
ORIGINAL PAPER

Enhancement of the Fluorescence Quenching Efficiency
of DPPH• on Colloidal Nanocrystalline Quantum Dots
in Aqueous Micelles

Tuanjai Noipa & Surangkhana Martwiset &
Nutthaya Butwong & Thawatchai Tuntulani &
Wittaya Ngeontae

Received: 24 January 2011 /Accepted: 2 May 2011 /Published online: 15 May 2011
# Springer Science+Business Media, LLC 2011

Abstract Luminescent CdS quantum dots capped with
thioglycolic acid (CdS-TGA QDs) were demonstrated to serve
as a fluorescence probe for a model organic radical, 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH•), employing the
quenching of the CdS-TGA QDs emission signal by the
radical. Under the optimum conditions, the quenching
efficiency of DPPH• on CdS-TGA QDs was proportional to
the concentration of DPPH•, following Stern-Volmer relation-
ship. Different types of surfactants (cationic, anionic and
neutral surfactants) were introduced to CdS-TGA QDs in
order to increase the detection sensitivity. The fluorescence
intensity of CdS-TGA QDs was greatly enhanced by cationic
and neutral surfactants. Moreover, the quenching efficiency of
DPPH• on the QDs in the presence of micelles was
remarkably ca. 13 times higher than that in the system
without micelles. Effects of pH and concentration of
surfactants on the fluorescence quenching of CdS-TGA QDs
were investigated. Electron spin resonance (ESR) spectrosco-
py was also used to monitor the DPPH radical species in CdS-
TGA QDs mixtures with and without micelles. Fluorescence
quenching mechanisms of CdS-TGA QDs by DPPH• in the
presence and in the absence of CTAB were proposed.
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Introduction

Free radicals are generally very reactive molecules possess-
ing an unpaired electron. Interestingly, they can be
continuously produced in cells either via a metabolism as
by-products or a leakage from mitochondrial respiration.
Radicals are also related to DNA damages, lipid perox-
idation which causes aging and various diseases, and
biological processes such as the oxidation of hemoglobin
and phagocytosis of bacteria by leukocytes [1, 2]. Several
methods including electron paramagnetic resonance (EPR)
spectroscopy [3, 4], ultraviolet-visible (UV-vis) [5, 6] and
fluorescence spectrophotometry [7–9] have been used to
detect free radicals. Among these techniques, fluorescence
spectrophotometry is the most promising tool due to its
intrinsically high sensitivity.

Use of nanocrystalline QDs as a highly sensitive fluores-
cent probe for detecting organic radicals has recently attracted
chemists’ attention. However, the fluorescence quenching of
QDs by organic radicals is not well understood. The sensing
approach is based on intermolecular interactions, i.e. electro-
static or hydrogen bonding interactions between a organic
capping on nanocrystalline QDs and an organic radical.
Strong interactions between organic radicals and QDs are
expected to improve the sensitivity of the sensors for chemical
and biological applications.

A study by Scaiano and co-workers showed that the
luminescence of trioctylphosphine oxide capped CdSe QDs
could be quenched by nitroxyl free radicals in toluene
solution, and the quenching was extremely non-linear and
dependent on the nanoparticle size [10]. Recently, Braslau and
co-workers further explored and showed that fluorescence
quenching efficiency depended on the distance between
nitroxide radical and the QDs surface [11]. Five nitroxide
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radical derivatives were used in the study, and were
monitored by EPR spectroscopy and fluorescence spec-
trophotometry. The fluorescence intensity of QDs could
be restored by converting the nitroxide moiety to
ethoxylamine or hydroxylamine. The same group also
demonstrated the use of CdSe QDs for the detection of
carbon centered free radicals generated from azo-bis-
isobutyronitrile (AIBN) [12]. The sensing approach was
based on the recovery of the fluorescence intensity of the
CdSe QDs-4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
(4-amino TEMPO) system.

Since the fluorescence intensity of QDs highly depends
on the surface states of the QDs, one would expect that
interactions between free radicals and the surface of QDs
may influence the efficiency of the electron-hole recombi-
nation process, leading to luminescence change of the QDs
[13]. Sanz-Medel and co-workers have reported that high
signal stability of QDs can be achieved when a surfactant
was introduced [14].

In this work, we investigated interactions between thio-
glycolic capped CdS QDs (CdS-TGA QDs) and free radicals
using DPPH free radical (DPPH•) as a model molecule. A
feasibility of the CdS-TGA QDs quenching by DPPH• was
examined. The CdS-TGA QDs were further modified by an
addition of various surfactants, and their fluorescence
quenching sensitivity was studied. Possible mechanisms of
interactions between the QDs and DPPH• in the absence and
in the presence of surfactants were also discussed.

Experimental Section

Chemicals

All chemicals were of analytical grade and used without
further purification. All aqueous solutions were prepared from
deionized water with the specific resistivity of 18.2 MΩ cm
from RiOs™ Type I Simplicity 185 (Millipore water).
Thioglycolic acid (TGA) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH•) were purchased from Sigma-Aldrich. Cadmium
chloride (CdCl2.H2O) was obtained from Riedel-deHaen.
Sodium sulfide (Na2S.H2O) and sodium dodecyl sulphate
(SDS) were received from BDH. Triton-X 100, cetyltrime-
thylammonium bromide (CTAB), dodecyltrimethylammo-
nium bromide (DTAB) and trimethyltetradecylammonium
bromide (TTAB) were purchased from Fluka. Glacial acetic
acid and sodium acetate were obtained from Carlo Erba.
Methanol (MeOH) was purchased from Lab Scan.

Instrumentation

Fluorescence spectra were recorded using a RF-5301PC
spectrofluorophotometer (Shimadzu). The slit widths used

for the excitation and emission were 5 nm. Absorption
spectra of samples were acquired on an Agilent HP 8453
spectrophotometer. pH measurements were made with a
Thermo Orion pH meter. An H-7650 Transmission
Electron Microscope (TEM) (Hitachi High-Technology
Corporation, Japan) operating at 100 kV was used to
collect TEM images of the colloidal CdS-TGA QDs.
Electron spin resonance (ESR) measurements were
recorded using a JEOL JES-RE2X ESR spectrometer.
Measurement conditions were adjusted with central field
of 336.8 mT, modulation frequency at 100 kHz, modu-
lation amplitude of 1.25×100, microwave power at
1.0 mW, microwave frequency at 9.45 GHz and temper-
ature set to 273 K.

Procedure

Synthesis of TGA Capped CdS Quantum Dots

TGA-capped CdS QDs were prepared using a procedure
from the literature with modification [15]. A solution of
CdCl2.H2O (18.75 mmol) in 200 mL of deionized water was
stirred at room temperature for 30 min. Thioglycolic acid
(2.60 mL) was then added to the solution. The reaction
mixture was stirred under nitrogen for at least 30 min. The
pH was adjusted to 10.5 by a dropwise addition of 1 M
NaOH aqueous solution with constant stirring. In a different
flask, Na2S.H2O (20.56 mmol) was dissolved in 10 mL of
deionized water. The Na2S solution was subsequently added
into the reaction mixture under nitrogen. After refluxing at
75 °C under nitrogen for 1 h, a bright yellow-green colloid
was obtained. Colloidal quantum dots were stored at room
temperature. No precipitation was observed over a 1-month
period.

General Procedures for Fluorescence Quenching

To study a fluorescence quenching of the prepared TGA-
capped CdS QDs by DPPH•, the following general
procedures were carried out. DPPH• was dissolved in
methanol. The solution was then diluted with deionized
water to provide desired DPPH• concentrations. To a 100-
μL colloidal nanocrystals of CdS-TGA QDs, various
concentrations of DPPH• solution were added. The 0.1 M
acetate buffer with a pH of 4.6 was added to the mixture
to make a final volume of 10.00 mL. The mixture was
then incubated at room temperature for 5 min. The relative
fluorescence intensity was measured at lem/lex=510/
370 nm. To study pH and incubation time effects on the
fluorescence intensity of CdS-TGA QDs, the pH of 0.1 M
acetate buffer was varied from 4.5 to 7.5 prior to addition
to the mixture of CdS-TGA QDs and DPPH•. The
incubation time was varied from 0.5 to 30 min.
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Introduction of a Surfactant

Influences of surfactant types and surfactant tail lengths on
the fluorescence intensity of CdS-TGA QDs were studied
by addition of the desired amount of surfactant solutions to
the CdS-TGA QDs solution in a 10.00 mL volumetric flask.
After the mixture was diluted to the mark with 0.1 M
acetate buffer pH 4.6, the fluorescence intensity was
measured at lex 370 nm.

The influence of cetyltrimethylammonium bromide
(CTAB) concentration on the fluorescence intensity of the
TGA-capped CdS QDs was investigated by addition of
different amount of CTAB aqueous solution to the CdS-
TGA QDs solution. The mixture was diluted with 0.1 M
acetate buffer pH 4.6 to make a final volume of 10.00 mL.
The mixture was incubated for 5 min prior to measurements
of absorption and emission spectra at lex 370 nm.

ESR Measurements

In order to study the DPPH form after mixing with CdS-
TGA QDs in acetate buffer and CTAB solution, the
following procedures were conducted. The DPPH• solution
was added into CdS-TGA QDs solution. The 0.1 M acetate
buffer pH 4.6 was added to obtain a final volume of
10.00 mL. The mixture was incubated for 5 min prior to the
measurement. For the CTAB micellar system, the same
procedures were performed with addition of appropriate
concentrations of CTAB.

Results and Discussion

CdS-TGA QDs

Characteristics of CdS-TGA QDs

The absorption and emission spectra of the thioglycolic
acid-capped CdS QDs were shown in Fig. 1. The
synthesized QDs possessed an absorption maximum of the
first excitonic peak at 375 nm and displayed an emission
maximum at 510 nm upon the excitation at 370 nm. Particle
sizes of the synthesized CdS-TGA QDs were also measured
by a transmission electron microscope. Figure 2 showed the
TEM image of the CdS-TGA QDs. The nanoparticles were
generally spherical with diameters of 27.3±4.0 nm.

pH Dependence

It has been reported that pH is one of the major parameters
that affect the fluorescence intensity of the QDs [16, 17]. In
this study, the influence of pH in the range of 4.5 to 7.5
on the fluorescence intensity of CdS-TGA QDs was

investigated. The pHs of the solution were varied by
adjusting the pH of 0.1 M acetic-acetate buffer. The
results were shown in Fig. 3A. It was found that the pH of
the solution affected the fluorescence intensity of the
synthesized CdS-TGA QDs. The fluorescence intensity of
CdS-TGA QDs increased initially and decreased afterward.
The maximum fluorescence intensity was obtained in the pH
range of 5.0–5.5.

CdS-TGA QDs in the Presence of DPPH•

Effect of pH on Fluorescence Intensity

The effect of pH on interactions between CdS-TGA QDs
and DPPH• was also studied. The low fluorescence
intensity at low pHs (shown in Fig. 3A) could be attributed
to a dissociation of the Cd2+-TGA-QDs from the proton-
ation of the surface binding thiolates [18]. A plot of pH vs.

Fig. 1 Absorbance spectrum (- - - -) and fluorescence emission
spectrum (──) of 0.5 mM CdS-TGA QDs in 0.1 M acetate buffer
pH 4.6 (lem/lex=510/370 nm)

200 nm 

Fig. 2 TEM image of the synthesized CdS-TGA QDs
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relative fluorescence quenching (I0/I), where I0 and I are the
fluorescence intensities of the QDs in the absence and
presence of DPPH•, respectively, was shown in Fig. 3B. A
constant relative quenching over a wide pH range was
observed. Since high fluorescence intensity and sensitivity
were obtained at pH 4.6, this pH was chosen as an
optimized condition in further investigations.

Fluorescence Quenching by DPPH•

The influence of DPPH• on the fluorescence intensity of
CdS-TGA QDs was studied. The emission spectra of CdS-
TGA QDs and that of CdS-TGA QDs titrated with DPPH•,
recorded in a pH 4.6 acetate buffer, were shown in Fig. 4A.
The fluorescence intensity decreased gradually with in-
creasing DPPH• concentration. No discernible change in

shapes of the fluorescence spectra was observed upon
quenching; however, a slight blue shift at high DPPH•

concentrations was seen. To illustrate the quenching effect
of DPPH• concentration on the fluorescence intensity of
CdS-TGA QDs, Stern-Volmer’s equation was applied. The
Stern-Volmer quenching behavior was driven by the
collision between the luminescent molecule and the
quencher. This model is classified as the dynamic quench-
ing [19]. The Stern-Volmer relationship is given in the
following equation.

I0
I
¼ 1þ KSV Q½ � ð1Þ

where I0 and I are the fluorescence intensities of CdS-TGA
QDs in the absence and in the presence of DPPH•,

Fig. 3 (A and B) Effect of pH
on the fluorescence intensity
(•: QDs, ο: QDs-DPPH•).
Concentrations: CdS-TGA QDs
0.5 mM; DPPH• 0.05 mM
(I0 and I are the fluorescence
intensities of CdS-TGA QDs in
the absence and in the presence
of DPPH•, respectively)

Fig. 4 (A) Fluorescence emission spectra and (C) absorbance spectra
of 0.5 mM CdS-TGA QDs in the presence of various concentrations
of DPPH• in 0.1 M acetate buffer pH 4.6 (a: absence of DPPH•, b–i:

10, 20, 30, 40, 50, 60, 70 and 80 μM). Absorption spectrum of
0.05 mM DPPH• in 0.1 M acetate buffer pH 4.6 (- - - -). (B) The
corresponding linear plot by Stern–Volmer analysis
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respectively. KSV is the Stern-Volmer quenching constant
which is related to the quenching efficiency and [Q] is the
concentration of DPPH•. As shown in Fig. 4B, a linear
relationship between the ratio of I0 to I and DPPH•

concentration was observed in the range of 10–80 μM with
a KSV of 1.4×104 M−1. The remarkably large KSV value
suggested a high quenching efficiency of DPPH free radical
and that CdS-TGA QDs can possibly be used as a sensitive
probe for organic radical sensors.

Possible Mechanisms of Interactions Between CdS-TGA
QDs and DPPH•

While organic solvents have been generally used to
precipitate out QDs [20–22], a small volume of methanol
is needed to disperse DPPH radicals in water. In order to
understand the interactions between CdS-TGA QDs and
DPPH•, the influence of organic solvents on the fluores-
cence intensity of CdS-TGA QDs was considered. Three
common organic solvents used in QDs precipitation,
methanol, ethanol and propanol, were chosen. The results
showed that the fluorescence intensity of CdS-TGA QDs
was quenched when such solvent was added. The relative
fluorescence intensity (I0/I) of the QDs increased with
increasing solvent volume. Similar to previous reports [20–
22], this increment is thought to be a result from the
precipitation of CdS-TGA QDs. Interestingly, when the
solvent volume used was lower than 2% v/v, no significant
change in the fluorescence intensity was observed. Therefore,
the volume of organic solvent was kept below 2%v/v in
further experiments in order to avoid the organic solvent effect
that leads to the fluorescence quenching of CdS-TGA QDs in
the presence of DPPH•.

Besides a change in fluorescence intensity, the interactions
between CdS-TGAQDs and DPPH• were also observed in an
absorption spectrum. UV-Visible spectrophotometry provid-
ed useful information, especially types of the present species
in the solution based on the spectrum pattern and the
maximum absorption wavelength (lmax). The information of
changes of DPPH• and its related species in solution (not
fluorescence active) was also measured parallel by spectro-
photometry. As shown in Fig. 4C, in the pH 4.6 buffer, the
absorption characteristic peak of DPPH• appeared at 560 nm,
and CdS-TGA QDs showed an absorption maximum of the
first excitation at 375 nm. When DPPH• was added to the
CdS-TGA QDs solution, the absorption spectrum showed a
combination pattern of CdS-TGA QDs and DPPH•. As the
DPPH• concentration was increased, the absorption intensity
of the combination pattern increased, whereas the
corresponding fluorescence intensity of CdS-TGA QDs
showed the opposite trend, Fig. 4A. These results indicate
that DPPH• existed as free radical and caused the fluores-
cence quenching of CdS-TGA QDs.

In this system, DPPH• may interact with the thioglycolic
moieties via a strong charge–charge induced interaction.
The interaction could provide a close distance between the
radical and the QDs, assisting the electron transfer process.
When the QDs were excited by photons, a separation
between electron (e−) and hole (h+) from the valence band
will occur. The electron will consequently shift to the
conducting band. Due to the effective distance between the
adsorbed DPPH• and the QDs surface, the electron from the
conducting band is able to transfer to the singly occupied
molecular orbital (SOMO) of DPPH• following by the
relaxation to the original state (valence band).

In order to confirm the presence of the free radical form of
DPPH, ESR experiment was carried out with the same
solution composition as in the fluorescence study. The ESR
results were shown in Fig. 5A. It could be seen that the CdS-
TGA QDs in the buffer solution were not active in ESR. The
QDs solution became active after the addition of DPPH•

since a sharp and intense peak, corresponding to the
suspended solid DPPH•, was detected [23]. This observation
confirmed that DPPH existed in the free radical form after
mixing with CdS-TGA QDs in the buffer solution.

Introduction of Surfactants

We were interested in using the surfactant sphere to act as a
nano-vessel for CdS-TGA QDs and the radical. Due to
different chemical environments, polarity and lipophilicity
of the inside and outside of micelles are remarkably
different. It is expected that chemical behaviors such as
the rate of reaction and the solubility of the compound in
the micellar system would be different from those in the
bulk solution. Moreover, the electronic energy state which
is stabilized by the surfactant tends to change in the
excitation or relaxation process of the QDs and would
result in increasing of the fluorescence intensity.

Influence of Surfactant Types on the Fluorescence Intensity
of CdS-TGA QDs

Three types of surfactants, neutral (Triton X-100), anionic
(SDS) and cationic (CTAB) surfactants in 0.1 M acetate
buffer pH 4.6, were studied. The concentration of each
surfactant used in this study was twice its critical micelle
concentration (cmc): 0.48 mM Triton X-100, 18 mM SDS
and 2 mM CTAB [24, 25]. The CdS-TGA QDs were mixed
separately with the three surfactants and the fluorescence
intensities were measured. The results were shown in
Table 1. The fluorescence intensity of CdS-TGA QDs
increased by 8.50% and 16.42% in the presence of CTAB
and Triton X-100 micelles, respectively. On the other hand,
in the presence of SDS, the fluorescence intensity decreased
by 5.05%. The enhancement of the fluorescence intensity of
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CdS-TGA QDs in the presence of cationic and neutral
surfactants may be due to a partial incorporation of CdS-
TGA QDs into the surfactant micelle. The incorporation
leads to a separation of CdS-TGA QDs from the bulk
solution, which prevents an adsorption of other molecules
on the surface of the QDs. Therefore, the excited electron
from conducting band can be directly combined with h+ (at
the valence band) without electron transfer to other
molecules. Moreover, the concentration of the QDs inside
the micelle is relatively higher than those in regular solution.
In contrast, in the presence of SDS, the decrease in
fluorescence intensity can be ascribed to the electrostatic
repulsion between the negative charge on the surface of CdS-
TGA QDs and the anionic head of SDS, which limits the
incorporation of CdS-TGA QDs into the surfactant micelle.

In addition, the reactions between DPPH• and CdS-TGA
QDs in the three surfactant micelles were also investigated
in order to improve the fluorescence quenching sensitivity.

The concentration of DPPH• was fixed at 0.01 mM. The
fluorescence quenching ability of DPPH• was represented
in terms of relative fluorescence quenching (I0/I), where I0
and I are the fluorescence intensities of CdS-TGA QDs in
the absence and in the presence of DPPH•, respectively,
shown in Table 1. While a slight increase in fluorescence
intensity (I0/I <1) was observed when DPPH• was intro-
duced to the SDS system, the intensities were dropped in
the Triton X-100 and CTAB systems. A maximum
quenching efficiency was observed in the presence of CTAB,
suggesting that cationic surfactant (CTAB) was a suitable
surfactant that could be used to increase the fluorescence
quenching ability of DPPH•.

Influence of Cationic Surfactant Tail on the Fluorescence
Intensity of CdS-TGA QDs

To further explore the role of the tail of cationic surfactants
on the fluorescence intensity of CdS-TGA QDs, three
cationic surfactants with different tail lengths, CTAB (C16),
TTAB (C14) and DTAB (C12), were used in this study. The
concentration of each surfactant was twice its cmc: 2 mM
CTAB, 8 mM TTAB and 32 mM DTAB [24]. It was shown
in Table 1 that the three surfactants could enhance the
fluorescence intensity of CdS-TGA QDs, and the degrees
of enhancement were similar, indicating that the tail length
of the cationic surfactant did not affect the fluorescence
intensity of CdS-TGA QDs.

Furthermore, the fluorescence quenching by DPPH• in
the presence of the three cationic surfactants was also
investigated. The relative fluorescence quenching (I0/I) in
the three systems were shown in Table 1. The observed
fluorescence quenching ability of DPPH• in the presence of

Fig. 5 ESR spectra of 0.5 mM
CdS-TGA QDs in the absence
(a) and in the presence (b) of
0.04 mM DPPH• in (A) 0.1 M
acetate buffer pH 4.6. (B)
10 mM CTAB in 0.1 M acetate
buffer pH 4.6. ESR spectrum of
0.05 mM DPPH• in 2 mM
CTAB in 0.1 M acetate buffer
pH 4.6 (c)

Table 1 Effect of surfactant types and tail of cationic surfactant on
the fluorescence intensity of CdS-TGA QDs and the fluorescence
quenching by DPPH free radical

Surfactant Change of
fluorescence (%)

Fluorescence quenching
by DPPH• (I0/I)

Triton X-100 +16.42±0.58 1.11±0.01

SDS −5.05±0.12 0.98±0.02

CTAB (C16) +8.50±0.84 4.00±0.06

TTAB (C14) +12.98±1.65 1.78±0.03

DTAB (C12) +11.32±0.61 1.45±0.07

Experimental conditions: 0.48 mM Triton X-100, 18 mM SDS, 2 mM
CTAB, 8 mM TTAB, 32 mM DTAB, 0.01 mM DPPH• , medium;
0.1 M acetate buffer pH 4.6
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CTAB micelles was higher than that in the presence of TTAB
and DTAB micelles. This may be due to the larger size and
more hydrophobicity of the micelles formed from CTAB,
which has the longest tail among the three surfactants.
Therefore, it is easier for DPPH• and CdS-TGA QDs to
incorporate into CTAB, leading to higher concentrations of
both DPPH• and CdS-TGA QDs inside the CTAB micelle.

Effect of the Concentration of CTAB on Fluorescence
Enhancement

To further explore the role of CTAB in the enhancement of
fluorescence intensity of CdS-TGA QDs, the effect of CTAB

concentration was studied. The concentrations of CTAB were
varied from 0 to 50 mM. The fluorescence intensities of
the resulting mixtures of CTAB and CdS-TGA QDs
solutions were measured. When the CTAB concentrations
were ≤10 mM, the fluorescence intensities of the modified
QDs were enhanced, i.e. I/I0>1.0. When the concentration
was more than 10 mM, a drop in intensity was observed. The
increment in fluorescence intensity of CdS-TGA QDs at
CTAB concentrations below the cmc, 1.0 mM, is due to
electrostatic interactions between positive charges of CTAB
and negative charges of CdS-TGA QDs surface. These
interactions suppress non-radiative recombination at surface
vacancies [26]. The emission spectra of CdS-TGA QDs in
the absence and in the presence of 10 mM CTAB micelle in
0.1 M acetate buffer pH 4.6 were shown in Fig. 6. The
enhancement in fluorescence intensity observed could be
attributed to the partial incorporation of CdS-TGA QDs into
the hydrophobic core of CTAB micelle. The concentration of
CTAB was chosen to be 10 mM to provide a maximum
fluorescence enhancement in further investigations.

The hydrophilic CdS-TGA QDs can incorporate inside
the hydrophobic core of the micelle due to electrostatic
interactions between the negative charge on the surface of
CdS-TGA QDs and the positive charge of surface of CTAB
micelle. Therefore, the QDs may be located close to the
positive charge of the CTAB micelle. This result is
supported by the slight blue shift from 510 nm to 504 nm
observed in the micellar system (Fig. 6). This shift could be
a result of a transfer of CdS-TGA QDs from a polar
environment of the bulk aqueous phase to a less polar
environment of the micellar aggregates of CTAB [27].

The indirect evidence was the behavior of CdS-TGA
QDs in the presence of anionic SDS micelle as shown in

λem 504 nm 

λem 510 nm 

Fig. 6 (A) Fluorescence emission spectra of 0.5 mM CdS-TGA QDs
in the absence (- - - -) and in the presence (──) of 10 mM CTAB in
0.1 M acetate buffer pH 4.6. (B) Inset: First derivative spectrum of
0.5 mM CdS-TGA QDs in the absence (- - - -) and in the presence
(──) of 10 mM CTAB in 0.1 M acetate buffer pH 4.6

Fig. 7 (A) Fluorescence emission spectra and (C) absorbance spectra
of 0.5 mM CdS-TGA QDs in the presence of various concentrations
of DPPH• in 10 mM CTAB in 0.1 M acetate buffer pH 4.6 (a: absence
of DPPH•, b–h: 2.5, 5, 10, 20, 30, 40 and 50 μM). Absorption
spectrum of 0.05 mM DPPH• in 10 mM CTAB in 0.1 M acetate buffer

pH 4.6 (- - - -). Absorption of DPPH-H prepared from the mixing
0.05 mM DPPH• and 0.1 mM gallic acid in 10 mM CTAB in 0.1 M
acetate buffer pH 4.6 (∙∙∙∙). (B) Comparison of Stern–Volmer plots
between the systems with CTAB (●) and without (■) CTAB
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Table 1. These results suggested that the CdS-TGA QDs
were not incorporated into the micelle of SDS due to the
repulsion between the negative charge of SDS micelle and
surface of CdS-TGA QDs. Therefore, the fluorescence
intensity of the QDs was not increased. On the other hand,
DPPH• is basically a hydrophobic molecule and tends to
incorporate inside the hydrophobic core of the micelle.

Possible Mechanisms of Fluorescence Quenching
by an Assistance of CTAB

It was shown in the previous section that the fluorescence
intensity of CdS-TGA QDs could be enhanced in the
presence of CTAB micelles. The effect of DPPH• on
fluorescence intensity of CdS-TGA QDs in a micelle
solution was then investigated. Figure 7A showed that the
fluorescence intensity was dramatically quenched upon
addition of DPPH•. The relative intensity was directly
proportional to the concentration of DPPH•, agreeing with
the Stern-Volmer relationship (Fig. 7B). The quenching
constant, KSV, was determined to be 1.7×105 M−1. This
quenching constant is an order of magnitude higher than
that from the system with no micelle mentioned earlier. A
plot of DPPH• concentration vs. relative fluorescence
intensity obtained from both systems in Fig. 7B clearly
showed that in the presence of micelles, the quenching
efficiency of DPPH• on CdS-TGA QDs was enhanced.

Interactions between DPPH• and CdS-TGA QDs in the
micellar system were also investigated by UV-Visible
spectrophotometry. The absorption spectra of CdS-TGA
QDs in the presence of different concentrations of DPPH•

and in the presence of micelles were shown in Fig. 7C. It
could be seen that the purple color of DPPH• in the
micellar solution exhibited the absorption peak at 528 nm.
Upon the gradual addition of DPPH• to the CdS-TGA QDs
solution, an absorption peak at 528 nm disappeared,
whereas the corresponding intensity of the emission
spectra of CdS-TGA QDs decreased with increasing
DPPH• concentration (Fig. 7A). The disappearance of the
absorption peak at 528 nm may be due to a change of
DPPH• form to DPPH-H form [28, 29]. This change could
be attributed to the donation of hydrogen atom from the
capping molecule on the surface of CdS-TGA QDs to
DPPH free radical which may occur inside the micellar
hydrophobic sphere.

The disappearance of the radical form was also elucidated
by ESR spectroscopy as shown in Fig. 5B. The mixtures of
CTAB and CdS-TGA QDs in the presence and in the
absence of DPPH• were not active in ESR. A combination
pattern of solid and solution structures was observed when
DPPH• was added to the CTAB solution in the absence of
CdS-TGA QDs. This characteristic revealed that DPPH• was
in the hydrophobic core of the micelle [30]. Therefore, this

implied that in the micelle system, the interactions between
CdS-TGA QDs and DPPH• occurred inside the micelle. This
result was remarkably different from that of the buffer
solution system. The disappearance of the radical was a
result from the H transfer from CdS-TGA QDs to DPPH• in
CTAB media.

Conclusion

The feasibility of the water soluble thioglycolic acid-capped
CdS quantum dot as a fluorescence probe for sensing a stable
organic radical was developed. This sensor was based on the
fluorescence quenching of DPPH free radical which interacted
with CdS-TGAQDs. Under optimum conditions, the extent of
fluorescence quenching of the modified QDs was linearly
proportional to the concentration of DPPH•. The quenching
behavior was described by Stern-Volmer relationship. The
influences of surfactant types and surfactant tail length on the
fluorescence intensity of CdS-TGA QDs were investigated. It
was found that the fluorescence intensity could be enhanced
through the incorporation of the QDs into the hydrophobic
core of cationic (CTAB) and neutral (Triton-X) micelles. Two
different forms of DPPH• after mixing with CdS-TGA QDs
in the buffer solution and in the CTAB solution observed in
ESR spectra suggested that the quenching mechanisms in the
two solutions were different. In the buffer solution, the
DPPH• can quench the fluorescence intensity of the CdS-
TGA QDs and retains its radical form. However, the
enhanced quenching efficiency of DPPH• on CdS-TGA
QDs obtained in the presence of CTAB was due to H
transfer to DPPH• to generate DPPH-H species. The
knowledge from this work may lead to the development of
a new approach for sensors in food and health cares.
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