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In this contribution, we have studied structural and photophysical properties of aggregated CdS quantum dots
(QDs) capped with 2-mercaptoethanol in aqueous medium. The hydrodynamic diameter of the nanostructures
in aqueous solution was found to be∼160 nm with the dynamic light scattering (DLS) technique, which is
in close agreement with atomic force microscopy (AFM) studies (diameter∼150 nm). However, the UV-
vis absorption spectroscopy, powder X-ray diffraction (XRD), and transmission electron microscopy (TEM)
studies confirm the average particle size (QD) in the nanoaggregate to be 4.0( 0.5 nm. The steady-state and
time-resolved photoluminescence studies on the QDs further confirm preservation of electronic band structure
of the QDs in the nanoaggregate. To study the nature of the nanoaggregate we have used small fluorescent
probes, which are widely used as biomolecular ligands (2,6-p-toluidinonaphthalene sulfonate (TNS) and Oxazine
1), and found the pores of the aggregate to be hydrophobic in nature. The significantly large spectral overlap
of the host quantum dots (donor) with that of the guest fluorescent probe Oxazine 1 (acceptor) allows us to
carry out Fo¨rster resonance energy transfer (FRET) studies to estimate average donor-acceptor distance in
the nanostructure, found to be∼25 Å. The quantum dot aggregate and the characterization techniques reported
here could have implications in the future application of the QD-nanoaggregate as host of small ligand molecules
of biological interest.

1. Introduction

Over the past decades colloidal luminescent semiconductor
nanocrystals, often referred to as “quantum dots” or “QDs”, have
been studied in detail due to their unique size-dependent optical
and electronic properties.1,2 The increase in the band gap with
the decrease in the size of the particles is the most identified
aspect of quantum confinement in semiconductors. When the
dimensions of nanocrystalline particles approach the exciton
Bohr radius, a blue shift in energy is observed due to the
quantum confinement phenomenon. The effective mass model
is commonly used to study the size dependence of optical
properties of QDs system.3 One of the typical features of
nanoparticles is their spontaneous self-aggregation into func-
tional structures driven by the energetics of the system, which
are known as self-aggregated nanostructures. The aggregation
through noncovalent interactions (e.g., hydrogen bonding in-
teraction,π-π interaction, charge-transfer interaction, acid/base
proton transfer, van der Waals forces, host-guest interaction,
and electrostatic forces) is an effective mechanism that has been
proven successful in forming different nanoparticle assembly
motifs such as 2D and 3D superlattices of nanocrystals.4,5

The study of aggregated molecular structures has recently
attracted considerable attention due to their novel application
as a host structure for small molecule guests.6 The host-guest
chemistry is emerging as an important way to study how binding
of molecules into space-restricted environments can mediate
their chemical reactivity.7 The size, shape, and chemical
environment of the aggregated host help in controlling the
recognition and reactivity of guest molecules, offering the
potential for entirely new types of synthetic catalysts. The

formation of confined and protected hydrophobic environment
in the aggregated structure has played a vital role for the study
of various hydrophobic ligands. One of the classical examples
of crystalline molecules acting as host is zeolite. Various types
of zeolites are characterized by unique uniform pores, and
channels or cavities of various sizes. The unique arrangement
of pores in them provides a three dimensionally restricted
environment for the inclusion of various guest molecules.8

Here we report our studies on an aggregated nanostructure
of CdS quantum dots (QDs) capped with 2-mercaptoethanol.
By using steady state absorption/photoluminescence (PL)
spectroscopy, Fourier transformed infrared spectroscopy (FTIR),
powder X-ray diffraction (XRD), transmission electron micros-
copy (TEM), dynamic light scattering (DLS), and atomic force
microscopy (AFM) we have characterized the nanoaggregation.
The picosecond resolved PL measurements on the nanostructure
reveal the electron-hole-pair recombination dynamics. The
interactions of small biologically relevant fluorescent probes
clearly demonstrate the efficacy of the nanoaggregate as a
potential host for the small ligand molecules. We also estimated
the average distance of QDs in the nanostructure from a
chromophoric guest ligand by using steady state and picosecond-
resolved Fo¨rster resonance energy transfer (FRET).

2. Materials and Methods

Chemicals were obtained from the following sources: an-
hydrous Na2S (Sigma Aldrich), NaOH (Merck), Cd(NO3)2‚H2O
(Sigma Aldrich), 2-mercaptoethanol (HSCH2CH2OH) (SRL),
2,6-p-toluidinonaphthalene sulfonate (TNS) (Sigma-Aldrich),
and Oxazine 1 (OX1; Exciton). The chemicals were of highest
commercially available purity and were used as received. All
aqueous solutions were prepared with deionized water from
Millipore system and completely degassed by dry nitrogen. The
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preparation of 2-mercaptoethanol-capped CdS quantum dots
(QDs) was carried out following the methodology described in
the literature.9 Briefly, 2 mL of a Na2S aqueous solution (10
mM) was added dropwise to 100 mL of a Cd(NO3)2 aqueous
solution (0.2 mM) containing 1.4µL of 2-mercaptoethanol,
under vigorous stirring. As mentioned in the literature,9 the final
concentration of CdS in the aqueous solution is 0.2 mM. The
pH of the final solution was adjusted to 10.5 by adding NaOH
solution. The final colloidal solution was kept overnight in the
dark under nitrogen atmosphere and all the studies were carried
out the next day.

UV-vis absorption spectroscopy, steady-state photolumines-
cence (PL), powder X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), dynamic light scattering (DLS),
atomic force microscopy (AFM), and high-resolution transmis-
sion electron microscopy (HR-TEM) were done by Shimadzu
Model UV-2450 spectrophotometer, Jobin Yvon Model Fluo-
romax-3 fluorimeter, PANalytical XPERT-PRO diffractometer
equipped with Cu KR radiation (λ ) 1.5418 Å) (at 40 mA, 40
kV), JASCO FT/IR-6300 spectrometer (transmission mode),
Malvern instruments (model Nano-S), Veeco Instruments (CP-
II), and JEOL (JEM-2100), respectively. X-ray powder diffrac-
tion (XRD) patterns were obtained by employing a scanning
rate of 0.02° s-1 in the 2θ range from 15° to 75°. Samples for
TEM were prepared by placing a drop of the colloidal solution
on a carbon-coated copper grid and allowing the film to
evaporate overnight at room temperature. To ensure that TEM
images are of nanoparticles and not of dried salt (NaNO3)
remaining from the particle precipitation process, we dialyzed
the aqueous solution of the QDs against water (pH 10.5)
exhaustively using a dialysis membrane (Spectrum Laboratories,
Inc, USA) with a molecular weight cutoff (MWCO) of 12 000-
14 000. The dialyzed solution was then placed on a separate
carbon-coated copper grid and dried overnight at room tem-
perature. The size of the nanoparticles was determined from
the TEM images obtained at 200 kV. Sample for AFM was
prepared by placing a drop of the colloidal solution on a silicon
wafer and then allowing it to evaporate overnight at room
temperature. For the FTIR measurements, powdered QD
samples were mixed with KBr powder and pelletized. The
background correction was made by using a reference blank of
the KBr pellet.

DLS measurements employ a 4 mWHe-Ne laser (λ ) 632.8
nm) with a thermostatted sample chamber. All measurements
are taken at 178° scattering angle. The scattering intensity data
are processed with the instrumental software to obtain the
hydrodynamic diameter (dH) and the size distribution of the
scatterer in each sample. The instrument measures the time-
dependent fluctuation in intensity of light scattered from the
particles in solution at a fixed scattering angle. Hydrodynamic
diameters (dH) of the particles are estimated from the intensity
autocorrelation function of the time-dependent fluctuation in
intensity.dH is defined as

wherek ) Boltzmann constant,T ) absolute temperature,η )
viscosity, andD ) translational diffusion coefficient. In a typical
size distribution graph from the DLS measurement, theX-axis
shows a distribution of size classes (in nm), while theY-axis
shows the relative intensity of the scattered light. This is
therefore known as an intensity distribution graph.

All photoluminescence transients were taken with use of the
picosecond-resolved time-correlated single photon counting
(TCSPC) technique. We used a commercially available pico-

second diode laser-pumped time-resolved fluorescence spec-
trophotometer from Edinburgh Instruments, UK. To excite QD
aggregate and OX1, picosecond excitation pulses from diode
lasers with excitation wavelengths 375 and 633 nm respectively
were used (instrument response function (IRF)) 80 ps). TNS
molecules were excited by a pulsed light emitting diode (LED)
at 299 nm (IRF) 450 ps). The photoluminescence from the
sample was detected by a microchannel-plate-photomultiplier
tube (MCP-PMT) after dispersion through a monochromator.
For all transients the polarizer on the emission side was adjusted
to be at 55° (Magic angle) with respect to the polarization axis
of the excitation beam. The observed fluorescence transients
were fitted by using a nonlinear least-squares fitting procedure
to a function (X(t) ) ∫0

t E(t′)R(t - t′) dt′) comprised of
convolution of the IRF (E(t)) with a sum of exponentials (R(t)
) A + ∑i)1

N Bie-t/τi) with preexponential factors (Bi), charac-
teristic lifetimes (τi), and a background (A). Relative concentra-
tion in a multiexponential decay was finally expressed as

To estimate the fluorescence resonance energy transfer
efficiency of the donor (CdS-QD) and hence to determine the
distance of the donor-acceptor pair, we followed the methodol-
ogy described in chapter 13 of ref 10. The Fo¨rster distance (Ro)
is given by

whereκ2 is a factor describing the relative orientation in space
of the transition dipoles of the donor and acceptor. For donor
and acceptors that randomize by rotational diffusion prior to
energy transfer, the magnitude ofκ2 is assumed to be2/3. In the
present study the same assumption has been made. The
refractive index (n) of the medium is assumed to be 1.4.QD,
the quantum yield of the donor QD in the absence of acceptor,
is measured to be 0.016.J(λ), the overlap integral, which
expresses the degree of spectral overlap between the donor
emission and the acceptor absorption, is given by

whereFD(λ) is the fluorescence intensity of the donor in the
wavelength range ofλ to λ + dλ and is dimensionless.ε(λ) is
the extinction coefficient (in M-1 cm-1) of the acceptor atλ. If
λ is in nm, thenJ(λ) is in units of M-1 cm-1 nm4. Once the
value ofRo is known, the donor-acceptor distance (r) can easily
be calculated by using the formula

Here E is the efficiency of energy transfer. The transfer
efficiency is measured by using the relative fluorescence
intensity of the donor in the absence (FD) and presence (FDA)
of the acceptor. The efficiencyE is also calculated from the
lifetimes under these respective conditions (τD andτDA).

dH ) kT/3πηD (1)

cn ) (Bnτn)/(∑i)1
N Biτi) × 100

Ro ) 0.211[κ2n-4QDJ(λ)]1/6 (in Å) (2)

J(λ))
∫0

∞
FD(λ)ε(λ)λ4 dλ

∫0

∞
FD(λ) dλ

(3)

r6 ) [Ro
6(1 - E)]/E (4)

E ) 1 - (FDA/FD) (5a)

E ) 1 - (τDA/τD) (5b)
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The distances measured with eqs 5a and 5b are revealed asRS

(steady state measurement) andRTR (measurement), respectively.

3. Results and Discussion

The FTIR transmittance spectrum for the CdS nanoparticles
(Figure 1) capped with 2-mercaptoethanol is compared with
those of pure 2-mercaptoethanol and CdS nanoparticles prepared
without the capping agent. Figure 1a clearly reveals the S-H
stretching vibration band of 2-mercaptoethanol at 2555 cm-1.
A broadband around 3400 cm-1and a strong doublet at 2873
and 2933 cm-1 in the spectrum of 2-mercaptoethanol are
assigned to the O-H stretching vibration and the symmetric
and asymmetric stretching vibrations of the CH2 groups,
respectively.11 On the other hand, there is no peak in the same
region between 2000 and 3000 cm-1 in the spectrum of the
CdS nanoparticles prepared in the absence of 2-mercaptoethanol
as evident from Figure 1c. Whereas the peak due to the CH2

groups of 2-mercaptoethanol is also observed for the CdS
nanoparticles capped with 2-mercaptoethanol (Figure 1b), the
absorption of the S-H stretching vibration completely disap-
peared after the capping. The observation clearly excludes that
2-mercaptoethanol simply coexists with the CdS nanoparticles.
Since the surface capping of sulfide particles by thiols is
attributed to coordination of the deprotonated mercapto groups
to the sulfide surfaces, these IR spectra strongly confirm the
surface capping of the CdS nanoparticles by direct bonding of
the deprotonated mercapto group of 2-mercaptoethanol, presum-
ably to the cadmium site at the surface. These results also
suggest that the primary hydroxyl groups at the other end of
the capping thiol can serve as a surface hydrophilic moiety of
the capped CdS nanoparticles, and H2O might be adsorbed more
readily on the modified sulfide surfaces. The UV-vis absorption
spectrum of CdS QDs shown in Figure 2a exhibits absorption
edge that is blue-shifted with respect to the bulk CdS (∼515
nm), arising from quantum confinement effect in the nanopar-
ticles.12,13An absorption band around 370 nm is observed, which
indicates a relatively narrow size distribution of CdS nanopar-
ticles. From the position of the absorption edge, the average
particle size can be determined by using the well-established
relation between particle size and absorption onset.14,15 The
absorption edge (λe) is converted into the corresponding particle
size by using Henglein’s empirical curve that relates the
absorption edge (λe) to the diameter (2R) of the particles.

From Figure 2a, the absorption edge (λe) is obtained by the
intersection of the sharply decreasing region of the spectrum
with the baseline14 and found to be 429.5 nm. Thus from eq 6
the particle size was estimated to be 3 nm.

To estimate the band gap energy, the effective mass model
is used.3 The blue shift of band gap energy with the decrease
in the diameter of QDs is described by the following equation

whereR is the particle radius,µ is the effective reduced mass,
Eg is the bulk band gap energy (2.5 eV),Eg

eff is the effective
band gap energy, andp ) h/2π, h being Planck’s constant. As
the effective mass of the electrons is much smaller than that of
the holes (me* ) 0.2,mh* ) 0.8), the charge carrier confinement
mainly affects the energetic level of the electrons.16 By using
the estimated particle size from absorption edge, the effective
band gap of CdS QDs is found to be 2.76 eV, which agrees
well with the confinement regime. The powder XRD pattern
for CdS nanocrystals is shown in Figure 2b. The XRD pattern
apparently exhibits only two broad peaks, centered at 2θ ≈ 28o

and 47o. However, a more careful study of the pattern suggests
that these two peaks are overlaps of multiple peaks. This is also
indicated by the marked asymmetry of the peak centered at 28°,
resulting from the overlap of the reflection peaks (100), (002),
and (101) of the hexagonal (Wurtzite) structure. The diffraction
pattern is consistent with that of hexagonal CdS phase. The XRD
patterns are considerably broadened due to the quantum size
effect of nanocrystallites.17 The mean particle size was calculated
by Debye-Scherrer’s formula:

whereD is the diameter of the nanocluster,λ the wavelength
of the incident X-rays,â is the full-width at the half-maximum,

Figure 1. Fourier transform infrared (FTIR) spectra: (a) 2-mercap-
toethanol, (b) 2-mercaptoethanol-capped CdS QDs, and (c) CdS QDs
without any capping agent.

2RCdS) 0.1/(0.1338- 0.0002345λe) nm (6)

Figure 2. (a) UV-vis absorption spectrum of 2-mercaptoethanol-
capped CdS-QDs. (b) Powder X-ray diffraction (XRD) pattern of
2-mercaptoethanol-capped CdS.

Eg
eff ) Eg + p2π2/2µR2 (7)

D ) 0.9λ/â cosθ (8)
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andθ is the diffraction angle. The average crystal size of the
CdS QDs estimated by using Debye-Scherrer formula is 4.6
nm,18 which is slightly larger than that calculated by UV-vis
absorption edge. The TEM image at 100K magnification (Figure
3a) confirms the average particle diameter of the QDs to be 4.2
( 0.5 nm, which is similar to that obtained by XRD measure-
ment. The particle size and distribution from our TEM studies
are consistent with that of the reported value of 4.0( 0.6 nm.9

However, from the TEM experiments it is also found that most
of the QDs were aggregated to a larger structure of average
diameter∼150 nm (Figure 3b). The TEM image of the dialyzed
QDs is shown in Figure 3c. At 60K and 120K magnification
(200 KV) the average particle size of the QDs is confirmed to

be 4.5( 0.5 nm. In the micrograph of the dialyzed sample, the
average diameter of the aggregated nanoassembly is found to
be somewhat smaller (∼50 nm) than that of the samples without
dialysis (Figure 3b). The reduction of aggregation size in the
dialyzed sample may be due to the absence of excess salts in
the solution, which were removed during dialysis. Our TEM
experiments clearly confirm that the nanoparticles in the
micrograph are free from excess salt clusters. The intensity
distribution graph of the DLS experiment on the undialyzed
CdS-QD solution as shown in the inset of Figure 4a indicates
that the QDs were aggregated to form a nanostructure of average
diameter∼160 nm at 25°C with a broad distribution width of
191 nm. As shown in Figure 4a the average diameter and width
of QD-aggregate in the dialyzed solution are 175 and 25 nm,
respectively. The observation indicates the effect of excess ions
of the undialyzed QD solutions on the size and distribution of
the nanoaggregates. To investigate the nature of aggregation of
the QDs, we performed temperature-dependent DLS studies on
the dialyzed QD aqueous solutions. As shown in Figure 4a and
Table 1 the aggregate size decreases (from 185 nm at 25°C to
18 nm at 92°C) upon increase in temperature. The width of
the size distribution also decreases (from 70 nm at 25°C to 12
nm at 92°C) with the increase in the temperature of the solution
indicating essentially monodispersed size distribution at higher
temperature. We also observed that the size of the QD aggregate
almost resembles its original value again at 25°C (165 nm).
The observation clearly indicates that the aggregation is
essentially driven by noncovalent interactions between QDs,
which is expected to arise from the (OHsOH) hydrogen
bonding of the exposed hydrophilic hydroxyl groups. The
flocculated nanoaggregate is also evident from AFM (Figure
4b) experiments. The average diameter of the nanoaggregate
from the AFM experiment is found to be 150( 5 nm. An

Figure 3. Transmission electron micrographs (TEM) of undialyzed
sample: (a) individual QDs (100K magnification) and (b) nanoassembly
(60K magnification). (c) Individual QDs in a dialyzed sample (60K
magnification).

Figure 4. (a) Intensity-size distribution graph from dynamic light
scattering (DLS) of dialyzed CdS QD in aqueous solution at three
different temperatures. The inset shows size distribution of the QD-
aggregate in an undialyzed sample at 25°C. (b) Atomic force
microscopy (AFM) image of the QD film on a silicon wafer.
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extensive structural characterization along with functionality of
the aggregate of thiol-stabilized QDs will be left for future
investigation.

Figure 5a shows the emission spectrum of CdS-QDs in
aqueous solution excited at 350 nm, which displays a broad
emission band from 450 to 700 nm. To examine the effect of
excitation wavelengths on the observed photoluminescence from
the QDs we used excitation from 300 to 375 nm and found
insignificant change in the PL spectra. Reasonably small
excitation wavelength dependency of the emission spectra
confirms narrow dispersion of the CdS size in the nanostruc-
ture,19 which is in agreement with the TEM studies on the
nanoassembly.9 To understand the dynamics of excited electron-
hole-pair (EHP) recombination, we measured picosecond-
resolved PL of the QDs. Figure 5b shows picosecond-resolved
transient of CdS QDs (laser excitation) 375 nm, emission
wavelength) 500 nm), which is found to be multiexponential
in nature with three decay time components (τi) with various
preexponential values (ai); 172 ps (83%), 1.61 ns (13%), and
21.95 ns (4%). The overall PL decay leads to an average decay
time 〈τav〉 ) a1τ1 + a2τ2 + a3τ3 ) 1.23 ns. Although a detail
physical or mathematical model of the carrier recombination

dynamics of II-VI semiconductor nanocrystals upon photo-
excitation is lacking in the present literature,20,21a recent attempt
from our group has been made22 to rationalize picosecond
dynamics of PL-decay of CdS nanoparticles suspended in
reverse micellar solution. Relatively faster dynamics (172 ps
and 1.61 ns) in the PL-decay have been discussed22 in the
context of the controversial “phonon bottleneck” effect.21 As
pointed out in the literature,20,23another possibility of the faster
PL-decay dynamics is nonradiative recombination to the un-
derlying trap states.

To study the efficacy of the nanostructure in hosting small
organic ligands, we used a fluorescent biomolecular probe TNS
in the aqueous solution of QDs. The anionic TNS, one of the
most popular biological probes,24,25 binds mainly with the
positively charged basic residues of a protein by noncovalent
electrostatic interactions; there is also a possibility for TNS to
bind with hydrophobic domain.26-28 The chemical structure of
the probe TNS is shown in the inset of Figure 6a. To ensure
maximum complexation of the TNS with the QDs, the concen-
tration of the probe is maintained to be much lower (0.05 mM)
than that of the QDs (0.2 mM) in the solution. The nanostruc-
tures of mercaptoethanol capped CdS particles have a-CH2-
CH2- group in close vicinity of the surface of the QDs. Thus
the immediate environments of the QDs are expected to be
hydrophobic in nature due to presence of the small alkyl chain
(-CH2-CH2-) and can act as a possible host of the hydro-
phobic ligand TNS. However, the overall hydrophilic (water
soluble) nature of the QDs comes from the exposure of hydroxyl
groups to the bulk water. Figure 6a presents the emission spectra
of TNS (excitation at 300 nm) in aqueous solution in the
presence and the absence of the CdS QD assembly. The
emission peak (470 nm) of TNS in water is found to be

Figure 5. (a) Photoluminescence (PL) spectrum of CdS QDs in water.
(b) Picosecond-resolved PL transients of CdS QDs in water.

TABLE 1: Temperature-Dependent Dynamic Light
Scattering (DLS) Data of the Dialyzed Aqueous Solution of
Thiol-Stabilized CdS-QDs

increasing temp decreasing temp

temp
(°C)

av aggregate
size (nm)

temp
(°C)

av aggregate
size (nm)

25 185 92 18
35 112 85 89
45 104 75 105
55 89 65 109
65 68 55 110
75 68 45 122
85 58 35 136
92 18 25 163

Figure 6. (a) Steady-state fluorescence spectrum of TNS in the
presence of CdS QDs. The spectrum of TNS in bulk water is also shown
for comparison. The inset shows the chemical structure of TNS. (b)
Picosecond-resolved fluorescence transient of TNS encapsulated in the
nanoassembly.
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significantly blue-shifted in the presence of QD assembly
(emission peak) 427 nm). The fluorescence decay of the TNS
probe in the presence of the nanoassembly appeared to be
(Figure 6b) several orders of magnitude longer (50 ns) than that
in bulk water (75 ps).29 The blue shift, significant intensity
increase in the emission spectrum, and the lengthening of
fluorescence lifetime of TNS in the presence of the nano-
assembly clearly indicate geometrical restriction (caging) of the
probe in the nanostructure. As detailed in an early study29 the
major excited-state deactivation pathway of TNS is twisted
intramolecular charge transfer (TICT). We also checked that
free Cd2+ and S2- ions haveno effect on TNS emission. In a
nonpolar solvent, the energy of charge transfer (CT) moves up
because of the lack of stabilization by the solvent molecules.
The lifetime of the probe TNS in an aprotic, nonpolar solvent
was reported to be 7.3 ns with a maximum emission at 420 nm
and a quantum yield of 0.3.30

We also found that a cationic dye (Oxazine 1; OX1), which
is commonly used to investigate the electron-transfer dynamics
in DNA,31 can also be incorporated in the nanoaggregate. The
chemical structure of OX1 is shown in the inset of Figure 7a.
The efficiency of the nanoassembly to host anionic (TNS) and
cationic (OX1) reflects the hydrophobic nature of the pores of
the nanostructure (nanopores). In Figure 7a, the spectral overlap
of the donor (CdS QDs) emission and absorption of OX1
(energy acceptor) is shown. It is noted that the absorption
maximum of the acceptor is 650 nm, which overlaps appreciably
with the tail of the emission band of the CdS QDs. This favors
the energy transfer from CdS QDs to OX1 dye. Thus the
incorporation of OX1 into the nanopores gives us opportunity
to estimate the average distance of the QDs from the encapsu-
lated ligand molecules (e.g., OX1). As shown in Figure 7b the
overall intensity of the CdS QDs emission drastically decreases

upon incorporation of OX1, confirming the energy transfer from
CdS QDs to the dye molecule. We also checked that free Cd2+

and S2- ions haveno effect on OX1 emission.
Figure 8a shows picosecond-resolved transients of pure CdS

QDs and CdS QDs containing OX1. It has to be noted that OX1
was incorporated after the formation of QDS. To reduce the
amount of free OX1 in the bulk water, the concentration of OX1
is maintained to be lower (0.1 mM) than that of the QDs (0.2
mM) in the solution. The transient of CdS QDs in the presence
of the dye (Excitation at 375 nm, Emission at 500 nm) is also
multiexponential with three decay components of (τ1) 52 ps
(52%), (τ2) 424 ps (40%), and (τ3) 985 ps (8%) leading to an
average decay time〈τav〉 ) a1τ1 + a2τ2 + a3τ3 ) 0.27 ns. The
significant drop of the average PL decay time compared to that
of the nanostructure without OX1 (1.23 ns) also confirms the
energy transfer occurs from CdS QDs to OX1 due to dipolar
coupling. Although theoretical calculations to predict dipolar
emission of a QD with wurtzite crystal structure have been
advanced,32 very few experimental results33 have been published
on the existence of excited-state dipole moment in semiconduc-
tor quantum dots. In a recent study from our group22 on CdS
nanoparticles in reverse micellar solution at 300 K, we reported
physical motion of the dipolar QDs (photoluminescence ani-
sotropy) having different shapes.

The calculated (from eqs 5a and 5b) donor to acceptor energy
transfer efficiency from steady state and time-resolved studies
is 74.3% and 77.64%, respectively. The estimated donor-
acceptor distances from steady state and time-resolved experi-
ments are 26.5 and 25.7 Å, respectively. The donor-acceptor
distance of∼2.5 nm is similar to the radius of the QDs, which
is consistent with the fact that the acceptor OX1 resides at the
surface sites of the QDs to quench the radiation of the donor

Figure 7. (a) Spectral overlap between the donor (CdS QDs) emission
and acceptor (Oxazine 1 dye) absorption. The inset shows the chemical
structure of OX1. (b) Steady-state photoluminescence quenching CdS
QDs (donor) in the presence of acceptor oxazine 1 dye.

Figure 8. (a) Picosecond-resolved fluorescence transients of CdS QDs
and the QD-nanoaggregate containing oxazine 1 dye in aqueous
solution. (b) Picosecond-resolved fluorescence transients of oxazine1
in the absence and the presence of CdS QDs in aqueous solution.
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dipole at the center of the QD. It is to be noted that quenching
of PL intensity and shortening of the excited-state lifetime of
the QDs (Figures 7 and 8) are also the signature of electron
transfer to the guest OX1 as both the donor and acceptor are
well-known to take part in excited-state electron-transfer reac-
tion.8,34 In the case of electron transfer to/from OX1 in the
nanoaggregate the excited-state lifetime of the dye is expected
to be altered compared to that in bulk aqueous environments.34

As shown in Figure 8b the fluorescence transient (excitation
633 nm, emission 690 nm) of OX1 in aqueous solution ((τ1)
37.5 ps (1.15%), (τ2) 411 ps (94.65%), and (τ3) 1.26 ns (4.2%))
is found to be similar to that in the CdS nanoaggregate ((τ1)
140 ps (1.77%), (τ2) 500 ps (95.43%), and (τ3) 1.87 ns (2.8%)).
The observation confirms that the fluorescence quenching of
CdS QDs in the presence of the dye isnot due to electron
transfer, but resonance energy transfer from donor QDs to
acceptor OX1.

4. Conclusion

2-Mercaptoethanol capped CdS quantum dots (QDs) have
been synthesized in aqueous solution. The QDs are characterized
by using optical absorption/photoluminescence spectroscopy,
powder X-ray diffraction (XRD), transmission electron micros-
copy (TEM), and picosecond resolved PL techniques and found
to have average particle size of 4.0( 0.5 nm. However, in the
aqueous solution the QDs are found to be aggregated to form
nanostructure. Dynamic light scattering (DLS) experiments on
the QDs in aqueous environments give an average particle size
of 160 nm, which is similar to those found in dried film by
atomic force microscopy (AFM) (150 nm). TEM images of the
aggregate also confirm a similar size of the nanoaggregate (150
nm). The temperature-dependent DLS studies on the dialyzed
aqueous solution of the nanoparticles indicate that the aggrega-
tion is essentially driven by noncovalent interactions between
thiol-stabilized QDs.

Our studies demonstrate the nanoaggregate of the QDs to be
an efficient host of small organic dye molecules of biological
interest. A protein label, TNS, can easily be incorporated in
the hydrophobic pores of the nanostructure. To estimate the
average distance of a guest ligand molecule from a QD in the
nanostructure we excited the QDs (donor) and followed Fo¨rster
resonance energy transfer (FRET) dynamics to an organic dye,
Oxazine 1 (acceptor), using steady state and time-resolved
photoluminescence spectroscopy. The calculated energy transfer
efficiency from CdS QDs (donor) to Oxazine 1 dye (acceptor)
from steady state and picosecond-resolved studies is 74.3% and
77.64% respectively. The estimated donor-acceptor distances
from steady state and time-resolved experiments are 26.5 and
25.7 Å respectively. The donor-acceptor distance is consistent
with the binding of the ligands at the surface site of the QDs.
The techniques reported here could have implications on the
future application of the QD-nanoaggregate as host of small
substrate molecules of biological interest, which is one of the
major research activities of this group.
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