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ABSTRACT

Semiconductor QDs have emerged as a novel class of fluorophore with unique photoluminescence properties, in par-
ticular, CdSe/ZnS core-shell QDs have been successfully used as biocompatible fluorescence resonance energy transfer
donors. Here we report FRET between CdSe/ZnS core-shell QDs (donor) and organic dye fluorescein 27 (F27) (accep-
tor). The results demonstrate the occurrence of efficient energy transfer in the system and the FRET efficiency is not
only influenced by the spectral overlap between the QD donor emission and acceptor absorption, it might depend on
QDs surface effect also. Efforts are made to correlate quantitatively spectral dependence of FRET rate with acceptor
absorption spectrum, Forster distance, transfer efficiency (E) obtained employing steady-state & time-resolved tech-

nique.
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1. Introduction

Contemporary research interest in semiconductor nano
particles or quantum dots (QDs), the tiny light emitting
particles on the nanometer scale, focuses on their appli-
cation as biological reporters not only because of their
size tunable properties but also due to the fact that they
have virtually the same dimension as biological macro-
molecules such as nucleic acids and proteins [1,2]. This
similarity in dimension helps in integration of nano-
particles with biomolecules leading to varied applications
in medical diagnostics, targeted drug delivery, etc. [3].
Such applications necessitate energy or charge-carrier
transfer between quantum dots and the molecular species
[4]. Quantum dots have many unique properties and
exhibit interesting phenomena such as size dependent
emission wavelength, narrow emission peak, broad exci-
tation range, high photochemical stability and improved
photoluminescence quantum yield upon passivating the
surface traps with higher band gap semi conductors such
as ZnS [5-10]. When these particles are photoexcited,
electron-hole pairs are generated and upon their recom-
bination fluorescence light is emitted due to the small
size quantum effect playing an important role. This beha-
viour is quite useful in fluorescence resonance energy
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transfer (FRET) between groups of molecules or com-
plexes. The study of successful use of QDs as donors in
FRET has been reported in developing chemical and
biosensors [11-16]. FRET is the distance dependent tran-
sfer of non radiative electronic excitation energy from a
donor molecule to an acceptor molecule and due to its
sensitivity to distance it has been used to investigate
molecular interactions. FRET process generally pro-
ceeds through dipole-dipole coupling between the tran-
sition moments of the two fluorophores viz., the donor
and the acceptor (both fluorescent dyes as well as QDs).
Thus it is proportional to the square of the coupling and
hence varies rapidly with the distance (R) between the
donor and acceptor as inverse sixth power of R. This
strong dependence on distance makes FRET a very
useful tool to investigate distances in the range of 20 -
100 A [4,17-22]. The transfer of energy manifests in a
reduction in the donor fluorescence intensity, the excited
state lifetime and a simultaneous increase in the acceptor
emission intensity. A pair of molecules, wherein FRET
occurs in such a manner, is often referred to as donor-
acceptor pair; and the efficiency of the FRET process
depends on the separation between the donor and ac-
ceptor [23,24]. There are quite a few reports of use of
FRET in semiconductor QDs and biomolecules such as
dye labelled proteins in order to gain information on
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conjugate structure and valence the number of biomo-
lecules attached and to monitor them inside the cells
[25].

FRET between QDs and a fluorescent protein has been
reported in literature [19-24] that demonstrate the de-
pendence of energy transfer efficiency on the spectral
overlap and the conjugate valence. While good spectral
overlap is of paramount importance to high transfer effi-
ciency, the donor and acceptor photoluminescence sig-
nals must also be well resolved to extract accurate ex-
perimental information for the system under investiga-
tion [15,26]. It has also been possible to assemble hybrid
nanoparticle-protein/DNA comprising QDs simultane-
ously coupled to dye labelled proteins, oligonuceotides
and dyes [27,28]. This study also reported the occurrence
of FRET beyond 100 A. Medintz et al. [29,30] have
demonstrated FRET using CdSe-ZnS (core-shell) QD
donors self assembled with three distinct fluorescent
protein acceptors. Water soluble CdSe-ZnS QDs cova-
lently attached to human immunoglobulin G (IgG) have
been shown to act as efficient FRET donors for fluores-
cent isothiocyanate (labelled with goat antihuman IgG)
[31-33]. The CdSe-ZnS QDs have also been used for the
development of self-assembled donor for long range

FRET in a 3-chromophore FRET system. Muthugan et al.

[34] have reported efficient FRET between CdSe-ZnS
nanocrystals and Rhodamine B for light harvesting in
solution by utilizing the electrostatic interaction between
them. These authors showed that the ZnS capped CdSe
core-shell nanocrystals are sensitive to external factors
such as pH and divalent cations, leading to potential ap-
plications in optical sensing and homogeneous assays.
Thus, with a view to initiate research on development of
quantum dot based FRET chemical and biosensors, we
have taken up FRET study between two sizes of CdSe-
ZnS core-shell QDs as donors and an organic dye (fluo-
rescein 27, F27) as acceptor employing various spectral
methods viz., uv/vis absorption spectroscopy, steady
state and time resolved fluorescence spectroscopy. The
paper aims at understanding—how the energy transfer
efficiency and Forster distance depend on the varying
size of the QD donor.

2. Theory

Forster developed the quantitative theory for resonance
energy transfer in the late 1940s. Hence, the process is
often called Forster resonance energy transfer [20,35].
FRET is a photo physical process where the excited-state
energy from a donor molecule is transferred non-radia-
tively to an acceptor molecule (in the ground state) at a
close distance via weak dipole-dipole coupling [16].

Forster derived the following expression for the rate
constant of transfer, kr:
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kT(R)=i[5j6 M

where r is the distance between donor and acceptor
molecules and 7, is the fluorescence lifetime of the
donor (without acceptor). Since the transfer rate is pro-
portional to the inverse 6th power of the distance (R), it
is an extremely sensitive parameter for obtaining dis-
tances between 1 and 10 nm. The distance at which the
excitation energy of the donor is transferred to the ac-
ceptor with a probability of 0.5 is called Forster or criti-
cal distance (R,) and can be calculated using the relevant
spectroscopic properties of the participating molecules:
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where k° is the molecular orientation factor, ¢, is the
quantum yield of donor fluorescence (in the absence of
acceptor), N, is Avogadro’s number and n is the re-
fractive index of the intervening medium [36]. The inte-
gral in the above equation (J, M "-cm®) provides the de-
gree of spectral overlap between donor fluorescence
spectrum  F, (A1) and acceptor absorption spectrum
£,(4), given in either wave number (v) or wave-
length (1) scale:

J(A)=[F,(2)e,(2)AdA 3)

0

The orientation factor k° is given by [37]
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where 6, is the angle between the transition moments
of donor and acceptor, &, and 6, are the angles of
the transition moments of donor and acceptor with the
separation vector and ¢ is the angle between the two
planes formed by the transition moments of donor and
acceptor and the separation vector. For systems without
any three-dimensional, spatial information the orientation
factor is an indeterminate parameter in the evaluation of
Ry having any value 0<k”<4. All other parameters
can be measured or evaluated. Forster also introduced the
transfer efficiency E, which is only a function of actual (r)
and critical (R,) distances:

E:; (5)

(i)

Among the several methods available for quantifica-
tion of FRET, the one based on donor fluorescence life-
times is the most straightforward, as the fluorescence
lifetime is a concentration-independent property, while
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the fluorescence intensity is not. Fluorescence lifetimes
of the donor in the absence (7, ) and presence (7,,) of
acceptor molecules are often measured for the observa-
tion of FRET and a decreased fluorescence lifetime of
the donor is then an indication of molecular interactions.
From this reduction in lifetimes one obtains the experi-
mental FRET efficiency (E):

E=1-Tp1 (6)
Tp
If an acceptor molecule is brought close to a donor
molecule within a range of 20 - 100 A, the fluorescence
intensity of the acceptor molecule increases, while that of
the donor molecule decreases, due to an increase in the
efficiency of FRET from donor to acceptor molecule
[13,20,22,26]. E can be estimated by both steady-state
and time resolved measurements, respectively, using
Equations (7) and (),
E=1 i @)
D
where Fp, is fluorescence intensity of the donor with
acceptor, and F, is that without acceptor, and

E=1-1p4 8)
Tp
The transfer efficiency and the distance between the
donor and acceptor, R, are related by the equation,

r=R,(JE-1)" ©)

The magnitude of Ry depends on the spectral proper-
ties of the donor and acceptor

R, = [88x10"K*n g, " (10)

where ¢,, is quantum yield of the donor in the absence
of acceptor.

3. Materials and Methods

Fluorescence spectra of the donor (QDs), acceptor (dye)
and the mixed binary solutions were recorded using Hi-
tachi F7000 spectrofluorometer and the uv/vis absorption
spectra were obtained using Hitachi U2800 spectropho-
tometer. The fluorescence lifetimes were measured em-
ploying picosecond time domain spectrometer based on
Time Correlated Single Photon Counting (TCSPC) tech-
nique (IBH Jobin Yvon6.1), described elsewhere [38].
The samples of CdSe/ZnS 480 nm (2.5 nm size, QD1)
and 510 nm (3.0 nm size, QD2) quantum dots were ex-
cited at 375 nm using Nano LED in an IBH Fluorocube
apparatus. The fluorescence emission at the magic angle
54.7° was dispersed in a monochromator (f/3) aperture
and counted by a Hamamatsu Micro Channel Plate
Photo-multiplier tube (R3809 MCP-PMT). The instru-
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ment response function for this system is ~52 ps. An it-
erative fitting program provided by IBH (DAS-6) ana-
lyzed the fluorescence decay curves.

Toluene solutions of CdSe/ZnS core-shell (Lumidot)
QDs [480 nm (2.5 nm size) and 510 nm (3.0 nm size)]
were purchased from Sigma-Aldrich Chemicals Co. and
Fluorescein 27 dye from Lambdaphysik, Inc. All the
solvents used were of HPLC grade and were used with-
out further purification. The quantum yields (¢) of the
QDs were obtained by comparison with Coumarin 307
dye as a standard reference [39] in ethanol using the
equation [40],

I OD, n*

?=%7 oD 2 (11)
where I is the integrated intensity, OD is the optical den-
sity and n is the refractive index, the subscript R refers to
the reference fluorophore of known quantum yield. Time
resolved fluorescence measurements provide significant
and precise information about the molecular interactions
than the steady state measurements. By monitoring the
fluorescence lifetime of quantum dots in the presence
and absence of the dye, important information can be
obtained on molecular interactions. The effect of dyna-
mic quenching and in particular the processes of FRET
are now widely studied in photochemistry and photo-
biology, wherein, signal intensity is often used to quan-
tify FRET efficiency, but fluorescence lifetime is more
precise and robust technique because it is independent of
concentration, and is thus a desirable parameter for these
measurements.

4. Results and Discussion
4.1. Steady-State Measurements

With a view to develop FRET chemical and biosensors
based on semiconductor QDs, two sets of QDs of sizes
480 (QD1) and 510 nm (QD2) are chosen as donors in
the present study with Fluorescein 27 dye as acceptor
molecule. Each molar concentration was studied in free
solution under steady state condition. Figure 1(A) shows
the normalized emission spectra of CdSe/ZnS core-shell
quantum dots in toluene excited with 370 nm light along
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Figure 1. (A) Absorption and emission spectra of QD1 (a, c)
and QD2 (b, d); (B) overlap of Emission spectra of QD1 and
QD2 with absorption spectrum of F27 dye.
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with the absorption spectrum of F27 dye. F27 dye does
not exhibit any appreciable absorption at 370 nm and
therefore allows the exclusive excitation of the donor.
The photon induced energy transfer from donor to accep-
tor is monitored. A necessary factor to achieve FRET
phenomena is good spectral overlap between the absorp-
tion of acceptor and emission spectrum of donor. Figure
1(B) shows the spectral overlap function for both the sets
of CdSe/ZnS QDs and F27 dye. It may be noted that the
spectral overlap is better for QD2 + F27 pair. It is ob-
served that the addition of F27 dye to the CdSe/ZnS so-
lution does not lead to any change in the absorption
spectrum of QDs.

Figures 2(a) and (b) show fluorescence spectra of
CdSe/ZnS in the presence of varying concentration of
F27 dye. Upon addition of F27 dye a gradual and sig-
nificant quenching of the donor (CdSe/ZnS QDs) fluo-
rescence was observed with a simultaneous enhancement
in the acceptor emission indicating some form of energy
transfer to acceptor (F27). Consequently, with the addi-
tion of the acceptor in increased proportion results in the
presence of more acceptor molecules. From Figures 2(a)
and (b) it may be noted that a strong size dependent
quenching is occurring. Hence, this quenching of QD
emission and simultaneous enhancement in F27 emission
validates and confirms the nonradiative resonance energy
transfer from CdSe/ZnS QD to F27 dye. The generously
proportioned quenching of donor and the use of high
acceptor to QD ratios will compensate the large separa-
tion distance which improves the FRET efficiency.

The rate of quenching of donor emission is illustrated
by the decrease in average lifetime. It reveals that trans-
fer efficiency will depend on the size of the particle and
spectral overlap of donor and acceptor. Quenching of
donoremission as function of varying concentration of
acceptor is expected and is described by the well known
Stern-Volmer Equation

F, _ %
F—l+quO[Q]—l+KSV [0] = . (12)

where F, and F are the fluorescence intensities in the
absence and presence of quencher, respectively, [O] is
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Figure 2. Fluorescence spectra of (a) QD1 and (b) QD2 (1.0
x 10 M) in the presence of varying concentrations of F27
dye (acceptor); A) 0; B) 0.8 x 10 °M; C) 1.0 x 10°° M; D)
3.0x10°M; E) 6.0 x 10° M; F) 8.0 x 10°°, G) 10 x 10® M.
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the concentration of quencher, r, and 7 are the life-
times in the absence and presence of quencher, respec-
tively. Since this quenching is an additional rate process
which depopulates the excited state, the above equation
illustrates the important characteristics of quenching,
which is equivalent to decrease in fluorescence intensity
and in life time. A linear Stern-Volmer plot of Fy/F ver-
sus quencher concentration is shown in Figures 3(A) and
(B) and from the slope of plot, Ksy was found to be 0.534
x 10° and 0.474 x 10° M' for the QDI1-F27 and
QD2-F27 systems, respectively. The estimated values of
quenching rate parameters (k,) are 4.07 x 10" and 4.09 x
10" M5! for the QD1-F27 and QD2-F27, respectively.
A decrease in fluorescence lifetimes of the QDs is
equivalent to Fo/F. The FRET parameters in steady state
measurement were estimated by using Equations (1)-(12)
(Table 1).

4.2. Time-Resolved Measurements

The nonradiative resonance energy transfer is known to
substantially alter the exciton lifetime properties of the
donor (7, ). Thus, the energy transfer process was further
examined using fluorescence decay analysis by TCSPC
Technique. Figure 4 shows the fluorescence decay cur-
ves of QDs with and without F27 dye. The lifetimes in
the presence and absence of acceptor dye are likely to
throw light on the FRET efficiency in the chosen do-
nor-acceptor pairs. The samples were excited with 375
nm light from LEDs and fluorescence decay traces re-
quired a sum of three exponential functions to reach low
z” values as well as random distributions of the weighted
residuals, which are indicators of the goodness of the fits.

I(t) =4 + 4™ + 4,7 (13)
where 7,, 7, and 7, are the time constants and A, A,,
and Aj; are the normalized amplitudes of the components,

respectively. An average amplitude-weighted lifetime is
defined as [31]

r=(A7, + A1, + ATy) (14)
Decay curves of the two CdSe/ZnS core-shell QD are

QD1-F27 . QD2-F27

Fo/F
S 2N YL NP N ®

A B
0

o

2 4 6 8 10 2 4 6 8 10
Conc. of Quencher (UM) Cone. of Quencher (UM)

Figure 3. Steady state Stern-Volmer plots of FO/F vs. con-
centration of quencher: (A) QD1 and (B) QD2.
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Table 1. FRET parameters obtained from steady state measurements.

System J (%) M "em™-nm*) E (%) E'(%) R, (A) r (A) kr (r)s™ Decay Rate's™
QD1 + F27 3216 %107 52.77 51.26 34.62 19.16 424 x10° 7.62 x 107
QD2 + F27 4.619x 107" 52.93 43.78 35.84 20.02 3.75 x 10° 8.63 x 10’
"Efficiency calculated from time resolved data.
10000 o 10000 s Table 2. FRET parameters from time-resolved measure-
— Q1-F7 ments.
1000+ 1000
yg é System 71 (ps) (a1)) 72(ms) (a)  73(ns) (a3) <t>ns
S 100 G100
e ~om QD1 506.3 (0.02) 4.26(0.14) 15.04 (0.84) 13.12
WA o QD1 +F27 559.5(0.13) 3.21(0.42) 11.18(0.45)  6.49
5 10 15 ZQ 25 30 35 40 45 5 10 15 ZQ 25 30 35 40 45
Time (ns) Time (ns) QD2 483.4 (0.06) 3.36(0.16) 14.10(0.78)  11.58
Figure 4. Log scale plot of time-resolved PL trace for (A) QD2+F27 3018(0.07) 3.65(0.57) 12.16(0.37) 6.51

QD1 and (B) QD2 with and without F27 dye (donor emis-
sion wavelength fixed at 480 and 510 nm with excitation at
375 nm).

multiexponential with three decay components shown in
Table 2. The photoluminescence decay of QD1 is tri-
exponential with decay components of 506.3 ps (0.02)
(7,), 426 ns (0.14) (r,) and 15.04 ns (0.84) (z;) with
the average decay time being 13.12 ns, according to
Equation (14). However, its average decay time in the
presence of the acceptor is 6.49 ns. The values of decay
times for the QD2 are 483.4 ps (0.05) (r,), 3.36 ns (0.17)
(7,) and 14.10 ns (0.78) (r;) with the average decay
time being 11.58 ns. In the presence of the dye F27,
however, it decreases to 6.51 ns. Thus the lifetimes of the
both the QDs are significantly shortened upon addition of
the F27 dye and it is one of the characteristic features of
efficient energy transfer in the donor-acceptor systems.
The reduction in lifetime also heralds the quenching of
the QD emission by the acceptor dye molecules. Stern-
Volmer plots of z,/r versus quencher concentration
shown in Figure 5 exhibit linear trends and from the
slopes of these plots, Ksy was found to be 0.099 x 10°
M and 03372 x 10° M™' for the QDI-F27 and
QD2-F27, respectively. The estimated quenching rate
constants (kq) are 7.545 x 10%and 2.911 x 10° M "s™!
for QD1-F27 and QD2-F27 systems, respectively. The
expected value for the diffusion controlled bimolecular
processes is ~10' M s As the experimentally ob-
tained quenching rate constants are higher than the ex-
pected quenching constant, it is inferred that this is not a
diffusion-controlled process.

Note that, the origin of multi-exponential emission
decay of semiconductor quantum dots still remains a
matter of debate. The fastest decay components reflect
the emission from radiative relaxation of the excited
electrons to the ground state and can be attributed to the
initially populated core-state recombination [41]. A dis-
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ay, ay, a3 are the normalized amplitudes components.
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Figure 5. Time-resolved Stern-Volmer plots of z,/7 vs.
concentration of quencher: (A) QD1 and (B) QD2.

tribution in decay times is expected as a result of the
variation in the nonradiative decay rates for different
QDs due to variation in type and number of the quench-
ing centres. A combination of all these processes, along
with difference between the individual nanocrystals in
population, gives rise to multi-exponential emission dy-
namics that result in a spread of luminescence lifetimes
for different quantum dots [42,43]. Further, from the de-
cay component data (Table 2) the observed results shows
that the larger the value of as, the better the surface con-
dition (with fewer defect states) and the larger role of
surface related emission, since smaller QDs are known to
have more surface trap states compared to the larger dots
(higher surface to volume ratio and surface tension). It
can be noted that, the shorter life time components in
decay profile is due to the intrinsic recombination of ini-
tially populated core states and the longer lifetime com-
ponent is attributed to the involvement of surface states
in the carrier recombination process [44,45]. The longest
and fastest decay times observed are 11.18 ns and 559.5
ps respectively, for QD1-F27 system, and 12.16 ns and
301.8 ps, respectively, for QD2-F27 systems.

We also examine the dependence of FRET efficiency
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upon the QD emission overlaps and whether the QD
emission overlaps with red or blue regions of the accep-
tor absorption spectrum (Figure 4). The estimated results
of steady-state measurements exhibit increased spectral
overlap and efficiency in case of QD2-F27 as compared
to the QD1-F27 pair, and also the energy transfer effi-
ciency. When comparing this kind of transfer efficiency
with time-resolved estimation, QD2-F27 pair exhibited
smaller energy transfer efficiency as opposed to QDI1-
F27. It’s possible to describe this evidently by noticing
spectral overlap of donor QDs and acceptor, i.e., QDI-
F27 pair exhibits some sort of redder counterpart of QD
emission overlapping with bluer counterpart of F27 ac-
ceptor, leading to redder QDs population being quenched
to greater extent which could result in a noticeable blue-
shift in the QDs emission. The obtained intermolecular
distance and Forster Distance (R,) from these measure-
ments are 19.16 A and 34.62 A, respectively.

Similarly for QD2-F27 pair, bluer parts of QD2 emis-
sion overlap with the redder counterpart of acceptor ab-
sorption. Thus the redder counterparts of QDs emission
participate in lesser efficient interactions compared to the
blue counterpart. As a result difference in spectral over-
lap causes a noticeable redshift within the QDs ensemble
emission. Values of 20.01 A, and 35.84 A for intermo-
lecular distance (r) and Forster distance (R)), respectively,
were obtained from this measurement which is consistent
with the previous estimation.

Hence it reveals that the effect of spectral overlap be-
tween QDs emission and dye absorption is dominant.
However, the pairs presented here show that the spec-
trally dependent dynamics changes are due to FRET and
it is important to note that a decrease in efficiency even
with a better spectral overlap is due to the heterogeneity
in the A -dependent FRET rate and acceptor absorption
spectra [46].

Similar to these steady state measurements to analyze
the effect of size and wavelength reliant variation upon
FRET, we have measured the donor exciton lifetime over
the emission spectrum (for different emission wavelength)
of QDs population for each FRET pair without and with
acceptor.

Figure 6 shows the time variation with the QD1-F27
pair which evidently reveals how the FRET dynamics are
certainly not homogeneous within the QD population,
where the QD emission overlaps with blue edge of the
acceptor absorption, the decay rate becomes faster with
increasing emission wavelength. Consequently the redder
QDs possess better overlap with the acceptor absorption
than the bluer QDs, which in turn results in a gradually
faster FRET dynamics as we move through the bluer
QDs to redder QDs.

In the second pair QD2-F27 the exciton decay be-
comes gradually slower as we move from the bluer QDs
to the redder QDs, because in this pair the bluer counter-
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Figure 6. Plot of time-resolved decays of QD-F27 for dif-
ferent emission wavelengths selected: (A) QD1-F27 FRET
pair, from 470 nm to 510 nm; (B) QD2-F27 FRET pair,
from 490 nm to 540 nm.

parts possess a better spectral overlap than the redder
QDs.

The spectral dependence of the FRET rate extracted
from the time-resolved data is more precise since it is
concentration independent and it is clear that heteroge-
neity in FRET rates are due to difference in spectral
overlap within the same QD population. This is reflected
in the values of Ry and E for the two FRET pairs (Table
2).

5. Conclusions

The higher potential of the QDs-dye nano assembly
combination than the typical organic donor and acceptor
dye pairs enhance the scope of FRET analysis particu-
larly in biological applications. In this study we have
explored the energy transfer between two sizes of
CdSe/ZnS QDs (2.5 nm and 3.0 nm) as donor and F27
dye as a common acceptor. The results clearly illustrate
the dependence of FRET efficiency on spectral overlap
as depicted in Figure 4. The two different sized QDs
display different emission spectra and as the emission of
QDs shifts to longer wavelengths the overlap with the
absorption spectra of F27 dye increases. Consequent to
increase in the QD size, the QDs undergo very different
FRET quenching efficiency due to difference in their
spectral overlap. The energy transfer rate between opti-
mally resonant donor-acceptor pair estimated from
steady state and time resolved study elucidate that the
transfer rates estimated (at 4.24 x 10’ s' and 3.75 x 10’
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s ', respectively, for QD1 and QD2 CdSe/ZnS nanos-
tructures) are much faster than the respective decay rates
of 7.62 x 10" s™' for QDI and 8.63 x 10’ s™' for QD2.
Hence, it is clearly seen that energy transfer is highly
efficient (43% - 51%) over a range of 34 - 36 A (R,). The
present study also demonstrates that such QD-dye pairs
can act as very sensitive chemical sensors.

Further, we are interested in studying the importance
of QDs in FRET by examining their optical properties in
a quest to explore their possible subsequent applications
in life sciences. Several technical challenges are posed
towards their use in aqueous and hence biological envi-
ronment. Here FRET is dependent on the type and size of
QDs, several physical and chemical variables and sur-
rounding environment viz., surface treatment and insolu-
bility in water. This does become important as recently
Parchur et al. [47] have shown that the luminescence
intensity improves significantly after core-shell forma-
tion due to extent of decrease of nonradiative rates aris-
ing from surface dangling bonds and capping agent dur-
ing the study of Tb**-doped CaMoO, core and core-shell
nanoparticles.
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