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Abstract 

 

To know the effect of localized surface plasmon resonance 

(LSPR), on the luminescence of the nearby fluorophore shell, silver 

nanoparticles (Ag NPs) and a core-shell nanoconjugate Ag@SiO2NPs 

have been synthesized and interaction with carbon dots (CDs) is studied 

by fluorescence spectroscopy and time-correlated single photon counting 

(TCSPC). In the present study, we have demonstrated the excitation 

energy transfer (EET) from carbon dots (CDs) to the uncoated silver 

nanoparticles and SiO2 coated silver nanoparticles (Ag@SiO2NPs). 

Spectral overlap between the emission spectrum of CDs and localized 

surface plasmon resonance of Ag NPs results in PL quenching of CDs. A 

more significant spectral overlap between the emission spectrum of CDs 

and localized surface plasmon resonance of Ag@SiO2 NPs result in 

drastic increase PL quenching. In addition, the PL lifetime of CDs is 

shortened more when the coating was done the three different size bare Ag 

NPs. The origin of this PL quenching has been rationalized on the basis of 

increased nonradiative decay rate due to excitation energy transfer from 

CDs to Ag NPs surface. The observed energy-transfer efficiency correlates 

well with the nanometal surface energy transfer theory with 1/d
4
 distance 

dependence                            rster resonance energy transfer 

theory. Finally, the energy-transfer efficiency values obtained from 

experiment have been used to calculate the distance between CDs and 

surface of uncoated and SiO2 coated Ag NPs. 
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Chapter1. 

                                                       Introduction 

Semiconductor nanoparticles have attracted growing attention for 

widespread use in bioimaging,
[1]

 light emitting,
[2] 

solar cells,
[3, 4] 

photocatalyst,
[5] 

optical spectroscopy-based immunoassays,
[6]

 and data 

storage.
[7]

 Excitation energy transfer in nanoscale donor-acceptor system 

has a large-scale implementation in the sensor, photovoltaic devices, light 

emittors, and other optoelectronics.
[8-12]

 Nonradiative energy transfer from 

a photoexcited donor to an acceptor via dipole-dipole interactions is well-

           rster resonance energy transfer (FRET). FRET is a through-

space distance dependent Interaction from photoexcited donor to an 

acceptor without emission of a photon.
[13-18]

  

However, currently, metal and semiconductor nanoparticles (NPs) 

based donor-acceptor nanocomposite systems have achieved significant 

attention due to their extraordinary diverged optoelectronic properties, 

which allow easy tuning of energy-transfer efficiency.
[19-24] 

Novel metals 

such as silver (Ag), gold (Au), and copper (Cu) show localized surface 

plasmon resonance (LSPR) in the visible region of the electromagnetic 

spectrum. 
[25-26]

 This occurrence of the metal surface has been greatly 

applied in surface-enhanced Raman scattering,
[27-28]

 near-field scanning 

probe microscopy,
[29-30]

 and fluorescence enhancement at the metal 

surface.
[31-36] 

The effect of metal nanocomposite the PL quantum yield of 

nearby fluorophore is very complex. It is controlled by various parameters 

such as size and shape of the metal nanostructures, an orientation of dipole 

on the metal nanostructure, the distance between fluorophore and metal 

nanostructure, and spectral overlap. Metal nanoparticles can either 

enhance or quench the PL quantum yield of the nearby fluorophores. Wu 

et al. reported meditating metal coenhanced fluorescence and SERS 

around gold nano aggregates in nanosphere as a bifunctional biosensor for 

multiple DNA targets.
[37] 

They have also reported a novel Ag core and 
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upconversion nanocrystal shell based nanocomposite 

Ag@SiO2@Lu2O3:Gd/Yb/Er for metal-enhanced upconversion 

luminescence literature
[1]

.
 

The excitation energy transfer (EET) from 

silicon quantum dots (Si QDs) to silver nanoparticles (Ag NPs) and its 

modulation in the presence of cetyltrimethylammonium bromide (CTAB) 

surfactant is reported by Prajapati et al.
[38] 

Several other research groups 

have demonstrated the influence of metal nanostructure on the 

fluorescence of nearby fluorophore. For instance, SiO2-coated metal 

nanostructure, Ag nanoprisms, and Au NP’s surface enhances the 

fluorescence of CdSe/ZnS QDs, and amine-functionalized pyrene 

chromophores (Py-CH2NH2) respectively.
[39-41]

 

Quenching of fluorescence of various fluorophore by metal 

nanoparticles is also reported in various literature. For example, 

Raghavendra et al. have shown fluorescence quenching of iodinated 4-

aryloxymethyl coumarin dyes with the addition of silver nanoparticles.
 [42]

 

Chance et al. has exhibited that fluorescence quenching of excited donor 

in the presence of metal NPs.
[43] 

Later, it is extended by Persson and Lang 

by using a Fermi Golden Rule.
[44] 

This dipole-to-metal surface excitation 

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

The origin behind this fluorescence quenching in the presence of metal 

nanoparticles is due to modulation of either radiative
[45]

 or nonradiative 
[23, 

46, 47] 
decay rate or both.

[48] 
A fundamental difference between FRET and 

NSET is that for the later process spectral overlap between donor emission 

and the acceptor absorption is not the essential criteria.
 
Jennings et al. 

have demonstrated fluorescence of dye-quenched by Au nanoparticles at a 

donor-acceptor separation distance d = 1.5 nm, which is a lack of SPR.
[46] 

Here they have revealed that a 1/d
4
 distance-dependent quenching 

mechanism due to nonradiative energy transfer to the metal surface, while 

radiative rate remains constant. On the other hand, Li et al. have 

demonstrated both the effect of metal nanoparticles size and the degree of 

spectral overlap on the energy-transfer process between CdSe/ZnS QDs 
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and Au NPs.
[49] 

It has been noted that 3 nm sized Au NPs with negligible 

LSPR, the quenching mechanism  of the PL of QDs  is  1/d
4
 distance 

dependence which leads to NSET, while 15 and 80 nm sized Au NPs with 

strong LSPR band that significantly overlaps with the PL band of the QDs 

quenching mechanism is 1/d
6
 distance dependence, which is dominated by 

the dip le−dip le interaction according to FRET. 

However, core-shell based inorganic based QDs have several 

significant disadvantages in biomedical application due to their bigger size 

and cytotoxicity.
[50-51] 

Hence to resolve these side effects, of these type 

inorganic based QDs in bio imaging, a carbon-based fluorescent 

nanomaterial particularly CDs have been attracted more  attention of 

researchers as a most promising candidate for biomedical imaging 

applications as a consequence of their low cytotoxicity, smaller size, and 

easy surface functionalization with comparable PL properties to core–shell 

inorganic based QDs. CDs have numerous advantages over traditional 

semiconductor quantum dots and organic dyes. CDs are becoming an 

extraordinary nanomaterial because of its aqueous solubility, low 

cytotoxicity, biocompatibility and resistance to photobleaching. Also, CDs 

can be synthesized easily from several natural sources like candle soot, 

carbohydrate, polyhydric alcohol, polyhydric acid, orange juice, 

strawberry juice, cucumber juice, banana juice.
[1, 44, 52-55]

 The main aspect 

of carbon dots is the development of fluorescence imaging agents for 

various biomedical purposes. Thus modulation of fluorescence emissions 

of CDs is one of the exciting goals to worldwide researchers. 
[56]

 

Among the various systems described above, the size effect of Ag 

NPs on luminescence properties of nearby CDs is not yet explored. Hence, 

in this report, three different sized silver nanoparticles have been 

synthesized. To increase the donor-acceptor interaction distance, a coating 

was done on the three different size Ag NP’s core. Here we have 

investigated the distance-dependent interaction of uncoated and coated Ag 

NPs with CDs. We have shown that spectral overlap between the 
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luminescence spectra of CDs and LSPR of Ag NPs increases with increase 

in the size of Ag NPs and nonradiative EET increases following NSET 

theory rather than conventional FRET theory. 
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Chapter 2. 

                                      Experimental Section 

2.1 Materials 

Silver Nitrate (≥99%), Tri-sodium Citrate dihydrate 

(Na3C6H5O7.2H2O), tetraethylorthosilicate (TEOS), Ethanol, Ammonium 

Hydroxide, Ethylenediamine (EDA, Z 99.5%), isopropyl alcohol (99 %) 

were purchased from Merck (Germany). Milli-Q water was used wherever 

required and obtained using a Millipore water purifier system (Milli-Q 

Integral). 

2.2 Synthesis of carbon dots (CDs) 

Carbon-dots were synthesized according to the previously reported 

method (Scheme 1).
[54] 

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 (MWCO 

3.5 kDa) for 48 h. The water for dialysis was changed after every 6 h. 

Finally, a black brown transparent c-dot solution was obtained. 

 

 

 

 

 

 

 

 

 

 

Figure 1.Synthetic strategy of Carbon Dots (CDs) using citric acid and 

ethylenediamine. 
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2.3. Synthesis of silver nanoparticles 

Three different diameters silver NPs were prepared by the well-

known Lee and Meisels method with slight modification.
[38, 57] 

Three 

solutions of AgNO3 (∼1.0 ×10
−3

 M, 100 mL) in deionized water were 

heated until boiling. Then, 16 mL of (1%, 0.875%, and 0.75%) tri-sodium 

citrate solution were added drop-wise to the boiling silver nitrate solutions 

accompanied by vigorous stirring. The color of the solutions slowly turned 

into grayish yellow, indicating the reduction of the Ag
+
 ions. The heating 

was continued for an additional 15 min. Finally, three green-gray silver 

colloid were obtained. Then, the three solutions were removed from the 

heating element and stirred until cooled to room temperature. The final 

concentration of the as-synthesized three different sized was estimated 

using the molar extinction coefficient at maximum LSPR wavelengths ε415 

= 416 × 10
8
, ε425 = 618 × 10

8
   d ε435 = 618 × 10

8
 M

−1
 cm

−1
 and found to 

be ∼23.8, 16 and 13 pM respectively.
[58]

 The diameter of the obtained Ag 

NPs was characterized by dynamic light scattering method (DLS). 

 

 

 

 

 

 

 

 

Figure. 2. Synthetic strategy of silver nanoparticles using citric acid by 

the well-known Lee and Meisels method with slight modification. 

 

2.4 Preparation of Core−Shell Ag@SiO2 NPs.  

Core-shell Ag@SiO2 NPs was obtained according to the 

literature
[59]

 with slight modification. Briefly, 1 mL of Ag colloid solution 

was mixed with12.5 mL of isopropyl alcohol and 1.25 mL of deionized 
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water under vigorous stirring. After the addition of 0.2 mL of 30% 

NH3·H2O, 5 μL  f   TEOS   luti    ith a concentration of 20% was 

immediately added into the mixed reactants. The reaction was carried out 

under agitation for 30 min at room temperature (RT), and then the 

products were aged without stirring at 4°C overnight. The silica-coated 

were redispersed in water suspension was washed three times with a water 

and ethanol mixture (5:4) and centrifuged at 6000 rpm for 20 min. Finally, 

the core−shell Ag@SiO2 NPs were dispersed in water .Thus, three 

different sized Ag@SiO2 NPs were synthesized and the diameter of the 

obtained Ag@SiO2 NPs was characterized by dynamic light scattering 

method (DLS). 

 

 

 Figure 3. Synthesis scheme of Ag@SiO2 NPs. 

 

2.5 Instrumentation 

Absorption spectra were recorded using a Varian UV−vis 

spectrophotometer (Carry 100 Bio) in a quartz cuvette (10 × 10 mm). PL 

spectra were recorded using Fluoromax-4 spectrofluorometer (HORIBA 

Jobin Yvon, model FM-100) with excitation and emission slit width at 2 

nm. DLS experiment was performed on a particle size analyzer 

(NanoPlus-3 model). All of the samples for DLS measurements were 

prepared in milli-Q water and filtered through a 0.22 μm syringe filter 

i-PrOH, H2O,Vigorous stirring

NH4OH,TEOS

Resulting solution

4
 C

 o
v

ern
ig

h
t

SiO2 coated

Ag NPs 

suspension

Centrifugation at 6000

rpm for 20 min

Ag NPs

Ag@SiO2NPs



8 
 

(Whatman).  An HORIBA JobinYvon picosecond time-correlated single 

photon counting (TCSPC) spectrometer (model Fluorocube-01-NL) was 

used for recording PL decays. The samples were excited at 405 nm by a 

picoseconds diode laser (model Pico Brite-375L). The emission polarizer 

at a magic angle of 54.7° by a photomultiplier tube (TBX-07C) was used 

to collect the PL decays. The instrument response function (IRF, fwhm 

∼140 ps) was recorded using a dilute scattering solution. The IBH DAS 

6.0 software was used to analyze the PL decays by the iterative 

reconvolution method, and the goodness of the fit was judged by reduced 

χ-square (χ
2
) value. All of the decays were fitted with a three-exponential 

function 

 

Where F(t) denotes normalized PL decay and a1, a2, and a3 are the 

normalized amplitudes of decay components τ1, τ2, and τ3respectively. 

The average lifetime was obtained from the equation 

 

 

 

 

 

 

 

 



9 
 

Chapter 3. 

                                      Results and Discussion 

3.1 Characterizations of Ag NPs, Ag@SiO2 NPs 

  To estimate the mean hydrodynamic diameter of these Ag NPs, 

DLS measurements were performed for small, medium and large Ag NPs. 

Figure 4 (A) Shows the size distribution histogram small Ag NPs 

determined from DLS measurements. The diameter varies from 38 to 41 

nm with a mean diameter of 39.91 nm. Figure 4 (B) Shows the size 

distribution histogram of medium Ag NPs determined from DLS 

measurements. The diameter varies from 52 to 54 nm with a mean 

diameter of 53 nm and Figure 4. (C) Shows the size distribution histogram 

of large Ag NPs determined from DLS measurements. The diameter varies 

from 60 to 63 nm with a mean diameter of 62 nm. Large Ag NPs from 

DLS measurements.  

To estimate the mean hydrodynamic diameter of the Ag@SiO2 NPs, DLS 

measurements were performed for small, medium and large size SiO2 

coated silver nanoparticles. Figure 5 (A) Shows the size distribution 

histogram of small Ag@SiO2 NPs determined from DLS measurements. 

The diameter varies from 80 to 200 nm with a mean diameter of 119 nm. 

Figure 5 (B) shows the size distribution histogram of medium Ag@SiO2 

NPs determined from DLS measurements. The diameter varies from 85 to 

197 nm with a mean diameter of 132 nm.  Figure 5 (c) shows the size 

distribution histogram of large Ag@SiO2 NPs determined from DLS 

measurements. The diameter varies from 60 to 350 nm with a mean 

diameter of 144 nm.   
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Figure 4. Size distribution histogram of (A) small, (B) medium and (C) 

large Ag NPs.  
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Figure 5. Size distribution histogram of (A) small, (B) medium (C) large 

Ag@SiO2 NPs from DLS measurements. 
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Figure 6. Changes in the LSPR of (A) small, (B) medium and (C) large 

silver nanoparticles when coated with a silica layer. 
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UV-visible spectroscopy was done for both bare and SiO2-coated Ag NPs. 

The absorption spectra of small, medium and large Ag NPs show 

characteristic LSPR band centered at 415, 425, 435 nm for bare NPs and 

at 421, 432, 441 nm for coated NPs, respectively. The presence of silica 

shell on Ag NPs causes the red shift of the plasmon resonance band from 

415 to 421 nm for small, 425 to 432nm for medium Ag NPs, 435 to 

441nm for large Ag NPs because of a large refractive index of the silica 

shell and the decreased plasmon oscillation energy (Figure 6). 

3.2 Characterization of carbon dot 

Figure 7 shows the FTIR spectrum of CDs. The broad peak at 3420 

cm
_1

 is assigned to the stretching vibration of O–H and N–H moieties. The 

peak at 2925 cm
_1

is due to C–H stretching vibration. Two prominent 

peaks at 1690 and 1566 cm
_1

arise due to stretching and bending vibrations 

of CQO and N–H moieties respectively. Another noticeable peak at 1394 

cm
_1

is assigned to the bending vibrations of C–H moieties. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. FTIR spectrum of synthesized CDs. 
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wavelength. CDs show an intense PL band centered at 493 nm at an 

excitation wavelength 405 nm (Figure 8). 
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Figure 8. Ab  rb  ce  pectrum (bl c  li e)   d the   rm lized PL (λex = 

493 nm) spectrum (green line) of CDs. 

 

3.3 Interaction of CDs and Ag NPs 

UV-Vis spectroscopy was recorded for 0.01 mg mL
-1

 CDs in the 

absence and presence of small, medium and large Ag NPs of 5, 10, 15 and 

20 pM concentrations. The absorption spectrum of CDs a narrow 

absorption band at 338 nm. With the increase in the concentration of each 

small, medium and large Ag nanoparticles red shift was observed in the 

absorption maxima of CDs. These changes in absorption spectra indicate 

the possible interaction between CDs and three different sized silver 

nanoparticles (Figure 9). 
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Figure 9. Absorption spectrum of CDs in the presence of  (A) small, (B) 

medium and (C) large Ag NPs of  5,10,15 and 20 pM concentration. 
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NPs. The decrease in quantum yield becomes more drastic when the 

coating was done on the three different sized Ag nanoparticles. From the 

control experiment with only trisodium citrate dihydrate ligand, it was 

seen that there is no changes in the absorption and PL spectra of CDs, 

which suggests that the surface of Ag NPs interacts with CDs instead of 

the surface citrate ligands   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. PL spectra of CDs in the presence of (A) 5 pM Ag NPs and (B) 

5 pM Ag@SiO
2 NPs. 
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Figure 11. Normalized PL spectrum of CDs (black line) overlapped with 

the LSPR of uncoated (red line) and coated (blue line) (A) small (B) 

medium and (C) large silver nanoparticles. 

 

The significant spectral overlap between the PL spectrum of CDs and 

LSPR band of Ag NPs signifies that the observed PL quenching of CDs in 

the presence of Ag NPs might be due to EET from CDs to Ag NPs. 
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Previously, it has been observed that noble-metal NP acts as an efficient 

fluorescence quencher for various organic dyes and quantum dots.
[40,41 ,61-

67]
 

 
Figure 11, shows that spectral overlap increases with increase in the 

size of Ag NPs. Importantly, spectral overlap increases more appreciably 

when the coating was done on the three different sized nanoparticles. To 

establish the mechanism of EET from CDs to Ag NPs, we performed PL 

decay measurements.  

 

3.5 Time-Resolve PL Quenching of CDs in the presence of Ag NPs 

Figure 12. Shows the PL decay traces (λem= 493 nm) of CDs in the 

absence and presence of (A) uncoated Ag NPs and (B) SiO2 coated Ag 

NPs. All of the decays were fitted with a three exponential decay function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. PL dec y tr ce  (λex= 405 nm) of CDs in the absence and 

presence of (A) uncoated Ag NPs and (B) SiO2-coated Ag NPs at different 

diameters. 
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The average PL lifetime of CDs is 4 ns with lifetime components of 2 

(35%), 7.3 (43%), and 0.45 ns (22%), which is very close to the previously 

reported value.
[41] 

The addition of 5 pM small Ag NPs results in 

significant changes in the decay trace of CDs and the average PL lifetime 

decreases from 4 to 3.74 ns with lifetime components of 3.13 (37%), 9.31 

(26%), and 0.45 ns (37%). The addition of 5 pM SiO2 coated small Ag 

NPs results in significant decrease in the decay trace of CDs than the 

uncoated one  and the average PL lifetime decreases from 4 to 2.5 ns with 

lifetime components of 2.54 (26%), 8.82 (19%), and 0.226 ns (55%) 

(Table1). 

 

Table 1.PL Decay parameters of CDs, CDs with uncoated and coated 

small Ag NPs. 

System τ1/ns a1 τ2/ns a2 τ3/ns a3 <T> χ
2 

CDs 2.0 0.35 7.3 0.43 0.45 0.22 4 1.14 

Small Ag 

NPs 
3.13 0.37 9.31 0.26 0.45 0.37 3.74 1.2 

Small 

Ag@SiO2 
2.54 0.26 8.82 0.19 0.22 0.55 2.44 1.1 

 

The addition of medium Ag NPs results in more significant changes in the 

decay trace of CDs as compared to the small Ag NPs and the average PL 

lifetime decreases from 4 to 3.42 ns with lifetime components of 0.28 

(33%), 2.25 (35%), and 7.92 ns (32%). The addition of 5 pM SiO2 coated 

medium Ag NPs results in drastic reduction in the decay trace of CDs than 

the uncoated one  and the average PL life time decreases from 4 to 2.09 ns 

with lifetime components of 0.17 (59%), 2.16 (22%), and 0.19 ns (19%) 

(Table 2). 
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Table 2.PL Decay parameters of CDs and CDs with uncoated and 

coated medium Ag NPs. 

System τ1/ns a1 τ2/ns a2 τ3/ns a3 <T> ns χ
2 

CDs 2.0 0.35 7.3 0.43 0.45 0.22 4.0 1.1 

Medium 

Ag NPs 
0.28 0.33 2.25 0.35 7.92 0.32 3.42 1.2 

Small 

Ag@SiO2 
0.17 0.59 2.16 0.22 7.89 0.16 2.09 1.3 

 

The addition of large uncoated Ag NPs results in appreciable changes in 

the decay trace of CDs than that of small and medium size uncoated  Ag 

NPs and  the average PL lifetime decreases from 4 to 2.35 ns with lifetime 

components of 0.35 (42%), 2.83 (33%), and 8.82 ns (20%). The addition 

of 5 pM SiO2 coated large Ag NPs results in the substantial decrease in the 

PL decay trace of CDs than that of small and medium size coated Ag NPs. 

Here, the average PL life time decreases from 4 to 2.09 with lifetime 

components of 0.13 (75%), 2.13 (15%), and 8.19 ns (11%) (Table 3). 

 

Table 3.PL Decay parameters of CDs and CDs with uncoated and 

coated large Ag NPs 

System τ1/ns a1 τ2/ns a2 τ3/ns a3 <T> χ
2 

CDs 2.0 0.35 7.3 0.43 0.45 0.22 4.0 1.4 

Large Ag 

NPs 
0.35 0.42 2.83 0.33 8.82 0.20 2.35 1.28 

Large 

Ag@SiO2 
0.13 0.75 2.13 0.15 8.19 0.11 1.33 1.4 

 

It is well known that metal NPs influence the intrinsic radiative 

and nonradiative decay rates of nearby fluorophores. 
[33, 41-42, 60, 61, 63, 64, 67] 

The shortened PL lifetime of CDs indicates that either the radiative or 
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nonradiative decay rate is increased in the presence of uncoated and 

coated Ag NPs .We have estimated the radiative and nonradiative decay 

rates of CDs in the presence of Ag NPs according to the following 

equation 

 

 

 

 

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. All of the estimated parameters are listed in Table 4, 5, 6. 

 

Table 4. Estimated Quantum Yields, Average Lifetime, Radiative 

Rates, Nonradiative Rates, Energy Transfer Rates, and Efficiency of 

Energy Transfer of CDs in the Absence and Presence of uncoated and 

coated small Ag NPs. 

System ϕD τ (ns) kr ( −
1
) knr ( −

1
) 

kET 

( −
1

) 
ϕET 

CDs 0.602 4 0.15×10
9
 0.099×10

9
 -- -- 

Small Ag 

NPs 
0.51 3.7 0.14×10

9
 0.132×10

9
 

0.02 

×10
9
 

0.07 

Small 

Ag@SiO2 
0.39 2.4 0.156×10

9
 0.249×10

9
 

0.27 

×10
9
 

0.39 

 

 

 

Table 5.Estimated Quantum Yields, Average Lifetime, Radiative Rates, 

Nonradiative Rates, Energy Transfer Rates, and Efficiency of Energy 
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Transfer of CDs in the Absence and Presence of uncoated and coated 

medium Ag NPs. 

System ϕD 
τ 

(ns) 
kr ( −

1
) knr ( −

1
) kET ( −

1
) ϕET 

CDs 0.602 4 0.15×10
9
 0.099×10

9
 -- -- 

Medium Ag 

NPs 
0.485 3.42 

0.142 

×10
9
 

0.15×10
9
 

0.05 

×10
9
 

0.14 

Medium 

Ag@SiO2 
0.37 2.09 0.16 ×10

9
 0.3 ×10

9
 

0.44 

×10
9
 

0.48 

 

Table 6. Estimated Quantum Yields, Average Lifetime, Radiative 

Rates, Nonradiative Rates, Energy Transfer Rates, and Efficiency of 

Energy Transfer of CDs in the Absence and Presence of uncoated and 

coated large AgNPs. 

System ϕD τ (ns) kr ( −
1
) knr ( −

1
) kET ( −

1
) ϕET 

CDs 0.602 4 0.15×10
9
 0.099×10

9
 -- -- 

Large Ag 

NPs 
0.38 2.35 0.16×10

9
 0.27 0.31 ×10

9
 0.42 

Large 

Ag@SiO2 
0.223 1.33 

0.16 

×10
9
 

0.58 1.2 ×10
9
 0.61 

 

It is evident from Table 4, 5, 6 that the nonradiative decay rate of CDs 

increases in the presence of uncoated Ag NPs when its size increases. The 

nonradiative decay rate of CDs increases appreciably due to the coating of 

SiO2 on Ag NPs at three different thicknesses. Importantly, no appreciable 

change has been observed in the radiative decay rate of CDs upon the 

addition of uncoated and SiO2 coated Ag NPs.  Hence, the observed 

shortening of PL lifetime of CDs in the presence of uncoated and coated is 

due to the increased nonradiative decay rate rather than radiative decay 

rate. This increase in nonradiative decay rate in the presence of Ag NPs 
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can be explained by considering the nonradiative EET from CDs to Ag 

NPs.  

We have measured the efficiency (QEff) of this nonradiative EET process 

from the PL lifetimes of CDs in the absence and presence of uncoated and 

coated Ag NPs using the following equation  

  

Where      and    are the excited state lifetimes of CDs in the presence 

and absence of Ag NPs respectively. It is evident from Table (4, 5, and 6) 

that the efficiency of EET from CDs increases significantly from 7 to 39, 

14 to 48 and 41 to 61% when the coating was done on small, medium and 

large size Ag NPs respectively. 

 

3.6. Mechanism of EET from CDs to Ag NPs.  

To establish the mechanism behind this EET from the CDs to the Ag NPs, 

we have compared the experimentally obtained EET efficiencies with the 

theoretical curves calculated from NSET theory for the CDs-Ag NPs 

 y tem. Per    ’  NSET the ry i  b  ed    the c llective interactions of 

all dipoles in a thin film near the metal surface and results in a 1/d
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coupling instead of the conventional 1/d
3
 coupling.

 [68]
 According to the 

NSET mechanism, the rate of EET can be expressed as  

 

 

 

 

Where τD is the excited-state lifetime of the donor in the absence of a 

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 

 

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= 0.602, c = 3 × 10
10

 cm s
−1

, ωD 

= 5.57× 10
15

 s
−1

, ωF = 8.3 × 10
15

 s
−1

, and kF = 1.2 × 10
8
 cm

−1
.
 [69] 

The 

calculated d0for the CDs-Ag NP’s  y tem i   .   m. Simil rly, the   rster 

distance R0can be expressed as:  

 

 

Where κ2
 is the orientation factor of the transition dipoles of the donor and 

the acceptor, ϕD is the quantum yield of the donor, ɳ 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 CDs−Ag 

NP’s system, the calculated overlap integral is 2.4×10
-8

M
−1

 cm
3
, and the 

estimated R0 is 37.2 nm. Here it is important to mention that for an ideal 

  ET p ir the typic l   rster distance is in the range of 20−60 Å. 
[70, 71] 

Hence, for the present system the significantly higher value of R0 that is 
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beyond the detection limit of FRET signifies that the present EET from 

CDs to Ag NPs does not follow the conventional FRET process. On the
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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 

 

Where ϕET is the energy transfer efficiency and d is the separation 

distance between CDs and Ag NPs. n is a factor that 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 13 Shows the theoretical plots of the quenching efficiency 

against the separation distance based on the NSET theory. 

 

 

 

Figur13. Correlation between experimentally obtained EET efficiencies 

for the CDs-Ag NP’s system with the theoretical curves generated from 

NSET (red line). 

 

Experimentally obtained quenching efficiencies in the presence of 

uncoated and coated Ag NPs are shown on the Y axis of Figure 13. The 
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estimated separation distance between CDs and the surface of uncoated 

small, medium and large Ag NPs are 13.61, 11.1, 7.7 nm respectively and 

the estimated separation distance between CDs and the surface of the 

coated small, medium and large Ag NPs are 7.7, 7.32, 6.32 nm 

respectively. 
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Chapter 4. 

                     Conclusions and Future Prospects  

4.1. Conclusions 

 In summary, the observed PL quenching of CDs in the presence of 

Ag NPs is mainly due to the EET from CDs to the surface of Ag NPs. The 

quenching in steady-state PL Intensity as well as in the excited-state 

lifetime of CDs in the presence of uncoated as well as SiO2 coated 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 mechanism. The drastic increment in the 

EET efficiency when coating was done on the three different size Ag NPs 

was observed due to the decreased distance between CDs and the surface 

of SiO2 coated Ag NPs. 

 

4.2. Scope of the future work 

Recently, CDs becoming a very interesting fluorescence nanomaterial due 

to having its superior properties such as low cytotoxicity and good 

biocompatibility and it is implemented in bioimaging, biosensing, drug 

delivery, catalysis, and optronics etc.
 
We know that excitation energy 

transfer in nanoscale donor-acceptor system has a large-scale 

implementation in bioimaging, bio sensing etc. Here in this report, we 

have modulated the energy transfer efficiency of CDs varying the size of 

Ag NPs. In future, my plan is to modulate the luminescence properties of 

CDs by varying the shape of Ag NPs. 

 

 

 

 

https://en.wikipedia.org/wiki/Biosensor
https://en.wikipedia.org/wiki/Drug_delivery
https://en.wikipedia.org/wiki/Drug_delivery
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