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Abstract This study reports the interaction and energy trans-
fer between fluorescent carbon quantum dots (CQDs) and D-
Penicillamine capped gold nanoparticles (DPA—AuNPs). The
CQDs was synthesized by a simple chemical oxidation meth-
od at room temperature. The prepared CQDs shows a strong
fluorescence at \.,,=430 nm when excited at \.,,=320 nm.
The interaction of CQDs with DPA—AuNPs was characterized
by fluorescence spectroscopy, Transmission Electron Micros-
copy (TEM) study and Dynamic Light Scattering (DLS) tech-
niques. The fluorescence study shows the continuous
quenching in the fluorescence intensity of CQDs in presence
of increasing concentrations of DPA—AuNPs. The change in
fluorescence spectra of CQDs in presence of increasing con-
centration of DPA—AuNPs and quenching are suggestive of a
rapid adsorption of CQDs on the surface of DPA—AuNPs. The
K, K, K, and n values were calculated and results indicated
that the dynamic type of quenching takes place. The distance
between donor and acceptor (7) is 6.07 nm which supports the
energy transfer by Fluorescence Resonance Energy Transfer
(FRET) phenomenon. The plausible mechanism for FRET is
also discussed.
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Introduction

Nowadays, carbon based nanomaterials including carbon
quantum dots and carbon nanodots have attracted much atten-
tion due to their many novel and unique properties. They were
first obtained during the purification of single-walled carbon
nanotubes through preparative electrophoresis in 2004 [1],
and then via laser ablation of graphite powder and cement in
2006 [2]. Carbon based nanoparticles having a valuable mem-
ber of nanomaterials due to the abundant and inexpensive
nature of carbon [3]. Fluorescent carbon quantum dots be-
comes one of the best alternative to the traditional fluorophore
such as semiconductor quantum dots and organic dyes. They
are also referred as carbon nanolights. The fluorescent carbon
based carbon quantum dots are superior in terms of their
strong aqueous solubility, robust chemical inertness, high re-
sistance to photo bleaching and facile modifications. They
also show some biological properties such as low toxicity
and good biocompatibility with potential applications in
bioimaging, biosensor and drug delivery. The outstanding
electronic properties of carbon-based quantum dots as electron
donors and acceptors, causing chemiluminescence and elec-
trochemical luminescence, provide them with wide potentials
in optronics, catalysis and sensors. The photoinduced electron
transfer of CQDs is an interesting property which offers excit-
ing opportunities for light energy conversion, photovoltaic
devices and related applications. CQDs can also be used as
sensitive nanoprobes for ion detection [4]. The CQDs and
nanocomposites were used for the printing ink on the macro/
micro scale which is prepared by polymerizing CQDs with
certain polymers. Of particular interest and significance is
the recent finding that CQDs can exhibit photoluminescence
(PL) in the near-infrared (NIR) spectral region under NIR light
excitation. It is important that NIR PL emission of CQDs
excited by NIR excitation is particularly significant and useful
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for in vivo bionanotechnology because of the transparency of
body tissues in the NIR “water window” [5].

The strong and tunable luminescence of carbon quantum
dots further enhances their versatile properties both funda-
mentally and technologically [6-9]. In the past few years,
various researchers have demonstrated the potential applica-
tions of fluorescent CQDs in bioimaging [10-16], light-
emitting devices [17], sensors [18, 19], and photovoltaics
[20—22]. Compared to conventional quantum dots carbon
based fluorescent materials are superior with respect to chem-
ical stability and biocompatibility [23, 24]. Some of the car-
bon based materials have been reported for their emission in
the visible region and hence shows promises in the develop-
ment of efficient emitters [25]. Many methods have been re-
ported for the synthesis of these environmentally benign car-
bon nonmaterial’s including laser ablation of graphite [25, 26],
electrochemical oxidation of graphite [27, 28], electro-
chemical treatment of multiwalled carbon nanotubes
(MWCNTs) [29], chemical oxidation of a suitable precursor
[30-38], proton-beam irradiation of nanodiamonds [39, 40],
microwave pyrolysis of saccharide [41], and thermal oxida-
tion of suitable precursors [42].

Among these methods, chemical oxidation is effective and
convenient synthetic approach for large scale production and
it does not require any complex equipment. This method is
widely used by many researchers for the preparation of carbon
nanoparticles. “Up to now, there have been many attempts to
synthesize the various precursors of carbon for the chemical
oxidation method. They include, Mustelin et al. [43] and
Scrivens et al. [44] isolated CNPs from chemical oxidized
arc-discharge single-walled carbon nanotubes (SWCNTs)”.
The CQDs is also explored as fluorescence resonance energy
transfer (FRET) fluorescent sensors to monitor and image
analytes (fluorescence microscopy) in living cells as well as
in biological processes. From the literature survey, we found
that the reports on the FRET between CQDs and metal nano-
particles (MNPs) are limited. Here we have carried out the,
FRET study to explore the binding interactions and energy
transfer mechanism between CQDs and DPA-AuNPs by
spectrofluotometric techniques. Therefore, it is proposed to
carry out the interaction study between CQDs and DPA-
AuNPs by fluorescence spectroscopy. The different phenom-
enon like fluorescence quenching, binding mechanism, and
energy transfer between donor and acceptor were studied.
The values of Stern-Volmer quenching constant (Ky,), binding
constant (K), number of binding sites (n), distance between
donor and acceptor (r) and thermodynamic parameters such as
AH, AS and AG were evaluated. The value of r has been
determined according to resonance energy transfer. The bind-
ing constants at different temperatures were measured accord-
ing to van’t Hoff equation.

In accordance with applying FRET, it was decided to select
CQDs as a donor who has well-fluorescence properties with

@ Springer

emission at \,,,=430 nm and DPA-AuNPs as an acceptor. The
absorption spectrum of DPA-AuNPs shows a Surface Plas-
mon Resonance (SPR) at 520 nm. The slightly overlapping
of emission spectrum of CQDs with excitation spectrum of
DPA-AuNPs suggested the probability of FRET. The main
objective of this present study is to investigate the interaction
between CQDs and DPA-AuNPs.

Experimental Section
Equipment

The spectroscopic analysis for the system was carried out
using the stable dispersion of nanomaterials. The absorption
spectrum was acquired at room temperature on UV Specord,
Analytikjena UV—VIS-NIR spectrophotometer with the use of
1.0 cm quartz cell. Fluorescence measurement of solutions
were made with PC based Spectrofluorophotometer (JASCO
Model FP—8300 Japan) equipped with Xenon lamp source
and 1.0 cm quartz cell. Transmission electron microscopy
(TEM) images were recorded on a transmission electron mi-
croscope (TEM, FEI Tecnai 300). The particle size distribu-
tion and Zeta potential of CdS QDs in aqueous suspension
was measured by dynamic light scattering (DLS) with a
Zetasizer Nano ZS (Malvern Instruments Ltd., UK). The fluo-
rescence life time of CQDs was measured on time resolved
fluorescence spectrometer (Horiba’s Jobin-Yv on- IBH).

Reagents

All chemical reagents were of analytical reagent grade and
used as received without further purification. All aqueous so-
lutions were prepared with doubly distilled water. The metal
salt tetrachloro auric acid (HAuCl,°8H,0) is purchased from
S d fine—chem Ltd. (Mumbai, India). The D-Penicillamine (D-
PA) was purchased from S d fine—chem Ltd. (Mumbai, India).
The stock solution was prepared by dissolving their respective
salts in doubly distilled water. Preference was given to use
doubly distilled water throughout the experiments.

Synthesis of CQDs

Synthesis of CQDs was carried out via the procedure de-
scribed by the Z. A. Qiao et al. with some modifications by
simple chemical oxidation method [45]. In a typical synthetic
procedure, activated wood carbon was used as a source of
carbon. The activated wood carbon made available at our
laboratory level. Firstly, 0.3 g of activated wood carbon was
dispersed in 50 mL of nitric acid (HNO3) (1 mol/L) aqueous
solution and further sonicated for 10 min. The mixture was
then refluxed for 12 h. The brownish yellow colored superna-
tant liquid was formed when cooled to room temperature. The
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same solution was neutralized by sodium carbonate
(Na,COs), which was further decanted with ethanol and cen-
trifuged at speed of 12,000 rpm results in the formation of
solid residue. Then solid residue washed with ethanol and
washing was repeated for 4-5 times. The resulting aliquots
heated for 5 min. to remove the excess of ethanol which re-
mains concentrated solution of CQDs. This solution was fur-
ther diluted with double distilled water and stored at 4 °C.

Quantum Yield Measurement

The fluorescence quantum yield of synthesized carbon quan-
tum dots was calculated by using comparative method. Qui-
nine sulfate (literature quantum yield ($)=0.54) was used as
reference compound. The absolute values were calculated
from absorbance and fluorescence intensity of quinine sulfate
and CQDs solution at excitation wavelength of 320 nm. The
quantum yield of unknown samples was determined by using
following equation for comparative method:

® = Pp(m/mg) x (n*/nR)

Where, @y is the quantum yield of reference compound
(0.54), m is slope of the line obtained from the plot of inte-
grated fluorescence intensity against absorbance and n is the
refractive index of solvent (water, n=1). By putting these
values in above equation, we got the fluorescence quantum
yield for CQDs ($)=0.32.

Results and Discussion
Characterization of Colloidal DPA-AuNPs and CQDs

The DPA capped gold nanoparticles were firstly characterized
by UV-vis absorption spectrophotometer and it gives maxi-
mum absorption at wavelength of A,,x=525 nm as shown in
Fig. 1, while synthesized CQDs were characterized by
spectrofluorophotometer shows maximum emission at Ao, =
430 nm when excited at wavelength of 320 nm (Fig. 2). The
particle size of CQDs was measured by using TEM. Figure 3a
shows that CQDs are highly dispersed and uniform in aqueous
solution, with particle size nearly ranging from 5 to 8 nm.

In addition to that, the particle size measurement of CQDs
was also carried out in the aqueous suspension by using DLS
experiment. Figure 4a shows the typical size and size distri-
bution of synthesized CQDs by DLS. The average size of
CQDs as determined by DLS is 41.7 nm and the size distri-
bution is found within the range 32 to 68 nm, which is con-
siderably larger than the predicted by TEM. This is because;
the DLS technique gives us a mean hydrodynamic diameter of
CQDs core surrounded by organic layer and solvation layer.
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Fig. 1 UV-vis absorption spectum of D-PA capped AuNPs (5x 10~ mol
L") at Apax=525 nm in aqueous colloidal solution

This hydrodynamic diameter is influenced by the viscosity
and the concentration of the solution [46].

Fluorescence Quenching Mechanism

Fluorescence quenching phenomenon is one of the powerful
tool to provide the information regarding the interaction mode
and change in electronic characteristic of nanomaterials.
Therefore, the interaction between the CQDs and DPA capped
gold nanoparticles was undertaken to study. Generally, the
fluorescence quenching is nothing but the decrease in quan-
tum yield of flurophore induced by variety of molecular inter-
action with quencher molecule [47]. The quenching in fluo-
rescence of fluorophores is mainly attributed to the molecular
interaction and many of various processes that takes place
with quencher molecule, such as excited state reaction, mo-
lecular rearrangement, energy transfer, ground state complex
formation, dynamic quenching, inner filter effect etc. It is nec-
essary to make the molecular contact between the
fluorophores and quencher for fluorescence quenching. To
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Fig. 2 Fluorescence emission spectrum of CQDs at Ao,.=x 320 nm
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Fig. 3 TEM images of the (a)
CQDs and (b) after addition of
DPA-AuNPs (5% 10~ mol L")
added in CQDs colloidal solution

b CQDs + DPA-AuUNPs

T

confirm the FRET, we have studied the fluorescence spectraof ~ on decreases gradually with increase in concentration and also
CQDs in presence of different concentrations of DPA—  increase in temperatures. This suggests as more quencher mol-
AuNPs, where we found that the fluorescence intensity goes  ecule were added more energy was transferred and more

Fig. 4 Size distribution of CQDs
measured by DLS varies in
response to the addition of DPA-
AuNPs (a) in the absence of DPA-
AuNPs, (b) in the presence of (5 x
10 mol L' .of DPA-AuNPs
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adsorption of CQDs with DPA—AuNPs. Figure 5a—d shows
the fluorescence spectra of CQDs in the presence of different
concentration of DPA capped AuNPs at four different temper-
ature i.e., 299, 304, 309 and 314 K. Previous reports shows
that the fluorescence quenching of fluorophore towards the
nearby metal nanoparticles could follows the pathways of en-
ergy or electron transfer processes [48]. This transfer of ener-
gy results in the quenching of fluorescence intensity of CQDs
as shown in Fig. 5a—d. A similar type of quenching phenom-
enon with energy transfer has been observed while studying
the photoinduced electron transfer between chlorophyll a and
gold nanoparticles [49]. Fig. 6 displays the overlapping of
absorption spectra of DPA—AuNPs (curve b) with emission
spectra of CQDs (curve a) suggesting of some possibility of
energy transfer takes place between them. In our system
CQDs acts as donor and DPA—AuNPs acts as acceptor. A
change in fluorescence intensity of CQDs upon addition of
DPA-AuNPs is a suggestive of interaction and surface adsorp-
tion of CQDs with DPA-AuNPs. This quenching in fluores-
cence is supposed to be attributed to the transfer of energy or
transfer of electron takes place between them. Therefore, it is
essential to know the type of fluorescence quenching and
mechanism of energy transfer. The type of fluorescence
quenching was ascribed by the well known Stern-Volmer
equation [50, 51].

Fo/F =1+ K|[0] (1)
Fo/F =1+ K,7[0] (2)

Where, F( and F are the fluorescence intensity of fluorophores
in absence and in presence of quencher respectively. Ky, K,
[Q] and T, are the Stern-Volmer quenching constant, the
quenching rate constant, concentration of quencher and aver-
age life time of CQDs in absence of quencher respectively.
Figure 7 depicts the Stern-Volmer plot of fluorescence
quenching of CQDs with different concentrations of quencher
at four different temperatures i. e. 299, 304, 309, 314 K re-
spectively. As per the reports, the plot Fy / F versus concen-
tration of quencher [Q] should be linear for the quenching type
of static or dynamic [52]. The plot showing the good linearity
within the investigated concentrations of quencher and agrees
with Stern-Volmer equation.

The type of quenching is supposed to be either static or
dynamic and can be recognized from the temperature depen-
dence studies. In case of dynamic quenching the K, values
increases with increase in temperature and it decreases with
increase in temperature for static quenching [53]. From the
Ky values at four different temperature clears that there is
dynamic type of quenching takes place between CQDs and
DPA-AuNPs (Table 1). The K, values increases with increase
in temperature and the quenching rate constant (K;) was
~10"? dm’.mol ".S™". The dynamic type of quenching was
also supported by fluorescence life time measurement

(Fig. 8). In typical experiment, we have performed fluores-
cence life time study of fluorophore (CQDs) in aqueous media
with and without addition of quencher (DPA-AuNPs). In ab-
sence of quencher, the life time of CQDs is 3.64 ns while it
falls to 1.98 ns after addition of 5x10~* M of DPA-AuNPs.
The decrease in life time of CQDs indicates the excited state
reaction between the fluorophore and quencher and hence
supports for the dynamic quenching. The fluorescence
quenching is attributed to the energy transfer and surface ad-
sorption of CQDs on the DPA-AuNPs surface, which was
clearly seen from TEM images as shown in Fig. 3b. Therefore,
the fluorescence quenching of CQDs with respect to varying
concentrations of DPA-AuNPs was related with the dynamic
type of quenching and agrees with experimental results.

Binding Constants and Binding Sites

The binding parameters for the interaction of CQDs with
DPA-AuNPs were obtained by using the data of fluorescence
quenching studies carried out at four different temperature i.c.,
299, 304, 309 and 314 K. The binding parameters includes the
binding constant and binding sites (n) and it is calculated by
using the following equation,

log[(Fo—F)/F] = logK + nlog[Q)] (3)

where, K and n are the binding constants and binding site
number respectively. These values were calculated by plotting
the graph of log[(Fy—F)/F] against Log [Q] at four different
temperatures, shown in Fig. 9. The Values of binding constant
(K) and binding sites (n) were calculated from the intercept
and slope which is shown in Table 2 along with regression
coefficient R. The results have revealed the presence of a
single class of binding sites for CQDs. The binding site values
(n) increases with increase in temperatures indicates that the
stability of complex between CQDs and DPA-AuNPs goes on
strengthening with increase in temperature.

Energy Transfer Between CQDs and DPA-AuNPs

The FRET is an important spectroscopic tool used to investi-
gate a variety of biological phenomenon including energy
transfer processes [54]. The FRET is useful to determine the
submicroscopic distances between two interactive molecules
[55, 56], and to identify active sites in macromolecular assem-
blies [57, 58]. In the FRET process, an excited donor molecule
transfers the excitation energy non radiatively to an acceptor
molecule. This process is driven by dipole-dipole interactions
between an excited donor molecule (D) and acceptor molecule
(A). According to FRET, the rate of energy transfer for dipole-
dipole interactions were calculated by kprpr=(1/d") (1/d°) =1/
d°. The efficiency of energy transfer for FRET phenomenon is
strongly depending upon the following three conditions such

@ Springer
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Fig. 5 (a), (b) (c) and (d) are the a
fluorescence spectra of CQDs in
presence of DPA-AuNPs at 299,
304, 309 and 314 K temperature
respectively. The concentration of
DPA-AuNPs (510 * mol L")
from top to bottom varies as 0.0,
0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,
0.9, and 1.0 mL
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as (a) the extent of overlap of emission spectrum of donor
molecule with absorption spectrum of acceptor molecule, (b)
distance (r) between the donor and acceptor molecule and (c)
the orientation of the transition dipole of donor and the accep-
tor. In our system, the CQDs acts as a donor and DPA capped
AuNPs acts as an acceptor molecule. The efficiency of energy
transfer is mainly depend upon the distance between the donor
and acceptor molecule (r) and is given by,

RS

E=1-F/Fy=———
/Fo RS + 76

(4)

where, r is the binding distance between donor and acceptor,
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Fluorescence Intensity (a.u.)

350 400 450 500 550 600 650
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Fig. 6 Overlay plot for absorption spectrum of DPA capped AuNPs (5%
10~* mol L™") and fluorescence spectrum of CQDs
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and R, is the critical distance when probability of efficiency of
energy transfer is 50 %. The integral overlap region was used
further to calculate the critical energy transfer distance, Ry and
is given by the following Forster relation,

RS = 0.2108 (2 *6p (V) * (In A?) (5)

In the above equation, &° is the orientation factor which is
related with the geometrical orientation of donor and acceptor
molecule and &7 is 2/3 or (0.6667) for the random orientation of
molecules in solutions, 7 is the refractive index of the medium
used, Dp is the quantum yield of the donor in the absence of the
acceptor and J is spectral overlap integral between the donor
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FolF
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[Q] x 1075 mol. dm®

Fig. 7 The Stern—Volmer plots for quenching of CQDs fluorescence by
DPA-AuNPs (5% 10~* mol L™") at four different temperatures
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Table 1  Stern-Volmer quenching constants and quenching rate
constants for interaction between CQDs and DPA-AuNPs at various
temperature

T Ke (X Ky (X Correlation
(K) 10* dm®mol ™) 102 dm*>mol™'.S™")  coefficient R
299 244 6.70 0.994

304 262 7.19 0.995

309 2.82 7.74 0.990

314 3.18 8.73 0.990

emission spectrum and the acceptor absorbance spectrum was
approximated by the following summation [59].

rF(A)a(A)X‘dA
J = 0

= (6)
j F(\)dA
0

Where, F' (A) is the fluorescence intensity of the donor at
wavelength A to A + AA and ¢ (A) is the molar absorption
coefficient of the acceptor at wavelength A.

In the present system following values were used to calcu-
late the critical energy transfer distance, Ry, K’ =2/3,=0.6660,
1n=1.336 for water and ®=0.32. By putting these values in
above equation no. (5), we calculated the £=0.4795, R,=
5.59 nm, 7=6.07 nm and J=5.09x 10" cm ! nm®. The obtain-
ed values of distance between donor and acceptor (r) and
critical energy transfer distance (R() matches with FRET limit
of distance within 8 nm. The donor to acceptor distance (») as
well as value of Ry is less than 8 nm indicates the efficient
energy transfer takes place between the donor-acceptor pair
[60]. All experimental results are in accordance with predicted
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Fig. 8 Fluorescence decay profile of dilute solution of CQDs (curve A),
and after addition DPA-AuNPs (curve B)

by Forster non-radiative energy transfer theory, indicates the
energy transfer could be takes place sufficiently from CQDs to
DPA-AuNPs which resulting in the quenching in fluorescence
of CQDs. It was also suggested that the binding of CQDs to
DPA-AuNPs was through energy transfer in accord with dy-
namic quenching and there should be adsorption of CQDs on
surface of AuNPs. The proposed mechanism was also sup-
ported by DLS measurement. Particle sizes of CQDs before
and after addition of DPA-AuNPs are graphically presented
(Fig. 4a and b). The average particle size of CQDs was found
to be 41.7 nm (Fig. 4a), on addition of 5x10~* M of DPA-
AuNPs, it was enlarged to 62.6 nm (Fig. 4b), showing the
tendency toward surface adsorption and this was reflected
again in the fluorescence spectra. The quenching in fluores-
cence of CQDs by DPA-AuNPs due to the surface adsorption
and energy transfer was shown in Scheme 1.

Thermodynamic Parameters

Various types of molecular interaction forces exists between the
donor molecule and acceptor molecule which include, hydro-
gen bond, Vander Waals forces, electrostatic and hydrophobic
interactions [61]. These forces helps to bind the small molecule
with macromolecule. The binding interaction of CQDs with the
DPA—AuNPs was influenced by temperature and can be re-
vealed from fluorescence quenching studies as shown in
Fig. Sa—d. The temperature dependence binding studies were
carried out at four different temperatures i. e. 299, 304, 309 and
314 K. The thermodynamic parameters such as AH, AS and AG
were evaluated from the Van’t Hoff equation:

InK = AH/RT + AS/R (7)

Where, K is binding constant at corresponding temperature
T and R is the gas constant. The enthalpy change (AH) and

0.6
04 -

0.2 4

Log FO-F/F

-5.1 -4.9 -4.7 4.5 -4.3 -4.1 -3.9
Log [Q]

Fig. 9 The plot of log Fo-F/F against log (Q) at four different
temperatures
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Table 2 Binding constants (K) and number of binding sites (1) of
competitive experiment of CQDs—DPA AuNPs system

T (K) Binding constant Binding sites Correlation
K (X 10* dm®.mol ") (n“) coefficient (R)
299 1.89 0.964 0.979
304 2.03 0.970 0.990
309 233 0.979 0.970
314 2.57 0.984 0.983

R is the correlation constant

#The binding site number (r) approximated to 1

entropy change (AS) can be obtained from the slope and the
ordinates at the origin of the Van’t Hoff plot respectively
(Fig. 10). The free energy change (AG) can be calculated from
the following relationship:

AG = AH-TAS (8)

These values of AH, AS and AG are calculated and sum-
marized in Table 3. The thermodynamic parameters values
indicate that as temperature increases, the binding affinity of
CQDs goes on increases towards the DPA-AuNPs which is
consistent with endothermic process of binding. The —ve sign
of AG shows the binding reaction of CQDs with DPA-AuNPs
is spontaneous. Endothermic and entropy driven binding
events are associated with the hydrophobic effect. It could
be suggests that, owing to the binding of CQDs to DPA-
AuNPs, some conformational changes were induced conse-
quently enhancing the hydrophobicity between them.

Conclusion

The mechanism of energy transfer and binding interaction
between the CQDs and DPA-AuNPs was studied by fluo-
rescence spectroscopy. The emission properties of CQDs
were investigated in presence of increasing concentrations

DPA-AuNPs/ /
f‘)

Ve -

_/=D-PA

Fluorescence quenching

Scheme 1 Schematic presentation for energy transfer from CQDs to
DPA-AuNPs
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Fig. 10 Van’t Hoff plot for the binding interaction between CQDs and
DPA-AuNPs

of DPA-AuNPs. It was found that, AuNPs act as strong
quencher of CQDs fluorescence and bind with high affinity.
The binding process was studied at four different tempera-
tures 299, 304, 309 and 314 K, in addition with this, the
Stern-Volmer quenching constant (Kg,), the quenching rate
constant (K,) and number of sites (n) were calculated at
different temperatures based on the fluorescence quenching
data. The Stern-Volmer quenching constant is directly re-
lated with the temperatures and it was found that, K, values
goes on increases with increase in temperature strongly
supports for the dynamic type of quenching. The binding
constant (K) and number of binding sites (n) shows that the
CQDs was bound to DPA-AuNPs with approximately one
binding sites. The distance between donor and acceptor ()
was 6.07 nm, calculated according to Forster theory sup-
ports for the energy transfer takes place between them
through FRET phenomenon. The thermodynamic parame-
ters such as AS, AH and AG were evaluated by using the
van’t Hoff equation. The study of thermodynamic parame-
ters supports the hydrophobic interaction between CQDs
and DPA-AuNPs. The fluorescence of CQDs was quenched
through the dynamic mode of quenching, and binding be-
tween them was mainly based on the hydrophobic force.

Table3  Thermodynamic parameters of CQDs—DPA AuNPs system at
four different temperature

TK) AH AG x Correlation
KJImol™) (KJImol") (mol'K™") coefficient R

299 15.95 —24.44 135.10 0.997

304 -25.11

309 -25.79

314 -26.40
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