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Abstract

The resonance excitation energy transfer (EET) freanious
photoexcited donors to acceptors has been studoedughly in the recent
past due to its importance in photovoltaics, lightiting diodes, sensors,
bioimaging, etc. Nonradiative energy transfer frarphotoexcited donor
to an acceptor via dipole-dipole interactions isllvikmown as Forster
resonance energy transfer (FRET). Over the last years, metal and
semiconductor nanoparticle (NPs) based donor-agcegbmposite
systems have gained considerable attention dudeto $ize-dependent
optoelectronic properties which allow easy tuninfg emergy transfer
efficiency. For example, semiconductor NPs or quantlots have been
extensively used as FRET-based donor due to ttadbtesand bright size-
dependent photoluminescence (PL) in the visibleioregof the
electromagnetic spectrum. It has been observedrbt NP with distinct
localized surface plasmon resonance (LSPR) oftenches the molecular
excitation energy of nearby fluorophore by nanoimstaface energy
transfer (NSET), which is quite different from tlenventional FRET.
Extensive theoretical and experimental studies Haaen performed to
understand the mechanism behind the highly efficignenching of
molecular excitation energy of various photoexcitadrophores by metal
NPs. Some reports have illustrated the PL quencbinghotoexcited
donors in the presence of metal NPs by FRET meshmnivhereas
several other studies have demonstrated that BT fihotoexcited donor
to metal NP is best modeled by NSET theory. Moreoitehas been
reported that NSET does not require the spectrallay between the
emission spectrum of donor and absorption spectafinacceptor. In
contrast, several researchers have validated th@vement of spectral
overlap in NSET process. Despite numerous repdines, fundamental
mechanism of EET from various photoexcited donorsietal NP as well

as the role of spectral overlap in the EET procsisremains obscure.
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Moreover, very less is known about the mechanisimh dynamics of
fluorescence quenching near the ultrasmall metaloclaster (NC)
surface, which lacks characteristic LSPR. In thigsts, the detailed
mechanism and dynamics of EET from various photibes@onors such
as silicon quantum dots (Si QDs), carbon dots (CB)l 4°,6-diamidino-
2-phenylindole (DAPI) to silver nanoparticles ananaclusters (Ag NP
and Ag NC) as acceptors have been demonstratedroléneof spectral
overlap between donor emission spectrum and LSPR b&Ag NPs in
NSET process as well as the effect of differenesinaf NPs on NSET
efficiency has been clearly presented. Furthermdhe, influence of
various microheterogeneous environments such dacsamts, polymer,

and DNA on the efficiency of energy transfer hasrb#lustrated.

The contents of each chapter included in the thergisdiscussed

briefly as follows:
1. Introduction

In this chapter, a brief overview of the uniqueicgltproperties of
Ag NP, Ag NC, Si QD, and CD has been provided. &ffect of metal
NPs and NCs on the emission properties of variohstgexcited
fluorophores has been briefly explained. The meshamand dynamics of
various EET theories have been discussed in deRitther, the
importance of spectroscopic nanorulers such as FREJ NSET, in
numerous biologically relevant microheterogeneounsirenments has

been illustrated.
2. Materials and experimental techniques

The details of all the chemicals and completelsstit procedures
of citrate-stabilized Ag NP, dihydrolipoic acid-qaga Ag NC, allylamine-
functionalized Si QD, and CD have been mentionede.hé\ brief
description of the sample preparations and expeatiahéechniques used

to complete the entire work of this thesis has h@enided.
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3. Surfactant-induced modulation of nanometal surfae energy

transfer from silicon quantum dots to silver nanopaticles

In this chapter, the EET from Si QD to Ag NP argintodulation
in the presence of CTAB surfactant has been demaiadtby means of
steady-state and time-resolved PL spectroscopynifieignt spectral
overlap between the emission spectrum of Si QDslacalized surface
plasmon resonance (LSPR) of Ag NPs results in gtanbal amount of
PL quenching of Si QDs. In addition, the PL lifeéinof Si QDs is
shortened in the presence of Ag NPs. The origithisfPL quenching has
been rationalized on the basis of increased noatiadidecay rate due to
EET from Si QDs to Ag NPs surface. The observedrggnéransfer
efficiency correlates well with the NSET theory hitld® distance
dependence rather than conventional FRET theoryhalt also been
observed that the EET efficiency drastically reduicethe presence of 0.5
mM CTAB. Dynamic light scattering (DLS), and singfsarticle PL
microscopy results indicate the formation of largerfactant-induced
aggregates of Ag NPs. Finally, the energy trangf#iciency values
obtained from experiment have been used to ca&ulae distance
between Si QDs and Ag NPs in the absence and meséCTAB, which

correlates well with the proposed model.

4. Resonant excitation energy transfer from carbordots to different

sized silver nanoparticles

The influence of size on the efficiency of NSEOgess between
excited donor and different sized metal NP is ppexrplored in literature.
Here in this work, a systematic study has been dsirated by correlating
the size of Ag NPs with the efficiency of EET frgshotoexcited CD to
Ag NP. Three different sized citrate-capped Ag NRgh mean
hydrodynamic diameter of 39.91 + 1.03, 53.12 + (Bd 61.84 £ 0.77 nm
have been synthesized for the present study. Tiveated zeta potential
of synthesized CD is -25.45 + 1.23 mV while that fbe smallest,
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medium and largest sized Ag NP is -76.24 + 3.92,6® + 4.40, and -
58.01 + 3.10 mV. It has been observed that thetsgeaverlap between
the emission spectrum of CD and LSPR band of AgiltiPeases with
increase in the size of Ag NPs. The steady-statk teme-resolved PL
measurements reveal significant PL quenching ofaS[ function of Ag
NP size. A control experiment with Ag NPs havingAES at 398 nm
shows negligible amount of PL quenching of CDs. Tegligible PL
guenching of CD in the presence of Ag NP havingl@guate spectral
overlap confirms the resonant EET from photoexci®d to different
sized Ag NPs. The separation distances between r@Dddferent sized
Ag NPs estimated using FRET theory exceed the FREIi. The
calculated EET related parameters correlate weth wie 14" distance-
dependent NSET theory. Further, it has been obdetivat the NSET
efficiency increases with increase in the size gfdPs. This phenomenon
has been explained by considering larger spectvatlap and shorter
separation distance between CD and larger sizetlRg due to reduced
electrostatic repulsion. These results reveal thatsize of NP plays an
important role in the NSET process and this phemamecan be easily

utilized to tune the efficiency of energy trandiar various applications.

5. Effect of compartmentalization of donor and acgetor on the

ultrafast resonance energy transfer from DAPI to diver nanoclusters

In this chapter, the mechanism and dynamics of HEM
photoexcited DAPI to dihydrolipoic acid-capped AgCNand its
subsequent modulation in the presence of catiooignger PDADMAC
and CT-DNA have been demonstrated using steady-skt and
femtosecond FL upconversion techniques. The syizigwaAg NCs were
characterized using FTIR spectroscopy, mass speetrg, XPS,
HRTEM, DLS, UV-Vis and PL spectroscopy. The masscspmetric
analysis reveals the formation of ultrasmall,ACs with a small amount
of Ags NCs. UV-Vis and PL spectra show distinct moleclilee



optoelectronic behavior of these ultrasmall Ag NTse Ag NCs strongly
guench the FL of DAPI with concomitant increasatmPL intensity at
675 nm. This steady-state FL quenching proceedh witsignificant
shortening of FL lifetime of DAPI in the presendeAgy NCs, signifying
the nonradiative FRET from DAPI to Ag NCs. Varioesergy transfer
related parameters have been estimated from FRE&dithThe present
FRET pair shows a characteristic Forster distaricg4b5 nm and can be
utilized as a reporter of short-range distancessanious FRET-based
applications. Moreover, this nonradiative FRET ctetgly suppresses in
the presence of both 0.2 wt% PDADMAC and CT-DNAedsly-state PL,
HRTEM, and PL imaging measurements reveal efficeemi complete
encapsulation of acceptor (Ag NCs) within the padymrmatrix. It has been
observed that the nonradiative FRET process cosliplstippresses in the
presence of CT-DNA due to the selective bindin@aP1 with CT-DNA.
This selective compartmentalization of donor andeptor and the
subsequent modification of FRET process may fingliegtion in various

sensing, photovoltaic, and light harvesting appiices.

6. Effect of surfactant assemblies on the resonan@nergy transfer

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

Here, the effect of SDS assemblies on the FRET denwDAPI
and Ag NC in phosphate buffer has been demonstriayedising FL
spectroscopy. While DAPI interacts specificallyiw&DS surfactants in a
concentration-dependent manner, Ag NC shows noifgpéateraction
with surfactant assemblies. At very low concentrai of SDS (< 0.6
mM), DAPI forms surfactant-induced aggregates at ititerface. In the
case of intermediate SDS concentrations (0.6 sn&DS < 4 mM), DAPI
associates with the negatively charged SDS prelimsceia electrostatic
interaction. Beyond 4 mM SDS, the FL intensity il saturates due to
complete incorporation of DAPI into the micellareB8t layer. The

negligible changes in the FL of DAPI upon addit@fmon-ionic triton X-
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100 (TX-100) and cationic CTAB surfactants indicatmimal interaction
of DAPI with TX-100 and CTAB. Hence, the significdafL enhancement
of DAPI in the presence of SDS is due to the speaectrostatic
interactions between the positively charged DARI aagatively charged
SDS. Notably, the interaction between DAPI and AG Bignificantly
perturbs in the presence of SDS. In phosphate HUARET efficiency
(dex) of 78% has been estimated for DAPI-Ag NC pairisHay decreases
to 23% in the presence of 1 mM SDS. Furthermoréhénpresence of 16
mM SDS, complete suppression of this nonradiatfREF has been
observed due to incorporation of DAPI into the aeStern layer.

7. Conclusion and future scope

The conclusions of the entire research work of thesis described here

are as follows:

1) The observed PL quenching of Si QDs in the preseh@g NPs
correlates well with NSET rather than FRET moddie INSET
efficiency significantly reduces in the presencedDdmM CTAB.
The CTAB molecules not only induce aggregation gfdPs, but
also provide an extra bilayer shell on top of thieate-capped Ag
NPs, due to which the mean separation distanceeeetvii QD
and the surface of Ag NP increases. As a resul, NSET

efficiency decreases.

2) The steady-state and time-resolved lifetime measents reveal
that the observed PL quenching of CD in the presefdifferent
sized Ag NPs is due to the resonant EET. The separdistances
between CD and different sized Ag NPs estimatedgu§iRET
theory exceed the FRET limit. The calculated EETatesl
parameters correlate well with NSET theory. Moreptlee NSET
efficiency increases with increase in the size of MPs. It was

observed that with increase in the size of Ag NRe, spectral
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overlap increases. More importantly, the zeta pgakof Ag NPs
decreases with increase in the size and as a aoerse® the
effective distance between CD and Ag NPs decredses to
reduced electrostatic repulsion. Hence, thesetseseeal that the
efficiency of NSET process can be easily tuned fasetion of NP

size.

3) The significant FL quenching of DAPI by Ag NC with
concomitant increase in the PL of Ag NCs clearlgngies the
involvement of FRET from photoexcited DAPI to Ag NC
Selective compartmentalization of Ag NC and DAPE Hzeen
observed in the presence of 0.2 wt% PDADMAC andNA,
respectively. Moreover, complete suppression ofrtberadiative
FRET has been observed in the presence of bothwi?2
PDADMAC and CT-DNA.

4) It has been shown that the specific electrostatieractions of
DAPI with SDS significantly alter the FRET procebstween
DAPI and Ag NC. The FRET efficiencyof DAPI-Ag NC ipa
reduces from a bulk value of 78% to 23% in the gmes of 1 mM
SDS. Furthermore, this FRET completely suppressesthe
presence of 16 mM SDS due to the incorporation APDinto the
micellar Stern layer of SDS.

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

been discussed briefly.
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measurements, and (D) normalized absorption
(black line) and PL spectra (red line) of CDslat
=400 nm.

XXiv



Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

(A) Elemental analysis histogram and (B) powdet17
XRD spectrum of the synthesized CDs.

(A) Size distribution histograms estimated froni18
SEM measurements for s-Ag NP (blue), m-Ag NP
(green), and I-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 I-Ag NPs estimated from
DLS measurements. (C) Normalized LSPR of s-,
m- and |-Ag NPs.

(A) Spectral overlap between LSPR bands df20
different sized Ag NPs and PL spectruig, & 400

nm) of CDs. The inset shows the changes in the
absorption spectra of CDs in the presence of 20 pM
s-, m-, and |I-Ag NPs. Changes in the PL spectra
(lex = 400 nm) of CDs upon addition of (B) s-, (C)
m-, and (D) I-Ag NPs.

(A) Steady-state Stern-Volmer plots for CDs in th&21
presence of s-, m- and I-Ag NPs. (B) Normalized
excitation spectra A{r= 495 nm) of CD upon
addition of 20 pM s, m, and I-Ag NPs. (C) Spectral
overlap between the LSPR of Ag NRdpr = 398

nm) and PL spectrumid= 400 nm) of CDs. (D)

The steady-state Stern-Volmer plot for CDs in the
presence of Ag NP having an LSPR band at 398
nm.

Changes in the PL decay traces & 405 nm) of 124
CD in the presence of s, m, and |- Ag NPs recorded

at 495 nm emission wavelength.

Theoretical curve of energy transfer efficiency28
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Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

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 |- Ag NPs

(20 pM) respectively.

(A) FTIR spectra of dihydrolipoic acid and143
synthesized Ag NCs. (B) The normalized
absorption (black line) and PL (red line) spectia o

5 uM Ag NCs. Photographs of Ag NCs in pH 7.4
buffer under of (i) day-light and (ii) UV light.

(A) Normalized PL spectra of Ag NCs at differenti43
excitation wavelengths. (B) Absorption and
normalized PL spectrumid= 375 nm) of Ag(l)-
DHLA complex.

Electrospray ionization mass spectrum of ad44
synthesized DHLAcapped Ag NCs in 1:1
water—-methanol mixture (L represents DHLA
ligand). The inset shows the mass spectrum beyond
850 m/z.

Expanded XPS spectra of the elements (A) Ag 345
(B) S 2p, (C) C 1s, and (D) O 1s of DHLA-capped
Ag NC.

(A) HRTEM image of Ag NCs. The inset shows thd46
presence of lattice planes with interfringe distanc

of 0.23 nm. Size distribution histogram of Ag NCs
estimated from (B) TEM and (C) DLS

measurements.
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Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

(A) The normalized absorption spectrum (black47
dashed line) and fluorescencée(= 375 nm)
spectrum (black line) of 2.5 uM 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 spectrasf = 375 nm) of DAPI (black
line) and Ag NCs (red line) upon formation of
DAPI-Ag NCs composite (blue line).

(A) Changes in the fluorescence spectra of DARU8
(black line) on the addition of DHLA (red line). B
Normalized (at 500 nm) excitation spectra of Ag
NCs ¢en= 675 nm) in the absence (black line) and
presence (red line) of DAPI recorded with 399 nm
filter.

(A) Femtosecond fluorescence transientg € 375 150
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.

(A) Changes in the PL spectra{= 375 nm) of Ag 154
NCs upon addition of 0.2 wt% PDADMAC. (B)
Normalized PL spectra of Ag NCs in buffer (black

line) and methanol (red line).
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Figure 5.10.

Figure 5.11.

Figure 5.12.

Figure 5.13.

Figure 5.14.

Figure 5.15.

Figure 5.16.

(A) HRTEM image of Ag NCs-PDADMAC 155
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.

(A) PL image and (B) intensity traces of individuall56
Ag NCs. (C) PL image and (D) intensity traces of
PDADMAC encapsulated Ag NCs.

Distribution histogram of (A) intensity and (B)157
FWHM of Ag NCs in the absence and presence of
0.2 wt% PDADMAC.

(A) Changes in the fluorescence speciga £ 375 158
nm) of DAPI (black line) and Ag NCs (red line)
upon formation of DAPtPDADMAC-Ag NCs
composite  (blue line). (B) Femtosecond
fluorescence transientgef{ = 375 nm) of DAPI in

the absence (black) and presence (blue) of
PDADMAC-Ag NCs composite recorded at 490

nm emission wavelength.

Changes in the fluorescence spectra of DABE( 159
375 nm) upon addition of 0.2 wt% PDADMAC.

(A) Absorption spectra and (B) fluorescencé6l
spectra of DAPI (2.5 pM{ex = 375 nm) in the
absence (black line) and presence (red line) of 10
UM CT-DNA.

Changes in the PL spectra of Ag NCs upon additidr62
of CT-DNA.
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Figure 5.17.
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Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

(A) Changes in the fluorescence specia £ 375 163
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 Aex = 375 nm) of DAPI-DNA
complex (blue) in the presence of 5 uM Ag NCs

recorded at 440 nm emission wavelength.

Changes in the absorption spectra of DAPI updiv6
gradual addition of SDS.

Changes in the FL spectra of DARL(= 375 nm) 177
upon addition of (A) (i) 0 mM, (ii) 0.2 mM, (iii) @&

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.

Mlo (lem = 492 nm) against concentrations 0178
surfactant for DAPI in the presence of (A) SDS and
(B) TX-100 and CTAB.

(A) Changes in the FL lifetime decay traces af82
DAPI (ex = 375 nm) in the presence of (A) (i) O
mM, (i) 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}/to (lem = 492 nm)
against concentrations of SDS for DAPI-SDS
system.

(A) Normalized absorption (black line) and PL (red.85
line) spectra of synthesized Ag NCs at excitation
wavelength of 375 nm. (B) HRTEM image of Ag

NCs. The inset shows the size distribution
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Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure 6.9.

histogram for Ag NCs generated from HRTEM
measurements. (C) ESI mass spectrum of
synthesized DHLA capped Ag NCs in 1:1 water-

methanol mixture.

Changes in the emission spectka & 375 nm) of 186
DAPI (dash blue) and Ag NC (dash red) upon
mixing (solid orange) in PBS.

Changes in the PL spectruty(= 375 nm) of Ag 188
NCs upon gradual addition of SDS. The inset
shows the changes in the absorption spectrum of
Ag NCs in the presence of SDS.

Changes in the emission spectka &€ 375 nm) of 189
DAPI (dash blue) and Ag NC (dash red) upon
mixing (solid orange) in (A) 1 mM SDS and (B) 16
mM SDS.

FL lifetime decay traces\{x = 375 nm) of DAPI, 190
upon addition of (A) 1 mM and (B) 16 mM SDS in
the absence (i) and presence (ii) of Ag Ngm(=

492 nm).
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1.1. Background

Nobel metal nanoparticles (NPs) have attracted iderable
attention in the past few decades due to theirnpiaieapplications ir
miniature optical devices, sensors, medical diagno, therapeutics
etc [1-4]. The electronic and optical properties of metal Nleépenc
greatly on their size, particularly in the nanoraatainge (Schemel)
[5-9].

A  Nanocluster Nanoparticle Bulk

Conduction
band

Energy

1 : —————— Valence
_‘_‘—‘r \ —_—— band
'I "\‘ Metal Sphere
® _y W /
M, s, ]
S Light Wave
hv s
g
M, Se—— u

Size-quantized Electron Cloud
electronic transitions Surface plasmon resonance (SPR)

v

Increasing Size

Scheme 1.1Electronic energlevels of metal NC, NP, and bulk metal.

Bulk metals are electrically conducting and goodtiaap
reflectors due to the freely moving delocalizedcetens in the
conduction band. Metal NPs-100 nm) display intense colors a:
result of the localized swte plasmon resonance (LSPR), which ai
due to the collective oscillation of conduction attens upor
interaction with light[5, 6]. When the size of a metal NP is furtl

reduced to around 2 nm or less, the continuous bandture become

2
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discrete due to the quantum confinement effectBeh1.1)7-9]. In
such an extremely small size scale, NPs are knasvnamoclusters
(NCs). These metal NCs are said to have moleck#edroperties with

discrete electronic energy levels and size-depdrataission.

Extensive theoretical and experimental studies haeen
performed to understand the emission properties vafious
fluorophores in the presence of metal NP and NGaMé¢Ps and NCs
alter the emission properties of fluorophores witithe several
nanometers from their surfackletal NPs exhibiting distinct LSPR
band are known to either enhance or quench theeflgence yield of
nearby fluorophorg10-20]. The ultrasmall luminescent metal NCs
having molecule-like properties affect the nearhyorfophore in an
entirely different way as they do not show any LSRRtal NCs act as
efficient quenchers in the presence of nearby mhaited molecules
[21-23]. The influence of metal NPs and NCs on the fluoease
quantum yield of nearby fluorophore is very compéad depends on
various parameters such as size of the metal NAN&jdshape of the
metal NP, the separation distance between fluongpéiod metal NP or
NC, the orientation of fluorophore dipole with respto metal NP or
NC, and the spectral overlap between the emissgctsim of
fluorophore and absorption spectrum of metal NRIGr In this thesis,
the effect of silver nanoparticles and nanoclusféig NPs and NCs)
on the emission properties of the various fluoraphcsuch as silicon
quantum dots (Si QDs), carbon dots (CDs) and 4djaGiidino-2-
phenylindole (DAPI) has been demonstrated. A bowsfrview of the
optical properties, synthetic routes and applicetiof Ag NPs, Ag
NCs, Si QDs, and CDs has been provided in the sestions.
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1.2. Silver Nanoparticles (Ag NPs)

In the past few decades, Ag NPs have been utilizetiverse
domains including optoelectronics, biosensorsngintobials catalysis,
surface enhanced Raman scattering (SERS), nedrsitanning probe
microscopy, luminescence enhancement and quendtirige metal
surface, etc[24-31]. The shape and size of the Ag NP directly
influence its characteristic LSPR band. The LSPRimam (1 spr) of
spherical Ag NP ranges from 390-500 nm dependinthersize of the
Ag NP [25, 26]. With the increase in the size of NP, thepr shifts to
the longer wavelength.

Colloidal particles of varying size and shape hdween
synthesized using templates, photochemistry, sesdstrochemistry,
and radiolysis[32-36]. The simplest and the most commonly used
synthetic method for Ag NPs usually makes use sdlable Ag salt, a
reducing agent, and a stabilizing agent. The stalgl agent caps the
NP and prevents further growth or aggregation. T¢mnation of
colloidal solutions from the reduction of Ag salwolves two stages,
namely nucleation and subsequent growth. The sideshape of the
synthesized Ag NPs are strongly dependent on ttages. The initial
nucleation and the subsequent growth of the neeleibe controlled by
adjusting the reaction parameters such as reattimperature, pH,
precursors, reducing agents, and stabilizing ag¢Rfs 37-41]
Recently, Agnihotri et al. (2014) precisely conliedlthe nucleation and
growth kinetics to synthesize different sized sparAg NPs using
sodium borohydride as a primary reducing agentteaddium citrate,
both as secondary reducing agent as well as <aliliagent[25].

They prepared monodisperse Ag NPs with averagevaizéng from 5-

4
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100 nm exhibitingl.spr in between 393 to 462 nm. They also
illustrated the size and dose-dependent bactetio@ctericidal effect

of different sized Ag NPs. In this thesis, differaized citrate-capped
Ag NPs exhibitingl, spr at 398, 415, 425, 435, and 449 nm have been
synthesized by the well-known Lee and Meisels nethath slight
modifications [42]. The effect of citrate-capped Ag NPs on the
emission properties of Si QDs and CDs has been dstnated.

1.3. Silver Nanoclusters (Ag NCs)

Ag NCs have sizes comparable to the Fermi wavdbeafian
electron and exhibit molecular-like properties utthg discrete
electronic states and size-dependent PL propedies44]. For the
synthesis of Ag NCs, the most common route folldkes reduction of
Ag" ion precursor in the presence of suitable ligafatious reduction
techniques such as radiolytical, photochemicalpsbamical, etc. have
been employed for the synthesis of Ag Ni@5-52]. The frequently
used capping ligands are DNA, polymer microgelgtides, proteins,
and thiol- or amine-appended molecules (Scheme[212)47, 50-55]
For example, Xiao et al. (2013) synthesized lungeas Ag NCs using
ssDNA chain containing 12 cytosine bases as théfotta They
employed Ag NCs in energy transfer studies and detnated the
biosensing application of Ag NC1]. In another study, Li et al.
(2013) synthesized highly stable water-dispersibiminescent Ag
clusters with a PL quantum vyield of 9.7% using dnthte polymer
ligand. For the first time, they demonstrated thecsssful application

of Ag NCs as biomarkers to label mouse liver tis§gé] .
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Protein

Short ligand

Scheme 1.2. Schematic representatiorof the dfferent ligands
stabilizing the Ag NCs.

Small molecules containing carboxylic and thiolsugps have
also been used to stabilize silvNCs in solution using sodiur
borohydride as reducing age[52, 55, 57} Recently, Adhikari et a
(2010) reported a single step facile synthesis of v-dispersible
dihydrolipoic acid (DHLA) capped luminescent 4 and Ag NCs
showing excellent optical properties, narrow enoissprofile, gooc
photostability, and large Stokes st[52]. They also demonsted the
sensing application of Ag NC for ultrasensitive esiibn of highly
toxic mercury ions. Over the past few years, Ag Nl to thei

excellent optical properties, s-nanometer size and naoxicity have
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been employed in various important chemical andogioal systems
[21, 44, 52-54, 56] In this thesis, the effect of ultrasmall DHLA-
capped Ag NCs on the emission properties of DAP$ loeen

demonstrated.

1.4. Quantum Dots (QDs)

The term “quantum dot” was first used by Mark A.eRen
1988 to describe a spatially quantized system, &hehe
electrostatically bound electron-hole pair whickkmwn as exciton is
confined in all the three spatial dimensionjs8]. The bulk
semiconductor consists of the continuous valenced b@/B) and
conduction band (CB) separated by a region of tibidden energy
gap, known as band gapg, of the material. An electron gets excited
from filled VB to the empty CB leaving a hole inetNvB, by absorbing
a photon of energy greater thBg. The average distance between the
electron and hole is called the exciton Bohr radWiken the size of the
particle approaches near or below the exciton Babiius, the energy
bands become discrete and the properties of thelparbecome size
dependent (Scheme 1.3). The energy gap between B GB
increases as the size decreases resulting in ashltieof the optical
transitions [58-60]. This effect is known as quantum confinement
effect, which is usually observed in size regim®wel0 nm for most
of the semiconductor materials. Compared to bultenads, QDs show
unigue size-dependent photoluminescence (PL) piiepedue to the

guantum confinement effect.
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BquSemiconductorl | Quantum Dot {QD) |

Conduction
Band (CB)
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Energy
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Valence
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Decreasing Size

Size-dependent
emission property of QDs

Scheme 1.3Quantum confinement and stunable PL properties ¢

QDs.

QDs exhibit broad excitation spectra, - and composition
tunable narrow emission from ultraviolet to r-infrared wavelengtl
range, high quantum yield and better stability agiaphotobleaching
QDs show excitatiomlependent emission because of dicant size
distribution, which allows their selective opti@{citation. In addition

QDs have relatively large surfearea to volume ratio which



Chapter 1

promising for its water-solubilization, sensing hggtions,
bioconjugation, etc.

Several solution phase synthesis, purification, and
characterization procedures have been well eskedulido synthesize
high-quality QDs, consisting elements from the gou-VI, IlI-V, and
IV-VI of the periodic table, such as CdSe, CdTeS(ZhS, CdSe/ZnS,
InAs, etc[61-65]. As a result of their narrow size distributionlesgive
morphology, controlled surface chemistry and brigt these QDs
have been widely used for solar cell applicatiobEDs, sensors,
biolabeling, etc[65-68]. However, these heavy metal QDs possess
significant drawbacks in biological application dtee their potential
cytotoxicity [69-72]. Therefore, extensive research has been carried ou
to develop less toxic, heavy metal free QDs suckila®n quantum
dots (Si QDs), carbon-based nanomaterials suclarbsmrc dots (CDs),

graphene quantum dots (GQDs), polymer dots, etc.
1.4.1. Silicon Quantum Dots (Si QDs)

Bulk silicon is an indirect bandgap semiconductoatenial
which shows poor applications in light emitting s (Scheme 1.4).
However, as the size of the silicon nanomateriabbees comparable
to its exciton Bohr radius, it exhibits quantum fie@ment effect. As a
consequence, the band gap increases resultinghatalirect exciton
recombination in Si QD (Scheme 1.4). Si QDs shaxe-sinable PL
emission with high quantum yieldg3]. Unlike heavy metal QDs, Si
QDs are considered highly promising candidatesldoge-scale bio-
applications, particularly for in vivo applicatiordue to their low-

toxicity, good biocompatibility, and smaller si8] .
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Conduction Band

h+
Valence Band
k k
k=0 k=0
Indirect band-gap in bulk silicon Direct band-gap in Si Q

Scheme 1.4Indirect and direct exciton recombination in bulkcen
and Si QD, respectively.

Numerous synthetimethods have beeateveloped over the pe
few decades for the synthesis of m-dispersed Si QDsvhich are
broadly classified into tbp-down” and “bottom-up” approachd60-
68, 73-80] Recently, relatively mor-dispersed Si QDs having tunal
PL properties have been synthesized with differesurface
functionalizations such as amines, carboxylic aemphiphilic block
copolymer, etc.Earlier, Warner et al. (2005) synthesized ar-
terminated watedispersible ¢ QDs by reducing silicon precurs
using hydride reducing agent inside reverse misell roorr
temperature [79]. Recentl, Clark et al. (2010) prepared a
characterized luminescent Si QDs functionalizedhvgitopionic acid

pentanoic acid, heptanoic acid, and undecanoic {[81]. They
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illustrated that the oxidative and optical stapilivas improved by
increasing the length of the carbon spacer betweersilicon surface
and the polar carboxylic acid group. The surfacefionalization plays
an important role in determining the solubilityatstity, cytotoxicity,

and hence the applicability of Si QDs in variousds. In this thesis,
the PL properties of allylamine-capped Si QDs ie fhresence of

citrate-capped Ag NPs have been explored.
1.4.2. Carbon Dots (CDs)

In 2004, while purifying single-walled carbon namo¢s, Xu et
al. (2004) serendipitously discovered an unknownitescent carbon
nanomaterial which is now referred to as carbomtyua dots oICDs
[82]. CDs constitute a fascinating class of luminescearbagenic
nanomaterial having sizes below 10 nm with an oskell composed
of oxygen or other heteroatom rich functional gmapd an inner core
rich in sg hybridized carbon atoms[83-87]. Analogous to
semiconductor QDs, these surface-passivated COdaglisize and
wavelength-dependent luminescence properties, taesis to
photobleaching, facile bio-conjugation, e{83-87]. These CDs
combine several favourable attributes of traditioeamiconductor-
based QDs without incurring the burden of intrinsigicity, elemental
scarcity, tedious and costly synthetic proceduidsere have been
several explanations for the origin of the optadperties of CD$85-
94]. Some studies have stated that the luminescenc® a$ due to the
electronic transition within the core, whereas otleports have linked
the emission to surface-localized states. Also, tmaracteristic
excitation-dependent PL properties of CDs have begulained by
several researchers on the basis of either distribuof different
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surface chromophore®r size. Till now, the orgin of intense
wavelengthdependent Plproperties of CDis a matter of debate ai

not yet entirely understoc

Laser ablation
Arc-discharge

[ Plasma treatment]

[ Hydrothermaltreatment ]

[ M‘scrowavesynthesis] [ Ultrasonic synthesis ]

[ Electrochemical oxidation ]

Templated routes [ Chemical oxidation ]

[ Thermal decomposition ]

Scheme 1.5Schematic illustration of C preparations via “bottom

up” and “top-down” approache:

The fabrication ofCDs can generally be classified into t
kinds of approaches;bottom-up” and “top-down” (Scheme 1.5
Bottom-up approaches fabricate CDs from molecular precsirsack
as citric acid, sucroseand glucose through microwave synthe
thermal decompositiorhydrothermal treatmel templatebased route
and plasma treatmef@5-100]. Top-down approaches synthes@Bs
from macroscpic carbon structures, suchgraphite, activated carbpn
and carbon nanotubes by treatments like-discharge, laser ablatic
electrochemical oxidatiorthemical oxidationand ultrasonic synthe:
[86, 88, 100-102] For examplePark et al. (2014) reported a large
scale “green solution” for the synthesis of CDs ihgvuniform

spherical shape with an average size of 4.6 nnmguaiaste food a
12
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carbon sources under ultrasound treatment at reompdraturg102].
Recently, Ding et al. (2016) hydrothermally synthed CDs having
different degree of oxidation with tunable PL anduantum yield of
upto 35% in water and separated these CDs viaasiticlumn
chromatography97]. The separated CDs displayed bright and stable
luminescence from blue to red under a single-wangtte UV light
exhibiting high optical uniformity. In the recenears, CDs owing to
their outstanding merits in terms of luminescencgability,
biocompatibility, and low cost have found potentadplications in
numerous important fields such as biosensing, laging, drug
delivery, photocatalysis, and optoelectroni83, 84, 88, 101-105]In
this thesis, the effect of three different sizeate-capped Ag NPs on

the PL properties of CDs has been illustrated.

1.5. Influence of Metal NPs and NCs on the Nearbylorophore

Metal NPs show broad LSPR band due to collecti@lason
of conduction electrons upon interaction with ligiwhereas ultrasmall
metal NCs display size-dependent bright lumineseedue to the
discreteelectronic energy levels. Due to their titally different
optical properties, metal NPs and NCs affect therlmefluorophore in
different ways. The presence of metal NPs eithbaeoes or quenches
the luminescence yield of the nearby fluoropharés vell established
that the origin of luminescence enhancement istdwather enhanced
electromagnetic field of LSPR at the metal NP stgfar an increase in
the radiative decay rate of the excited fluorophoear the metal NP
[10-13]. It has been observed that metal NP often quenthes
fluorescence yield due to nonradiative energy fenselectron

transfer, or by decreasing the radiative rate effilhorophorg15-20].
13
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The ultrasmall metal NC having molecule-like prdms quenches the
luminescence yield of the nearby fluorophore dueitioer nonradiative
energy transfer or electron transfi@1-23]. The radiative ) and

nonradiative K,;) decay rates of the fluorophore are express¢tiO:
ky =22 (1)
ko, = (ﬂ) (2)

where ¢p is the quantum yield and, is the average lifetime of the
fluorophore.

Several investigations have been performed to rstated the
highly efficient nonradiative energy transfer fraarious photoexcited
fluorophores to metal NPs and NCs. Since metal kitbés broad
LSPR band and metal NC shows size-dependent Plepiep due to
discrete electronic energy levels, both NP and Ni€ngh the nearby
photoexcited donor via different mechanisms. Thechaaism of
excitation energy transfer and the different relateeories have been

discussed briefly in the next section.
1.6. Mechanism of Excitation Energy Transfer (EET)

EET is defined as the nonradiative transfer of texion energy
from a photoexcited donor to a proximal accepi®6] (Scheme 1.6).
The donor is a fluorophore and the acceptor casnio¢her fluorophore
of lower excitation energy, a dark quencher, a higta or a metal NP.
The rate of energy transfer depends upon variousnpgters such as
size and shape of the acceptor, the orientatisheoflonor and acceptor
transition dipoles, the distance between donor acwkptor, and the

spectral overlap between the emission spectrum @ford and
14
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absorption spectrum of accep{d06]. Since EET is sensitive to the
donor-acceptor spectral properties and the donoegdor distance, it is
commonly known as thespectroscopic rulér Being a sensitive and
selective fluorescence technique, it has been widpplied in various

fields including photovoltaics, light-emitting died sensors,

bioimaging, et¢107-110].
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Scheme 1.6.Jablonski diagram for nonradiative resonance energy
transfer.

Energy transfer techniques rely on the measureroérthe
intensity quenching and/or the lifetime quenchirfgttee donor. The
guenching efficiency for a donor-acceptor pairiieeg by the equation
[106]:

per=1-222 =1 -2 (3)

¢p Tp

wheregp., and ¢p are the quantum vyield of the donor in the presence
and absence of the acceptor, respectivigly.andzp are the excited-
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state average lifetimes of the donor in the presemd absence of the
acceptor, respectively. The rate of energy tranger) between a
donor and acceptor is expresseflas):

ker = N (%)n (4)

wheretp is the excited-state average lifetime of the domorthe
absence of the accept®; 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 dependdnite dheory used

to describeRry. BothRyand n are highly dependent on the nature of the
donor and acceptor. Due to the strong distancerdigpee oker, EET

has found various applications in structural biglotp measure
distances and to monitor structural or conformationhanges in

biomolecules.

Numerous models such as Forster resonance enexggfer
(FRET), Gersten-Nitzan (G-N), Chance, Prock, SiHBEeyn (CPS-
Kuhn), and nanometal surface energy transfer (NSEaJye been
developed in the last few decades to understandméehanism of
energy transfer from photoexcited donors to metas ldnd NC$15-
17, 111, 112] A brief description of these theories, their asgtions,

and limiting conditions are provided in the nexttem.
1.6.1. Forster Resonance Energy Transfer (FRET)

In 1948, Theodor Foérster quantum mechanically desdrthe
theory of FRET occurring between two closely juxisgd molecules
[111]. FRET is defined as the nonradiative energy teanffom a
photoexcited donor (D) to an acceptor (A) via dgdipole
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interactions. It is a through space distance-degatndhteraction in
which the excited donor transfers its excitatioergy to an acceptor
molecule nonradiatively. The rate of FRET depengsnuvarious
factors such as the extent of spectral overlaprelative orientation of
the transition dipoles and the center-to-centetadie between the

donor and acceptor molecules (Scheme [1L.G§, 111].

FRET invokes the Fermi Golden Rule in the dipole
approximation of energy transfer. The Golden Rubpraximation
relates the energy transfer raterf to a product of the interaction
elements of the donorF{) and acceptorHp), ket = FpFa. These
interaction elements can be simplified such thatirttseparation
distance R) dependencies are sole functions of their geometri
arrangement. For single dipolds~ 1/R?, for a 2D dipole arrayk ~
1/R, and for a 3D dipole arra¥y, = constantsuch that the power of the
distance factor decreases as the dimension inarage FRET, which
consists of two single dipoles, is easily deriveshf this rule such that
kerer~ FoFa = (1R)(1/R%) = 1/R°. Therefore, the rate of FREKeke1)

for a donor-acceptor pair is given by the followieguation:

kerer = % (%)6 ®)

where 7p is the excited state average lifetime of the domoithe
absence of the accept®|s the separation distance between donor and
acceptor, and Ris the distance at which the 50% FRET is observed
which is known as the Forster distané®)( Ry is a function of the
oscillator strengths of the donor and acceptor oubés, their mutual
energetic resonance, and the vector addition oir ttigpoles. The

Forster distanceRy) can be expressed as
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1/6

Ry =[(8.8 x 10°%)(,k®n~*¢pJM))] "~ (6)

wherex?is the orientation factor of the transition dipotefsthe donor
and the acceptor; is the refractive index of the mediumyp is the
guantum vyield of the donor ani{)) is the spectral overlap integral
between the donor emission and the acceptor alisogpectrum. The
value of ¥* depends on the relative orientation of the donod a
acceptor dipoles. For randomly oriented dipolés, 2/3, and it varies
between 0 and 4 for the cases of orthogonal andllpladipoles,

respectively.

FRET
r\ Donor’s Emission Acceptor’s Absorption
D A
Rg=2-6 nm Spectral Overlap = J(A)

350 400 450 500 550 600 650
Wavelength (nm)

Orientation Factor (k)
Scheme 1.7.Important parameters on which FRET depends.

FRET is only wuseful for measuring donor-acceptor
intermolecular distances in between 1 and 10 [@&8, 114] This
range is sufficient for observing dynamic interans between proteins,
nucleic acids, and cell membranes. Recently, FRBS &lso been
applied to explain the luminescence quenching abua photoexcited
donors such as dyes, semiconductor QDs, and Clseipresence of

metal NPs. But the assumption of a metal NP to \x=les a single
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point dipoleis debatablg115]. Therefore, by changing the acceg
from a pointdipole to a metal NP, the 19Ristance dependent tel
altersgiving larger abrupt donaaeceptor separati distances beyond
the FRET limi [116, 117] A number of alternativienergy transfer
modelssuch as G-N, CPS-Kuhn, and NSE&ve been developed
treat an oscillator in the metNP near field,jn an attempt to accou
for the quenchincof photoexcited molecules in the presence of n
NPs

1.6.2. Gersten-Nitzan (G-N) model

The GN-model providesne of the first theoretical treatmel
for a molecular dipole in the presence of eithenetallic sphere ©
spheroid[16, 118]. In this model, the NFs assumeco consist of a
volume of uncoupled dipol (Scheme 1.8)This assumption resu in
1/R® distance dependence as the donating dipole cowplessingle
dipole in the volume of oscillators present in thetal NP Since the
volume of dipoles has all possible orientations, dhientation factor i

no longer require:

D A

Scheme 1.8. Schematic illustration of fluorophc-metal NP donor-

acceptor system tG-N theory.
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The fluorophore is placed at a distance R fromddeter of a
spherical NP of radius r, such that r4<JIhe assumption of the NP
being much smaller than the wavelength of light llows for the
problem to be treated within the electrostatic tiiedhe assembly of
the NP with the fluorophore placed in its vicinity treated as one
complete system with a dipole moment which has rdmstions from
both the metal NP and the fluorophore. This is mered to be more
appropriate because of the generation of the irdldgeole due to the
electric field of the metal NP. The induced dipaleuses an image
enhancement effect which is prominent at distacteser to the metal
surface. The field of the NP affects both khandk,,. If the changes in
thek, are ignored and only nonradiative energy transtée dominant
process, then the distand&{") corresponding to 50% energy transfer
given by the following equatiofi6, 119

1
3 (e1+2)%+¢€3 13

RGN = [2.25. gyt @)
D

le2|?

wherewp is the frequency of the donafp is the quantum yield of the
donor, r is the radius of the metal NlP; and ¢, are the real and
imaginary components of the dielectric constanthef metal ana is
the speed of light. This equation is derived uritier assumption that
there is no change in the radiative rate of theodanolecule in the
presence of the metal NP and therefore no enhamteeféects.
Overall, this model predicted more efficient quanghthan FRET
because the increased number of accepting dipoleeased the
probability of coupling. But it failed to predicoth the rates of energy
transfer as well as the dependence upon the destartween the
emitter and NP surfad@0, 117].

20



Chapter 1

1.6.3. CPS-Kuhn model

In 1970, Kuhn explained the energy transfer frodipmle to a
thin metal film [112]. His theory deals with the quenching of an
emitting fluorophore when placed close to a thintahélm and is
applicable when the thickness of the film (D) isdehan the distance of
the fluorophore from its surface (d) (Scheme 1T®e emitter is again
treated as a simple harmonic oscillator and thehfiéh is assumed to
be a perfect mirror with a reflectivity of unityh& emitting field from
the donor induces oscillations in the acceptor thislinduced field in
the acceptor travels back to the donor and slowendiine acceptor
oscillator. Thus, it can be said that the quenchimg&uhn theory is a
retardation effect on the emitter due to the aarepthe theory also
explains the quenching of a quadruple emitter byetal thin film

acceptor.

/

D

A 4

Scheme 1.9Schematic representation of CPS-Kuhn approximéton

a fluorophore-metal thin film as the donor-acceppair.

However, it was later found that the Kuhn’s thegrgatly over-
estimated the extent of energy transfer and it madified by Chance,
Prock, and Silbey which is now known as CPS-Kuhm@hoThe CPS-
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Kuhn model was developed to describe thin fiimswethe electron
mean free path and assumes that the metal thinidilprimarily an
absorber of the excited-state oscillator energthennear field through
the formation of an image dipole. In the CPS-Kuhvded, the surface
Is treated as a strongly correlated collectionsdiltators resulting i
“ distance dependence. According to this model,dis@nce """
Kuhty 3t which the probability of nonradiative energgnisfer is 50% is

given by the following equatiofi5, 12 119}

1
, /4
s _ "%(Ad))l/‘* (;’_;(1 + 6_1)> (8)

le2]?

where the orientation of the donor to the metakmpian vector isy,

which takes a value of(1/4n).(9)1/4 for a dipole oriented

perpendicularly to the metal surface while it takes value

of (1/471).(9/2)1/4 when the dipole is aligned parallel to the metal
surface. is the emission wavelength maximum of the donas the
refractive index of the mediund is the absorptivity of the thin film
mirror, ¢p is the quantum yield of the donag, is the refractive index
of the metal¢; is the dielectric function, and is the complex dielectric
function of the metal which can be decomposed th real and
imaginary componentse{ = e;+ ie;). The CPS-Kuhn expression is
only appropriate for a thin film with mirror-likeehavior where the
image dipole depth is defined by the penetratigrtidef the oscillator
dipole, which is dependent on the metal compleledigc function )

and absorptivity4) at the oscillator frequend$5, 120].

It has been reported that the G-N model developedgherical
metal NP predictingR® distance dependence failed to predict
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separation distance-dependent quenchitig/]. The failure of G-N
model was believed to reflect the inability to aetaly predict the
observed rates for the fluorophore when the NP ihagnificant
scattering contributions. In the NP, neither amité surface nor a bulk
volume is a correct model and thus the CPS-Kuhnemaathough
validated in thin films, over-predicted the interan strength of NP
with the dipol€[112, 114, 120, 121]Hence, there was a requirement of
the incorporation of size-dependent electronic progs of the metal
NPs in the quasi-static CPS-Kuhn moddl2, 115, 122]

1.6.4. Nanometal Surface Energy Transfer (NSET)

The NSET model is an extension of the theory pregdoly
Persson and Lang in the year 1981 where the FL ofpiresp of an
oscillating dipole on a metal surface was illugtdat(Scheme 1.10)
[17].

Scheme 1.10NSET model for the fluorophore-metal NP as the dono

acceptor system.
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The metal is treated within the jellium approxiroati The
frequency of oscillation of the dipoleyg) is smaller than the plasma
frequency ¢p) of the metal as only in this region the conduttio
electrons of the metal can respond adiabaticallthéoslowly varying
external field and adjust to the instantaneouscstainfiguration. The
theory explains the effects of the metal surfacethenemitter in the
long distance range such that>wr /wpks, Wwhere we is the Fermi
frequency andks is the Fermi wave-vector for the metal. The theory
also assumes that the surface of the metal NPigygo affect the
emitter differently than the volume, therefore #ffects of surface and
core electrons are considered separately. This snake theory
extremely applicable to the metal NP quenchinghasstirface and core
electrons behave differently. The rate of surfasenghing is a function
of the electron gas density parameter while theiwmel damping is a
function of the bulk dielectric function arisingpin the scattering of the

electrons against the phonons, impurities etc.
The generalized damping rate can be written as,

2
kgr = ﬁ F (9)

whereu is the dipole moment of the emitterjs the distance from the
center of the emitter to the metal NP surface Bnd the surface or

volume dependent quenching term such that,
1
FSurface =122 — (10)
and,

wp 1
F =3 —=.—
Volume wr kgl

(11)
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The volume quenching is thus a function af*ldnd the mean
free path ) for the metal while the surface quenching is d*1/
dependent phenomenon. For very small particles evties surface and
the volume are indistinguishable, only surface ghérg is observed
while for large particles which have a well-formeadrface and a
distinguishable volume, surface quenching is olekrat shorter
distances while volume quenching plays a dominaf¢ At longer
distances. Also, for metals with extremely long mé&ae paths such as
the noble metals, surface quenching is the domiplayer at distances
as long as 30 nif122]. With these approximations and results the rate
of NSET knse) is given by the following equation:

kysgr = 0.225 #@ (12)

wDa)Fde4 Tp

where c is the speed of lightp is the quantum yield of the donaesp

is the angular frequency of the doneg,is the angular frequency of the
bulk metal, kg is the Fermi wave-factor for the bulk metal, is the
excited state lifetime of the donor in the abseotcacceptor andl is
the distance from the centre of the donor to thiéasa of metal NP.
This can be expressed in more simplified form witleasurable
parameter§l21, 122]:

knser = % (%)4 (13)

whered, is the separation distance between the centeorafrdand the
surface of metal NP at which the energy transficiency is 50%. For
the Persson and Lang NSET model, the distadgeat which donor
display equal probabilities for energy transfer aspontaneous
emission is expressed @, 17, 120, 121]
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dy = (0225 f&)% (14)

(()D(()ka

Several reports have demonstrated that the nonirsdiBET
from photoexcited donors to metal NPs is best nemtibly the NSET,
showing a fair correlation between the experimentadl theoretical
results[114-116, 121]

1.7. Resonance EET from Photoexcited Donors to Mdt&dlPs and
NCs

Earlier, the resonance EET has been studied inlsimype-
based donor-acceptor systems having significantctisgle overlap
between the emission spectrum of donor dye and atheorption
spectrum of the acceptor dye. This spectral oveciderion for an
efficient EET led to the limited choice of donoreaptor pairs in dye-
based energy transfer systems. However, this lilmitahas been
overcome by the development of new quantum confiretbmaterials
showing size-dependent emission properties suc®Rs, CDs, and
metal NCs[43, 44, 79, 80, 86, 87, 92, 94The development of these
nanomaterials has extended the applications ohess® EET due to
their extremely tunable and size-dependent opficaperties spanning
from UV to near IR region with high quantum yiel@ver the past few
years, several reports have illustrated the EEDluivg photoexcited
semiconductor and carbon-based QDs as donors atal hieés and
NCs as acceptofd 8, 21, 107, 108, 114-116, 121-123]he EET from
photoexcited QDs and CDs to ultrasmall metal NGvics the FRET
mechanism, as these are treated as point dipokedadtheir smaller
sizes. However, the EET from photoexcited donangarby metal NP

(2-100 nm) is best described by NSET rather thaB FRiechanism.
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Extensive studies have been performed to demoestist
mechanism and dynamics of the quenching of phottaskc
fluorophores in the close proximity of metal NPsldNTCs[18, 21, 114-
116, 121-124] For example, Singh et al. (2010), directly catedl
spectral overlap between the LSPR of a 2 nm goftbparticle (Au
NP) and emission spectra of the different donorsdyg, = 520-780
nm) as well as the separation distance with thenmade of FL
quenching of different dyes by Au NPEL5]. The dyes and Au NPs
were separated by synthetic DNA sequences of diftdengths. They
compared their experimental results with the thieak predictions
from classical FRET, GN, CPS-Kuhn, and NSET modeisenergy
transfer from different photoexcited dye to Au NFomparison of the
models suggested that the NSET model best desctiteedbserved
spectral overlap dependent quenching of donor dyes2 nm Au NP,
whereas CPS-Kuhn over-predicts the distance depeadand FRET
as well as GN under-predict the distance. Recehtly,et al. (2015)
demonstrated the NSET based biosensor for selefttioemetric and
colorimetric detection of hyaluronidase using ardimoctionalized
CDs as donor and hyaluronate stabilized AUNPs espaor[125].

In another study, Xavier et al. (2010) utilized tpeotein
lactoferrin as a stabilizer to synthesize AUNCs dedhonstrated the
EET from the fluorescent protein residues to thesters using FRET
[124]. Similarly, Pu et al. (2011) reported FRET betwedne-
fluorescent conjugated oligomer-substituted polyakdoligomeric
silsesquioxane (POSSFF) and red-emitting bovineinsealbumin
(BSA)-encapsulated gold NCs (Au NCE)26]. Subsequently, they
demonstrated the mercury-ion sensing both in swiuand in cell.

Recently, Russell et al. (2015) estimated a tryijpagopAuNC donor-
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acceptor separation distance using FRET for huneanns albumin-
(HSA) stabilized AuNCq127]. This information was then used to
correlate where the clusters were nucleating orptb&ein structure. In
this thesis, the PL quenching of Si QD and CD ia fresence of
citrate-capped Ag NPs showing broad LSPR bands beaen
rationalized on the basis of NSET theory. In bofie tcases, the
estimated Forster distanceRy) were beyond the detection limit of
FRET theory, signifying that the EET from photod&di Si QD and
CD to citrate-capped Ag NPs does not follow converal FRET
process. On the other hand, it has been demortstthtd the FL
quenching of DAPI in the presence of ultrasmalliluescent Ag NC is
due to the FRET from photoexcited DAPI to Ag NC.

Since EET is sensitive to the donor-acceptor distaand
spectral properties, it has been extensively studie various
microheterogeneous environments such as micelleslymers,
biomolecules, etc. to probe the structure and dyewwf chemically
and biologically relevant systenjgl, 113-115, 119, 122, 124-132]
These microheterogeneous environments have beastrdlled as
excellent bio-mimetic. The energy transfer studi@s such
environments extend the applicability of FRET an8EY techniques
in various important fields such as sensing, madé&cimaging, drug
delivery systems, etf21, 110, 113, 123-125, 127, 128, 13H brief
description of the various microheterogeneous enwnents such as
surfactant assemblies, polymer, and DNA followedilhystration of
FRET and NSET studies in these environments has pew/ided in
the next section.
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1.8. Microheterogeneous Environments
1.8.1. Surfactant Assemblies

The surfactant is an amphiphilic molecule contanithe
nonpolar hydrocarbon tail and the polar head grdiye hydrocarbon
tail of a surfactant can be linear, branched omatec and the polar
head group can be neutral or ionic depending upertharge it carries.
Surfactants are classified based on the chargeeopolar head group.
The non-ionic surfactant contains the neutral pb&ad group, whereas
polar head groups with net positive and negativargd are known as
cationic and anionic surfactants, respectivelyth# polar head group
contains both, the negatively and positively chdrgead group, it is
called as the zwitterionic surfactant. The chemsalictures of the
cationic surfactant cetyltrimethylammonium brom{@TAB), anionic
surfactant sodium dodecyl sulfate (SDS), and nestigactant triton
X-100 (TX-100) are presented in scheme 1.11.

Br
VN NG P P NG N
ﬁr/

AN
3 0 H
CTAB “’W o
Hj
HC  CH;

/\/\/\/\/\/\03\3\))_ Na' Triton X-100
H,5C 0 0

HsC

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

At very low concentrations, the surfactant molesutkie to
their amphiphilic nature form a monolayer at theveater interface

(Scheme 1.12)133, 134] The polar head groups remain in the
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aqueous phase with hydrophobic tails pointing tolwathe air.
Addition of further surfactant molecules resultsoithe formation of
pre-micellar aggregates in the solution, followgdtbe formation of
spherical aggregates at or beyond the critical lleiceoncentration
(CMC) (Scheme 1.12]J133, 134]. These spherical aggregates are
known as micelles, in which the hydrophobic tadsni the core of the
aggregate and the hydrophilic heads are in comtitlctthe surrounding
agueous medium. The CMC of above-mentioned suriect&@TAB,
SDS, and TX-100is 1, 8, and 0.22 mM, respectively.

83338 1 Ry

Fack| [ Fge

Monomers at the interface  Pre-micelles( at < CM() Micelles ( at = CMC)

O
O
o
O

Scheme 1.12Representation of the surfactant assemblies irtisolu

The physicochemical properties and structure ofell@s are
strongly dependent on the nature and size of pwdad groups, the
length of the hydrocarbon chains, type of counterielectrolyte
addition, solution pH, and temperatuf#33-137]. The number of
surfactant molecules forming a micelle is knowntlas aggregation
number (N). The aggregation number of the abovetiowed
surfactants CTAB, SDS, and TX-100 is 61, 64, and, Xdspectively.
The typical diameter of ionic micelles ranges fr@dnto 5 nm,
depending on the nature of surfactants. Scheme &h®vs the
structure of the anionic micelle which consistsaolfiydrophobic core

composed of the hydrocarbon chains of the surfaatawlecules, a
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Stern layer surrounding the core, and a Gouy-Chaprwyer
surrounding the Stern layer.

| Hydrophobic Core | | Stern Layer | | Gouy-Chapman Layer |

.
v

4
A

I
v

(® =Counter ion

V\a\f’ = Anionic surfactant

Scheme 1.13.Schematic illustration of the structure of an andon

micelle.
1.8.2. Polymer

The polymer is a long-chain molecule which is preda
via polymerization of several small molecules whiate known as
monomers (Scheme 1.1f)38]. Polymers are classified in number of
ways based on their origin, synthetic methods,ntlaéresponse, line
structure, charge, tacticity, crystallinity, applions, and physical
propertieqd138].
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N
£

@ =Monomer

Scheme 1.14lllustration of a polymer composed of small monamer

units.

The well-known examples of polymers include poly&the,
proteins, polysaccharides, methyl cellulose, nylaasins, rubbers, etc
[138]. Due to the recent technological advancementsappdications
of polymers have extended from everyday materiats @rocesses to
various complex and challenging fields such as dietvery, bio-

sensing, biomedical devices, optoelectronics[36-142].

1.8.3. Deoxyribonucleic acid (DNA)

DNA consists of two long polynucleotide chains, @hiare
composed of monomeric units known as nucleotid§®43]. A
nucleotide is made up of a sugar (deoxyribosehasphate group, and
one of four nitrogenous bases: adenine (A), thyriileguanine (G) or
cytosine (C).The nucleotides are joined to one laroin a chain
by covalent bonds between the sugar of one nudko#ind the
phosphate of the next, resulting in an alternat@isphosphate
backbone. The nitrogenous bases of the two seppaymucleotide
strands are bound together, according to basengaidles (A with T,
and C with G), with hydrogen bonds to make doublarsled DNA
(Scheme 1.15)143]. When the strands are far apart, major grooves are
formed and when the strands are closer, minor g®are formed

(Scheme 1.15). Major grooves are wider than minmoges which
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mean that the edges of the bases are more aceessiltihe majo

groove than in the minor groov

‘ Major H Minor ‘

Scheme 1.5. Schematic represtation of a doub-stranded DNA.

According to Ortiz et al. (2011dhere are three ws a molecule
can bind to doub-standed DNA, namely intercalati, groove
binding andexternal electrostatic bindirfd44]. Intercalation involves
insertion ofthe planar molecule between the DNA base piln groove
binding, the molecule resides in the major or mimgyoove Vvia
hydrophobic interaction and/or hydrogen bonding.e Thxterna
electrostatic binding leads to the bindincthe molecule with the DN,
suga-phosphate backbone via electrostatic irction. The information
regarding thse binding modes of DNAwith various biologically
important molecules is vital foseveral importan fields such as
medical diagnosis, cellular imaging, DNA quantifioa, etc [145-
149.

1.9.FRET and NSET in Microheterogeneou€Environments

Over the past few decadeseveral investigations have be
executed on the structural and photophysical aspettmolecule:
entrapped in microheterogeneous environments dubeigromising
role of confined assemblies inumerous chemically anbiologically
important system{149-152]. Recently, due to the explicit distar

dependence of EETit has been extensively studied in varit
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microheterogeneous environmeifgd, 113-115, 119, 122, 124-132]
For example, Mondal et al. (2013) reported a vénpke approach for
the measurement of the surfactant bilayer thickbgassing FRET as a
tool, where carbon NP acted as a donor and therdift dyes as
acceptors. The authors proposed that the syntlies@e-shell carbon
NPs may have applications in bio-nanotechnology such a carbon
NP-dye conjugate can be utilized as a drug caamner can be mapped
through fluorescence imagird53]. Similarly, Mandal et al. (2011)
synthesized Au NPs into the surface cavities of 3P1g8icellar
assemblies together with the fluorescent dye mddscuand
investigated NSET from confined donor dye to métRl[122]. They
also demonstrated a comparative study on quendiifigencies of
different dyes (coumarin 480, coumarin 343, anddamoine 6G)
having different locations inside micelles in orderprobe different
regions of Au-P123 hybrid nanospheres. They comduthat their
results can be helpful to further explore the po&trapplicability of

their energy transfer system in sensing and mealicimemistry.

In another study, Kundu et al. (2014) designed miga
inorganic light harvesting assemblies in which hjgéfficient FRET
from CdTe quantum dots (donors) to Nile Red dyecéptor)
encapsulated poly(methyl methacrylate) (PMMA) podymNPs[154].
The negatively charged thioglycolic acid capped €dDs were
attached to the surface of the polymer NPs by misitic interaction.
The authors suggested that their fundamental igat&in of FRET
from the surface to the core of the assemblies finayapplications in
artificial light harvesting systems. Recently, Xiagt al. (2013)
demonstrated distance-dependent FRET from diffepdrdtoexcited

donors to Ag NCs by designing a hybridized DNA @uxpmodel[21] .
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The separation distance between the donor and AgvdECadjusted by
changing the DNA duplex model and the number ofriayzed pairs.
They also employed their FRET-based energy transystem for
biosensing applications. In some other studieguSe and co-workers
(2005, 2006 and 2013) investigated the fluorescelnebavior of
various molecular dyes in the presence of diffesergéd Au NPJ18,
115, 116, 121] The separation distance between the dyes andPsu N
was varied using the double-stranded DNA of différengths. They
demonstrated that quenching behavior of dyes wasistent with 1d*
separation distance in accordance with the NSET emod@hey
proposed that NSET from a dipole to a metal narfasarmay provide
a new paradigm for the design of optical-based oubée ruler
strategies at larger distances desirable for dévetsological

applications.

In this thesis, along with the demonstration of thechanism
and dynamics of EET from various photoexcited dertorAg NP and
Ag NC, the influence of microheterogeneous envirents of CTAB,
SDS, poly(diallyldimethylammonium chloride) (PDADMA and calf
thymus DNA (CT-DNA) on the efficiency of EET hassal been

illustrated.
1.10. Organization of Thesis

The overall objective of the work described in thesis is to
unveil the fundamental mechanism and dynamics sérrance EET
from various photoexcited donors such as Si QDss,GIbd DAPI to
Ag NPs and Ag NCs. Moreover, the influence of wvasio

microheterogeneous environments such as surfackéasemblies,
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polymer, and DNA on the efficiency of energy trashas also been

illustrated.

Chapter 1 discusses the unique optical properties of Ag N&,NC,

and quantum dots such as Si QD and CD. The effatetal NPs and
NCs on the PL properties of various fluorophores baen briefly
explained. The mechanism and dynamics of varioub tBEories have
been discussed in detail. Finally, the importanéespectroscopic
nanorulers such as FRET and NSET, in numerousdaalty relevant

microheterogeneous environments has been illudtrate

Chapter 2 includes details of the chemicals and complete hetidt
procedures of citrate-stabilized Ag NP, dihydrolgpacid-capped Ag
NC, allylamine-functionalized Si QD, and CD. A Hbriescription of
the sample preparations and experimental technigsed to complete

the entire work of this thesis has been provided.he

Chapter 3 demonstrates the influence of Ag NP on the PL progse
of water-dispersed biocompatible Si QD in the abseand presence of
CTAB. The mechanism and dynamics of nonradiativ& EBm Si QD
to Ag NP has been illustrated and the influenceCa@iAB on this

nonradiative EET has been explored.

Chapter 4 investigates the effect of three different sizedate-capped
Ag NPs having distinct LSPR bands on the PL progeudf the nearby
CDs. The dynamics of the PL quenching of CDs in pthesence Ag
NPs has been quantitatively discussed, establisghi@gnechanism of
nonradiative EET and demonstrating the influencthefsize of Ag NP

on the efficiency of EET.
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Chapter 5 addresses the fundamental mechanism and dynanticzdbe
the FL quenching of DAPI by DHLA-capped Ag NCs and
demonstrates the influence of cationic water-selUPDADMAC and
CT-DNA on the FL quenching.

Chapter 6 illustrates the specific concentration-dependetgraction
between DAPI and SDS and investigates the influesfcsurfactant
assemblies of SDS on the FRET between DAPI and &g N

Chapter 7 concludes the work done in this thesis along withirt

scope for future applications.
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Chapter 2

2.1. Introduction

This chapter mentions all the chemicals usedhfersynthesis of Si
QD, CD, Ag NP, and Ag NC along with the chemicaliaed to study
the mechanism of resonance energy transfer in réifte restricted
environments such as surfactant assemblies, polyaret DNA. The
complete synthesis procedures of allylamine-cagie@Ds, CDs, citrate-
stabilized Ag NPs and dihydrolipoic acid capped WNgs have been
discussed in detail. All the sample preparationhoés$ opted during the
work of this thesis have been mentioned here. Gldgpter also covers the
detailed experimental techniques used to comphetentire thesis work.

2.2. Chemicals

Silver nitrate (Ag N@, >99%), cetyltrimethylammonium bromide
(CTAB, >98%), triton X-100 (TX-100, AR grade), tetraoctylarnium
bromide (TOAB, 98%), chloroplatinic acid hexahyasasodium dodecyl
sulfate (SDS, 98.5%), quinine sulphate dihydratgpiopyl alcohol
(99%), coumarin 152, ethylenediamine (EDA,Z99.5%)r-A-Lyzert
Dialysis Kit (MWCO 3.5 kDa), (xp-lipoic acid, 4°,6-diamidino-2-
phenylindole  dihydrochloride  (DAPI, >95%,HPLC), methanol,
poly(diallyldimethylammoniumchloride) (PDADMAC, MW=100000-
200000), and deoxyribonucleic acid sodium salt f@atf Thymus (type 1
fibers, CT-DNA) were purchased from Sigma-Aldridhi-sodium citrate
dihydrate (TSC), silicon tetra-chloride (SiCl99%), sulphuric acid
(H2S0Oy, 98%), tetrahydrofuran (THF, 99.5%), andcitricdagionohydrate
(99.5%) were purchased from Merck (Germany). Ahyilae (99%) was
purchased from Spectrochem (India). Lithium alumnhbydride (LAH,
97%) and toluene (99%) were purchased from SD Emamicals (India).
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Sodium borohydride (NaBil was purchased from SRL.Milli-Q water

was obtained from a Millipore water purifier syst@willi-Q integral).

2.3. Synthesis
2.3.1. Citrate-Stabilized Silver Nanoparticles (Ag NPs)

Different sized Ag NPs were prepared by the Wwetiwn Lee and
Meisels method by slightly varying the amount ofNK@; and TSC in
order to synthesize Ag NPs having sizes from 3B5tam[1]. A solution
of AgNO; (25 mL) in deionized water was heated to boilifigen, 4 mL
tri-sodium citrate (TSC) solution was added drogewio the boiling silver
nitrate solution, accompanied by vigorous stirriniche color of the
solution slowly turned into greyish yellow, indigag the reduction of the
Ag’ ions. The heating was continued for an additidrsamin and finally,
a green-grey silver colloid was obtained (Schenig. Zhe solution was
removed from the heating element and stirred ucdibled to room
temperature. The final concentration of syntheskgdPs was estimated

using the molar extinction coefficient at maximu@RR wavelength2] .

(i) Boiling
Ag NO, e
SilverNitrate (i) ? ro ©

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 ealiierature with
minor modification (Scheme 2.23].26.30 mg of lipoic acid and 10 mL
of Milli-Q water were placed in a round bottom #ad o this insoluble
mixture, ~1.5 mg of pure sodium borohydride waseaddnd stirred well
until a clear solution was obtained. In this stéy® insoluble mixture of
lipoic acid is reduced to water-soluble dihydrolipacid (DHLA). Next,
to prepare fluorescent Ag NCs, 500 puL of 25 mM amse AgNQ
solution is added to the freshly prepared abovee@ggsl DHLA solution
and this mixture was stirred well for 1 min. Tostha slight excess of
dilute aqueous sodium borohydride solution was ddslewly and the
stirring was continued for 3 h. The color of thduson changes from
colorless to deep orange marking the completiorthef reaction. The
concentration of as-synthesized Ag NCs was estinale2 mM based on

the assumption that all the silver in silver ngratas reduced to form Ag

NCs.
o] (o]
| NaBH, |
OH ——) OH
§—S8§

SH SH
Lipoic Acid Dihydrolipoic Acid

—0O

Scheme 2.2. Synthesis of DHLA-capped Ag NCs.

66



Chapter 2

2.3.3. Allylamine-Capped Silicon Quantum Dots (Si QDs)

The allylamine-capped Si QDs were synthesizeceuash argon
atmosphere according to the literature (Scheme[2]3)initially, TOAB
(1.5 g) was dispersed in dry toluene (100 mL) lnyisg for 30 min. Then
92 uL of SiCl, was added through a gastight syringe, followedthying
for 1 h. The hydrogen-terminated Si-QDs were treméd by adding 2
mL of 1 M LAH in THF. After 3 h, anhydrous methan@®0 mL) was
added to oxidize the excess LAH. The hydrophilictiples were then
formed by modifying the surface Si-H bond by thacteon with 100uL
of 0.1 M chloroplatinic acid hexahydrate in isopaiopl as a catalyst and 2
mL of allylamine. After 3 h of stirring, the solvewas then removed by
rotary evaporation to produce a white dry powdenstgting of mainly
TOAB and Si-QDs. The hydrophilic allylamine-cap@®dQDs were then
redispersed in 20 mL of distilled water followed iy sonication for 30
min. Then the allylamine-capped Si-QDs were dissblwn water, and the
undissolved TOAB was removed by successive fittratihrough a 0.22
um membrane filter. The concentration of the syrieesSi-QD solution

was estimated spectrophotometrically usigpgof 2.6 x 10 M cm *[5].

Toluene Stlrrmg
SiCl, + TOAB wessssp SiCl,in TOAB —
Stirring micelles L[AIH4 in THF
NH, &% -t Bl 5T

L..|

Allylamine - capped Si QDs S A H,PtClg
HoN

NH,

Scheme 2.3. Synthesis of allylamine-capped S QDsin TOAB micelles.
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2.3.4. Carbon Dots (CDs)

The synthesis of CD was carried out accordindghwo literature
(Scheme 2.4)6]. In brief, citric acid (1.015 g) and ethylenediami(335
mL) were dissolved in Milli-Q water (10 mL) and scated for 5 min.
Then the solution was transferred to a teflon-abastainless steel
autoclave (25 mL) and heated at 200 °C for 5 hs8gbently, the reactor
was cooled to room temperature and the solutiondiadgzed in the Pur-
A-Lyzert Dialysis Kit (MWCO3.5 kDa) (Sigma-Aldrichjor 48 h. The
water for dialysis was changed after every 6 halynthe black-brown

CD solution was obtained.

(o] OH
NH,
O OH ’ HO
. Hcﬁ/ OH o Aqg. Solution
2 EE—)
+ NHy > .
200°C 0
O
CitricAcid Ethylenediamine HO H,N
HO 0o

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

2.4. Sample Preparations

The synthesized Si QDs, CDs, Ag NPs, and Ag N€seviurther
diluted as per the experimental requirements ugHg7.4 phosphate
buffer. The aqueous stock solutions of DAPI, SDX;ID0, and CTAB
were prepared by dissolving the desired amount ili-Q water. For
further experiments, the aqueous stock solutionBA¥RI, SDS, TX-100,
and CTAB were diluted using phosphate buffer (p.”2DADMAC was
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used directly from the stock according to the wejggrcentage. CT-DNA
solution was prepared by dissolving 0.5 mg/mL imgghate buffer (pH
7.4). The DNA purity was estimated ~1.76 »{#A.s0) and the
concentration of the CT-DNA stock was determineth@is,s=13200 bp
M™ cmi. For microscopy experiment, the samples were spitied on a
clean cover slide with a spin coater (Apex Instrotag Spin NXG-P1).
Cleaning of the cover slides was done by usingroio@cid, followed by
2% Hellmanex IIl (Sigma-Aldrich). Each of the cléag steps was
followed by repeated washing with Milli-Q water.nglly, the washed
slides were rinsed with methanol and dried in vatwyen. The samples

were spin cast on cover slides at 1000 rpm for3 mi

The fluorescence quantum yieldy ©f Si QDs, CDs and DAPI

were estimated by using the following equation:

Is\(n3\ (A
bs = bsr (ﬁ) (%i) (f)

where ¢ is the QY,I is the integrated fluorescence intensityjs the
refractive index of the solvent, ardis the optical density. The subscript
“ST” stands for standard and “S” stands for the @amFor Si QDs and
DAPI, the QY was estimated using quinine sulfate 0.54 in 0.1M
H,SOy) as the standard7]. The QY of CD at 400 nm excitation
wavelength, was estimated relative to coumarin #$2 (@= 0.19 in
ethanol)[ §].
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2.5. Instrumentation
2.5.1. Fourier Transform Infrared (FTIR) Spectrometer

FTIR technique was used to confirm the formatanSi QDs,
CDs, Ag NPs, and Ag NCs. The characteristic bomrdjfencies of the
surface ligands were measured with the help of ak&r spectrometer
(Tensor-27) on a thin KBr pellet and were collectedhe wavenumber
range of 800 to 4000 ¢

2.5.2. Atomic Force Microscope (AFM)

The morphologies and sizes of the synthesizé€g3& and Ag NPs
were determined by AFM technique. AFM images wezeorded on a
cleaned glass coverslip using a scanning probeostgope AIST-NT
microscope (model SmartSPM-1000). The samples depesited 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 WRBs were
estimated using FE-SEM technique. The SEM imagea® wecorded by
using FE-SEM, Supra 55 Zeiss. The samples were-cggited on the
coverslips at 1500 rpm for 3 min followed by thédyooating.

2.5.4. Transmission Electron Microscope (TEM)

TEM was used to determine morphologies and sakeghe
synthesized CDs and Ag NCs as well as to visuaheemorphology of
Ag NCs-PDADMAC composite. The images were recordada JEOL

electron microscope (JEM-2100 F) operating at @elacating voltage of
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200 kV. Samples were placed on the holey carbagylgcid and air dried
prior to imaging.

2.5.5. Liquid Chromatography-M ass Spectrometer (LC-MS)

In order to confirm the exact molecular mass aowchposition of
the as-synthesized Ag NC core, mass spectrometmglysis was
performed. Mass spectrum was recorded using elguty ionization
(ESI) quadrupole time-of-flight liquid chromatoghgpmass spectrometer
(Bruker Daltonik) in 1:1 water-methanol mixture asolvent by positive-
mode ESI.

2.5.6. Powder X-Ray Diffractometer (PXRD)

The powder X-ray diffraction pattern of CDs wasarded on a
Rigaku SmartLab, Automated Multipurpose X-ray Cafftometer with a

Cu Ka source (the wavelength of X-rays was 0.15% nm
2.5.7. X-ray Photoelectron Spectrometer (XPS)

The chemical nature and composition of Ag NCsewsstermined
by using XPS. The X-ray photoelectron spectrum masrded using Mg
K-alpha (1253.6 eV) source and DESA-150 electroalyaer (Staib
Instruments, Germany). The binding-energy scale eaibrated to Au-
4f7 line of 83.95 eV. The sample was drop cast oraaggplate and dried
in air under IR lamp. Chamber pressure during XR&surement was
1x10° Torr.

2.5.8. Dynamic Light Scattering (DL S) and Zeta Potential

DLS was used to estimate the hydrodynamic diant#t€Ds, Ag
NPs and Ag NCs. For CDs and Ag NCs, the diameters wetermined
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using the Brookhaven particle size analyzer (m&@dPlus). The DLS and
zeta potential measurements for different sizedNRg were performed on
the NanoPlus zeta/particle size analyzer (NanoPBlasedel). The zeta
potential of CDs was also estimated using the ssetiep. All the samples
for DLS and zeta potential measurements were peepar phosphate
buffer (pH 7.4) and were filtered through 0.32n syringe filter

(Whatman) prior to measurements.
2.5.9. UV-Vis Spectrophotometer

Absorption spectra were recorded in a quartz tte\{@0 x 10 mm)
using a Varian UV-Vis spectrophotometer (Carry 1Bi@) and were

corrected using solvent absorption as the baseline.
2.5.10. Spectrofluorometer

PL spectra were recorded using Fluoromax-4 spiotrometer
(HORIBA JobinYvon, model FM-100) with excitation diremission slit

width at 2 nm. All measurements were performecatrtemperature.
25.11. Time-Correlated Single Photon Counting Technique (TCSPC)

To estimate the PL lifetime, TCSPC technique wased.
Photoluminescence (PL) decays were recorded on RIBI® JobinYvon
picosecond time-correlated single photon counti@3PC) spectrometer
(model Fluorocube-01-NL). The PL decays were ctdiécwith the
emission polarizer at a magic angle of 54.7° byhatgmultiplier tube
(TBX-07C). The instrument response function (IRFVHM~ 140 ps)
was recorded using a dilute scattering solutione HL decays were

analyzed using IBH DAS 6.0 software by the iteratigconvolution
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method, and the goodness of the fit was judgedebiyaedy-square %)

value. All the decays were fitted with an exporarftinction:

n

F(O = ) aexp (- 1/1)
i=1
where F(t) denotes normalized PL decays éhe normalized amplitude of

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

The average lifetimer{,g was obtained from the equation:

n
Tavg = E a;T;

i=1
2.5.12. Femtosecond Fluorescence Upconver sion

The femtosecond fluorescence upconversion measmts were
performed to explore the dynamics of fluorescensenghing of DAPI in
the presence of Ag NCs. The absorbance of the samphs kept ~1 for
the upconversion experiments. The output of a feedond pulsed
oscillator from a mode-locked Ti:sapphire laser ufi@mi, Spectra
Physics, USA) pumped by a 5 W DPSS laser (Millen8@ectra Physics),
centered at 740 nm with a repetition rate of 80 Mias used as the gate
pulse for the femtosecond fluorescence upconversigeriments. The
second harmonic (375 nm) of this pulse was usedhassource of
excitation for the sample placed in a rotating.cBEtle power of the second
harmonic light was restricted to 5 mW at the samplerder to minimize
photobleaching. The fluorescence from the sample wyponverted in a
nonlinear crystal (0.5 mm BB®,= 38°,¢ = 90°) by mixing with the gate
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pulse, which consists of a portion of the fundarakertteam. The
upconverted light was dispersed in a monochromanar detected using
photon counting electronics. A cross-correlationction had FWHM of
300 fs which was obtained using the Raman scatférom ethanol. The
femtosecond fluorescence decays were fitted usi@gussian function of
the same FWHM as the excitation pulse. The flueese decays were
recorded at the magic angle polarization with respe the excitation
pulse on FOG 100 fluorescence optically gated upexsion spectrometer
(CDP Systems Corp., Russia). The resolution wagppropriate multiples
of the minimum step size of the instrument, i.&80fs/step. The decays
were analyzed by iterative reconvolution using anbmade program

using Igor Pro softwarf9].
2.5.13. Single M olecule Epifluor escence Micr oscopy

Microscopy experiments were performed on a homk#-b
epifluorescence microscopy setup (Scheme 2.5).iAooaled argon ion
laser (Melles Griot, model 400-A03) with excitatiovavelength at 457
nm was used to excite the sample placed on an tewenicroscope
(Nikon, model Eclipse Ti-U). The laser beam was amded and
subsequently focused on the back-focal plane ofodnimmersion
objective (100x 1.49 NA Nikon) to illuminate 60 % @m? area of the
sample. The PL from the sample was collected thrau@®?2A filter cube
(Nikon) with a 505 nm dichroic mirror and a 520 tong-pass filter and
finally imaged with a back-illuminated EMCCD camgpandor, model
iXon X3 897). The exposure time was 200 ms. Thegesavere analyzed
with ImageJ (Version 1.46r) NIH. All PL measurengemiere performed

at room temperature. For microscopy experimenessémples were spin-
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casted with a spin-coater (Apex Instruments, Sp¥GNP1) on a clean

cover slide.

Laser
Source

Excitation Beam

Objective

Beam Expander

Focusing Excitation
Lens Filter

Mirror . Dichroic Mirror

[ Emission Filter

CCD

Scheme 2.5. Schematic representation of our home-built epifluorescence
Mi Cr 0SCope.
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3.1. Introduction

Excitation energy transfer from various photo-exd@itdonors to
ground state acceptors has been studied thorourghihe recent past due
to its importance in photovoltaics, light-emittirdgjodes, sensors, and
bioimaging[1-8]. The nonradiative energy transfer from a photategc
donor to an acceptor via dipole-dipole interactiosswell known as
Forster resonance energy transfer (FRET). Ovepdse few years, metal
and semiconductor NPs based donor-acceptor nan@siepsystems
have gained considerable attention due to theiguenioptoelectronic
properties which allow easy tuning of energy transfficiency[9-14].
Extensive theoretical and experimental studies Haeen performed to
understand the highly efficient quenching of molacexcitation energy
of various fluorophores by metal nanoparticles. §benching of excited
donor in the presence of metal NP is demonstraadieeby Chance et al.
(1978) and later extended by Persson and Lang j1982sing a Fermi
Golden Rule[15, 16]. This dipole to metal surface excitation energy
transfer is known as nanometal surface energy fean®NSET). The
details related to both the energy transfer mechasi have been

mentioned in the introduction of this thesis.

The fundamental difference between FRET and NSERas for
the later process it is not necessary to have atrspeverlap between
donor emission and the acceptor absorption. Fomple Jennings et al.
(2006) have demonstrated the distance-dependemreficence quenching
of different dyes attached to 1.5 nm Au NPs, whatk characteristic
SPR band. They have observed a’ Histance-dependent quenching
mechanism irrespective of the length of the dsDMA assigned it due to

nonradiative energy transfer to the metal surfadele the radiative rate
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remains unchangefil?7]. In another study, Haldar et al. (2010) have
demonstrated that the significant spectral ovellafween the emission
spectrum of CdSe QDs and the LSPR of Au NPs leadant efficient
nonradiative FRET between the8]. Similarly, Li et al. (2011) have
demonstrated the effect of metal NPs size and tgreg of spectral
overlap on the energy transfer process between /ZdSeQDs and Au
NPs[12]. It has been observed that 3 nm sized Au NPs metjligible
LSPR quench the PL of QDs with adidistance dependence, while 15
and 80 nm sized Au NPs with strong LSPR band thetlaps with the PL
band of the QDs quench the PL with @°Histance dependence, which is
dominated by the dipole-dipole interaction accogdim FRET.

In this chapter, we have investigated the influeaté&g NPs on
the PL properties of water-dispersed biocompat®I®Ds in the absence
and presence of cetyltrimethylammonium bromide (BYAnd shown
that even with significant spectral overlap betwdbe luminescence
spectra of Si QDs and LSPR of Ag NPs, the nonra@idEET process
follows NSET theory rather than conventional FREEdry. Moreover,
easy tuning of the EET efficiency has been achievgdising CTAB

surfactant.
3.2. Results and Discussion
3.2.1. Characterization of Si QDs and Ag NPs

Synthesized allylamine-capped Si QDs were chaiaetrby
Fourier transform infrared (FTIR) spectroscopy,naitbforce microscopy
(AFM), UV-Vis and PL spectroscopy. The chemicalaatiment of
allylamine moieties at the Si QDs surface is coméd by FTIR

spectroscopy (Figure 3.1). The most characteristimk at 1640 cii
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indicates the attachment of allylamine moiety & surface of Si QDs,
which is very close to the reported value. Othdiceable peaks between
2500 and 3500 crfare assigned due to symmetric and asymmetric
vibration of G-CH, and G-NH, moieties. Two weak peaks at 1460 and
1260 cm® arise due to vibration scissoring and symmetrindirey of
Si—-CH,. No detectable signal is observed from the Si-Hdbat 2100

cm L.
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Figure 3.1.FTIR spectrum of synthesized allylamine-capped S QDs.

The morphology and the mean size of the synthessz&@Ds are
estimated from AFM measurements. The AFM imageaksvhe spherical
nature of the synthesized Si QDs (Figure 3.2A). Bime distribution
histogram generated from the height profiles of 368Ds gives a mean
size of 3.04 + 1.65 nm (Figure 3.2B). The sizetheke 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 S QDs.

The absorption spectrum of Si QDs shows a broadiramus
absorption between 200 and 600 nm with two disshciulders at 265 and
310 nm (Figure 3.3), which is similar to that pasly reported 19].
Excitation at 375 nm wavelength results in an iséeRL band centered at
455 nm.
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Figure 3.3.Absorption and PL (e = 375 nm) spectra of S QDs.
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The synthesized citrate-capped silver nanoparti@dgsNPs) were
characterized by AFM, dynamic light scattering (DL&hd UV-Vis
spectroscopy. Figure 3.4A displays the AFM imageasfsynthesized
citrate-capped Ag NPs. The AFM height profileswbtselected spherical
Ag NPs are shown in the inset of Figure 3.4A. Itlsar from the image
that these Ag NPs are spherical in nature anditieevaries from 38 to 82
nm. To estimate the mean hydrodynamic diametehe$d Ag NPs, we
performed DLS measurements. Figure 3.4B shows ittee distribution
histogram from DLS measurements. The diameter ¥dmen 47 to 99 nm
with a mean diameter of 70 £ 17 nm. The absorpsjgectrum of Ag NPs
is characterized by a strong LSPR band centerdd@&nm (Figure 3.4C).
Here it is important to mention that the positidntlte LSPR peak is in
accordance with the estimated mean size of symeéshg NPs[20].

These citrate-capped Ag NPs do not show any PL ulk laqueous

solution.
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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
absor ption 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 unaltare the
presence of CTAB surfactant (Figure 3.5A). Previpuse have shown
that allylamine functionalized Si QDs do not showy aspecific
interactions with the positively charged CTAB satémts in the
concentration range of 0.1 to 2 mM at pH [16]. However, significant
spectral changes have been observed in the LSPiRdiakg NPs in the
presence of CTAB surfactants (Figure 3.5A). Inabsence of CTAB, the
LSPR band of Ag NPs is centered at 449 nm. The peakion as well as
the absorbance of Ag NPs change progressively gpasual addition of
CTAB upto a concentration of 0.5 mM (Figure 3.5AdaB). In the
presence of 0.5 mM CTAB, Ag NPs show a broad LSBRllcentered at
504 nm with a 55 nm red shift (Figure 3.5A). Figl8®&B shows the
changes in LSPR peak intensity with CTAB concertret in the range of
0 to 2 mM. It is important to note that both thek@osition as well as the
intensity of LSPR band saturate at 0.5 mM CTAB. ¢mg@ntly, no such
spectral changes of Ag NPs have been observed enpthsence of
negatively charged SDS and neutral TX 100 surfastéfigure 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 S 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) DS
and (D) TX-100.

These spectral changes in the LSPR of Ag NPs irptesence of
CTAB indicate the formation of surfactant-inducegjeegates of Ag NPs.
The noticeable amount of red shift observed witnificant spectral
broadening in the LSPR of Ag NPs can be attribtetthe coupling of the
surface plasmon of the closely spaced Ag NPs in dbgregates.
Moreover, the absence of any such spectral chaimgdse presence of
negatively charged SDS and neutral TX-100 surfddtaticate that the
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aggregates are formed due to the specific eleatrosinteractions
between the negatively charged citrate moleculeshensurface of Ag
NPs and positively charged CTAB head groups. Pusiyo similar kind
of spectral changes have been observed for ditferexial NPs in the
presence of CTAB surfactant due to the formatiorvafious types of
surfactant-induced aggregaf@d-23].

To get further insights into this surfactant-inddicGggregation of
Ag NPs, we performed DLS experiment. Figure 3.6Aveh the size-
distribution histogram of Ag NPs in the presencé & mM CTAB from
DLS measurements. The sizes of Ag NPs vary fronto9®05 nm with a
mean hydrodynamic diameter of 182 + 66 nm. Thigease in mean
hydrodynamic diameter from 70 + 17 to 182 = 66 nivAg NPs in the
presence of 0.5 mM CTAB clearly substantiates daintthat these Ag
NPs undergo surfactant-induced random aggregafanther evidence
comes from zeta potential measurements. The egtihrsta potential of
citrate-capped Ag NPs is -38 mV, while that in gresence of 0.5 mM
CTAB shows a value of 4.3 mV (Figure 3.6B). Thiagtic change of zeta
potential with reversal of surface charge indicdtespresence of CTAB

molecules on the surface of Ag NPs.
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Figure 3.6. (A) Sze 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 structurahrgements of
individual surfactant molecules on the surface @ NPs. The self-
assembly of surfactant molecules on the surfagggdflPs could result in
either a micellar or a bilayer structure in the emus medium. In the
micellar structure, a monolayer of surfactant esoégies the Ag NPs,
where the hydrophobic tails of surfactant molecugsract with the Ag
NPs with their charged head groups faced towardatheesous medium.
However, in the present study, the micellar arramggs of CTAB
surfactant are highly unlikely, as we have usedigtcapped Ag NPs and
not the bare Ag NPs. Moreover, the absence of sggegation in the
presence of SDS and TX-100 surfactants indicataisttfe hydrophobic
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interactions between hydrocarbon chains of sunfactad the surface of
Ag NPs are negligible. A more realistic arrangemenuld be the
formation of CTAB bilayer on the surface of Ag Nékse to the favorable
electrostatic interactions. Moreover, CTAB bilagan also act as a cross-
linker between several Ag NPs to induce randomegggion. Previously,
Nikoobakht et al. (2001) proposed similar kind d&yer arrangements of
CTAB surfactant on the Au NPs surface in whichitireer layer is bound
to the Au surface via the surfactant headgroupsismbnnected to the
outer layer through hydrophobic interactidri&d]. Similarly, Yang et al.
(2007) have reported CTAB bilayer-induced aggregatind subsequent
formation of silver nanochains on the glass s]2§. Hence, on the basis
of the previous literature and our present reswlts, propose a model
where the citrate-capped Ag NPs are encapsulateCTAB bilayer,
which cross-links several such Ag NPs and resalegygregation (Scheme
3.1).

ALY

( =@

w el a\ m’j:,

Ag NP Ag NPs aggregate

Scheme 3.1 Proposed model for CTAB bilayer-induced aggregation of
Ag NPs.
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Single-particle PL microscopy experiments have beeriormed
to get the PL characteristics of individual Ag Niasthe absence and
presence of CTAB. The synthesized Ag NPs do notwstany
luminescence in solution. This is in agreement witle previously
reported result§24]. However, we have observed localized diffraction
limited (FWHM ~1 to 2 pixels) luminescent spots whbese Ag NPs are
deposited on the air-glass interface. Figure 3.fiéws the PL image of
Ag NPs on the glass coverslip. Most of these brujfftaction limited
spots arise from PL of a single Ag NP. In additidhese localized
luminescent spots show distinct luminescent bligki(fluorescence
on/off) that persists over several minutes. FigBréB shows the time
traces of three selected luminescent spots. Thdomnluminescence
bursts observed in these time traces indicaternhevents from the citrate-
capped Ag NPs. However, the number of luminescpntssdecreases
significantly in the presence of 0.5 mM CTAB. Figu8.7C shows the PL
image of Ag NPs in the presence of 0.5 mM CTABislevident that in
the presence of 0.5 mM CTAB, Ag NPs show very feigti and bigger
sized luminescent spots with FWHM varying from 49@ixels. These
luminescent spots of Ag NPs in the presence of ChaBhot show any
characteristic luminescent blinking (Figure 3.7D)portantly, it has been
observed that each of these bright spots consistseweral small
luminescent spots.
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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 presence of 0.5mM
CTAB.

It is well-established that the luminescence of Ag NPs adgedo
the formation of emitting Ag nanoclusters from silvekides on the
surface of Ag NF [25-27]. Previously, i has been shown that only thc
nanoclusters that consist of 2 to 8 Ag atoms canwshntense
luminescence in the visible region of the electrgne&tic spectrum[25] .
Hence, the absence of luminescence from Ag NPdigolin the preser
study indicates the lack of silver oxide formationsolution. However
when these Ag NPs are deposited on th-glass interface they exhit
intense luminescence c to the formation of silver oxides on the surfi
of Ag NPs which triggers photoactivated emissianfrAg nanocluster:
In addition, the distinct luminescence bursts olseiin the time traces «
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Ag NPs indicate the on-events from these Ag narsbets. However,
diffusion and subsequent aggregation of these Awpciasters on the
surface of Ag NPs result in the off-events duehe formation of non-
luminescent Ag nanoclustef23]. On the contrary, the bigger-sized non-
blinking luminescent spots of Ag NPs in the pregeat 0.5 mM CTAB
arise due to the formation of surfactant-inducedregates of Ag NPs.
The absence of any distinct photon bursts cleadyifees the lack of
silver oxide formation on the Ag NPs surface dugh® presence of an
extra surfactant bilayer on top of the citrate-aap@\g NPs. Moreover,
the presence of multiple luminescent spots in eddiese non-blinking
bigger sized luminescent spot clearly justifies earlier proposed model

of CTAB bilayer-induced cross-linking of several Ngs.
3.2.3. Steady-State PL Quenching of Si QDs in thed3ence of Ag NPs

Figure 3.8A shows excellent spectral overlap betwRle spectrum
of Si QDs fex= 375 nm) and LSPR band of Ag NPs. Figure 3.8Bldisp
the changes in absorption spectra of Si QDs irpteeence of Ag NPs. It
is evident that the LSPR of Ag NPs appears at 46Qipon the addition
of Ag NPs in the Si QDs solution. Si QDs show atemse PL band
centered at 455 nm at an excitation wavelength76f@n (Figure 3.8C).
The quantum yield of this band decreases signifigarpon addition of
Ag NPs (Figure 3.8C). Importantly, similar kindBE quenching has been
observed irrespective of the excitation wavelerigtithe range 375-460
nm. Here it is important to mention that the PLctpen of Si QDs in the
presence of Ag NPs was corrected for the absorban8&5 nm, as the
LSPR band of Ag NPs appears in the wavelength raf@?0-700 nm
[28]. A control experiment with only tri-sodium citratkhydrate ligand

shows no changes in the absorption and PL spett®a @Ds (Figure
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3.8D), which suggests that the surface of Ag NRratdts with Si QDs

instead of the surface citrate ligands.
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Figure 3.8.(A) Spectral overlap between PL spectrum (le= 375 nm) of S
QDs and LSPR band of Ag NPs. Changes in the (B) absorption spectra
and (C) PL spectra (lex= 375 nm) of S QDs in the presence of 5 pM Ag
NPs. (D) PL spectra of S QDs in the presence of tri-sodium citrate

dihydrate at an excitation wavel ength of 375 nm.

However, negligible changes have been observeakeimbsorption
spectrum of Si QDs upon addition of similar concatiwn of Ag NPs in
the presence of 0.5 mM CTAB (Figure 3.9A). No nedéible LSPR band
of Ag NPs has been observed from the nanocompesitdion in the
presence of 0.5 mM CTAB. Moreover, negligible Pleqahing of Si QDs
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has been observed upon addition of Ag NPs in tlesgmce of 0.5 mM
CTAB (Figure 3.9B).
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Figure 3.9. Changes in the (A) absorption spectra and (B) PL spectra
(Ae= 375 nm) of S QDs in the absence and presence of 5 pM Ag NPs with
0.5 mM CTAB.

The significant spectral overlap between the PlLctspen of Si
QDs and LSPR band of Ag NPs signifies that the nlesePL quenching
of Si QDs in presence of Ag NPs might be due to E&iin Si QDs to Ag
NPs. Previously, it has been observed that noblalnéP acts as an
efficient fluorescence quencher for various orgatyies and quantum dots
[29-33]. Notably, the quenching efficiency of Ag NPs dieaty reduces
in the presence of 0.5 mM CTAB. This can be ex@dion the basis of
the presence of an extra CTAB bilayer shell ongstdace of these Ag
NPs aggregates. As it has been previously discudbede Ag NPs
undergo surfactant-induced aggregation in the peesef 0.5 mM CTAB,
where positively charged head groups of CTAB mdksunteract with
negatively charged citrate molecules at the Ag Nidace. Our DLS
results indicate that the CTAB molecules not onlguice aggregation of
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Ag NPs, but also provide an extra bilayer shelt@mof the citrate-capped
Ag NPs. As a result of this extra CTAB bilayer $loel the aggregated Ag
NPs, the mean separation distance between Si QiDtharsurface of Ag
NPs increases. To further substantiate this clamd & establish the
mechanism of EET from Si QDs to Ag NPs, we perfaini decay

measurements.

3.2.4. Time-Resolved PL Quenching of Si QDs in tHeresence of Ag
NPs

Figure 3.10A shows the PL decay traces of Si QDhénabsence
and presence of Ag NPs monitored at 460 nm emissrelength. All
the decays were fitted with a three-exponentialagetunction. The
average PL lifetime of Si QDs is 0.84 + 0.03 nghifetime components
of 0.17 ns (74%), 1.24 ns (18%), and 6.14 ns (&k)ch is very close to
the previously reported valuel9]. The addition of Ag NPs results in
significant changes in the decay trace of Si QOse &verage lifetime
decreases from 0.84 + 0.03 ns to 0.37 + 0.01 ns apdition of 5 pM Ag
NPs with lifetime components of 0.11 ns (86%), 0n85(10%), and 4.77
ns (4%) (Table 3.1).
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Figure 3.10.PL decay traces (e = 376 nm) of S QDs in the absence and
presence of (A) 5 pM Ag NPs and (B) 5 pM Ag NPswith 0.5 mM CTAB.

However, minimal changes have been observed irPthelecay
traces of Si QDs with Ag NPs in the presence ofN CTAB (Figure
3.10B). The average lifetime decreases marginadi;nf0.84 + 0.03 ns to
0.74 + 0.02 ns with lifetime components of 0.1616%), 1.07 ns (16%),
and 5.58 ns (8%) (Table 3.1).The rate of EET isxudated from the
average lifetime of Si QDs and has a value of x30°s" and 0.16 x 10
st in the absence and presence of 0.5 mM CTAB, réispéc(Table 3.2).
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Table 3.1.PL decay parameters of S QDs, and S QDswith Ag NPsinthe
absence and presence of 0.5 mM CTAB.

System ©n @ a 1 @& 13 a <> y

(ns) (ns) (ns) (ns)

SiQDs 0.17 074 124 018 6.14 0.08 0.84 1.12
+AgNPs 011 086 0.75 0.10 477 0.04 037 1.0
+AgNPs- 0.16 0.76 107 0.16 558 0.08 0.74 1.12

CTAB

It is well known that metal NPs influence the ingic radiative
and nonradiative decay rates of nearby fluoroph$igs 34-41]. The
shortened PL lifetime of Si QDs indicates that eitlthe radiative or
nonradiative decay rate is increased in the preseh@dg NPs. We have
estimated the radiative and nonradiative decaysrafeSi QDs in the

presence of Ag NPs according to the following eigunest

e =22 @)

e = (522) @

where k, and k, are the radiative and nonradiative decay rates,

respectively.¢p is the quantum vyield andis the average lifetime of the
donor. It is evident from Table 3.2 that the nomatide decay rate of Si
QDs increases by a factor of 2.34 in the presehégdPs. Importantly,
no appreciable change has been observed in thatraglidecay rate of Si
QDs upon addition of Ag NPs in the absence andepies of CTAB.

Hence, the observed shortening of PL lifetime oQ®is in the presence
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of Ag NPs is due to the increased nonraditaive yleate rather than

radiative decay rate. This increase in nonradiatiegay rate in the

presence of Ag NPs can be explained by considénmgonradiative EET

from Si QDs to Ag NPs. Similarly, minimal but nateble increase by a
factor of 1.14 in the nonradiative decay rate oQQ8is has been observed
upon addition of Ag NPs in the presence of 0.5 mMAB.

We have estimated the efficiencyef) of this nonradiative EET
process from the PL lifetimes of Si QDs in the pres and absence of Ag

NPs using the following equation:

Prgr = 1 — 22 3

D

whererp.a andzp are the excited state lifetimes of Si QDs in thespnce
and absence of Ag NPs, respectively. It is evidenwh Table 3.2 that the
efficiency of EET decreases significantly from 568 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 S QDsto Ag NPsin the absence and presence of CTAB.

System éo <r> Ky Ky ket et
(ns) (x1Fsh)  (x10Psh) (x10°sDH)

SiQDs  0.052 0.84 0.62 11.3 - -
+ Ag NPs 0.024 0.37 0.64 26.4 1.51 0.56
+ Ag NPs- 0.047 0.74 0.63 129 0.16 0.12
CTAB
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3.2.5. Mechanism of EET from Si QDs to Ag NPs

To establish the mechanism behind this EET from3h&Ds to
the Ag NPs, we have compared the experimentallyaiogtl EET
efficiencies with the theoretical curves calculatesim NSET and FRET
theory for the Si QDs-Ag NPs system. Persson’s N8i€ory is based on
the collective interactions of all dipoles in arthilm near the metal
surface and results in adltoupling instead of the conventionald®/
coupling[16]. According to the NSET mechanism, the rate of EBM be
expressed as

knser = — (%)4 (4)

D

where 7p is the excited state lifetime of the donor in thiesence of
acceptord is the distance between the donor and surfackeo&tceptor,
anddy is the separation distance at which the energystea efficiency is

50%. The distance, can be calculated by using the following equation:

0.225 ¢pc3 Ya
dy = (“202) (5)

(()]2)(1)1: kg

wheregp is the quantum yield of the donarijs the velocity of lightwpis
the angular frequency of the donor electronic fitaoms weis the Fermi
frequency, ankgis the Fermi wave vector of the metal. For the @nés
system, thely value is calculated usingp = 0.052, ¢ = 3 x 1§cm s, wp
= 4.14 x 16° s*, we= 8.3 x 16> s*, andke= 1.2 x 18 cm* [42]. The
calculatedd, for the Si QDs-Ag NPs system is 3.81 nm. Similathe

Forster distancB®, can be expressed as

1/6

Ro = [(8.8 x 107%)(k*n~*pp/(D))] (6)
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wherex?is the orientation factor of the transition dipotfshe donor and
the acceptorgp is the quantum yield of the dongrjs the refractive index

of the medium, and(%) is the overlap integral between the donor emission
and the acceptor absorption spectrum. For the preSieQDs-Ag NPs
system, the calculated overlap integral is 3.4308 M™ cn? and the
estimatedRyis 26.55 nm. Here it is important to mention that &n ideal
FRET pair, the typical Forster distance is in thege of 20-60 A43, 44].
Hence, for the present system the significanthhargvalue oy which is
beyond the detection limit of FRET signifies thia¢ ppresent EET from Si
QDs to Ag NPs does not follow the conventional FREdcess.

On the basis of the estimated valuesdgfand R,, we have
calculated the theoretical quenching efficiencyaaiinction of distance

according to the following equation

Per =

1

1+(dio)rl

whereger is the energy transfer efficiency adds the separation distance

(7)

between Si QD and Ag NR.is a factor which depends on the mechanism
of energy transfer and has a value of either 6 for he FRET and NSET
model, respectively. In the case of FREf|s equal toR,. Figure 3.11
shows the theoretical plots of the quenching efficy against the
separation distance based on the NSET and FRETytHepperimentally
obtained quenching efficiencies in the absencepaesence 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 S 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 Q@shansurface
of Ag NPs is 3.60 and 6.20 nm in the absence aadepce of 0.5 mM
CTAB. This increase in distance in the presenc€®AB can only be
explained if we consider the presence of CTAB Mtaghell on the
surface of Ag NPs aggregates. The reported endddemgth of CTAB is
~2.0 nm and the measured thickness of CTAB bilager0.5 mM
concentration is ~2.99 nf@5, 46]. Hence the observed 2.60 nm increase
in separation distance between Si QDs and thecudh Ag NPs in the
presence of 0.5 mM CTAB concentration strongly $aftgate the
presence of CTAB bilayer on the surface of Ag NPBese obtained
distances which correlate well with our proposeddetestrongly suggest
that the observed EET quenching for the preseriesyss due to the

nanometal surface energy transfer from Si QDs tdNRg surface. Hence,
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on the basis of our obtained results we propose e long-range
interactions between Si QDs and Ag NPs result onpunced NSET,
while in the presence of 0.5 mM CTAB, Ag NPs formfAB bilayer-
capped aggregates and as a result the efficiencNSET decreases
significantly due to the increased distance betw&e@Ds and the surface
of Ag NPs (Scheme 3.2). Moreover, our present tesldmonstrate that it
is possible to modulate the NSET efficiency from@ds to Ag NPs by
tuning the nanoscale distance between them withplsinsurfactant
molecules.

Em

E
Ex o NSETX\ (1
E

x / Ex Em
NSETC@ X\ﬁf‘f\ gd”/

Ag NP Ag NP
@ 0 -6 =6
SR AR
Pronounced NSET Suppressed NSET

Scheme 3.2.Schematic illustration of the CTAB-induced modulation of
the NSET between S QDs and Ag NPs.

3.3. Conclusions

In summary, the observed PL quenching of Si QDthénpresence
of Ag NPs is mainly due to the EET from Si QDs he tsurface of Ag
NPs. The quenching in steady-state PL yield as agih the excited state
lifetime of Si QDs in the presence of Ag NPs aridase to the increased
nonradiative decay rate, while the radiative decatg remains almost
constant. The experimentally estimated quenchirigieficy from the
lifetime data correlates well with the NSET meclsamrather than FRET
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mechanism. The drastic reduction in the EET efficieobserved in the
presence of 0.5 mM CTAB is due to the increasethd¢e between Si

QDs and the surface of Ag NPs as a result of aa&XTAB bilayer in the
CTAB-induced aggregates of Ag NPs.
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4.1. Introduction

Noble metal nanoparticles (NPs) with characteridocalized
surface plasmon resonances (LSPRs) have attraohsitderable attention
in the past few decades due to their potential iegpdns in miniature
optical devices, sensors, medical diagnostics hedhpeutic$1-4]. It has
often been observed that noble metal NPs withriistiSPR significantly
alter the emission properties of nearby fluoropboiléhis phenomenon is
either observed as enhancement or quenching dluthescence quantum
yield of nearby fluorophores. The enhancement aceither due to an
increase in the radiative decay rate of fluoropsooe the enhanced
electromagnetic field at the NP surfa¢s-8]. On the other hand,
fluorescence quenching in the presence of metalidlBse to modulation

of either a radiative or a nonradiative decay ahijg-12].

The luminescence quenching mechanism of variouss dgnd
guantum dots in the presence of metal NPs has é&densively studied,
to understand the dipole to the metal surface gnaansfer which is
known as nanometal surface energy transfer (NSHhjs is quite
different from the conventional Forster resonanoergy transfer (FRET)
between two molecular dyes via dipole-dipole intgca [9, 11, 13-17].
Earlier, Pons et al. (2007) demonstrated the wuglidif the NSET
mechanism for the excitation energy transfer (EEdn CdSe/ZnS QDs
to gold NPs (Au NPs) separated via a variable-lermmilypeptide[ 14].
Similarly, Breshike et al. (2013) studied the dimsdependent NSET
from various fluorophores to different sized Au NRS]. Although these
earlier studies are very informative and descritee NSET mechanism
from various donors to different nanometal surfacedetail, the role of

spectral overlap in the NSET process still remaimscure.
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It has often been observed that energy transferegses involving
a significant spectral overlap follow the FRET magism, while
processes having no spectral overlap follow the NS&echanism.
Earlier, Strouse and co-workers (2005 and 2006) cthstnated NSET
from various dyes to ultrasmall Au NPs (< 2 nm) ihgvno noticeable
LSPR band9, 11]. In another study, Saraswat et al. (2011) showad t
the spectral overlap plays no role in NSET fronofescent proteins to Au
and Ag NP4 18]. In contrast, a number of recent studies have shbat
the NSET mechanism can still be valid for a donareptor pair having a
significant spectral overlap. For example, Singhle(2010) have recently
demonstrated the importance of spectral overlaparNSET process from
various dyes to 2 nm sized Au NPHEJ]. While substantial efforts have
been made to understand the PL quenching of vafioasophores near
the metal surface, a direct correlation betweenetttent of NSET from
carbon dots (CDs) to Ag NPs with the particle sanel spectral overlap
has not been explored yet.

In the present study, we have investigated theceftdé three
different sized Ag NPs having a distinct LSPR bandthe PL properties
of nearby CDs and shown that the PL quenching of @Ddue to the
nonradiative NSET from CDs to Ag NPs. Moreovelhas been observed

that the EET efficiency increases with the incraagée 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. Thekpezar 3420
cm® arises due to the stretching vibrations of O-H BiAH moieties. The

two characteristic peaks at 2925 tmnd 1394 ci are assigned to the
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stretching and bending vibrations of C-H moietiésiother prominent
peak at 1690 crharises due to the stretching vibration of C=0 fiomal
groups. The peak at 1566 Crarises from the bending vibration of the N-
H moieties. Figure 4.1B shows the HRTEM image aitkgsized CDs on
a holey carbon lacey grid. It is evident that th€fgs are spherical in
shape with a mean size of 3.80 nm. The inset aiirEig.1B displays the
magnified image of a single CD. Figure 4.1C shohes gize distribution
histogram of CDs from DLS measurements. The meairdaynamic

diameter was estimated to be 4.14 nm.
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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 Aex = 400 nm.

116



Chapter 4

The estimated zeta potential of these CDs is -25.4%3 mV at
pH 7.4. Figure 4.1D shows the absorption and Plctspdlex = 400 nm)
of the synthesized CD in pH 7.4 phosphate buffegpréminent absorption
peak at 337 nm is observed due tatransitions from C=0 bond of CD
[20, 21]. A weak shoulder near 240 nm appears due tonthe n*
transitions from the core of C[21]. These CDs show an intense PL band
centered at 495 nm upon excitation at 400 nm (EigdrlD). The
elemental analysis reveals the composition of tisga¢hesized CDs with
53.18% carbon, 14.13% nitrogen, 5.72% hydrogen 26187% oxygen
(Figure 4.2A). Figure 4.2B displays the powder XBiectrum of CDs. A
broad peak at@= 25° @ = 0.35 nm), which exactly matches with the
earlier reported value signifies the amorphousneatéithese CDE20] .
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Figure 4.2. (A) The elemental analysis histogram and (B) powder XRD
spectrum of the synthesized CDs.

For the present study, we have synthesized thriéeretit sized
citrate-capped Ag NPs. The morphologies and meadrodynamic
diameters of these three different sized Ag NPseatenated from SEM

and DLS measurements, respectively. The mean déasnestimated from
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SEM measurements for smallest (s), medium (m) angest (I) Ag NPs
are 36.58 £ 2.98, 48.26 + 3.16 and 57.93 £ 2.64 nespectively (Figure
4.3A). The SEM images reveal spherical morphologiesll the three
different sized Ag NPs (insets of Figure 4.3A).
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Figure 4.3. (A) Sze distribution histograms estimated from SEM

measurements for ssAg NP (blue), mAg NP (green) and I-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 |-Ag

NPs estimated from DLS measurements. (C) Normalized LSPR of s-, m-

and [-Ag NPs.
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Figure 4.3B shows the size distribution histograhtained from

DLS measurements for the three different sized A%.NThe estimated
mean hydrodynamic diameters of s-, m- and |-Ag Rs39.91 + 1.03,
53.12 £ 0.31 and 61.84 + 0.77 nm, respectively. TBER bands of s-, m-
, and I-Ag NPs are centered at 415, 425 and 435espectively (Figure
4.3C). These citrate-capped Ag NPs do not showPdnin bulk aqueous
solution. The zeta potential of s-, m-, and I-AgSNPB estimated to be -
76.24 + 3.92, -67.60 + 4.40 and -58.01 + 3.10 n@gpectively.

4.2.2. Steady-State PL Measurements of CD in the &ence of Ag NPs

Figure 4.4A shows the extent of spectral overlagben LSPR of
three different sized Ag NPs and the PL spectrur@@$ (ex = 400 nm).
The spectral overlap integrals for the three d#iféerCD-Ag NP systems
have been calculated using the following equation:

_Jy Fp(Wea()ataa
) == (1)

whereFp(4) is the PL intensity of CD in the wavelength rarige!/ with
total intensity (area under the curve) normalizedunity, ¢a(4) is the
molar extinction coefficient of Ag NP &t The estimated values of the
spectral overlap integral for CD-Ag NP system af21x 10°, 4.83 x 10

8 and 11 x 1§M™ cn*for s, m, and |- Ag NPs, respectively. Hence, it is
evident from these results that the spectral opdritegral increases with
the increase in the size of Ag NPs. The inset guifé 4.4A shows the
changes in the absorption spectrum of CD upon iadddf 20 pM s-, m-,
and I-Ag NPs. The characteristic LSPR of Ag NPseapp in the
absorption spectrum of CDs upon addition of diffeérgized Ag NPs. The
PL intensity fex = 400 nm) of CDs decreases gradually upon incngasi
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the concentrations of Ag NPs (Figure 4.4B-D). Heéres important to
mention that a similar kind of PL quenching of Cbas been observed

irrespective of the excitation wavelength in thega of 340-400 nm.
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Figure 4.4.(A) Spectral overlap between LSPR bands of different sized Ag
NPs and PL spectrum (e = 400 nm) of CDs. The inset shows the changes
in the absorption spectra of CDs in the presence of 20 pM s-, m-, and I-Ag
NPs. Changes in the PL spectra (lex = 400 nm) of CDs upon addition of
(B) s, (C) m-, and (D) I-Ag NPs.

Next, we have analyzed these spectral changeseirfatm of

Stern-Volmer plots in order to quantify the extehiguenching in the
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presence of three different sized Ag NPs. FigubA4hows the steady-
state Stern-Volmer plots for the three differeatedi Ag NPs. All the plots
are linear, suggesting a single kind of quenchingctmanism. The
estimated Stern-Volmer constants are 2.3%18.1x 18° and 4.5 x
10'%M™ for s-, m-, and I-Ag NPs. Hence, these resultarbfendicate that
the quenching efficiency increases with the inaeeaghe size of Ag NPs,

having the maximum efficiency for the I-Ag NPs.
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Figure 4.5.(A) Steady-state Sern-Volmer plots for CDs in the presence of

8

s, m and I-Ag NPs. (B) Normalized excitation spectra of CD (Aer= 495
nm) upon addition of 20 pM s, m, and I-Ag NPs. (C) Spectral overlap
between the LSPR of Ag NP (1 spr = 398 nm) and PL spectrum (1= 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 metBk Nct as
efficient quenchers for various organics dyes andntum dotq 10, 22-
25]. The observed PL quenching of CDs in the presehtieree different
sized Ag NPs could be due to various processes asacNP induced
aggregation of CDs, electron transfer, and/or axoih energy transfer. As
the estimated zeta potential of CDs and all theeghtifferent sized Ag
NPs is highly negative, it is very unlikely that €Will aggregate on the
surface of Ag NPs. Moreover, the excitation spentiie,, = 495 nm) of
CDs remains unaltered in the presence of diffesezegd Ag NPs (Figure
4.5B). In addition, the PL peak position and fuitth at half maximum
(FWHM) of the PL spectrum of CDs remain unaltenedhe presence of
different sized Ag NPs. These results clearly $igthiat the observed PL
guenching of CDs in the presence of Ag NPs is nettd the aggregation
of CDs at the surface of Ag NPs. CDs are well kndamtheir electron
donating and accepting propertig6]. In order to know the mechanism
of quenching, we have performed a control expertmath citrate-capped
Ag NPs having the LSPR band centered at 398 nmchwBhows a
minimal spectral overlap with the PL spectrum of LHere, it is
important to mention that if electron transfer e tmechanism for PL
guenching of CDs, then we should expect a similagéenching of CDs
in the presence of these Ag NPssgr = 398 nm). However, if resonant
excitation energy transfer is the mechanism belinedPL quenching of
CDs, then the quenching efficiency should decresageificantly as a
consequence of minimal spectral overlap. Figur€4bows the minimal

spectral overlap between the PL spectrum of CDI.&RR of these Ag
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NPs. Here it is important to note that the obsegettral overlap is only
between the tails of LSPR of Ag NPs and the PL bahdCDs.
Interestingly, the PL intensity of CDs remains tei@d in the presence of
these Ag NPs. Figure 4.5D displays the steady-Sttm-Volmer plot for
CDs in the presence of Ag NPsdpr= 398 nm). The plot remains almost
parallel to the x-axis signifying a lack of any Buenching. These results
clearly rule out the involvement of photo-inducddceron transfer in the
present system. To establish the mechanism behiadPt quenching of

CDs, excited-state PL decay measurements havepeetmmed.

4.2.3. Time-Resolved PL Measurements of CD in ther&sence of Ag
NPs

Figure 4.6 shows the PL decay traces of CD in theemce and
presence of 20 pM s, m and |- Ag NPs at 495 nm ®onswavelength.
All the decays were fitted with a three exponentiatay function. The
average PL lifetime of CD is 3.99 £ 0.12 ns wittetime components of
0.44 (22%), 2.08 (35%), and 7.36 ns (43%), whiclvesy close to the
previously reported valug27]. The decay trace of CD changes

significantly upon addition of different sized Ag°N (Figure 4.6).

The average lifetime of CD decreases to 3.12 +,@0& + 0.07,
and 1.80 = 0.05 ns upon addition of 20 pM s, m, &#&h NPs,
respectively (Table 4.1). These time-resolved testbrrelate well with
our steady-state observation that the quenchingiexfty increases with
increase in the size of Ag NPs. All the fitted paeders are listed in table
4.1.
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Figure 4.6. Changes in the PL decay traces (ex = 405 nm) of CD in the
presence of s, m, and |- 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.

System (21 a (7 a 73 as <>
(ns) (ns) (ns) (ns)
CD 044 0.22 208 0.35 7.36 043 3.99 1.14

+s-AgNP 0.26 0.41 236 0.31 8.10 0.28 3.12 1.20
+m-AgNP 0.19 0.46 188 0.26 7.33 0.28 2.67 1.18

+I-AgNP 0.12 0.61 150 0.18 6.89 0.21 180 1.21

The influence of LSPR of metal NPs on the intrinsidiative and

nonradiative decay rates of nearby fluorophoresels known in various
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reports[ 9-12, 28-34]. The shortened lifetime of CD in the presence gf A
NPs suggests that either the radiative or noniadiatlecay rate is
increased. The radiative and nonradiative decagsratf CD in the
presence of Ag NPs were estimated according téotleaving equations:
ke = 22 @)
1_
ko = ( ¢D) (3

where k; and k, are the radiative and nonradiative decay rates,

respectively.¢p is the quantum vyield andis the average lifetime of the
CD. All the estimated parameters are listed in @abP. It is evident from
Table 4.2 that the nonradiative decay rate of Cédeases by a factor of
1.29, 1.50, and 2.25 in the presence of s, m, andigl NPs, respectively.
Importantly, no appreciable change has been obdervahe radiative
decay rate of CD upon addition of Ag NPs. This éase in nonradiative
decay rate in the presence of Ag NPs can be exulally considering
nonradiative EET from CD to Ag NP. The rate of theradiative EET is
calculated from average lifetime of CD in the alegeand presence of

different sized Ag NPs by using the following eqoat

1 1

——= )

kegr =

whererpa andp are the average PL lifetimes of CD in the presarw
absence of Ag NPs, respectivelihe estimateder is 0.07 x 18, 0.12 x
10°, and 0.30 x 10s*for s, m, and I- Ag NPs, respectively (Table 4.2).
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The efficiency §ex) of this nonradiative EET process is estimated

using the following equations:

—1_%p-a_ 1 _T>-A
Pee=1--—==1--" (5)

where ¢p.o and ¢p are the steady-state quantum yields of CD in the
presence and absence of Ag NPs, respectiwglyandz, are the excited-
state lifetimes of CD in the presence and absehég dNPs, respectively.
The estimated EET efficiencies from the lifetimdues are 22, 33, and
55% for s, m, and I-Ag NPs, respectively, which chas well with that
estimated from steady-state measurements (Tabje As2expected from
our steady-state PL quenching measurements, tlogeatfy of EET from

CD to Ag NP increases with increase in the siz&@NPs.
4.2.4. Mechanism of EET from CD to Ag NPs

The observed resonant EET from CD to Ag NP couldlbe to
either FRET or NSET process. These two most comrasonant energy
transfer theories have been extensively used touatdEET for various
donor-acceptor pairs. FRET is a nonradiative diaip®le through space
interaction between two molecular dyes and is galyedimited to
distances up to 1-10 nfi3, 35, 36]. Hence, distances larger than 10 nm
between center of donors and center of acceptars! cwt be accounted
by FRET theory. The Forster distan&g for CD-Ag NP system is

estimated using the following equation

1/6

Ry =[(8.8 x 107%5)(k?*n~*¢pJ(D))] (6)

where Ry is the distance from centre of donor to centre afeator at

which the energy transfer efficiency is 50Ris the orientation factor of
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the transition dipoles of the donor and the acagptois the quantum
yield of the donory is the refractive index of the medium, ai{d) is the
overlap integral between the donor emission andattoeptor absorption
spectrum. The estimated Forster distariRg s 23.11, 28.02, and 32.13
nm for s, m, and I- Ag NPs, respectively which islMoeyond the range of
classical FRET theory. The theory of Persson amjLaow referred to as
NSET, has been highly successful in describingréoent experimental
findings of fluorescence quenching near the metlsNrfacd9, 11, 12,

14, 15, 19, 37]. Persson’s NSET theory considers the collectiteraction

of all dipoles in a thin film near the surface betmetal, creating ad/
coupling [37]. Importantly, this empirical NSET theory has been
experimentally verified by various groups for diéat donor-acceptor
pairs[9, 11, 12, 14, 15, 19]. According to the NSET mechanism, the rate

of EET can be expressed as

knser = % (%)4 (7

where 7p is the excited state lifetime of the donor in thlesence of
acceptord is the separation distance between the centdreofionor and
surface of the acceptor, amlg is the separation distance at which the
energy transfer is 50% efficient. The distardgecan be calculated by

using the following equation:

0.225 ¢p c3 Ya
dy = (25222 ) (®)

(1)2D WEKF

wheregp is the quantum yield of the donarijs the velocity of lightwpis
the angular frequency of the donor electronic itaoms wris the Fermi

frequency, andris the Fermi wave vector of the metal. For the enés
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system, thelyvalue is calculated using, = 0.053,c = 3 x 13°cm s*, wp
= 3.8 x 16° s!, wg= 8.3 x 16° s, andke= 1.2 x 18 cm*[18]. The
calculatedd, for the CD-Ag NP system is 4.0 nm.

1.04

.6 9 12
Distance (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
[- 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 1/ 25) Kr Knr Ker deT  QET d
(x10°s")  (x10%")  (x10s) (1) (o) (nm)
CD 0.053 0.013 0.24 - - - -
+s-Ag NP 0.037 0.012 0.31 0.07 0.22 0.31 549
+m-Ag NP 0.033 0.012 0.36 0.12 0.33 0.38 4.77
+I-Ag NP 0.028 0.015 0.54 0.30 055 048 3.80
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On the basis of this calculated valuedgf quenching efficiencies
are estimated as a function of distance accordmghe following
equation:

1

4
1+(dio)

whereger is the energy transfer efficiency adds the separation distance
between CD and Ag NP. Figure 4.7 shows the theaeplot of the

guenching efficiency against the separation digtabhased on NSET

deT = ©)

theory. By using the values of experimentally ai¢di quenching
efficiencies, we have estimated the separatioranitst between CD and
the surface of Ag NP which has a value of 5.4974ahnd 3.80 nm for s,
m, and |- Ag NPs, respectively (Table 4.2, Schent®.4 Here it is

important to compare the estimated average distbeteeen CD and
different sized Ag NPs and the corresponding NSHiTiencies. Notably,

with the increase in the size of Ag NPs from s 1{0Ag NPs the

corresponding zeta potential decreases gradualiy #76.24 to -58.01
mV. As a consequence of this reduced negative curgharge of larger
sized Ag NPs, the effective electrostatic repuldi@iween CD and Ag
NPs decreases and results in the shorter distateeedén CD and larger
sized Ag NP. As a result of this reduced distaretsvben CD and larger
sized Ag NPs, the NSET efficiency increases (Schérme
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$=22%

d=5.49 nm

Ag NP CD

Scheme 4.1Schematic representation of EET from CD to different sized
Ag NPs.

4.3. Conclusions

The present results shira light on the resonant NSET proce
between CD and different sized Ag NPs. The st-state and time
resolved lifetime measurements reveal that thergbdePL quenching ¢
CD in the presence of Ag NPs arises due to theeasad nonradiativ
decay rate wie the radiative decay rate remains constant.
enhancement in theonradiative decay rate of CD in the presence o
NPs arises mainly due to the EET from CD to Ag NRss nonradiative
EET from CD to Ag NP has been explained by considelSET thery.
Moreover, it has been observed that the efficienfcthis EET increase
with increase in the size of Ag NPs. This phenomemas been explaine

by considering thextent of spectral overlap and distance betweera@d
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different sized Ag NPs. It has been observed thtt iwcrease in the size
of Ag NPs the spectral overlap increases. More mapdly, the zeta
potential of Ag NPs decreases with increase in s and as a
consequence the effective distance between CD gnd?s decreases due
to reduced electrostatic repulsion. As the effectistance between CD
and Ag NPs decreases, the NSET efficiency incre&seslly, our present
study revealed that the efficiency of NSET process be easily tuned as

a function of NP size.
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5.1. Introduction

Nonradiative excitation energy transfer (EET) fraen photo-
excited donor to an acceptor via distance-dependpole-dipole
interactions is well known as Fdrster resonancegyngansfer (FRET).
FRET is particularly important for measuring thendgnic changes in the
distance between molecular donor and acceptor eothal attached to
biological macromolecules and finds enormous appba in single
molecule biophysicgl, 2].

Over the last few years, semiconductor quantum dots metal
nanoparticle (NP) based donor-acceptor composiées)s have gained
considerable attention due to their size-dependeptoelectronic
properties which allow easy tuning of energy trangfficiency[3-8]. It
has been observed that metal NP with distinct ipedlsurface plasmon
resonance (LSPR) often quenches the molecular atixeit energy of
nearby fluorophore due to modulation of either aside or nonradiative
decay rate or bot[9-18]. Although the mechanism and dynamics of EET
process are extensively studied in the presenceanbus metal NPs
having distinct LSPR in the visible region of théeatromagnetic
spectrum, very less is known about the mechanisth dymamics of
fluorescence quenching near the ultrasmall metaloclaster (NC)
surface, which lacks characteristic LSPR.

Recently, there is a growing interest to exploeséhmetal NCs for
a wide range of applications such as nanophotooatalysis, biolabeling,
and sensing, because of their small size, and anigptoelectronic
properties[19-27]. Due to the strong quantum confinement, the energy
bands split into discrete energy levels and assaltrenetal NCs do not

show any LSPR, instead, they exhibit multiple mnarmolecular-like
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electronic transitions with strong luminescencerli&a it has been
demonstrated that Au NC with no LSPR signal can atd as an efficient
acceptor of molecular excitation energy in many posite system§l4,
15, 28] Similarly, Muhammed et al. (2008) have demonsttathe
nonradiative FRET process between dancyl chrom@phad ultrasmall
glutathione-capped Ad NC (AwsSGg) through steady-state and
femtosecond time-resolved fluorescence technif@s Recently, Bain
et al. (2015) have illustrated the role of surfaapping ligands of Adg
NCs on the FRET process in metal NC-semiconduatanpositeg30] .
While most of these earlier studies on EET weréopered with Au NCs,

similar thorough investigations with Ag NCs areerar

In the present work, the fundamental mechanism éyrhmics
behind the fluorescence quenching of DAPI by dibligoic acid
(DHLA)-capped Ag NCs and its subsequent suppregnitime presence of
cationic water-soluble polymer poly(diallyldimetayhmoniumchloride)
(PDADMAC) and CT-DNA have been demonstrated. Thaults reveal
that the fluorescence quenching of DAPI near theasmall Ag NCs
occurs via efficient ultrafast nonradiative FREDgess. Moreover, it has
been illustrated that the selective compartmerattn of either donor
(DAPI) or acceptor (Ag NC) leads to complete suppi@n of this FRET

process.
5.2. Results and Discussions
5.2.1. Characterization of Ag NCs

The as-synthesized DHLA-capped Ag NCs were chaiaetk by
FTIR, HRTEM, UV-Vis spectroscopy, PL spectroscopgnd mass
spectrometry. Figure 5.1A shows the FTIR spectré@HLA-capped Ag
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NCs with that of DHLA ligand only. The characteigststretching
frequency of S-H bond at 2547 ¢mbserved for DHLA ligand disappears
upon conjugation with Ag NCs, indicating the attagmt of DHLA to the
Ag NC surface through its free thiol end. Othericerble peaks at 1560
cm™tand 1420 cil can be assigned to the stretching of the carbtexyla
groups. Hence, the absence of any thiol peak aed ptlesence of
carboxylate peaks in the FTIR spectrum of DHLA-agppAg NCs
confirm the formation of the DHLA-Ag NCs nanocongig. This kind of
bonding interactions between DHLA and Ag NCs isestpd as DHLA
remains in thiol carboxylate form at pH 7.4. Theref at pH 7.4 the thiol
carboxylate is the predominant species. Figure SH@vs the absorption
and PL spectra of as-synthesized DHLA-capped Ag NCoH 7.4
phosphate buffer. The absorption spectrum of theN&g consists of two
narrow peaks at 329 and 426 nm with a weak shoatdé®7 nm, which
matches well with the earlier reported absorptipecirum of DHLA-
capped Ag NC431]. The PL spectrum of these Ag NCs consists of a
distinct PL band centered at 675 nig&£375 nm), which is close to the
other reported DHLA-capped Ag N@31, 32]. The inset of Figure 5.1B
shows the photographs of Ag NCs dispersed in acgubofier under day-
light (i) and UV light exposure (ii).
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NCs. (B) The normalized absorption (black line) &id(red line) spectra
of 5 UM Ag NCs. Photographs of Ag NCs in pH 7.4ebufnder (i) day-
light and (ii) UV light.

Notably, the PL peak position and spectral shapaatochange
with excitation wavelength indicating the narronwdamomogeneous size
distribution of these Ag NCs (Figure 5.2A). Hereslitould be noted that
simple Ag(l)-DHLA complex prepared by mixing Ag®glt with DHLA
ligand does not exhibit any characteristic absorptand luminescence
bands, signifying that our synthesized DHLA-capp®d NCs are
chemically and structurally quite different fromathof simple Ag(l)-S-
Ag(l) kind of complex (Figure 5.2B).
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Figure 5.2.(A) Normalized PL spectra of Ag NCs at differerditxion
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wavelengths. (B) Absorption and normalized PL spett(le,= 375 nm)
of Ag()-DHLA complex

The exact molecular mass and composition of theyatiesized
Ag NC core have been confirmed by the mass speetramanalysis.
Figure 5.3 shows the mass spectrum of DHLA-cappgdNELs in 1:1
water-methanol mixture. The spectrum reveals a magak at m/z
477.80, which can be assigned to jABNa] cluster. A minor peak
observed at m/z 578.03 corresponds tosfAg " cluster. Other noticeable
peaks at higher m/z values correspond to ligandcested Ag and Ag
clusters (Figure 5.3, inset). These peaks are od ggreement with the
earlier reported high-resolution mass spectroscgggctrum of DHLA-
capped Ag NC$31]. Hence, these results reveal that our as-syntusiz

Ag NCs contain the majority of Agcore with a minor amount of Ag

core.
2.0 + 3 3000
E [Ag4+2Na] z oot e B
$ 1.5 £ w i [AgL]
(o) £ 1000
- 2 se0
X 1.0 £ ok BTSN AT U SR R
— 900 950 1000 1050 ,1100 1150 1200 1250
> m/z
=05 [Ag;+K]*
“E0.0 “1 ;HLL L' AL‘L .LL TGOV ORI TV (T ‘..‘A“.Ln.mrlwtuk e
= 400 450 500 550 600 650 700 750 800 850
m/z

Figure 5.3. Electrospray ionization mass spectrum of as-syitkds
DHLA-capped Ag NCs in 1:1 water-methanol mixture r@presents
DHLA ligand). The inset shows the mass spectrurarze850 m/z.

To know the chemical nature and composition of éhB${LA-

capped Ag NCs, X-ray photoelectron spectroscopySpiReasurements
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were performed. Figure 5.4 displays the expande8 Xpectra of Ag 3d,
S 2p, C 1s, and O 1s. Two binding energy peak$at73and 373.5 eV
have been observed for Agsadind Ag 3d),, respectively. The Ag 3@
peak is located between the Ag(0) peak and Ag@kmnd indicates the
formation of Ag NCs with Ag(l)-thiolate bonding #te surfacg33, 34].
The S 2p, and S 2p-, peaks are observed at 162.7 and 163.9 eV, which
indicate the presence of thiolate-Ag bonding in Mtapped Ag NC
(Figure 5.4B). The C 1s spectrum shows two peak84t9 and 289.0 eV
due to the carbon atoms of aliphatic (C-C) and aaylic acid (-COOH)
groups, respectively (Figure 5.4C). Figure 5.4Dvehthe expected O 1s
spectrum of DHLA-capped Ag NC.
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Figure 5.4.Expanded XPS spectra of the elements (A) Ag 3& @), (C)

C 1s, and (D) O 1s of DHLA-capped Ag NC.
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Next, HRTEM measurementwere performedto explore the
morphology and mean size of these Ag NCs ure 5.5. The image
reveals spherical particles with an average diamatd.73 + 0.28 nm
The inset shows the presence of lattice planes avitmterfringe distanc
of 0.23 nm, which corresponds to the (111) planéefcc Ag [31, 32].
However, Ag NCs with AgAge core should exhibit size well below 1
[35, 36]. Here, it isimportant to mention that although TEM has b
used earlier to measure the sizes of various Ag, Nldsas often bee
observed that the high energy electron beam iriadialeads tc
aggregation of these N(35, 36]. Hence, the large mean diameter (173
0.28 nm) estimated from TEM measurements might be tb the
aggregation of DHLAcapped Ag NCs upon high energy (200 I
electron beam irradiation. In order to know the mdadrodynamic
diameter of these DHLAapped Ag NCs DLS measureme¢ were
performed DLS histogram reveals the presence of monodispetg) NCs

with amean hydrodynamic diameter of 1.8 nFigure 5.5C).
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Figure 5.5.(A) HRTEM image of Ag NCs. The inset shows thespoeso
lattice planes with annterfringe distance of 0.: nm. Size distributio

histogram of Ag NCs estimated from (B) TEM andIC$ measuremen
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5.2.2. Excitation Energy Transfer from DAPI to Ag NCs

Figure 5.6A shows the normalized absorption andgiom spectra
of DAPI with the absorption spectrum of Ag NCs. DAIR pH 7.4
phosphate buffer shows an absorption peak at 340andch emission
maximum at 492 nm upon excitation at 375 nm (Figuéa\). It is evident
from Figure 5.6A that the broad emission spectrunDAPI overlaps
significantly with the absorption spectrum of Ag 8iG-igure 5.6B shows
the changes in the individual emission spectrunDAPI and Ag NCs
upon formation of DAPI-Ag NC composite. The emissgpectrum of the
composite system exhibits significant fluorescegaenching of DAPI at
492 nm with concomitant PL enhancement of Ag NCs6@b nm

compared to individual components.
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Figure 5.6. (A) The normalized absorption spectrum (black dddivee)
and fluorescencel{x = 375 nm) spectrum (black line) of 2.5 uM DAPI
and the normalized absorption spectrum of Ag N@s (me). The blue
dotted region shows the overlap between the absorgpectrum of Ag
NCs and fluorescence of DAPI. (B) Changes in theréiscence spectra
(lex= 375 nm) of DAPI (black line) and Ag NCs (redeljrupon formation
of DAPI-Ag NCs composite (blue line).
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A control experiment with only DHLA ligand shows smnificant
changes in the fluorescence quantum vyield of DARIch indicates that
the Ag NC itself quenches the fluorescence of ne@PI instead of the
surface ligands (Figure 5.7A). The existence ofificant spectral overlap
between the fluorescence spectrum of DAPI and akisar spectrum of
Ag NCs signifies that the observed fluorescencengoieg of DAPI with
a concomitant increase in PL intensity of Ag NCgmibe due to FRET
from photo-excited DAPI to Ag NCs. Similar kinds difiorescence
guenching of various fluorophores near the Au N®ehbeen reported
recently[29, 30]. Moreover, the normalized excitation spectra of ¥@s
in the absence and presence of DAPI recorded anv%with 399 nm
filter) show enhanced intensity in the wavelengdmge 300-400 nm,
which unequivocally prove the FRET process from DA® Ag NCs
(Figure 5.7B).
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Figure 5.7.(A) Changes in the fluorescence spectra of DARidbline)

on the addition of DHLA (red line). (B) Normalizéd 500 nm) excitation

spectra of Ag NCsl{r= 675 nm) in the absence (black line) and presence

(red line) of DAPI recorded with 399 nm filter.
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Next, the fractionf, of the DAPI emission that is quenched due to
DAPI-Ag NC FRET process was calculated accordinghi® following
equation37]:

Alfger . OF
— FRET . $F 1
f AIg;)uench ¢é ( )

where Al&er is the enhanced acceptor fluorescerm%fuench is the
difference in the donor emission intensities indabsence and presence of
acceptor, angl and¢# are the emission quantum yields of the only
donor (0.021) and acceptor (0.02), respectivelye fiivalue i.e. the
fraction of quenching of DAPI emission due to FREdm DAPI to Ag
NCs is estimated around 92%. This indicates that rtfajority of the
observed fluorescence quenching is due to FRETepsobetween DAPI
and Ag NCs.

In order to further explore the dynamics of thisioflescence
guenching, femtosecond fluorescence upconversicasunements have
been performed. Figure 5.8A shows the excited-slatay tracesi{=
375 nm) of DAPI in the absence and presence of &g Necorded at 490
nm emission wavelength. DAPI in pH 7.4 phosphat&ebushows an
average fluorescence lifetime of 81.50 ps withtilifie components of
2.35 +0.18 ps (31%) and 117.90 £ 1.96 ps (69%bplEra.1). Similar bi-
exponential excited-state decay with a very shegtage lifetime of DAPI
in aqueous solution is reported earlig8, 39]. It has been proposed that
DAPI in agueous solution remains in two conformadilo structures
(planner and twisted conformations) and exhibitst faon-radiative
relaxation via excited-state proton transfer reecfB8, 39]. Significant
shortening of fluorescence lifetime of DAPI has rbesbserved in the
presence of Ag NCs (Figure 5.8A). The average #socence lifetime of

DAPI decreases from 81.50 to 3.71 ps in the presehég NCs (Table
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5.1). DAPI in the presence of Ag NCs exhibits axp@nential decay with
lifetime components of 0.67 £ 0.02 ps (87%) andB@4t 2.15 ps (13%).
Here it is important to mention that the reportechinescence lifetime of
DHLA-capped Ag NCs is in microsecongds range and do not interfere
with the decay traces of DAPI in the femtosecomaetiscaleg31]. This
shortened excited-state lifetime of DAPI in the gemce of Ag NCs

strongly signifies the involvement of nonradiatMeET from DAPI to Ag
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Figure 5.8. (A) Femtosecond fluorescence transieritg € 375 nm) of
DAPI in the absence (black) and presence of Ag (i) recorded at
490 nm emission wavelength. (B) Theoretical cunfesnergy transfer
efficiency against the distance between DAPI andN&g generated from
FRET theory. Experimentally obtained energy trangticiency from
steady-state data is highlighted with a blue caiocle.

The efficiency ¢ex) of this nonradiative FRET process was

calculated using the following equation:

G =1— —¢;;A (2)
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where ¢p.o and ¢p are the quantum yield of DAPI in the presence and
absence of Ag NCs, respectively. The estimated EHi€iency of the
present system is 77.7%. The calculated rate ferrtbnradiative EET is
0.26 x16°s* (Table 5.2).

Next, various energy transfer parameters for tiesgnt DAPI-Ag
NC system were estimated. The Forster distéader the present DAPI-
Ag NC system can be estimated by using the follgv@quation:

Ry =[(88 x 107)(k®n*pp/D)]" ()
wherex?is the orientation factor of the transition dipotfshe donor and

1/6

the acceptorgp is the quantum yield of the donayrjs the refractive index
of the medium, and(}) is the spectral overlap integral between the dono
emission and the acceptor absorption spectrumthéopresent DAPI-Ag
NCs system, the calculated overlap integral is .30 M™ cn?® and the
estimatedRyis 2.45 nm (Table 5.2). Notably, for an ideal FRdir, the
typical Forster distance lies in the range of 2@+8n[40]. Moreover, the
estimated smalR, value for the present D-A system signifies that th
present FRET pair can be used to probe the shogeradistance
fluctuations in various FRET- based applications.

On the basis of the estimated valudRgfthe theoretical quenching
efficiency as a function of distance between DARI &g NC was plotted

according to the following equation:

drT =

1
1+’
whereger is the energy transfer efficiency aRds the separation distance
between DAPI and Ag NC. Figure 5.8B shows the thigcal plots of the

guenching efficiency against the separation digdmased on the FRET

(4)

theory for the present system. Experimentally ol@di quenching

efficiency for the present system is shown withlthee circle on the
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curves. The estimated average separation distéretesen DAPI and Ag
NC is 2.0 nm. Moreover, favorable electrostaticefattions between
positively charged DAPI and negatively charged DHligands on the

surface of Ag NCs accounts for the very short dista(2.0 nm) between
DAPI and Ag NCs (Scheme 5.1).

Table 5.1. Fluorescence decay parameters of DAPI in the alesemd
presence of Ag NCs.

System 71(ps) a 72(pSs) &  <z>(ps)
DAPI 2.35 +£0.18 0.31 117.90 £1.96 0.69 81.50
+ AgNCs 0.67 +0.02 0.87 24.80 £ 2.15 0.13 3.71

Table 5.2.Estimated quantum yields, overlap integral (J)eraf energy
transfer (1), and Rfor DAPI-Ag NCs system.

System i) J(A) Ket Ro
(M cm®) (x10'%sY)  (nm)

DAPI 0.021 - - -
+AgNCs 0.0046  5.51 x 1&f 0.26 2.45
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Forster resonance energy transfer

Scheme 5.1Chemical structures of DAPI and DH-capped Ag NC. The
parameter Iy indicates the distance from cent& DAPI molecule ttthe
cente of Ag NC

5.2.3.Effect of Ag NCs-Polymer Composite Formation on the FRET
Proces:

Figure 5.9 displays the changes in the PL spectra of Ag NC
the presence of 0.2 wt % PDADMAC. Ag NCs in pH phbsphate buffe
show an intense PL bande=375 nm) cented at 675 nm. Th
luminescence properties of these Ag NCs alter fogmtly upor addition
of 0.2 w% PDADMAC. The luminescence quantum yield of Ag M
increases by a factor of 2.23 and the emission maxi shifts from 675 ti
666 nm with @ nm blue shift. These spectral changes stronglicate
specific interaction of negatively charged DH-capped Ag NCs with th
positively charged polymer matrix. It is well knowhmat the luminescenc
properties of noble metal NCs are very sensitivéghe surface capping
ligands[28, 41]. Efficient surfacecapping of these NCs results in hi
luminescence quantum yield. Hence, the observednemment in th
luminescence intensity of DHL-capped Ag NCs in the presence
PDADMAC could be due to encapsulation of Ag NCsdaeghe polyme
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matrix. This argument gains support from the obs@r® nm blue shift in
the emission maximum of Ag NCs in the presence DAPMAC. A

control experiment with less polar methanol solva@mws similar 11 nm
blue shifts in the emission maximum of Ag NCs comepato that in
aqueous buffer (Figure 5.9B). Hence, the blue simftthe emission
maximum of Ag NCs observed in the presence of PDAQVcould be
due to the less polar environment of PDADMAC matrompared to the
bulk aqueous medium. These observations can beaiegdl by

considering effective encapsulation of Ag NCs bg gositively charged
PDADMAC.

1.2x10%

—— Ag NCs (5 uM) (A) —— Ag NCs (Buffer) (B)
+ 0.2 wt % PDADMAC —12 Ag NCs (Methanol)
— 666 Nnm 1
664 nm 675 nm
§8.0x105- o
L) 0.8+
. ()
- N
7 4.0x10% S .-
675 nm o
2
0.0 0.0 =F=——————r—
500 550 600 650 700 560 600 640 680 720
Wavelength (nm) Wavelength (nm)

Figure 5.9.(A) Changes in the PL spectra,{(= 375 nm) of Ag NCs upon
addition of 0.2 wt% PDADMAC. (B) Normalized PL dpaof Ag NCs in
buffer (black line) and methanol (red line).

To support this argument, the morphology of Ag N\I3ADMAC
composite system through HRTEM measurements has ‘ieaalized.
Figure 5.10A displays the HRTEM image of Ag NCs-ADMAC
composite system. It is evident that all the Ag N(Bs encapsulated in the
polymer matrix. Notably, any Ag NCs have not beeers outside the
polymer matrix. Figure 5.10B shows the magnifiedtipa of a selected

area of Figure 5.10A, where individual polymer eymdated NC is
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clearly visible. The inset of Figure 5.10B show® thize distribution
histogram of the polymer encapsulated Ag NCs. Theries from 2.25
to 4.95 nm with an average size of 2.86 + 0.56 Tinese HRTEM results
reveal that the positively charged PDADMAC polymefficiently
encapsulates these negatively charged DHLA-cappgd\&s through
favorable electrostatic interactions. Further enae of polymer
encapsulation comes from PL imaging of individugl MC in the absence
and presence of PDADMAC.

' o
Mean = 2.86 nm
0

123 45€6
Diameter (nm)

Figure 5.10.(A) HRTEM image of Ag NCs-PDADMAC composite system.
(B) A zoomed portion of image (A) showing encapedl®g NCs inside
the PDADMAC matrix. The inset shows the size thstion histogram of
encapsulated Ag NCs estimated from the HRTEM meamants.

To explore the PL behavior of individual Ag NC inet absence
and presence of PDADMAC, PL microscopy with an ®&tmon
wavelength of 457 nm from an argon ion laser (C\A§ heen performed.
Figure 5.11A shows the PL image of Ag NCs on arclgiass coverslip.
Localised diffraction limited (FWHM~1-3 pixels) lumescent spots have
been observed from individual Ag NC. Intensity &acof these

luminescent spots reveal no characteristic blinKinminescence on/off)
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phenomenon (Figure 5.1)1BMost of thes luminescent spots photoble:
within few seconds (~10 sec). Earlier,ckson and co-workers obsed
similar non-blinking singlemolecule intensity traces of individual DI-
encapsulated Ag NCd442]. However, in contrary to their DNA
encapsulated Ag NCs, olHLA-capped Ag NCs photobleastery fast.
Figure 5.11C shows the Riehavia of Ag NC in the presence of 0.2 %t
PDADMAC. It is evident that each of the luminescesgios in the
presence of 0.2 W& PDADMAC becomes brighter compared to Ag
alone. Figure 5.1D displays the PL intensity traces of three sete
luminescentspots. Similar fast photobleaching with no chanastie
blinking has been obseild for Ag NCs embedded in 0.2 %t
PDADMAC.

¥ 8
9

o B 8 8o ©

Intensity (a.u.)

5 W 15 D >
Tine (sec)
(D)
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Figure 5.11.(A) PL image and (B) intensity traces of individéa NCs
(C) PL image and (D) intensity traces PDADMAC encapsulated #

NCs.
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Moreover, careful analysis of these luminescenttsspo the
absence and presence of PDADMAC reveals broadéribdison of
FWHM and higher luminescence intensity in the pneseof PDADMAC
(Figure 5.12). These observations correlate weth whe earlier obtained
results from HRTEM and steady-state PL measuremdrite broader
FWHM distribution (2-6 pixels) of luminescent spatsAg NCs-polymer
composite system might originate from co-locali@atof more than one
Ag NC at the same luminescent spot during surfaggosition. This
possibility gain support from earlier observatidrirereased mean size of
these NCs in Ag NCs-polymer composite system froRTEM
measurements. Similarly, the average intensity athe of these
luminescent spots in Ag NCs-polymer composite sgystmcreases
significantly, as compared to Ag NCs alone, whishsimilar to the
enhanced PL quantum vyield in steady-state PL measmnts. Hence,
these luminescence characteristics of Ag NC inalbeence and presence
of PDADMAC strongly support the formation of Ag N&dymer

composite system.

e o B T
204 § |
N 15, \ §
i 0 %/ Z § § '

FWHM (pixels)

Figure 5.12.Distribution histogram of (A) intensity and (B) FWHf Ag

NCs in the absence and presence of 0.2 wt% PDADMAC.
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Next, the influence of Ag NCs-polymer compositenfiation on
the extent of nonradiative FRET process between ID#d Ag NC was
monitored. Figure 5.13A shows the changes in theréiscence spectra of
DAPI in the absence and presence of Ag NCs-polycoenposite. For
comparison, the PL spectrumgE 375 nm) of Ag NCs alone is also
shown in Figure 5.13A. Interestingly, the fluoresoe quantum yield of
DAPI remains almost unchanged in the presence OoADNIAC
encapsulated Ag NCs (Figure 5.13A). On the otherdha noticeable
increase in the PL quantum yield of Ag NCs has hs#served at 675 nm
for the Ag NCs-polymer-DAPI system, compared toM@s alone, which
is similar to that has been observed earlier dymtgmer encapsulation of
Ag NCs.

=
o

s{—DaAPI 5
SOA0 T e Nes (A) © R o par (B)
. |— DAPI + PDADMAC+ Ag NCs =08 2 O DAPI+ PDADMAC+ Ag NCs
—~ 6.0x10° ~ .
= = E06
o c oY°7
~ 4.0x10°1 ~ =
- —. 04
i . N
LL 2.0x10 o B 0.2
c
[}
I oA
385 440 495 550 605 660 715 = 0 €0 % 150 150

Wavelength (nm) Time ( ps)

Figure 5.13.(A) Changes in the fluorescence specitg € 375 nm) of
DAPI (black line) and Ag NCs (red line) upon format of DAPI-
PDADMAC-Ag NCs composite (blue line). (B) Femtosddtuorescence
transients fex = 375 nm) of DAPI in the absence (black) and pnese
(blue) of PDADMAC-Ag NCs composite recorded at 480 emission
wavelength.

Figure 5.13B displays the fluorescence lifetime ayetraces of

DAPI in the absence and presence of Ag NCs-PDADMA®@posite. As
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mentioned earlier, DAPI in aqueous buffer showsg/\s#ort fluorescence
lifetime of 81.50 ps with lifetime components 082.+ 0.18 ps (31%) and
117.90 + 1.96 ps (69%) (Table 5.1). Notably, thefescence lifetime of
DAPI does not quench in the presence of Ag NCs-PBDIAQ composite.
The average fluorescence lifetime of DAPI in thegence of Ag NCs-
PDADMAC composite shows a value of 115.90 ps witfetime
components of 3.21 + 0.23 ps (29%) and 161.94 8 P9 (71%). This
nominal increase in DAPI lifetime in the presenté&g NCs-PDADMAC
composite could be due to the increased hydrophgbitom the
hydrocarbon side chains of polymer. Similar minot oticeable increase
in fluorescence quantum yield of DAPI has been nteskupon addition
of PDADMAC in steady-state measurement (Figure %.1%hese
observations reveal that the nonradiative FRET gsedetween DAPI
and Ag NCs completely suppresses due to the compatalization of Ag
NCs inside the polymer matrix (Scheme 5.2). Nehe, éffect of selective
compartmentalization of donor (DAPI) on the FREToqass was

investigated.

2.4x10°4 ——DAPI (2.5 uM)
+ PDADMAC
~n
> 5
. 1.6x10°-
©
N
—I 8.0x10"4
LL
OO ) v T v ) v v
400 500 600 700

Wavelength (nm)

Figure 5.14.Changes in the fluorescence spectra of DARBE(375 nm)

upon addition of 0.2 wt % PDADMAC.
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Scheme 5.2. Schematic representation of the proposed poly
encapsulation of Ag NCs and subsequent modulatiomoaradiative
FRET process between DAPI and Ag !

5.2.4. Effect of DNA Binding of DAPI on the FRET Poces

DAPI is an efficient DNA bindin fluorescence marker and sho
strong binding affinity with the min-groove of DNA. In the prese
study, this phenomenon has been utilized for selective
compartmentalization of DAPI (donor) from Ag NCs¢aptor). The air
is to know whether this selece compartmentalization of donor has
influence on the observed FRET process or Figure 5.15Ashows the
changes in the absorption spectra of DAPI in treeabe and presence
10 uM CTDNA. DAPI shows an absorption maximum at 340 nnpkh
7.4 phosphate buffer. However, in the presence of- DNA, the
absorption peak shifts to 350 nm with a 10 nnr shift, signifying binding
of DAPI with DNA (Figure 5.15/). On the other hand, the fluorescel
spectrum fe,= 375 nm) of DAPI exhibits a peak at2 nm (igure
5.15B). Upon addition of C-DNA, this peak shifts to 466 nm with a
nm blue shifts. Moreover, a significant increase {imes) in fluorescenc

quantum yield has been observed in the presenc&-DNA. This blue
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shift with enhanced fluorescence from DAPI in tlhegence of CT-DNA
clearly indicates that DAPI experiences more hybalpc environment

compared to bulk agueous medium.

(A ——DAPI 2.0x10°{ (B) —DAPI
0.10- ——DAPI + CT-DNA DAPI + CT-DNA
6 466 nm

© —~ 1.5x10°
= >
© S‘, 6
Q005 ~ 1.0x10
(@]
n |
o LL 5.0x10°
<

0.00 . h ‘ 0.04 T~

300 350 400 450 500 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 5.15.(A) Absorption spectra and (B) fluorescence spectr@API
(2.5 uM,4ex = 375 nm) in the absence (black line) and presdnee line)
of 10 uM CT-DNA.

In addition, the fluorescence lifetime of DAPI ireses
appreciably from 81.50 ps to 1.62 ns in the presesficCT-DNA (Table
5.1 &5.3). Similar kinds of spectral changes hagerbobserved earlier for
DAPI bound to various hydrophobic host molecylg8, 39]. Earlier, it
has been shown that DAPI binds to the AT base péitlse minor groove
of CT-DNA [43, 44]. Hence, on the basis of the previous literatucethr
present results, it can be stated that DAPI stsobghds to the minor
groove of CT-DNA. Here it is important to mentidmat CT-DNA does
not alter the PL characteristics of Ag NCs (Figird6), indicating
negligible interactions between the two. Next, timduence of this
selective DNA binding of DAPI on the extent of FRB&ween DAPI and
Ag NCs was investigated.
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Figure 5.16.Changes in the PL spectra of Ag NCs upon additio6 T
DNA.

Figure 5.17A shows the fluorescence specitg=(375 nm) of
DNA bound DAPI in the absence and presence of Ags.NEor
comparison, Figure 5.17A also displays the emisspctra of DAPI and
Ag NCs at 375 nm excitation. DNA bound DAPI show§lueorescence
peak £e=375 nm) at 466 nm. The peak position and intensftyhis
fluorescence band of DNA bound DAPI remain unattdrethe presence
of Ag NCs. Moreover, a red-shifted emission banateed at 670 nm has
been observed for DAPI-DNA-Ag NC composite systevhjch can be
assigned to luminescence from Ag NCs. These unethrgmission
characteristics of DNA bound DAPI and Ag NCs in th&ture indicate
complete suppression of nonradiative FRET procebs. further
substantiate this possibility, the changes in #isoence lifetime of DNA
bound DAPI in the absence and presence of Ag N&€s haen measured.
Figure 5.17B shows the lifetime decay traces of DbddAind DAPI in the
absence and presence of Ag NCs recorded at 440 missien
wavelength. All the decays were fitted with a bperential decay

function. DNA bound DAPI shows an average lifetioiel.62 £ 0.02 ns
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with lifetime components of 0.63 ns (51%) and 206449%) (Table 5.3).
The lifetime of DNA bound DAPI remains unalteredlie presence of Ag
NCs. The average lifetime of DNA bound DAPI showsgatue of 1.68 +
0.03 ns with lifetime components of 0.50 ns (35%) .32 ns (65%) in
the presence of Ag NCs (Table 5.3).

2.0x10"
(A) —AgNCs (B) —rF
— DAPI + CT-DNA . O DAPI + CT-DNA
5] —— DAPI + CT-DNA + Ag NCs H N\, O DAPI+CT-DNA +Ag NCs
—~15x10 * AGNGs | 1000 N g
3 S o
& 1.0x10" Sc | %
- — 91004
- . 10
L 5.0x104 o
O'O L) L) 1] LJ lOl L) L) L) L]
400 500 600 700 0 2 4 6 8 10
Wavelength (nm) Time (ns)

Figure 5.17.(A) Changes in the fluorescence specttg € 375 nm) of
DAPI-DNA complex (blue line) and Ag NCs (red lin@pn formation of
DAPI-DNA-Ag NCs composite (pink line). (B) Changethe PL lifetime
traces fex = 375 nm) of DAPI-DNA complex (blue) in the presewnf 5
MM Ag NCs recorded at 440 nm emission wavelength.

Table 5.3.Fluorescence decay parameters of DAPI in the preseh CT-
DNA and CT-DNA-Ag NCs system.

System n & 7 a <> P
(ns) (ns) (ns)
DAPI+ CT-DNA 0.63 051 264 049 162+0.02 1.06
+ Ag NCs 050 035 232 065 168+0.03 1.08
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Hence, these results reveal selective and com
compartmentalization of DAPI within (-DNA and subsequel
suppression of nonradiative FRET process betweeRID#hd Ag NC:
(Scheme 5.3).

‘ Major ‘ ‘ Minor ‘
—
Z/.
2
(@]

Scheme 5.3lllustration of the effect of DNA bindinof DAPI on the
nonradiative FRET process between DAPI and Ag

5.3. Conclusions

In the present work, the fundamental mechanism noehhe
fluorescence quenching of DAPI in the presencdtohigmall Ag NCs ani
its subsequent modulation in the preseof PDADMAC polymer anc
CT-DNA hasbeen address. The fluorescence of DAPI significant
guenches in the presence of Ag NCs. Importantlg ¢toncomitan
increase in the luminescence intensity of Ag NG=aid} signifies the
involvement of FRET from DAPlo Ag NCs. This fluorescenc
quenching is predominantly nonradiative in naturéhwsignificant
shortening of excitedtate lifetime of DAPI. This nonradiative FRI

process completely suppresses in the presenceatioaic polymel
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PDADMAC. Steady-state PL, HRTEM, PL imaging measueats
revealed efficient and complete encapsulation afepmor (Ag NCs)
within the polymer matrix. The effect of selecte@mpartmentalization of
donor (DAPI) on the FRET process is also demoresirat the presence of
CT-DNA. It has been observed that the nonradiafRRET process
completely suppresses in the presence of CT-DNA tduthe selective
binding of DAPI with CT-DNA.
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6.1. Introduction

Forster resonance energy transfer (FRET) hasnbeane of the
most widely used experimental tools in a varietyiefls including single
molecule investigation of DNA and proteins, lighdarhesting by model
photosynthetic systems and supramolecular aggiegete nanoparticle-
based sensofdl-9]. FRET is a nonradiative process whereby an excited
donor transfers its energy to a proximal groundestceptor through
dipole-dipole interaction§l10]. The rate of energy transfer depends upon
various factors such as the extent of spectral laperthe relative
orientation of the transition dipoles and most im@otly, the distance
between the donor and acceptor molecules whichlgt@uin the range of
2-10 nm[10].

Over the past few years, numerous inyasons have been
executed on the structural and photophysical aspeét molecules
entrapped in protein environments, DNA, micellesyerse micelles,
vesicles or various nanocavities due to the promigffects of confined
assemblies on photophysical and biological phenarfiElz19]. Recently,
due to the explicit distance dependence of FREha# been extensively
used to characterize biologically relevant modehfene systems such
as micelles and reverse micellg0-24]. For example, Liu et al. (2013)
investigated the concentration effect of the swdted Gemini surfactant
on the FRET from acridine orange to rhodaminé28]. Initially, with
increase in surfactant concentration, the FRETiefficy increased almost
linearly. Thereafter upon further addition of therfactant, the FRET
efficiency declined sharply due to the formation lafge surfactant
aggregates, which ultimately increased the distaeteeen the donor and

acceptor. In another study, Roy et al. (2016) pentx a comparative
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FRET study in pluronic triblock copolymer micellenca noisome
composed of biological component cholesterol anéstigated the effect

of cholesterol and sucrose on the FRET paramg2éts

Recently, we have reported that DAPI akgl NC form an
excellent FRET pair with ~78% FRET efficiency anentbnstrated the
effect of compartmentalization of donor and accepto FRET efficiency
[27]. DAPI exhibits excited state intramolecular protoansfer (ESIPT)
from its amidino to indole moiety28-30]. Due to this ESIPT, DAPI
undergoes fast non-radiative relaxation which sicgmtly retards upon
binding with micelles, liposomes, DNA, etc. dueperturbed ESIPT31-
35]. In the present work, we have studied the infleenf surfactant
assemblies of SDS on the FRET between DAPI and 8g\While DAPI
interacts specifically with SDS surfactants in an@ntration-dependent
manner, Ag NC shows no specific interaction withfactant assemblies.
Our results reveal that DAPI forms aggregates wita SDS at the
interface and with the increase in concentratidnsteracts with the SDS
pre-micelles followed by its complete incorporatiato the Stern layer of
SDS micelles. These specific concentration-depeandeteractions
between DAPI and SDS hinder the non-radiative FREfween DAPI
and Ag NC.

6.2. Results and Discussion
6.2.1. Interaction of DAPI with SDS: Steady-State FL M easur ements

The absorption spectrum of DAPI shows a peakdatrdn in pH
7.4 phosphate buffer (Figure 6.1). Significant s@changes have been
observed upon addition of SDS. At low concentragiof SDS (upto 0.6

mM), the absorbance of DAPI decreases. The absorsipectrum
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broadens without any noticeable change in the pekma. However, on
further increase in concentrations of SDS (1 tori\), the absorbance of
DAPI increases with gradual peak shift to a longarelength. At 1 mM

SDS, a broad spectrum centered at 349 nm has besmived and this
absorption maximum further shifts to 356 nm in gresence of 16 mM
SDS.

—— DAPI (1 pM)
+0.2mM SDS
+0.4mM SDS
+0.6 MM SDS
+1mM SDS
+2mM SDS
+4mM SDS
+8mM SDS
+16 mM SDS

0.03+
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Figure 6.1. Changes in the absorption spectra of DAPI upon gradual
addition of DS

Figure 6.2 shows the changes in FL spdtl = 375 nm) of DAPI
in the presence of different concentrations of SO3API exhibits FL
maximum at 492 nm upon excitation at 375 nm (Figu&A) [27]. The
emission maximum of DAPI shifts to 556 nm with d shift of 64 nm in
the presence of 0.2 and 0.4 mM SDS. At 0.6 mM Si&)g with the 556
nm peak, a blue shifted peak at 472 nm has beeenass The FL
maximum shifts to 470 nm with 4 and 13 fold FL enbaments in
the presence of 1 and 2 mM SDS, respectively (dguB). For
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concentrations at and above 4 mM SDS, the emigamima shift to 466
nm showing FL enhancements of 45 and 48 fold uplolitian of 4 and 16
mM SDS, respectively (Figure 6.2B).

1(A)

o/ @

il
0]

FL. 1. (a.u.)

4-00 450 500 550 600 650 700

Wavelength (nm)

Figure 6.2. Changes in the FL spectra of DAPI (1« = 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 rafidi,) of DAPI
against concentrations of SDS. | apddpresent fluorescence intensity of
DAPI at 492 nm in the presence and absence of &pectively. The
sigmoidal plot illustrates that with the increasethe concentration of
SDS from, the FL intensity of DAPI increases angdmel 4 mM SDS, the
FL intensity saturates. To know the nature of t&pons between DAPI
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and SDS, we have studied the effect of non-ionicIDR and cationic
CTAB surfactants on the FL of DAPI. Figure 6.3Bpd&gy/s the plot of 14
(lem= 492 nm) against concentrations of TX-100 and 8TAsigure 6.3B
shows that in the presence of TX-100 (0.1-1 mMg HEL intensity of
DAPI shows negligible FL enhancement of 1.6 foltheneas FL spectrum
of DAPI remains unaltered upon addition of CTAB2(@ mM). Since
TX-100 is a non-ionic surfactant, the negligible &hhancement may be
due to the hydrophobic environment of non-ionic T00 micelles. The
unaltered emission of DAPI in the presence of padit charged CTAB
can be explained by considering the minimal intéoacbetween DAPI
and CTAB. This is due to the electrostatic repulsietween similarly
charged molecules. These results clearly indichiat 48 fold FL
enhancement of DAPI in the presence of SDS is du¢hé specific
electrostatic interactions between the positivelyarged DAPI and
negatively charged SDS.

(A) (B) @® Tx100
] @ cTAB
40-
=
=
~ 201
°
0- —e—2—22
0.1 1 10 0.1 1 10
[SDS] (mM) [TX-100/ CTAB] (mM)

Figure 6.3. I/lp (lem = 492 nm) against concentrations of surfactant for
DAPI in the presence of (A) SDSand (B) TX-100 and CTAB.
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Previously, similar kind of spectral changes farious dye-
surfactant systems have been repof@@39]. At lower concentrations
of SDS (0.2-0.4 mM), the changes in the absorpsipectra and the red-
shifted 556 nm peak in the FL spectra of DAPI candxplained by
considering the formation of DAPI-SDS aggregatethatinterface. The
favorable electrostatic interaction between negétivcharged SDS and
positively charged DAPI results in aggregation.vitresly, based on the
spectral changes observed, the dye - surfactamegafgs are classified
either as J/H-aggregates or non-specific aggregpt®s42]. In the
presence of 0.2-0.4 mM SDS, the absence of peé#kiisithe absorption
maxima along with the insignificant changes in Bieintensity of DAPI
suggests that these DAPI-SDS aggregates cannosdignad to J or H
type of aggregates. Hence, these aggregates agerkfto as non -
specific DAPI-SDS aggregatep4l]. With the gradual increase in
concentrations, the surfactant monomers self-adsertb form pre-
micelles followed by the formation of micelles aiIC. The enhancement
in absorbance of DAPI along with 8 to 15 nm bathoaotic shifts upon
addition of 0.6 to 16 mM SDS, respectively reflette association of
positively charged DAPI with the negatively chargesiirfactant
assemblies. In the presence of 0.6 mM SDS, theaappee of two FL
peaks clearly indicates the interaction of DAPI hwitwo different
surfactant assemblies. The emission at 556 nm ii® gimilar to the
emission observed due to the formation of DAPI-Si¥f§regates in the
presence of 0.2-0.4 mM SDS. The blue-shifted ewissat 472 nm
signifies the association of positively charged DARh the negatively
charged SDS pre-micelles. The FL enhancement att RanM SDS with
a further blue-shifted emission maximum centeredt& nm strongly

indicates the association of DAPI with the negdyiwarged pre-micelles
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of SDS, where DAPI experiences the less polar enment as compared
to aqueous medium. The CMC of SDS in water is 8 wiNth reduces to
3-4 mM in phosphate buffefgl3, 44]. Therefore, the sudden jump in the
FL intensity of DAPI in the presence of 4 mM SD$ &ee rationalized by
considering the incorporation of DAPI into the $telayer of SDS
micelles. The observed saturation of the FL intgrsfi DAPI upon further
addition of SDS reveals that all the DAPI molecules incorporated into
the Stern layer of SDS micelles. Similar kind of &thancements with the
significant blue shift in the emission maximum ofABI have been
observed in the presence of liposomes, proteinsd,Diyclodextrin, etc.

due to its specific association with these hydrdphisystem$31-35].
6.2.2. Time-Resolved FL Measurements: DAPI-SDS System

To get further insights of the mechanism of iatgion between
DAPI and SDS, we have performed time-resolved #aoence
measurements. The FL decay traces of DARIX 375 nm) upon gradual
addition of SDS have been recorded at an emissavelngth of 492 nm
(Figure 6.4A and 6.4B). All the estimated lifetimemponents are listed
in Table 6.1.

DAPI shows single exponential FL decay with tifietime of 0.14
ns which matches well with the earlier reports (F&g6.4A)[ 32, 34]. The
short lifetime of DAPI in the agueous medium is do¢he non-radiative
ESIPT in the presence of water molecules. In varigestricted
environments, this ESIPT is hindered due to unabdity of water
molecules in its vicinity, resulting in slower etad state dynamicg31-
35]. Figure 6.4A displays the changes in the FL ddcages of DAPI in
the presence of 0.2 to 0.6 mM SDS. For 0.2 mM SD&R| exhibits bi-
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exponential decay with an average FL lifetime &40ns having lifetime
components of 0.14 (88%) and 0.96 (12%) ns. At M SDS, the
average FL lifetime increases to 0.30 ns withilifiet components of 0.15
(83%) and 1.05 (17%) ns. In the presence of 0.2 8M&, the 0.14 ns
component matches with the FL lifetime of free DARIthe aqueous
medium, whereas 0.96 ns component can be assigndge: tDAPI-SDS
non-specific aggregates formed at the interface OFbmM SDS, the free
DAPI component further decreases with an increasthé contribution

from DAPI-SDS aggregates.

Upon addition of 0.6 mM SDS, DAPI shows tri-expatial decay
kinetics having average lifetime of 0.67 ns witfetime components of
0.19 (53%), 0.95 (37%) and 2.18 (10%) ns. The D&d’l component
further decreases with an increase in contributioom DAPI-SDS
aggregates. The additional 2.18 ns lifetime compboan be assigned to
the pre-micelles associated DAPI. These lifetimemponents of DAPI in
the presence of 0.6 mM SDS clearly reveal the emcst of free DAPI,
DAPI-SDS aggregates at the interface and pre-neieebsociated DAPI.
The lifetime of pre-micelles associated DAPI inee: due to the
perturbed ESIPT. Figure 6.4B shows the changdserrL. decay traces of
DAPI upon further addition of 1 to 16 mM SDS. AtiM SDS, DAPI has
an average lifetime of 1.13 ns with lifetime coments of 0.17 (31%),
0.86 (31%) and 2.15 (38%) ns. For 2 mM SDS, theramee lifetime
becomes 1.42 ns with lifetime components of 0.B834p 1.18 (32%) and
2.40 (42%) ns. These FL lifetime results show thkeamced contribution
of the component assigned to pre-micelles assaci&@Pl in the
presence of 1 and 2 mM SDS.
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Figure 6.4. (A) Changes in the FL lifetime decay traces of DAPI (1 =
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 SDSrecorded at 492 nm emission wavelength. (C) /7o (Aem = 492
nm) against concentrations of SDSfor DAPI-SDS system.

DAPI shows single exponential decay kineticsrat above 4 mM
SDS concentration (Figure 6.4B). In the presencéd ofM SDS, the FL
lifetime of DAPI increases to 2.90 ns, which furte®hances to 3.10 and
3.14 ns upon addition of 8 and 16 mM SDS, respelstiVt is important to
mention here that upon micellization, i.e. at SBSI mM, the single
exponential decays of DAPI clearly indicate theoasgion of DAPI to
only one type of surfactant assembly. In phosphatéer, since the CMC
of SDS is ~ 3-4 mM, these lifetime data reveal clatepincorporation of
DAPI into the Stern layer of SDS micelles, wherexperiences the less
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polar environment in comparison with the aqueoudium. As a result of
this incorporation, the ESIPT is hindered resultingan enhanced FL
lifetime of DAPI. Figure 6.4C shows the plot of thetio of average FL
lifetime (z/z0) versus concentrations of SDS for DAPI-SDS systéhe
parameters andz,are the average FL lifetimes of DAPI in the pregenc
and absence of SDS. Based on the steady-staténamdesolved results,
the specific interaction between DAPI and differsatfactant 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.

2

Sample T & T, @& T3 & Tag X
(ns) (ns) (ns) (ns)
DAPI 0.14 1.0 - - - - 0.14 1.09
+02mM SDS 0.14 0.88 0.96 0.12 - - 024 116
+04mM SDS 0.15 0.83 1.05 0.17 - - 030 1.15

+0.6mM SDS 0.19 0.53 0.95 0.37 2.18 0.10 0.67 1.16
+1mM SDS 0.17 0.31 0.86 0.31 2.15 0.38 1.13 1.08
+2mM SDS 0.16 0.26 1.18 0.32 2.40 0.42 142 1.01

+4mM SDS - - - - 290 1 290 1.07
+8mM SDS - - - - 310 1 3.10 1.00
+16 mM SDS - - - - 314 1 314 101
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Scheme 6.1. Interaction of DAPI with different surfactant assemblies of
DS

6.2.3. Effect of Surfactant Assemblieson FRET between DAPI and Ag
NC

Figure 6.5A shows the absorption and PL spedtes-aynthesized
DHLA-capped Ag NC. The absorption spectrum of Ag Nidbws two
peaks at 329 and 426 nm with a weak shoulder at 7 The PL
spectrum consists of a distinct band centered &tréid @ex = 375 nm).
The absorption and PL maxima match well with thdierareports[27,
45]. The morphology and size of the Ag NC have bedmased by
HRTEM measurements (Figure 6.5B). The image reveslkerical
particles with average diameter of 1.84 + 0.12 immsdt, 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) ES mass
spectrum of synthesized DHLA capped Ag NCs in 1:1 water-methanol
mixture.

Figure 6.5C shows the mass spectmenanalysis of Ag NC.
The spectrum reveals a major peaknat 477.30 and a minor peak ratz
578 which can be assigned to [Ag 2Na] and [Ag + K] clusters,
respectively. The other significant peaks at highnérvalues correspond
to ligand associated Agnd Ag clusters. The spectrum correlates well
with our earlier reports of Ag NCs revealing majpwof the Ag, core with
a minor amount of Agcore[27].
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DAPI-Ag NC forms an excellent FRET pair in aque@atution
due to significant spectral overlap as demonstratedur earlier report
[27]. In the presence of Ag NC, the FL of DAPI quencheith
concomitant PL enhancement of Ag NC (Figure 6.8gviBusly, using
femtosecond upconversion techniqgue we have shoatrthle average FL
lifetime of DAPI decreases from 81.50 to 3.71 pgha presence of Ag
NC [27]. Furthermore, the normalized excitation spectra@iNC in the
absence and presence of DAPI recorded at 675 nissEmiwavelength
(with 399 nm filter) show enhanced intensity in thavelength range 300-
400 nm which supports the FRET process from phaitek DAPI to Ag

NC [27].

- — -DAPI
71— - -Ag NCs
DAPI + Ag NCs

A
~

FL. Intensity (a.u.)
P
PL. Intensity (a.u.)

400 480 560 640 720
Wavelength (nm)
Figure 6.6. Changes in the emission spectra (lex = 375 nm) of DAPI (dash
blue) and Ag NC (dash red) upon mixing (solid orange) in PBS.
The FRET efficiencydgr) from DAPI to Ag NCs was estimated
using the following equation:

e e (1)
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wheregp.a and¢p are the quantum yields of the donor in the presemd
absence of the acceptor, respectively. The paraseig andp are the
average FL lifetime of the donor in the presencd absence of the
acceptor, respectively.

The Forster distan&g between the donor and acceptor at which
50% energy transfer is observed, was calculatetjusi

1/6

Ry = [(8.8 x 107%)(k*n~*¢p/(D))] ()

wherex?is the orientation factor of the transition dipotshe donor and
the acceptorgp is the quantum yield of the dongrjs the refractive index
of the medium and(1) is the spectral overlap integral between the dono

emission and the acceptor absorption spectra.

With the help of calculated valuesg¢gf and Ry, the distance
between donor and acceptor was estimated usinfgltbeing equation:

1

1+(;;0)6

whereggi is the energy transfer efficiency and R is theatise between
donor and acceptor. For DAPI-Ag NC pair, the estadajer from the
steady-state data is 78%. The calculated overlagyial is 5.12 x 1¢* M°

! e and the estimateBis 2.42 nm. Based on the estimated andR,
values, the separation distand® ©f 1.98 nm has been calculated for
DAPI-Ag NC FRET pair. The estimated FRET parametersDAPI-Ag
NC pair match well with our previous repp#7].

Getr = 3)
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Figure 6.7. Changes in the PL spectrum (1ex = 375 nm) of Ag NCs upon
gradual addition of DS The inset shows the changes in the absorption
spectrum of Ag NCsin the presence of DS

While DAPI interacts specifically with SDS in @recentration-
dependent manner, Ag NC shows no specific intemastivith surfactant
assemblies (Figure 6.7). The primary goal of thesent study is to
explore the effect of specific interaction betwd2AP| and SDS on the
efficiency of FRET from DAPI to Ag NC. Here, we lewonitored the
FL spectra of DAPI in the presence of two differestirfactant
concentrations namely 1 and 16 mM SDS, upon acditib Ag NC.
Figure 6.8A reveals that the extent of fluorescerpeenching is
significantly less in the presence of 1 mM SDS @sgared to that in its
absence, indicating less efficient energy transheterestingly, in the
presence of 16 mM SDS the peak position as wethad-L intensity of

DAPI remains unaltered upon addition of Ag NC irating complete
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suppression of nonradiative FRET between DAPI amd NC (Figure
6.8B).
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Figure 6.8. Changes in the emission spectra (e = 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 sgsuite have
measured the changes in the FL lifetime of DAPthe presence of two
different SDS assemblies upon addition of Ag NCe Tifetime decay
traces fex = 375 nm) were recorded at 492 nm emission wagéherfror 1
and 16 mM SDS the decays were fitted with bi-exptiaé and single-
exponential decay functions, respectively. All tkstimated lifetime
components are listed in Table 6.2.
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Figure 6.9. FL lifetime decay traces (lex = 375 nm) of DAPI, upon
addition of (A) 1 mM and (B) 16 mM SDSin the absence (i) and presence

(i) of Ag NC (Zem = 492 nm).

Figure 6.9A shows the changes inififetdecay traces of DAPI
in the presence of 1 mM SDS upon addition of Ag MGS. mentioned
earlier, DAPI in the presence of 1 mM SDS has arane FL lifetime of
1.13 ns with lifetime components of 0.17 (31%),80@1%) and 2.15
(38%) ns. Upon addition of Ag NC, this averagetiifee reduces to 0.83
ns with lifetime components of 0.12 (41%), 0.73%34and 2.14 (25%)
ns. Notably, the lifetime due to the pre-micellesaciated DAPI remains
unchanged whereas the lifetimes correspondinget® DAPI and DAPI-
SDS aggregate decreases. This clearly indicatdsthieaobserved FL
guenching of DAPI by Ag NC in the presence of 1 I8MS is due to the
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interaction of Ag NC with free DAPI and DAPI-SDSgaggates whereas
the FL from pre-micelles associated DAPI remaingugmched. As a
consequence, the overall quenching efficiency adu¢hé non-radiative
FRET decreases in 1 mM SDS. Figure 6.9B showstliealifetime decay

of DAPI in the presence of 16 mM SDS remains urtaéie upon addition
of Ag NC. The FL lifetime of DAPI for 16 mM SDS aition is 3.14 ns

which remains unchanged in the presence of Ag N&bl€l 6.2). The

unchanged average FL lifetime of DAPI in the preseaf 16 mM SDS

upon addition of Ag NC indicates complete suppasf 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 n a 1 @& 13 & <> y

(DAPI) (ns) (ns) (ns) (ns)

+1mM SDS 0.17 031 086 0.31 215 038 1.13 1.08

+1mM SDS+ 0.12 041 0.73 034 214 025 083 1.05

Ag NCs
+16 mM SDS - - - - 3.14 1 3.14 1.10
+16 mM SDS - - - - 312 1 312 1.06
+ AgNCs

The radiative and nonradiative decay rates of DARhe presence
of 1 and 16 mM SDS upon addition of Ag NC are eated according to
the following equations:

ke = 22 @)

D
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ko = (1_¢D) ©)

D

where k and k, are the radiative and nonradiative decay rates,
respectively4p is the quantum yield ang is the average lifetime of the
donor. It is evident from Table 6.3 that in thegaece of 1 mM SDS the
radiative rate almost remains same, whereas theadative rate
increases from 0.81 x G to 1.13 x 18 s indicating nonradiative
energy transfer from DAPI to Ag NC. The estimaigd from DAPI (in
the presence of 1 mM SDS) to Ag NC from steadyestaid time-resolved
data is 23% and 27%, respectively (Table 6.3).mgresence of 1 mM
SDS, the calculated Forster distanBg) for DAPI-Ag NC pair increases
to 3.17 nm and the separation distan@g ljetween DAPI and Ag NC
increases to 3.88 nm (Table 6.3). Due to the spdaieractions between
DAPI and SDS, the distance between DAPI and Ag NE€eases as a
result of which, the FRET efficiency for DAPI-Ag N@air decreases. For
16 mM SDS, DAPI is completely incorporated in thegatively charged
SDS micellar Stern layer due to which a completgpsession of FRET
from DAPI to Ag NC has been observed. Hence, osulte reveal that the
concentration-dependent specific interactions betw®API and SDS
significantly affect the FRET efficiency of DAPI-ANC 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

Sample ¢ Ke Kar e g Ro R
(DAPI) (x10sh)  (x1fs) F @ (m) (hm)

+1mM SDS 0.080 0.071 0.81 - - - -

+1mM SDS 0.062 0.074 113 023 0.27 3.17 3.88
+ AgNCs

Buffer

I\ M A
[ K N ) &
OFRET= 780/, <~_§°

Pre-micelle g‘.
Gl [
- §>{!,5 &

DFRET= 2304,

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 theceféf SDS
surfactant assemblies on the FRET between DAPI AgdNC. DAPI
shows specific concentration-dependent interactitin SDS, whereas Ag
NC remains unaffected upon addition of SDS. Ingtesence of 0.2 mM
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and 0.4 mM SDS, DAPI-SDS non-specific aggregatesfamed at the
interface. At 0.6 mM SDS, the existence of DAPI-S&f§regates at the
interface along with the pre-micelle associated DAPobserved. Upon
addition of 1 and 2 mM SDS, the extent of assammtf DAPI with the
pre-micelles of SDS increases, followed by its clatgincorporation in
the micellar Stern layer at and above 4mM SDS. @hspecific
interactions of DAPI with SDS significantly affeERET between DAPI
and Ag NC. In the presence of 1 mM SDS, ¢hg for DAPI-Ag NC pair
reduces to 23%. Furthermore, this FRET between DaRI Ag NC
completely suppresses at 16 mM SDS due to the pocation 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
guenching 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 asthe 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 moddl. 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 thisthesis.

In chapter three, it has been demonstrated that the observed PL

guenching of Si QDsin the presence of Ag NPsis mainly dueto the EET
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from photoexcited S 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 S QD and the surface of Ag NP increases. As

aresult, 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
guenching of CD in the presence of Ag NPs. The origin behind this PL
guenching 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 surfactantsin 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 changesin the FL of DAPI upon addition of non-ionic triton X-

206



Chapter 7

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
(fesr) of 78% has been estimated for DAPI-Ag NC pair. This @gs 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. Scopefor Future Works

Resonance energy transfer being a sensitive and selective
fluorescence technique has been widely used in various research fields.
The present thesis unvells the fundamental mechanism and dynamics of
the EET from various photoexcited donors such as S 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 St QDs and CDsto 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 meta NP can be varied by using stabilizing agents of different
alkyl chain lengths containing both thiol as well as carboxylic acid groups
such a  mercaptopropionic  acid,  mercaptohexanoic  acid,

mercaptodecanoic acid, etc (Scheme 7.1).
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Surface Ligands -

0
‘S/\)LOH Mercaptopropionic acid

o]
. s \/V\/U\ Mercaptohexanoic acid
OH
o]
. s\/\/\/\/\)l\ Mercaptodecanoic acid
OH

Scheme 7.1. Schematic representation of metal NPs with surface ligands

having different alkyl chain length.

The separation distance between the donor and acceptor can aso
be 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
DAPI to Ag NC, followed by its subsequent suppression in the presence of
polymer, DNA, and SDS assemblies. Further, different types of quantum
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 (e.g. CdSe, CdS, ZnSe, etc.) core-
shell quantum dots (e.g. CdSe/ZnS, PbS/CdS, etc.) and recently emerging
perovskite quantum dots (e.g. CsPbBr3, CH3NH3PbCl3, etc.) with tunable
band gap. 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

applications.
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