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Abstract A new fluorescence sensor for Ce3+ions is reported
in this paper. This sensor is based on the fluorescence
quenching of glycine dithiocarbamate (GDTC)-functionalized
manganese doped ZnS quantum dots (QDs) in the presence of
Ce3+ions. The synthesis of ultra-small GDTC-Mn:ZnS quan-
tum dots (QDs) is based on the co-precipitation of nanoparti-
cles in aqueous Solution. The nanoparticles are characterized
with fluorescence spectroscopy, UV–vis absorption spectra,
high-resolution transmission electronmicroscopy, X-ray pow-
er diffraction (XRD), and infrared spectroscopy. In the test
carried out, it was found that the interaction between Ce3+ions
and GDTC capped Mn:ZnS QDs quenches the original fluo-
rescence of QDs according to the Stern-Volmer equation and
the results show the existence of collisional quenching pro-
cess. A linear relationship was observed between the extent of
quenching and the concentration of Ce3+in the range of 2.0×
10−6 to 3.2×10−5 mol.L−1, with a detection limit of 2.29×10−7

mol.L−1. The relative standard deviation of 1.61 % was ob-
tained for five replicate measurements. The possible
quenching mechanism was also examined by fluorescence
and UV–vis absorption spectra. The interference of other cat-
ions was negligible on the quantitative determination of Ce3+.
This method proved to be simple, sensitive, low cost, and also
reliable for practical applications.
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Introduction

Quantum dots (QDs) are semiconductor nanocrystals com-
posed of IIB-VIA groups (e.g., CdSe, CdTe, CdS and ZnSe)
or IIIA-VA elements (e.g., InP and InAs) [1]. Due to the radius
of QDs which is less than or equal to the excitation Bohr radius,
they display unique optical, electrical,magnetic and catalytic
properties which is defined as quantum confinement effect [2,
3]. Photophysical properties of QDs have inspired the re-
searchers to use them as luminescent probes for detection of a
variety of analytes, including many biological organic and in-
organic species [4–7]. QDs have narrow and symmetric
photoluminescence emission, with a Gaussian profile present-
ing a full-width-at-half-maximum of 25–35 nm. High quantum
yields (QY≈0.2-0.9) brought brightness and a large physical
cross-section that yielded strong one photon absorption (ε≈
104–106 M−1 cm−1) and remarkably high two-photon absorp-
tion cross sections (σTPA≈103–104 GM) [8]. QDs’ analytical
performance is superior to common organic fluorophores due to
their better chemical and photoluminescence stability, and up-
per optical properties. The optical properties of QDs are con-
trolled by constituent materials in synthesis of homogeneous
and stable quantum dots. Most QDs contain toxic heavy-
metal elements such as Cd, Hg, Pb, etc. ZnS is one of the first
discovered semiconductors, which promises for novel diverse
applications, including light-emitting diodes (LEDs), electrolu-
minescence, flat panel displays, infrared windows, sensors, la-
sers, bio devices, etc. Doping ZnS with ions such as manganese
[9],copper [10], silver [8] or europium [11] results in a strong
and characteristic luminescence, with high intensity and narrow
emission band. Mn:ZnS nanocrystals are prepared extensively
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by a chemical precipitation method in a homogeneous liquid
phase reaction [9, 12–14].

Among rare earth elements, Ce3+ is the most widely dis-
tributed in the earth’s crust [15–17]. Cerium is widely used in
luminescence, agriculture, catalysis, nuclear energy, metallur-
gy, microelectronics, therapeutic application, magnetism,
glass and ceramics, This wide-ranging usage encouraged re-
searchers to study its environmental, medical and biological
effects [18–20]. Different instrumental methods, including X-
ray fluorescence [21], inductively coupled plasma (ICP-OES)
[22, 23], spectrophotometry [24], spectrofluorometric [25,
26], ion-selective electrodes [27, 28] and potentiometric sen-
sors [15] are used to determine Ce3+cations. All these methods
have advantages and disadvantages. Disadvantages include
high consumption of energy and reagent, high costs method,
disposal of harmful chemicals in the environment and the fact
that some of the applied techniques suffer from lack of repeat-
ability. In fluorimetry determination of trace Ce3+ two direct
and indirect methods are adopted [26]. It is reported that direct
method is the most sensitive one [29], for example, interfer-
ence of coexisting ions, especially some rare earth’s ions,
Fe(III) and phosphate ions, always confront the direct
methods.

In this work, we have used glycine dithiocarbamate
(GDTC) as a new capping agent for synthesis of GDTC func-
tionalizedMn:ZnS QDs by chemical co-precipitation method.
GDTC as a ligand stabilizes surface of QDs and since such a
bidentate chelating group, displays high affinity to QDs, it
enhances QDs stability and improves resistance of QDs to
photooxidation. The objective of this study is to develop a
sensitive and selective method for detection of Ce3+ ions.
Compared to most of the existing sensors for Ce3+, this newly
developed method has many advantages, including simplicity,
low cost, high flexibility, less toxicity and good sensitivity.

Experimental

Reagents and Materials

Analytical reagent grade sodium sulfide (Na2S-9H2O), gly-
cine, CS2, zinc and manganese nitrate salts, and other cations
used (all fromMerck) were of the highest purity available and
used without any further purification. All solutions were pre-
pared using double distilled water (DDW).

Instrumentation

All fluorescence spectra were recorded on a JASCO fluores-
cence spectrophotometer (FP8500). The UV–vis absorption
spectra of the Mn:ZnS QDs were also recorded using a
Perkin–Elmer Lambda 25 spectrophotometer, using two
matched 10-mm quartz cells. IR spectra were recorded using

Perkin–Elmer RXI spectrometer with KBr disks. A digital pH
meter, Metrohm model 692, equipped with a combined glass
calomel electrode was employed pH adjustments. The mor-
phology of the synthesized Mn doped ZnS QDs was exam-
ined using a Philips CM120 transmission electron microscope
(TEM). The X-ray diffraction (XRD) pattern was obtained
using France Intel (EQuinox 3000) Diffractometer with Cu
K∝ source (λ=1.5406 A).

Synthesis of Glycine Dithiocarbamate (GDTC)

The literature is replete with many commercially available
monothiols which are used in water [30]. In this experimental
research glycine dithiocarbamate was used as a dithiol ligand
by a simple mixture of glycine and carbon disulfide. GDTC
was synthesized according to the aforementioned methods by
somemodification [31]. Briefly 2mmol glycine was dissolved
in 25 mL DDW and was reacted with 25 mL of an aqueous
solution of NaOH (4 mmol). Afterwards, the suspension was
stirred until a clear solution was obtained and consequently
2 mmol CS2 was added dropwise. Finally, the mixture was
stirred magnetically for 4 hours at room temperature. The
formed GDTC was water soluble and showed UVabsorption
at 255 and 285 nm (Fig. 1). Furthermore the 1H NMR spec-

trum of GDTC showed key protons (i.e., −C−H2 ) at 3.97 ppm
[32].

Preparation of GDTC Coated ZnS:Mn QDs

The synthesis procedure is schematically shown in Scheme 1a
and b. TheMn doped zinc sulfide nanocrystals were synthesized
by a chemical co-precipitation method similar to that reported in
the literatures with some modification [9, 33, 34]. For ZnS:Mn
QDs synthesis, a 46.0 mL aqueous solution of 0.01 mol L−1 zinc
nitrate with 4.0 mL of manganese nitrate (0.01 mol L−1) was
prepared in double distillated water. The solution was then trans-
ferred to a three-necked flask with continuous magnetic stirring
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Fig. 1 UV spectra of GDTC (0.08 mol/L, solid line) compared with
glycine (0.08 mol/L, dot line) and carbon disulfide (saturated solution,
dash line) both dissolved in DDW
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while N2 gas was being inserted. Afterward, 50.0 mL aqueous
solution of the capping agent (i.e., GDTC) was added drop wise
to the solution under vigorous stirring at room temperature. After
adjusting pH to 8, 50.0 mL aqueous solution of 0.01 mol L−1

sodium sulfide was added dropwise to the solution. The reaction
was completed for 2 h and the colloid was refluxed for a fixed
time to enhance the growth of the ZnS QDs. In the next step, the
mixture was cooled down in room temperature gradually and the
precipitated nanoparticles of ZnS:Mn were separated in a centri-
fuge with 6000 rpm within 15–20 minutes. Afterward the pre-
cipitants were washed 3 times with ethanol and finally were
dried in vacuum at room temperature, yielding a fine powder.

Procedure for Spectrofluorometric Detection of Cerium
(III)

In the first step, 50 mg.L−1 GDTC capped Mn-ZnS nanopar-
ticle solution was suspended into a pH 7.5 Phosphate buffer
saline (PBS). A known concentration of Ce3+ solution was
added into Mn-ZnS nanoparticles solution and mixed thor-
oughly. For the quenching studies, 2.5 mL of ABSwas poured
into a in the quartz cell and 50 mg.L−1 of QDs with desired
concentrations was added to the solution. Afterward, the so-
lution was titrated by successive addition of 50 μL portions of
1.0×10−5 μg mL−1 stock solution of cerium ions and the

solution was mixed before any fluorescence measurement.
The fluorescence spectra of Mn:ZnS QDs in the absence and
presence of the cerium (III) ion were recorded. The fluorescent
intensity of the solution was recorded at excitation wavelength
of 300 nm, and emission wavelengths of 575 nm.

Results and Discussions

Characterization of GDTC-capped Mn:ZnS

UV–vis and Fluorescence Study of GDTC-capped Mn:ZnS

The GDTC-capped Mn:ZnS QDs were characterized by UV–
vis absorption spectroscopy and fluorimetry. The absorption
spectra of GDTC-capped Mn:ZnS are shown in Fig. 2.

The absorption peak occurred at 300 nm. The band-slits of
both excitation and emission were set at 5 nm and the scan
speed was 1200 nm min−1. In the corresponding fluorescence
spectrum of Mn:ZnS QDs (Fig. 2), two emission bands at
415 nm and 575 nm were observed when excitation wave-
length was set to 300 nm. The emission emerged at 415 nm
originated from the defect-related emission of the ZnS and
emission peak at wavelength of 575 nm, was generated by
the transition from the triplet state (4T1) to the ground state

A 

B 

Scheme 1 Scheme for the
preparation of GDTC (a) and
GDTC-QDs conjugation (b)
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(6A1) of theMn2+ incorporated into the ZnS host lattice.When
Mn2+ ions were binded into the ZnS lattice the hybrid between
the s-p electrons of the host ZnS and the d electrons of Mn2+

makes the forbidden transition of 4T1(G)-
6A1(S) partially

allowed. As a result, the yellow-orange PL was originated
from the transition between the excited state and the
ground state of the Mn2+ ion within a nanocrystalline
ZnS lattice. By comparing the results of these studies, it
was concluded that Mn2+ ions in our sample were indeed
incorporated into the host ZnS nanocrystals [35–37]. It
was observed that with systematic variation of molarity
of the added capping agent, the optical band gap could
be varied from a bulk value of 3.68–4.50 eV for clusters
[38]. Therefore, in this study the concentration of GDTC
was kept at fixed concentration of 2 mmol /200 mL total
volume). One of the fundamental properties of semicon-
ductors is the band gap - the energy separation between
the filled valence band and the empty conduction band. In
crystalline semiconductors, the following equation has
been obtained to relate the absorption coefficient to inci-
dent photon energy [39]:

α υð Þhυ ¼ B hυ−Egap

� �m ð1Þ

Where Egap, B, and hυ are the optical gap, constant, and
incident photon energy, respectively; α(v) is the absorption co-
efficient defined by the Beer-Lambert’s law. m is a constant
equal to 1/2 for direct gap semiconductors and 2 for indirect
gap semiconductors [40]. With some modifications [41], the
value of band gap, in electron volt, can be calculated from the

parameter λg by extrapolating the linear of the Absð λð Þ =λÞ1=m

vs. 1/λ curve at (Abs(λ)/λ)1 ⁄m=0, which λg is related to Egap, by
the formula Egap=1239.83 / λ g. By using the least squares
technique, it was observed that the best fitting occurs for m=
1/2. Extrapolating the straight-line portion of the plot shown in
Fig. 3 to zero (Abs(λ)/λ)2 gives the corresponding Egap (eV)=
4.96 value.

The quantum confinement effect allows one to tune the
optical properties of nanoparticles by tuning it to the crystallite
size. The crystallite size is given as follows:

r Eð Þ ¼ 0:32−2:9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E−3:49

p

2 3:50−Eð Þ ð2Þ

Where r(E) is particle radius and E is band gap in
electronvolts [12]. Therefore, the average size of Mn:ZnS
QDs was estimated to be 2.7 nm. The absorption peak of
nanoparticles was blue shifted as compared to 345 nm
(3.6 eV) of bulk ZnS. This large blue shift could be attributed
to the combined effect of optical transition to the excitonic
state of Mn:ZnS nanoparticles. Since the optical properties
of QDs are generally due to quantum confinement effects,
the UV–vis study indicates that the size of prepared particles
is less than 10 nm [12, 42]. On the other hand, based on these
observations, the high potential and suitability of GDTCmake
it an efficient capping agent to decrease the particle size from
macro scale to nanometer scale through the precipitation syn-
thetic method.

TEM Images of Quantum Dots

The morphology of the prepared GDTC capped Mn:ZnS
nanoparticles was studied by transmission of electron micros-
copy (TEM). Figure 4 shows a typical image for the GDTC
capped Mn:ZnS nanoparticles. The shape of these nanoparti-
cles is dispersed sphere-like and the size of the particles seems
are under 5 nm in diameter.

Some large particles are also apparent in the (Fig. 4), indi-
cating aggregation of QDs. These aggregates may be formed
at relatively high QD concentrations during the solvent evap-
oration process of TEM experiments.

X-ray Diffraction

The XRD pattern of the GDTC-cappedMn:ZnS nanoparticles
was recorded and is shown in Fig. 5.

Fig. 3 Plot of (Abs(λ)/λ) 2 vs. 1 ⁄ λ of Mn:ZnS nanoparticles
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Fig. 2 a UV–vis absorption and b fluorescence spectra of synthesized
Mn:ZnS QDs (60 mg/L)
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It could be seen that the synthesized particle has exhibited a
cubic structure with peaks indexed as (1 1 1), (2 2 0), and (3 1
1) planes. No hexagonal (wurtzite) ZnS peak or impurity peak
was detected in the XRD pattern [43]. This indicates that the
Mn2+ ions substituted in Zn2+ sites cause no phase change in
the crystal structure. The broadening of diffraction peaks con-
firmed that the crystallites were nano-sized. The crystallite
size was calculated using Debye Scherrer’s formula:

D ¼ 0:9λ=βcosθ ð3Þ

Where D is the crystallite size, λ is the wavelength of X-
rays, β is the full-width at half-maximum (FWHM) in radians,
and θ is the diffraction angle The calculated particle size of the
major XRD peak, using the FWHM, was 3.1 nm for GDTC-
capped Mn:ZnS nanoparticle [44].

FT-IR Study

To verify the success of the synthesis of GDTC ligand and
capping process, FT-IR measurements have been carried out.
FT–IR spectroscopy gave qualitative information about the

way in which the adsorbed surfactant molecules are bound
to the surface of Mn:ZnS nanoparticles. Figure 6 shows FT–
IR spectra of the GDTC (a) and GDTC capped Mn:ZnS (b).

The GDTC exhibit a number of characteristic bands [32].
The broad band at 3358 cm−1 is due to the overlap of
stretching modes of ν (N-H) and ν (O-H) groups of water
molecules. For carboxylic group, two bands were recorded
at 1595 cm−1 (antisymmetric ν (COO−) mode) and
1483 cm−1 (symmetric ν (COO−) mode). The band shown at
1091 cm−1 is assigned to the νC—N modes corresponding to
the bond between the dithiocarbamate carbon atom (C1-N),
(see labeling of the carbon atoms in Fig. 6a) and the amino
acid nitrogen atom, and another corresponding to the v(C2-N)
mode. These bands are recorded in 1091 cm−1. Two bands that
can be ascribed to the C-S stretching modes are recorded in
1003 cm−1for antisymmetric and 587 cm−1 for symmetric
modes [45]. There are coexisting IR absorption bands of –
COO−, and –NH observed on GDTC capped Mn:ZnS QDs.
Therefore, carboxylic acid and amino group are present on the
surface of the Mn:ZnS QDs, while the C–S group vibration
(935 cm−1 and 587 cm−1) is absent on the surface of the
GDTC capped Mn:ZnS QDs. The reason for disappearance
of C–S group vibration on the surface of Mn:ZnS nanoparti-
cles is formation of covalent bonds between thiol side of
GDTC and the surface of Mn:ZnS.

Effect of pH on Fluorescence Intensity

Generally, pH is one of the major variables that affect the
fluorescence of QDs [25]. QDs are sensitive to their surround-
ing chemicals such as acids, bases, metallic ions, and biomol-
ecules like proteins. QDs PL intensity could be directly cor-
related with pH values because QDs fluorescence is, in gen-
eral, enhanced in basic medium and quenched in the acidic
one [46, 47]. Therefore, the effect of pH on the fluorescence
intensity of Ce3+-GDTC capped Mn:ZnS QDs system was

Fig. 5 The XRD pattern of
prepared Mn:ZnS nanocrystals

Fig. 4 TEM image of GDTC capped Mn:ZnS QDs
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studied to obtain the optimum pH to develop a sensitive fluo-
rescence sensor for Ce3+ion. Figure 7 shows the effect of the
pH on the fluorescence intensity of Mn:ZnS QDs after addi-
tion of Ce3+ ion. The fluorescence intensity was studied
against pH in the range between 1.0 and 9.0 in order to obtain
the optimum conditions for determination of Ce3+ ion.

The optimum net fluorescence intensity was obtained in the
pH range of 4.5 and 7.5. Therefore, an acetic acid buffer with
pH of 7.5 was used for the determination of Ce3+ ion study.
When pH increases, the deprotonation of carboxyl group in
the GDTC on the surface of QDs may occur. This deproton-
ation may strengthen the covalent bond between Ce3+ and
GDTC molecule. At higher pH (pH>7.5), the QDs fluores-
cence becomes stronger since the particle surface is well pas-
sivated, but the concentration of Ce3+ decreases because of the
formation of Ce(OH)3 [48, 49]. This leads to a decrease in the
fluorescence intensity with an increase in pH. At higher pH
(pH>8) the fluorescence intensity decreases due to the

existence of OH− groups on the surface of QDs which hinders
the interaction between Ce3+ and QDs.

Effect of GDTC-capped Mn:ZnS QDs Concentration

The influence of GDTC-capped Mn:ZnS QDs concentration
on fluorescence intensity was studied and is shown in Fig. 8.

Fluorescence intensity of the system was increased by in-
creasing the concentration of Mn:ZnS QDs solution. In low
concentration of QDs, the fluorescence intensity was also very
low; this fact may sacrifice the linear range of Ce3+ detection.
On the other hand, high concentration of Mn:ZnS nanoparti-
cles may result in self-quenching of the QDs fluorescence
[50]. Considering these factors, a concentration of
50 mg.L−1 of GDTC capped Mn:ZnS solution was used for
sensing purposes.
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Fig. 6 FT-IR spectra of a free
GDTC and b GDTC capped
Mn:ZnS QDs
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Stability of GDTC-capped Mn:ZnS QDs and Effect
of Reaction Time

Usage of monothiol ligands causes QDs sensitivity to oxida-
tion. This impediment was recently overcome by using dithio-
carbamate moieties as ligands because of their ability in strong
chelate-type binding to metal atoms. The resulting dithiocar-
bamate functionalized QDs exhibited improved resistance to
photooxidation [51–53]. The stability of GDTC-capped

Mn:ZnS was evaluated in aqueous solution at room tempera-
ture (Fig. 9a).

It was found that PL intensity gradually increases within
2 hours and then becomes stable, and the changes will be
negligible up to 30 days. For investigation of reaction time,
the fluorescence intensity of a typical mixture of GDTC-
capped Mn:ZnS QDs and Ce3+ (5× 10−5 mol L−1) solution
was studied under optimum conditions. As can be seen in
Fig. 9b, the fluorescence signals remained constant without
any significant change for more than 20 days.

Calibration Curves and Performance Characteristics

In order to achieve the sensitive detection of Ce3+, the
quenching study of GDTC-capped Mn:ZnS QDs by addition
of Ce3+ion was investigated at pH 7.5. Results showed that the
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Fig. 9 a Fluorescence intensity
change of 50 mgL−1 GDTC-
capped Mn:ZnS per time b Effect
of the time reaction under optimal
conditions(pH=7.5,QDs
concentration=50 mgL−1,
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fluorescence intensity of Mn:ZnS nanoparticles decreased by
increasing the Ce3+ ion concentration, immediately. The
quenching effect of Ce3+ with different concentrations on PL
intensity of Mn:ZnS QDs is presented in Fig. 10.

In the proposed system, Ce3+gradually quenches the lumi-
nescence intensity of the Mn:ZnS QDs in a concentration
dependence that was coincident with the fluorescence
quenching described by Stern-Volmer equation.

F0=F ¼ 1þ Ksν Q½ � ð4Þ

Where, F and F0 are the luminescence intensities of the
Mn-doped ZnS QDs at a given Ce3+ concentration and in a
Ce3+ free solution, respectively. [Q] is the Ce3+ concentration
and Ksv is the Stern-Volmer quenching constant. If the Stern-
Volmer statement of binding of Ce3+and nanocrystal is valid,
plot of F0/F as a function of [Q] should be linear.

As shown in Fig. 11, under the optimum conditions, there
is a good linear relationship between the relative luminescence
intensity (F0/F) and the concentration of Ce

3+(C) in the range
of 2.0× 10−6 to 3.2× 10−5MCe3+with a correlation coefficient
(R2) of 0.9926.

Stern-Volmer quenching constant (KSν), which is a mea-
surement of the quenching efficiency of the quencher, gener-
ally shows more sensitive system with a steeper slope and
consequently a higher KSν value. KSν was calculated to be
9.2×104 L mol−1. The limit of detection was evaluated using
3ơ/S, and it was found to be 2.29×10−7 mol L−1, where ơ is
the standard deviation of the blank signal and S is the slope of
the linear calibrated plot. The relative standard deviation of six
replicate measurements for a solution containing 1.0×10−5

mol L−1 Ce3+ ion was 1.61 %. It was observed that the pro-
posed method had a comparable or superior linear range and
detection limit compared with the current sensors in use for
Ce3+ detection. Analytical results of some of the techniques
used for Ce3+ detection are summarized in Table 1.

Usually, fluorescence quenching of QDs is mainly based
on electron transfer process, ion binding interaction, inner
filter effect, and non-radiative recombination pathway [56,
57]. Typical Stern-Volmer quenching behavior happens by
collisions between quencher (i.e., Ce3+) and luminescent mol-
ecules (i.e., Mn:ZnS). Obviously, for both static and dynamic

quenching, molecular contact between fluorophore and
quencher is required. In this case, it is proposed that the
quenching occurs as a result of coordination of Ce3+and
GDTC on the capping layer of the QDs [58]. In the following
some reasons are presented.

a) The coordination changes the capping layer array and
results in the reduction of fluorescence intensity, which
is due to the high sensitivity to the capping layer of QDs.
This hypothesis was evaluated by the fact that in high
concentration of Ce3+, precipitation is clearly visible, with
low concentration of Ce3+ ions. As illustrated in Fig. 12,
large particle sizes were observed which demonstrates
that addition of Ce3+ indeed induces the aggregation of
the Mn:ZnS QDs.

b) The UV–vis absorption spectra of The GDTC-capped
Mn:ZnS QDs in the absence and the presence of Ce3+ions
were investigated. As shown in Fig. 13, no shift was
observed in the absorption peak with addition of Ce3+

[59].
c) Since Ce3+ is a hard Lewis acid cation and has high ten-

dency to make complexation with hard Lewis base li-
gands such as N donor atoms, a strong tendency of the
complex at ion bonding between GDTC and Ce3+is ex-
pected [60, 61].

d) It is suggested by some researchers that quenching can
take place because of displacement of Zn in ZnS by heavy
metal ions [62, 63]. N. Shanmugam et al.[64] reported a

Fig. 12 TEM image of aggregated QDs in the presence of Ce3+

Table 1 Comparison of the
proposed method with some
methods, reported in literature

System pH D.L(mol L−1) L.R(mol L−1) Ref.

ISE 3.5–10.0 7.6×10−6 1.0×10−5–1.0×10−1 [16, 54]

3.0–7.5 6.45×10−9 2.0×10−8–1.0×10−1

ICP-OES 6.0-9.0 7.13×10−7 – [55]

Spectrophotometry 7.0–8.5 4.3×10−8 1.4×10−9–2.3×10−8 [24]

Spectrofluorometric 7.6 9.4×10−4 1×10−8–1×10−4 [29]

X-Ray fluorescence 8 2.6×10−6 3.56×10−4–5.7×10−4 [21]

QD/ Fluorimetry 7.5 2.29×10−7 2.0× 10−6–3.2× 10−5 This work
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blue shift in fluorescence spectra when Ce3+ is incorpo-
rated into ZnS structure,while authors’ investigation of
fluorescent quenching characteristics of this sensor
showed no significant shift in emissionwavelength (emis-
sion band centered at 415 nm) with increasing concentra-
tion of Ce3+ ions. It could be concluded that Ce3+ has not
adsorbed on the surface of QDs.

e) Inner filter effect is one of the other fluorescence
quenching reasons [62] which was investigated by the
absorption spectrum of the Ce3+-GDTC complex. As
shown in Fig. 14 the absorption spectrum of Ce3+-GDTC
has not overlapped the emission spectrum of the QDs.
The inner filter effect was thus dismissed.

Effect of Different Metal Ions on Luminescence Intensity

The effect of various ions on the fluorescence spectrum of
Mn:ZnS QDs was also investigated by fluorescence titration
of GDTC-capped Mn:ZnS QDs with some interfering ions.
The study was done with three different ratios including 1:1,

1:10, and 1:100 (Ce3+ion: interference ion) and the results are
presented in Table 2.

It was found that none of the three investigated ratios
showed any significant interference with metal ions except
with Cu2+ and Ag+ ions. The presence of foreign ions in 1:1
and 1:10 ratios produced lower interference than the RSD
value of 1.61 %. Thus, ions causing errors more than 1.61 %
are considered interferers. Based on Table 2, it could be noted
that, only Ag+ and Cu2+ at 1:100 ratio cause interference.
However, those ions of high concentration could not coexist
with Ce3+ and their existence did not interfere the fluorescence
determination of Cerium ion.

Sample Analysis

To investigate the possibility of practical application, recovery
experiment of Ce3+ ion was measured in the tap and

Table 3 Determination results of cerium (III) ion in two water samples
under optimal conditions

Sample Added (μM) Found (μM) Recovery (%) RSD (%)a

Tap water 0 Not founded – –

5.0 4.96 99.2 % 1.02 %

10.0 9.93 99.3 % 1.36 %

Ground water 0 Not founded – –

5.0 4.95 99 % 1.23 %

10.0 9.90 99 % 1.09 %

aAverage of four replicate measurements

Table 2 Interfering effect of other ions: the concentration of GDTC-
capped ZnS QDs is 50 mgL−1 and [Ce3+]=1.0×10−5 mol L−1

Interfering ion Change of fluorescence intensity (%)
Interfering ratio (Ce3+ion / interfering ion)

1:1 1:100 1:1000

Ag+ −0.66 −0.82 −1.69
Co3+ +0.24 +0.27 +1.01

Cr3+ +0.15 +0.21 +0.63

Cu2+ −0.75 −0.84 −1.72
Hg2+ −0.20 −0.29 −0.37
Pb2+ +0.18 +0.27 +0.67

Ru3+ +0.41 +0.52 +1.15

Fe3+ −0.31 −0.39 −1.12
Cd2+ +0.23 +0.28 +0.95

Sm3+ −0.28 −0.33 −1.07
La3+ +0.61 +0.73 +1.55

Eu3+ −0.65 −0.73 −1.58
Pd2+ −0.22 −0.30 −0.9
Ni2+ −0.27 −0.30 −1.05
Mn2+ +0.45 +0.59 +1.22
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Fig. 14 Absorption spectrum of GDTC- Ce3+complex (a) and emission
spectrum of GDTC–QDs conjugate (b)
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Fig. 13 UV–vis absorption spectra of ZnS QDs in the absence and
presence of different concentrations of Ce3+([Ce3+] from a to c is 0,2,4
respectively μ mol.L−1)
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groundwater samples (Table 3). The tap water was deposited
over a night. The results for the luminescence determination of
Cerium ion are presented in Table 3. For this purpose, the
described spectrofluorometric method was applied for deter-
mination of Ce3+ using Mn:ZnS QDs as luminescence sensor,
under optimal conditions. From Table 3, the recoveries were
found to be 98.8–104.7 % with relative RSDs ranged from
1.1 % to 3.9 % with standard addition method. These values
indicate that this method has remarkable accuracy and preci-
sion for quantitative determination of Ce3+ ion in the presence
of excess amount of other ions which exist in real samples.

Conclusions

In this paper, a new method was developed and used success-
fully for determination of cerium (III) based on quenching of
fluorescence intensity of GDTC-functionalized QDs in the
presence of cerium ions. Characterizations of the synthesized
Mn:ZnS nanoparticles were investigated with TEM, XRD,
UV–vis, and fluorescence spectroscopy. XRD studies sug-
gested a single metallurgical phase formation. The average
crystallite size was about 3.1 nm.

To the best of our knowledge, this study is the first work
that is based on the use of glycine dithiocarbamate capped
Mn-doped ZnS QDs for chemical sensing. This technique
showed superior detection limit of 2.29×10−7 mol.L−1 and
excellent selectivity over other competitive cations because
of the specific and strong affinity of Ce3+-GDTC and unique
properties of QDs. Under the optimum conditions, the calibra-
tion plot was linear within the concentration range of 2.0×
10−6 to 3.2× 10−5 mol.L−1. Based on the results, the designed
sensor could be used to detect Ce3+ ion with good sensitivity.
Compared with organic fluorophores, GDTC-Mn:ZnS nano-
particles as fluorescence probe offer manymerits, such as high
sensitivity, simple preparation of the nanoparticles,simple an-
alytical application, low cost, narrow emission spectra and
good photochemical stability. A comparison between the fig-
ures of merits of this luminescent QD probe with those of the
previously reported ones (Table 1) clearly reveals that this
fluorescent sensor could be categorized among the best Ce3+

probe ever reported.
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