS is ~ 3-4 mM, these lifetime data reveal complete incorporation of 

DAPI into the Stern layer of SDS micelles, where it experiences the less  
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polar environment in comparison with the aqueous medium. As a result of 

this incorporation, the ESIPT is hindered resulting in an enhanced FL 

lifetime of DAPI. Figure 6.4C shows the plot of the ratio of average FL 

lifetime (τ/τ0) versus concentrations of SDS for DAPI-SDS system. The 

parameters τ and τ0 are the average FL lifetimes of DAPI in the presence 

and absence of SDS.  Based on the steady-state and time-resolved results, 

the specific interaction between DAPI and different surfactant assemblies 

of SDS is illustrated in Scheme 6.1. 

Table 6.1. Fluorescence decay parameters of DAPI in the presence of 

different concentrations of SDS. 

Sample τ1 

(ns) 

a1 τ2 

(ns) 

a2 τ3 

(ns) 

a3 τavg 

(ns) 

χ
2 

DAPI 0.14 1.0 - - - - 0.14 1.09 

+ 0.2 mM SDS 0.14 0.88 0.96 0.12 - - 0.24 1.16 

+ 0.4 mM SDS 0.15 0.83 1.05 0.17 - - 0.30 1.15 

+ 0.6 mM SDS 0.19 0.53 0.95 0.37 2.18 0.10 0.67 1.16 

+ 1 mM SDS 0.17 0.31 0.86 0.31 2.15 0.38 1.13 1.08 

+ 2  mM SDS 0.16 0.26 1.18 0.32 2.40 0.42 1.42 1.01 

+ 4 mM SDS - - - - 2.90 1 2.90 1.07 

+ 8 mM SDS - - - - 3.10 1 3.10 1.00 

+ 16 mM SDS - - - - 3.14 1 3.14 1.01 
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Scheme 6.1. Interaction of DAPI with different surfactant assemblies of 

SDS. 

6.2.3. Effect of Surfactant Assemblies on FRET between DAPI and Ag 

NC 

  Figure 6.5A shows the absorption and PL spectra of as-synthesized 

DHLA-capped Ag NC. The absorption spectrum of Ag NC shows two 

peaks at 329 and 426 nm with a weak shoulder at 497 nm. The PL 

spectrum consists of a distinct band centered at 675 nm (λex = 375 nm). 

The absorption and PL maxima match well with the earlier reports [27, 

45]. The morphology and size of the Ag NC have been estimated by 

HRTEM measurements (Figure 6.5B). The image reveals spherical 

particles with average diameter of 1.84 ± 0.12 nm (inset, Figure6.5B) [27, 

45].  
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Figure 6.5. (A) Normalized absorption (black line) and PL (red line) 

spectra of synthesized Ag NCs at an excitation wavelength of 375 nm. (B) 

HRTEM image of Ag NCs. The inset shows the size distribution histogram 

for Ag NCs generated from HRTEM measurements. (C) ESI mass 

spectrum of synthesized DHLA capped Ag NCs in 1:1 water-methanol 

mixture. 

              Figure 6.5C shows the mass spectrometric analysis of Ag NC. 

The spectrum reveals a major peak at m/z 477.30 and a minor peak at m/z 

578 which can be assigned to [Ag4 + 2Na]+ and [Ag5 + K]+ clusters, 

respectively. The other significant peaks at higher m/z values correspond 

to ligand associated Ag4 and Ag5 clusters. The spectrum correlates well 

with our earlier reports of Ag NCs revealing majority of the Ag4 core with 

a minor amount of Ag5 core [27].  
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DAPI-Ag NC forms an excellent FRET pair in aqueous solution 

due to significant spectral overlap as demonstrated in our earlier report 

[27]. In the presence of Ag NC, the FL of DAPI quenches with 

concomitant PL enhancement of Ag NC (Figure 6.6). Previously, using 

femtosecond upconversion technique we have shown that the average FL 

lifetime of DAPI decreases from 81.50 to 3.71 ps in the presence of Ag 

NC [27]. Furthermore, the normalized excitation spectra of Ag NC in the 

absence and presence of DAPI recorded at 675 nm emission wavelength 

(with 399 nm filter) show enhanced intensity in the wavelength range 300-

400 nm which supports the FRET process from photoexcited DAPI to Ag 

NC [27]. 

 

 

 

 

 

 

Figure 6.6. Changes in the emission spectra (λex = 375 nm) of DAPI (dash 

blue) and Ag NC (dash red) upon mixing (solid orange) in PBS.  

  The FRET efficiency (ϕEff) from DAPI to Ag NCs was estimated 

using the following equation: 
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where ϕD-A and ϕD are the quantum yields of the donor in the presence and 

absence of the acceptor, respectively. The parameters τD-A and τD are the 

average FL lifetime of the donor in the presence and absence of the 

acceptor, respectively. 

             The Förster distance R0 between the donor and acceptor at which 

50% energy transfer is observed, was calculated using 

                                    � = ��8.8 × 10���������������� !"/$
      (2) 

where κ2 is the orientation factor of the transition dipoles of the donor and 

the acceptor, ϕD is the quantum yield of the donor, η is the refractive index 

of the medium and J(λ) is the spectral overlap integral between the donor 

emission and the acceptor absorption spectra.  

             With the help of calculated values of ϕEff and R0, the distance 

between donor and acceptor was estimated using the following equation:  

                                                          ���� = "
"%& '

'(
)

*                       (3) 

where ϕEff is the energy transfer efficiency and R is the distance between 

donor and acceptor. For DAPI-Ag NC pair, the estimated ϕEff from the 

steady-state data is 78%. The calculated overlap integral is 5.12 × 10-14 M-

1 cm3 and the estimated R0 is 2.42 nm. Based on the estimated ϕeff and R0 

values, the separation distance (R) of 1.98 nm has been calculated for 

DAPI-Ag NC FRET pair. The estimated FRET parameters for DAPI-Ag 

NC pair match well with our previous report [27]. 
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Figure 6.7. Changes in the PL spectrum (λex = 375 nm) of Ag NCs upon 

gradual addition of SDS. The inset shows the changes in the absorption 

spectrum of Ag NCs in the presence of SDS. 

  While DAPI interacts specifically with SDS in a concentration-

dependent manner, Ag NC shows no specific interactions with surfactant 

assemblies (Figure 6.7). The primary goal of the present study is to 

explore the effect of specific interaction between DAPI and SDS on the 

efficiency of FRET from DAPI to Ag NC. Here, we have monitored the 

FL spectra of DAPI in the presence of two different surfactant 

concentrations namely 1 and 16 mM SDS, upon addition of Ag NC. 

Figure 6.8A reveals that the extent of fluorescence quenching is 

significantly less in the presence of 1 mM SDS as compared to that in its 

absence, indicating less efficient energy transfer. Interestingly, in the 

presence of 16 mM SDS the peak position as well as the FL intensity of 

DAPI remains unaltered upon addition of Ag NC indicating complete  
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suppression of nonradiative FRET between DAPI and Ag NC (Figure 

6.8B).  

 

 

 

 

 

 

 

 

 

 

Figure 6.8. Changes in the emission spectra (λex = 375 nm) of DAPI (dash 

blue) and Ag NC (dash red) upon mixing (solid orange) in (A) 1 mM SDS 

and (B) 16 mM SDS. 

  To further substantiate these steady-state results, we have 

measured the changes in the FL lifetime of DAPI in the presence of two 

different SDS assemblies upon addition of Ag NC. The lifetime decay 

traces (λex = 375 nm) were recorded at 492 nm emission wavelength. For 1 

and 16 mM SDS the decays were fitted with bi-exponential and single-

exponential decay functions, respectively. All the estimated lifetime 

components are listed in Table 6.2.  
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Figure 6.9. FL lifetime decay traces (λex = 375 nm) of DAPI, upon 

addition of (A) 1 mM and (B) 16 mM SDS in the absence (i) and presence 

(ii) of Ag NC (λem = 492 nm). 

             Figure 6.9A shows the changes in lifetime decay traces of DAPI 

in the presence of 1 mM SDS upon addition of Ag NC. As mentioned 

earlier, DAPI in the presence of 1 mM SDS has an average FL lifetime of 

1.13 ns with lifetime components of 0.17 (31%), 0.86 (31%) and 2.15 

(38%) ns. Upon addition of Ag NC, this average lifetime reduces to 0.83 

ns with lifetime components of 0.12 (41%), 0.73 (34%) and 2.14 (25%) 

ns. Notably, the lifetime due to the pre-micelles associated DAPI remains 

unchanged whereas the lifetimes corresponding to free DAPI and DAPI-

SDS aggregate decreases. This clearly indicates that the observed FL 

quenching of DAPI by Ag NC in the presence of 1 mM SDS is due to the  
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interaction of Ag NC with free DAPI and DAPI-SDS aggregates whereas 

the FL from pre-micelles associated DAPI remains unquenched. As a 

consequence, the overall quenching efficiency due to the non-radiative 

FRET decreases in 1 mM SDS. Figure 6.9B shows that the lifetime decay 

of DAPI in the presence of 16 mM SDS remains unaffected upon addition 

of Ag NC. The FL lifetime of DAPI for 16 mM SDS addition is 3.14 ns 

which remains unchanged in the presence of Ag NC (Table 6.2). The 

unchanged average FL lifetime of DAPI in the presence of 16 mM SDS 

upon addition of Ag NC indicates complete suppression of nonradiative 

FRET from DAPI to Ag NC.  

Table 6.2. Fluorescence decay parameters of DAPI-SDS system in the 

absence and presence of Ag NCs. 

Sample 

(DAPI) 

τ1 

(ns) 

a1 τ2 

(ns) 

a2 τ3 

(ns) 

a3 <τ> 

(ns) 

χ
2 

+ 1 mM SDS 0.17 0.31 0.86 0.31 2.15 0.38 1.13 1.08 

+1 mM SDS + 

Ag  NCs 

0.12 0.41 0.73 0.34 2.14 0.25 0.83 1.05 

+ 16 mM SDS - - - - 3.14 1 3.14 1.10 

+ 16 mM SDS 

+ Ag NCs 

- - - - 3.12 1 3.12 1.06 

   

  The radiative and nonradiative decay rates of DAPI in the presence 

of 1 and 16 mM SDS upon addition of Ag NC are estimated according to 

the following equations: 

                                                                 +, = ��
��

           (4) 
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                                                             +-, = &"���
�.

)                      (5) 

where kr and knr are the radiative and nonradiative decay rates, 

respectively. ϕD is the quantum yield and τD is the average lifetime of the 

donor. It is evident from Table 6.3 that in the presence of 1 mM SDS the 

radiative rate almost remains same, whereas the nonradiative rate 

increases from 0.81 × 109 s-1 to 1.13 × 109 s-1 indicating nonradiative 

energy transfer from DAPI to Ag NC. The estimated ϕEff from DAPI (in 

the presence of 1 mM SDS) to Ag NC from steady-state and time-resolved 

data is 23% and 27%, respectively (Table 6.3).In the presence of 1 mM 

SDS, the calculated Förster distance (R0) for DAPI-Ag NC pair increases 

to 3.17 nm and the separation distance (R) between DAPI and Ag NC 

increases to 3.88 nm (Table 6.3). Due to the specific interactions between 

DAPI and SDS, the distance between DAPI and Ag NC increases as a 

result of which, the FRET efficiency for DAPI-Ag NC pair decreases. For 

16 mM SDS, DAPI is completely incorporated in the negatively charged 

SDS micellar Stern layer due to which a complete suppression of FRET 

from DAPI to Ag NC has been observed. Hence, our results reveal that the 

concentration-dependent specific interactions between DAPI and SDS 

significantly affect the FRET efficiency of DAPI-Ag NC pair (Scheme 

6.2). 
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Table 6.3. Estimated quantum yields, radiative rates, nonradiative rates, 

efficiency of energy transfer, and FRET distance for DAPI-Ag NC pair in 

the presence of 1 mM SDS. 

 

 

 

 

 

 

 

Scheme 6.2. Schematic representation of the modulation of FRET between 

DAPI and Ag NC due to the addition of 1 mM and 16 mM SDS. 

6.3. Conclusions 

  In the present work, we have demonstrated the effect of SDS 

surfactant assemblies on the FRET between DAPI and Ag NC. DAPI 

shows specific concentration-dependent interaction with SDS, whereas Ag 

NC remains unaffected upon addition of SDS. In the presence of 0.2 mM  

Sample 

(DAPI) 

φD kr 

(×109 s-1) 

knr 

(×109 s-1) 

φEff 

(F) 

φEff 

(τ) 

R0 

(nm) 

R 

(nm) 

+ 1 mM SDS 0.080 0.071 0.81 - - - - 

+ 1 mM SDS 

+ Ag NCs 

0.062 0.074 1.13 0.23 0.27 3.17 3.88 
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and 0.4 mM SDS, DAPI-SDS non-specific aggregates are formed at the 

interface. At 0.6 mM SDS, the existence of DAPI-SDS aggregates at the 

interface along with the pre-micelle associated DAPI is observed. Upon 

addition of 1 and 2 mM SDS, the extent of association of DAPI with the 

pre-micelles of SDS increases, followed by its complete incorporation in 

the micellar Stern layer at and above 4mM SDS. These specific 

interactions of DAPI with SDS significantly affect FRET between DAPI 

and Ag NC. In the presence of 1 mM SDS, the ϕEff for DAPI-Ag NC pair 

reduces to 23%. Furthermore, this FRET between DAPI and Ag NC 

completely suppresses at 16 mM SDS due to the incorporation of DAPI 

into the micellar Stern layer of SDS.  
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7.1. Conclusions 

 The resonance EET from various photoexcited donors to 

acceptors has been studied thoroughly in the recent past due to its 

importance in photovoltaics, light-emitting diodes, sensors, bioimaging, 

etc. Despite of numerous reports, the fundamental mechanism of EET 

from various photoexcited donors to metal NP as well as the role of 

spectral overlap in the EET process still remains obscure. Moreover, very 

less is known about the mechanism and dynamics of fluorescence 

quenching near the ultrasmall metal NC, which lacks characteristic LSPR. 

Therefore, a comprehensive study was required to reveal the mechanism 

and dynamics of EET from various photoexcited donors to metal NPs and 

NCs as well as the role of spectral overlap. Here in this thesis, the detailed 

mechanism and dynamics of EET from various photoexcited donors such 

as Si QDs, CDs, and DAPI to Ag NPs and Ag NCs as acceptors have been 

demonstrated. The PL quenching of photoexcited donors in the presence 

of Ag NPs correlates well with NSET rather than FRET model. Moreover, 

the involvement of spectral overlap in the NSET process has been clearly 

revealed. Further, the effect of different sizes of Ag NPs on NSET 

efficiency has also been displayed. The mechanism and dynamics of 

fluorescence quenching of photoexcited DAPI near the ultrasmall Ag NCs 

has been explained using the FRET model. Furthermore, the influence of 

various microheterogeneous environments such as CTAB, SDS, 

PDADMAC, and DNA on the efficiency of energy transfer has also been 

illustrated. The following next paragraphs discuss the chapter-wise 

conclusion of the entire work of this thesis. 

 In chapter three, it has been demonstrated that the observed PL 

quenching of Si QDs in the presence of Ag NPs is mainly due to the EET  
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from photoexcited Si QD to the surface of Ag NP. The quenching in 

steady-state PL yield as well as in the excited-state lifetime of Si QDs in 

the presence of Ag NPs is due to the increased nonradiative decay rate, 

while the radiative decay rate remains almost constant. The experimentally 

estimated quenching efficiency from the lifetime data correlates well with 

the NSET mechanism rather than FRET mechanism. The NSET efficiency 

significantly reduces in the presence of 0.5 mM CTAB. CTAB molecules 

not only induce aggregation of Ag NPs but also provide an extra bilayer 

shell on top of the citrate-capped Ag NPs, due to which the mean 

separation distance between Si QD and the surface of Ag NP increases. As 

a result, the NSET efficiency decreases. 

 In chapter four, the resonant NSET process between CD and 

different sized citrate-capped Ag NPs has been illustrated. The steady-

state and time-resolved lifetime measurements reveal significant PL 

quenching of CD in the presence of Ag NPs. The origin behind this PL 

quenching of CD has been rationalized on the basis of increased 

nonradiative decay rate due to NSET from photoexcited CD to Ag NP 

surface.  Moreover, it has been observed that the efficiency of this NSET 

increases with increase in the size of Ag NPs. This phenomenon has been 

explained by considering the extent of spectral overlap and distance 

between CD and different sized Ag NPs. It has been observed that with 

increase in the size of Ag NPs, the spectral overlap increases. More 

importantly, the zeta potential of Ag NPs decreases with increase in the 

size and as a consequence, the effective distance between CD and Ag NPs 

decreases due to reduced electrostatic repulsion. These findings reveal that 

the efficiency of NSET process can be easily tuned as a function of NP 

size. 
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 In chapter five, the fundamental mechanism behind the 

fluorescence (FL) quenching of DAPI in the presence of ultrasmall Ag NC 

and its subsequent modulation in the presence of PDADMAC polymer and 

CT-DNA have been explored. The FL of DAPI significantly quenches in 

the presence of Ag NCs. Importantly, the concomitant increase in the PL 

of Ag NCs clearly signifies the involvement of FRET from DAPI to Ag 

NC. The FL quenching is predominantly nonradiative in nature with 

significant shortening of the excited-state lifetime of DAPI. This 

nonradiative FRET process completely suppresses in the presence of a 

cationic polymer PDADMAC. Steady-state PL, HRTEM and PL imaging 

measurements reveal efficient and complete encapsulation of acceptor (Ag 

NC) within the polymer matrix. The effect of selective 

compartmentalization of donor (DAPI) on the FRET process has also been 

demonstrated in the presence of CT-DNA. The nonradiative FRET process 

completely suppresses in the presence of CT-DNA due to the selective 

binding of DAPI with CT-DNA.   

 In chapter six, the effect of SDS assemblies on the FRET between 

DAPI and Ag NC in phosphate buffer has been demonstrated by using FL 

spectroscopy. While DAPI interacts specifically with SDS surfactants in a 

concentration-dependent manner, Ag NC shows no specific interaction 

with surfactant assemblies. At very low concentrations of SDS (< 0.6 

mM), DAPI forms surfactant-induced aggregates at the interface. In the 

case of intermediate SDS concentrations (0.6 mM ≤ SDS < 4 mM), DAPI 

associates with the negatively charged SDS pre-micelles via electrostatic 

interaction. Beyond 4 mM SDS, the FL intensity of DAPI saturates due to 

complete incorporation of DAPI into the micellar Stern layer. The 

negligible changes in the FL of DAPI upon addition of non-ionic triton X- 
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100 (TX-100) and cationic CTAB surfactants indicate minimal interaction 

of DAPI with TX-100 and CTAB. Hence, the significant FL enhancement 

of DAPI in the presence of SDS is due to the specific electrostatic 

interactions between the positively charged DAPI and negatively charged 

SDS. Notably, the interaction between DAPI and Ag NC significantly 

perturbs in the presence of SDS. In phosphate buffer, FRET efficiency 

(ϕEff) of 78% has been estimated for DAPI-Ag NC pair. This ϕEff decreases 

to 23% in the presence of 1 mM SDS. Furthermore, in the presence of 16 

mM SDS, complete suppression of this nonradiative FRET has been 

observed due to the incorporation of DAPI into the micellar Stern layer. 

7.2. Scope for Future Works  

 Resonance energy transfer being a sensitive and selective 

fluorescence technique has been widely used in various research fields. 

The present thesis unveils the fundamental mechanism and dynamics of 

the EET from various photoexcited donors such as Si QDs, CDs, and 

DAPI to Ag NPs and Ag NCs as acceptors. Moreover, in this thesis, the 

effect of various microheterogeneous environments such as surfactants, 

polymer, and DNA on the efficiency of energy transfer has also been 

illustrated. In chapter 3 and 4, the role of spectral overlap and size of NPs 

in NSET has been demonstrated from photoexcited Si QDs and CDs to Ag 

NPs. Further, the effect of donor-acceptor separation distance on the 

efficiency of resonance EET can be investigated. For example, the 

separation distance between the positively charged donor and negatively 

charged metal NP can be varied by using stabilizing agents of different 

alkyl chain lengths containing both thiol as well as carboxylic acid groups 

such as mercaptopropionic acid, mercaptohexanoic acid, 

mercaptodecanoic acid, etc (Scheme 7.1).  



                                                                                  

 

 

 

 

 

 

 

 

Scheme 7.1. Schematic representation 

having different alkyl chain length.

 The separation distance between the donor and acceptor can also 

be controlled by covalent attachment of donor and acceptor using different 

spacer molecules such as peptides, dendrimers

chapter 5 and 6, the FRET has been demonstrated from photoexcited 

DAPI to Ag NC, followed by its subsequent suppression in the presence of 

polymer, DNA, and SDS assemblies

dots can be synthesized which can be used as donors for EET studies. For 

example, a comparative study of the resonance EET can be carried out by 

synthesizing traditional quantum dots

shell quantum dots (e.g. CdSe/ZnS, PbS/CdS

perovskite quantum dots (e.g. Cs

band gap. Depending upon the optical properties of these QDs, 

nanoclusters as acceptors can be strategically chosen. Such donor

pairs can further be utilized for

applications.  
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Schematic representation of metal NPs with surface ligands 

having different alkyl chain length. 

The separation distance between the donor and acceptor can also 

controlled by covalent attachment of donor and acceptor using different 

spacer molecules such as peptides, dendrimers, DNA strands, etc. In 

chapter 5 and 6, the FRET has been demonstrated from photoexcited 

, followed by its subsequent suppression in the presence of 

polymer, DNA, and SDS assemblies. Further, different types of quantum 

which can be used as donors for EET studies. For 

example, a comparative study of the resonance EET can be carried out by 

synthesizing traditional quantum dots (e.g. CdSe, CdS, ZnSe, etc.) core-

(e.g. CdSe/ZnS, PbS/CdS, etc.) and recently emerging 

(e.g. CsPbBr3, CH3NH3PbCl3, etc.) with tunable 

. Depending upon the optical properties of these QDs, metal 

nanoclusters as acceptors can be strategically chosen. Such donor-acceptor 

pairs can further be utilized for various optoelectronic and photovoltaic 

Chapter 7 
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