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KEYWORDS Abstract Herein, a highly facile, rapid and one-pot approach has been applied for the synthesis of
CdSe quantum dot; water soluble starch capped CdSe quantum dots (QDs) by using UV irradiation in the aqueous
UV radiation; solution containing cadmium sulphate, sodium selenosulfate, acetone and 2-propanol. No external
Starch; reducing agents were added to the solution, as the radicals generated in situ upon photoirradiation
Surface functionalization; i.e., 2-hydroxy-2-propyl radicals, (CH3),C"OH could reduce the precursor ions for the synthesis of
Sensor these QDs. These QDs were characterised by various techniques such as UV—Vis absorption, XRD,

Raman, FTIR, TEM and SEM measurements. The presence of strong quantum confinement effects
could be realized from their very small size i.e., ~3 nm as revealed by TEM studies. Besides, these
QDs were found to exhibit photoluminescence (PL) in the longer wavelength region. The PL inten-
sity as well as the charge carrier lifetime values could be conveniently tuned by simply varying the
Cd to Se precursor ratio during the synthesis. Furthermore, a relatively novel approach has been
adopted to extract these QDs from the colloidal solution by freezing it to 0 °C followed by de-
freezing to room temperature. The extracted QDs were functionalized with thiourea in order to
increase the PL quantum yield and the stability of the QDs. The effects of pH and temperature
on the PL intensity of functionalized CdSe QDs were also investigated to explore their applicability
in sensing of heavy metal ions. Interestingly, the QDs displayed highly selective PL quenching in the
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presence of Cu?™, Cr®* and Hg?> " metal ions. The limits of detection for these metal ions have been
determined and a probable PL quenching mechanism is postulated.

© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cadmium selenide (CdSe) quantum dots (QDs) are one of the
most important and extensively studied II-VI semiconductors.
The quantum confinement behaviour arises when size becomes
less than Bohr radius of exciton (5.7 nm in the case of CdSe),
which is responsible for its versatile optoelectronic properties
leading to applications in various areas (Zorman et al., 1995;
Bera et al., 2010). CdSe QDs have been synthesised using differ-
ent methods like organometallics, electrochemical, sonochemi-
cal, radiation and photochemical routes, etc. Out of these
methods, photochemical synthesis route is very important
because there is no use of additional reducing agents, no
requirement of stringent laboratory conditions like inert atmo-
sphere and high temperature (Sakamoto et al., 2009). Various
capping agents have been used to control the shape, size and
surface morphology of the CdSe QDs. The capping agents play
important role in determining properties of QDs. Capping the
QDs with biomolecules like protein, amino acids, carbohy-
drates etc. provide an extra edge by reducing the cytotoxicity
of these QDs (Medintz, 2013; Sapsford et al., 2013; Singh
et al., 2017). Furthermore, the synthesis in aqueous solution
is very crucial because most of the time these QDs are used in
applications involving the aqueous solution (Jing et al., 2016).
After Murray et al. (1993) synthesised CdSe QDs in organic sol-
vents, various successful attempts have been made to synthesise
CdSe QDs in aqueous solution by different routes (Jing et al.,
2016; Kalasad et al., 2009; Fernandez-Arguelles et al., 2005;
Qian et al., 2005; Li et al., 2013; Su et al., 2009). These QDs
have been widely used in the area of photovoltaics, light emit-
ting devices, photocatalysis, photodynamic therapy. cell imag-
ing, biological sensors, gas sensors and metal ion sensors.
Metal ion sensing is very crucial due to rapid economic
development and other anthropogenic activities which cause
mingling of various metal ions with the ground water and
other consumables. According to WHO, half of the human
population is suffering from water borne diseases and heavy
metal ions are one of the most important sources for the con-
tamination of water (WHO, 2018). Heavy metal ions, Cu®",
Cr®" and Hg?" have several adverse effects on human as well
as environment. Copper (Cu) is one of the essential micro
nutrients that is required for plant, animals and human health
but in excess, it causes many abnormalities inside the biologi-
cal system like, stomach upset, headache, abdominal pain,
nausea, diarrhoea etc. Severe toxicity of copper causes Wilson
disease, respiratory difficulty, haemolytic anaemia, haema-
turia, massive gastrointestinal bleeding, liver and kidney fail-
ure, and death (Gaetke and Chow, 2003). Mercury (Hg) is a
widely known toxic metal and has adverse effect on biological
systems even in very low concentration. Hg poisoning has
effects like, loss of hair, teeth, nails, hypotonia (muscle weak-
ness), kidney dysfunction, memory impairments and brain
damage, etc. (Bernhoft, 2012). Chromium (Cr) is also one of
the potent toxic metals, which is generally found in 3+ and

6+ oxidation states. Cr** compounds and Cr metal are not
toxic but Cr®" is severely toxic and carcinogen too
(Baruthio, 1992). The Cr®" has specific transport mechanism
so only very small amount of Cr’" enters in the cell but
Cr®" is in higher oxidation state and hence is more reactive
and having strong oxidative properties which causes DNA
damage (Cohen et al., 1993). The major sources of these metal
ions are coal based power plants, mineral, steel and cement
industry, waste disposal, biomass burning, agricultural chemi-
cals, rocks and volcanos (Tchounwou et al., 2012).

Hence, sensing of these toxic metal ions are very essential
and fluorimetric sensing is one of the most effortless, reliable,
rapid and efficient method with low detection limit (Valeur and
Leray, 2000). Using QDs as a fluorimetric sensor provide
many advantages over conventional organic fluorophores like
its size dependent optical and physical properties, broad
absorption and narrow emission band, high molar absorption
coefficient, high quantum yield and resistance against photo
bleaching (Murphy, 2002). So, synthesising QDs in aqueous
solution using a facile root at ambient conditions for the sens-
ing of different metal ions is very important as well as essential.
Various researchers have synthesized different QDs using dif-
ferent methods and used them in sensing of metal ions (Cai
et al., 2014; Jing et al., 2014; Lou et al., 2014; Silvi and
Credi, 2015; Wu and Yan, 2010; Wu et al., 2014; Zhang
et al., 2016). Koneswaran and Narayanaswamy (2009) have
synthesized L-cysteine capped ZnS QDs at high temperature
for photoluminescence (PL) sensor of Cu®>*. Bu et al. (2013)
have synthesized CdSe QDs in aqueous solution using bioin-
spired approach and used it in detection of Cu(II) ions. How-
ever, the sensing of heavy metal ions through PL quenching
process by using the CdSe QDs synthesized at room tempera-
ture is still to be investigated. We are reporting the detection of
heavy metal ions by thiourea functionalised CdSe QDs synthe-
sized using UV irradiation which is a rapid, one-pot and facile
approach of synthesis.

In this study, we have synthesised nearly monodispersed
starch capped CdSe QDs in aqueous solution through UV irra-
diation using 300 nm UV lamps in a photoreactor at ambient
condition. The colour of these QDs depends upon the stoichio-
metric ratio of Cd and Se precursors taken in the reaction mix-
ture. These QDs were extracted from the colloidal solutions
using a novel technique developed by us and characterised
by TEM, SEM, XRD, Raman and FTIR spectroscopic mea-
surements. The extracted QDs were functionalised with
thiourea and were used for the sensing of Cu®*, Cr®" and
Hg?*ions via PL quenching.

2. Experimental

2.1. Materials

High purity chemicals CdSO, Na,SO;, Se powder, 2-
propanol, acetone, and starch were obtained from sigma and
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used without further purification. Ammoniated cadmium sul-
phate, Cd(NH3)4,SO4 was used as the Cd precursor and freshly
prepared sodium selenosulphate, Na,SeSO; was used as the Se
precursor. Sodium selenosulfate was synthesized by following
the reported literature; typically, a mixture of 5 g of Na,SO;
and 0.5 g of Se powder was refluxed at 70 °C for 7 h to obtain
a clear transparent solution, which contains Na,SeSO;
(250 mM) and unreacted Na,SOj3 (Singh et al., 2011a,b). It is
to be noted here that the excess Na,SOj; present in the solution
neither take part nor hinder the reactions during the formation
of CdSe QDs (Singh et al., 2011a,b). Zn(SO4)-7H,0O, HgCl,,
ngclz, NISO46H20, MHSO4‘7H20, COSO4'7H20, CI'C13,
K,CrOy4, CuCl,, FeCls, PbCl, salts were used in the metal
ion sensing experiments. Nanopure water obtained from a Mil-
lipore water purifying system (resistivity > 18 mega ohm cm)
was used for preparation of solutions.

2.2. Synthesis of CdSe quantum dots

S mg/mL of potato starch solution was prepared by taking the
required amount of potato starch in 25 mL of water and
heated to 60°C for 20 min. The initial turbid solution of starch
became clear after heating. This process is termed as gelatiniza-
tion of starch (Jenkins and Donald, 1998). Reaction mixture
with different amount of CdSO,4 and Na,SeSO; were taken
in 10 mL flask containing 0.5 mg/mL of starch solution. 2%
v/v of acetone and 2-propanol were added to it. The reaction
mixture was irradiated in a quartz cell sealed with rubber sep-
tum, inside a Rayonet Photoreacter equipped with sixteen
300 nm UV lamps.

The concentrations of CdSO,4 and Na,SeSO5; were different
in the case of different stoichiometric ratios, (i) 0.5:0.5 mM, (ii)
0.5:1.0 mM, (i) 1.0:0.5mM, (iv) 1.5:0.5mM and (V)
2.0:0.5 mM. QDs extracted from the colloidal solution synthe-
sized with 1.5:0.5 mM of precursors were functionalized with
thiourea by taking 20 mg of QDs with 10 mM of thiourea in
10 mL water and refluxing it at 85 °C for 7 h. Metal ion sens-
ing experiments were performed by diluting ten times the stock
solution of the as functionalized QDs followed by addition of
10 mM of different metal ions. Interference study was per-
formed by adding 0.1 mM of Cu*", 1.0mM of Cr®" and
2.0 mM of Hg>" along with equal and tem times higher con-
centration of interfering metal ions.

2.3. Characterization

UV-visible absorption spectra were recorded using spec-
trophotometer (Jasco V-650). Steady state PL spectra were
recorded at room temperature using a spectrofluorometer
(Hitachi F-450). PL lifetime measurements were carried out
by time-correlated single photon counting (ICSPC) technique
using a time resolved spectrofluorometer (Horiba Jobin Yvon
IBH 400). X-Ray diffraction (XRD) measurements were car-
ried out using panalytic (X-Pert pro) instrument. Raman spec-
tral studies were carried out using Raman spectrometer (Seki’s
STR300). FTIR measurements were carried out with the sam-
ple on KBr pallet using SHIMADZU IR- Affinity-1 FTIR
instrument in diamond ATR mode. TEM images were
recorded using a Libra 200FE instrument. SEM images were
recorded using JEOL JSM-T330 SEM instrument.

Fig. 1 (a) Unirradiated reaction mixture containing Cd:Se
precursors as 0.5:0.5mM along with 0.5 mg/ml starch in the
presence of 2% (v/v) acetone and 2-propanol, (b) orange-yellow
coloured colloidal solution obtained after photoirradiation with
300nm UV lamp and (c) camera-ready picture of the same
colloidal solution under UV light.

3. Results and discussion

3.1. Synthesis of starch capped CdSe QDs

The reaction mixture in one of the cases was prepared by tak-
ing 0.5 mM of CdSQOy, 0.5 mM of Na,SeSO;, 0.5 mg/mL of
starch solution, 2% v/v of acetone and 2% v/v of 2-
propanol. After photoirradiation, the colourless solution chan-
ged to orange coloured colloidal solution (Fig. 1). Acetone
absorbs UV photons and in the excited state it abstracts an
H atom from 2-propanol molecule to form two 2-hydroxy-2-
propyl radicals, (CH3),C'OH which are highly reducing in nat-
ure (E° = —1.5V ys NHE) (Wardman, 1989). These radicals
reduce Cd*>* and release Se™ which eventually react together
to form CdSe QDs. The complete reaction mechanism is dis-
cussed below:

(CH;),CO ™ 1(CH;),CO% — 3(CH;),COx* (1)
3(CH3),CO* + (CH;),CHOH — 2(CH;),C-OH (2)

(CH;)QCOH + [Cd(NHz)4]2+ — Cd++(CH3)2CO + H*t

3)
SeSO32_ + (CH;)ZCOH —Se” + SO32_ + (CH3)2CO +H*
)
Cd* + Se™ — CdSe — (CdSe), (5)
(Cdse), argh starchcapped (Cdse)quantumdot (6)

The growth of CdSe QDs was monitored by recording the
absorption spectra at different time of irradiation. Fig. 2 shows
the absorption spectra of a solution containing 1.5 mM of
CdSOy4 and 0.5 mM of Na,SeSOsat different time of photoir-
radiation (For other Cd:Se ratios see the supporting informa-
tion Figs. S1-S4). After around 10 min of photoirradiation,
the absorbance did not increase further indicating the synthesis
of CdSe QDs has been completed. In the absence of acetone,
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Fig. 2 Absorption spectra of reaction mixture containing Cd

and Se precursor with starch at different time of photoirradiation
(inset1 excitonic peak position and inset 2 particle size vs. time).

the colour of the reaction mixture does not change, which indi-
cates the reaction is initiated by the excited state of acetone
only. The excitonic peak position as well as particle size (calcu-
lated from Brus equation) were plotted at different time of
photoirradiation (insets of Fig. 2). The PL spectra of as synthe-
sized QDs (with different stoichiometric ratio of CdSO,4 and
Na,SeS0O3) were recorded (Fig. 3a).

It was found that the emission intensity increases with
increase in Cd:Se ratio and was maximum for 1.5:0.5 mM.
The QDs synthesized with Cd:Se ratio 0.5:0.5mM and
0.5:1.0 mM were found to be non fluorescent in nature. The
PL lifetimes of the CdSe QDs with Cd:Se ratio 1.0:0.5,
1.5:0.5 and 2.0:0.5mM (Fig. 3b) have two components (t;
and 1,), which is expected to be originated from the band
gap (t7) and trap states (1) (Javier et al., 2003). The band
gap (11) e-h pair recombine rapidly and have short life time
(<10 ns), while the trap state (t,) e-h pair recombine slowly
having lifetime larger than 30 ns. It was observed that the aver-
age lifetime value of the CdSe QDs increases with the increase
in the Cd content in the reaction mixture (see Table 1). The
QDs containing higher Cd to Se ratio get better capped by
starch molecules and hence have better PL and therefore the
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Fig. 3

QDs synthesized with lower Cd:Se
0.5:1.0 mM have very poor PL.

The QDs were extracted by following a novel colloidal pro-
cessing method developed in this study. The room temperature
colloidal solution of QDs was first freezed at 0 °C and then was
allowed to de-freeze to room temperature. The amylose and
amylopectin residues present in starch got sedimented after
freezing (Fig. 4a) (Spoehr et al., 1936). The colloidal solution
of CdSe QDs was also found to get sedimented along with
the amylose and amylopectin residues of starch in the bottom
of the beaker (Fig. 4b). The sedimented starch along with QDs
could be easily extracted out in the powder form (Fig. 4c—e).

ratio 0.5:0.5 and

3.2. Characterization of CdSe QDs

The XRD pattern of CdSe QDs (Fig. 5a) confirms cubic zinc
blende crystal of CdSe (Murray et al., 1993). The crystallite
size was calculated by the Scherrer formula and was found
to be around 2.0 nm. Raman spectra of the CdSe QDs
(Fig. 5b) shows two prominent peaks at 204 and 409 cm™!
which corresponds to Ist and 2nd order longitudinal modes
of CdSe nanocrystals (Dzhagan et al., 2008).

The TEM image of the particle is shown in Fig. 6a. The
image showed that the particles are well dispersed and spheri-
cal in size having maximum size around 3 nm. The FFT pat-
tern (inset Fig. 6a) shows the wave vector corresponding to
(111) and (200) planes with 54° of angle between them.
The HRTEM image clearly showed the 111) dnd 200)
planes with inter planar distance of 3.5 A and 29 A respec-
tively, which matches very well with the cubic zinc blende crys-
tal structure of CdSe. The SEM image shows spherical shapes
of relatively bigger size, which indicates that these QDs exist in
agglomerated form (Fig. 6b).

In the FTIR spectra (Fig. 7) the OH stretching peak present
in starch (3650-3000 cm ') is very broad shows the presence of
several OH groups, inter and intra molecular hydrogen bond-
ing in starch. The other peaks are at 2900 cm ™' (asymmietric
C—H stretching), 1640 cm™' (O—H bending of water in
starch), 1340 cm™! (angular deformation of C—H bond),
1150 cm™! (C—O and C—C stretching), 1075 cm™' (C—O—H
bending), 998 cm ™' (skeletal vibration of o 1—4 glyosidic link-
age (C—O—C), 926 cm ™! (C—C stretching) and 850 cm ™' (C,
deformation) (Kizil et al., 2002). The starch capped CdSe sam-
ples give distinct peaks which indicate the existence of starch

[Ca7}{$30,]) mtt)
promge

¢ 1008
1508

© 2008
= ft1ed
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(a) steady-state PL spectra and (b) time-resolved PL decay profiles of CdSe QDs synthesized with different Cd:Se precursor ratios.
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Table 1 PL lifetime values of CdSe QDs prepared with various compositions of precursors (mM).

[Cd>"]:[Se*7] (mM) Lifetime (ns)

T Ay T Ay (t)
1.0:0.5 6.16 0.38 38.3 0.62 26.1
1.5:0.5 5.93 0.31 39.6 0.69 29.2
2.0:0.5 6.95 0.30 43.4 0.70 32.5

- -
—_—

Fig. 4 (a) Colloidal solution of starch; at room temperature (i), after freezing (ii), and again after attaining room temperature (iii), (b)
colloidal solution of CdSe QDs capped with starch (i), after freezing (ii) and again after attaining room temperature (iii), Solid CdSe QDs
extracted from the reaction mixture synthesizing with (c) 1.5:0.5 mM, (d) 1.0:0.5 mM and (e) 0.5:0.5 mM of Cd:Se precursors.
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Fig. 5 (a) XRD pattern and (b) Raman spectra of CdSe QDs.
on CdSe surface. The extracted QDs were modified by surface CdSe QDs, the characteristics peaks of thiourea at

functionalized with thiourea to increase its PL quantum yield 3365cm ™!, 3275 ecm ™!, 3150 cm ™! (symmetric and asymmetric
and stability. In the FTIR spectra of thiourea functionalized stretching of NH, NH;), 1600 cm ! (NH, bending), 1400 cm ™!
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Fig. 6 (a) TEM image of CdSe QDs inset 1; particle size distribution, inset 2 FFT pattern and inset 3 HRTEM image showing inter

planar distances corresponding to (1 1 1) and (2 0 0) planes, (b). SEM image showing aggregated morphology of CdSe QDs.
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Fig. 7 FTIR spectra of starch, thiourea, starch CdSe and starch
CdSe with thiourea.

(CN stretching) 1075cm™" (NH, rocking), 734cm™' (CS
asymmetric stretching) and 620 cm™' (CS symmetric stretch-
ing) (Stewart, 1957) vanishes in thiourea functionalized CdSe
QDs, which confirmed the binding of thiourea on the surface
of the QDs. Functionalization with thiourea reduces the spec-
tral broadness of the PL spectrum as well as increases the PL
quantum yield (see the supporting information Fig. S5). It is
worth to mention here that before functionalization with
thiourea the PL spectrum is broad having emission mainly
from trap states, however, after functionalization the PL spec-
trum becomes narrow with very low stokes shift and therefore
it could be mainly arising from the band gap recombination of
the charge carriers. Further to confirm the functionalization,
we recorded the DLS (dynamic light scattering) measurements
of starch capped CdSe QDs both before and after functional-
ization with thiourea. We found that the hydrodynamic diam-
eter of QDs increases after functionalization from 193 nm to
267 nm (see the supporting information Fig. S6). Such an
increase in the hydrodynamic diameter clearly indicates the
functionalization of QDs (Wenger et al., 2017).

3.3. Effect of temperature and pH on the PL properties of CdSe
ODs

The effect of temperature on the PL properties of thiourea
functionalized CdSe QDs was studied by recording the temper-
ature dependent PL spectra from 5 °C to 80 °C (Fig. 8a). From
these spectra it is clearly evident that QDs have maximum PL
at 20 °C. Further on increasing or decreasing temperature the
PL yield decreases. Also the PL peak position shifts from
592 nm at room temperature to 600 nm at 80 °C. This red shift
can be attributed to minute change in particle size after ligand
detachment from the surface of QDs at higher temperature
(Valerini et al., 2005). On increasing the temperature, the sur-
face capped molecules get detached from the surface of the
QDs and create surface defects which enhance the non-
radiative recombination of charge carriers and hence there is
a reduction in PL Intensity (Zhao et al., 2012) as well as an
increase in broadness (Mohamed et al., 2014). It is a well-
known fact that the loss of capping ligands from the surface
of QDs creates surface defects.

The PL spectra of thiourea functionalized CdSe QDs were
also recorded after changing the pH of the colloidal solution
from 3 to 11 (Fig. 8b). It was found that the PL yield decreased
on either decreasing or increasing from the neutral pH. At
lower pH, the thiourea and starch gets protonated and the
QDs become destabilised, hence the PL intensity decreases.
At higher pH, the formation of hydrated product on the sur-
face of QDs might cause a reduction in the PL intensity. Fur-
thermore, the metal ions also get precipitated as their
corresponding hydroxides at higher pH causing a reduction
in the PL intensity/yield (Gore et al., 2011).

3.4. Metal ion sensing studies

3.4.1. Selectivity

Thiourea functionalized CdSe QDs were used in the sensing of
various metal ions. 10.0 uM concentration of Hg™, Hg>",
Co*", Cr'', Cr®", zn®", PH*T, Cd*F, Ni*¥, Mn®", Fe’*
or Cu®* were added to the aqueous QDs solution. Out of these
metal ions only Cu®>", Cr®" and Hg?* were able to selectively
quench the PL intensity of QDs. (Fig. 9). Others metal ions
were not able to quench the PL intensity appreciably.



UV induced synthesis of starch capped CdSe quantum dots

3155

Temp (°C)
5

—10
—20
—30
40
50
— 60
—70
— 80

PL Intensity (a. u.)

0 10 20 30 40 50 60 70 80 0
Temp. (°C)

PL Intensity (a.u.)
PL Intensity (a.u.)

570 600 630 660
Wavelength (nm)

540

., b
—3
—5

—O

1"

PL Intensity (a.u.)

540 560 580 600 620 640 660
Wavelength (nm)

Fig. 8 Temperature dependent (a) and pH dependent (b) PL spectra of thiourea functionalized CdSe QDs.
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Fig. 10 PL quenching of CdSe QDs in presence of different metal ions (a) Cu®™, (b) Cr®" and (c) Hg?", inset- Stern Volmer plot.

3.4.2. PL quenching by Ci>*, Cr°" or Hg>" ions

The effect of Cu®>*, Cr®" or Hg?" ions on the PL quench-
ing of CdSe QDs among various metal ions is established

from their PL investigations (see Fig. 10). So in order to
understand the PL quenching behaviour of CdSe QDs in
the presence of these ions different concentration of Cu?",
Cr®*or Hg?*ions were added to the aqueous colloidal solu-
tion of CdSe QDs. It was found that the quenching of PL

linearly depends upon the concentration of these metal ions
(Fig. 10a—c). Therefore, this system can be used as system-
atic and selective method in sensing of Cu?", Cr®" and
Hg>" ions as well as the 3+ and 6+ oxidation states of
Cr and 1+ and 2+ oxidation state of Hg can be differen-
tiated. The PL quenching data were analysed using Stern-
Volmer equation (Lakowicz, 2006) which can be given as

follows.
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Table 2 Limit of detection (LOD) and quenching rate
constant (kq) of metal ions.

Metal ion LOD (uM) kgM 'sh
Cu** 27.6 4.66 x 10
crét 196.0 8.53 x 10
Hg?* 279.2 1.32 x 10

I

7 =1+ Ks"[Q} =1+ quO[Q] (7)

where K, = k,79, Iy and I are the PL intensity of QDs in the
absence and presence of metal ions. Ky, is the Stern-Volmer
quenching constant, Q is the concentration of the metal ions,
k, is quenching rate constant and 7, is the PL lifetime of the
QDs in the absence of metal ions. As it is clear from these fig-
ures that the plot of Iy/I as a function of metal ion concentra-
tion is linear (r* = 0.99) so the Stern-Volmer description of
binding of metal ions with the QDs is valid. The quenching
rate constant (k,) was determined for all the three metal ions
are listed in Table 2.

Further, to confirm it, we recorded the time-resolved PL
decay profiles and determined the lifetime values of the QDs
in the absence as well as in the presence of these metal ions
(see the supporting information Fig. S7a—c). It was found that
with all these metal ions the PL lifetime decreases with increas-
ing the concentration of metal ions which reaffirm the dynamic
nature of the PL quenching of the QDs in the presence of these
metal ions.

The limit of detection (LOD) is evaluated by using the for-
mula 3c/k, (listed in Table 2) where, o is the standard devia-
tion of the blank signal and k is the slope of the linear
calibration plot (validation of analytical procedures: text and
methodology Q2(R1), 2015). It is to be mentioned here that
LOD for Cu** ions is lower than that for Cr®* and Hg®*
ions.

3.4.3. PL quenching mechanism

Several quenching mechanisms have been proposed by various
researchers to explain how metal ions quenches the PL of func-
tionalized QDs. Non radiative recombination pathway, inner
filter effect, electron transfer process, aggregation induced
quenching, metal ion replacement, and ion binding interaction
are the possible quenching mechanism to explain the PL
quenching phenomena (Du et al., 2017). As we have discussed
in the previous section, from the lifetime analysis it is clear that
there could be a dynamic PL quenching of the QDs because
the PL lifetime values decrease on increasing the metal ion con-
centration (Lakowicz, 2006). Further to confirm it, we have
recorded the absorption spectra of thiourea functionalized
CdSe QDs both in absence and the presence of Cu®>", Cr®*
and Hg?" (see the supporting information Fig. S8). The pres-
ence of Cu®* and Cr®”" has no effect on the absorption spectra
the QDs but in the presence of Hg? ", the excitonic peak posi-
tion has been slightly red shifted. This slight red shift in the
absorption spectra may be due to nominal increase in the size
of QDs in the presence of Hg?" which causes PL quenching
(Du et al., 2017). The quenching rate constant, ky (Table 2)
for all the three metal ions are almost 10°~10* times higher
than the diffusion-controlled quenching rate constant. This
shows that the quenching could also be static in nature even

though there is no significant change in the absorption spectra
of the QDs in the presence of these metal ions (Ding et al.,
2015). So from the decrease in the PL lifetime values of QDs
with increase in metal ion concentration and the high quench-
ing rate constant obtained in this case, we suggest that the PL
quenching could be assigned as both static as well as dynamic
in nature. In previous literature, it is reported that the metal
ions can interact with QDs through the capping layer and
can quench their PL (Wu et al., 2008; Yu et al., 2012).
Thiourea has two binding sights through which it can bind
with the QDs through the (i) S atom and (ii) two N atoms.
It is already confirmed by the FTIR spectra that both N and
S atoms of thiourea are involved in the functionalization of
CdSe QDs, but the S atom will be predominantly bound to
Cd atom of the QDs (according to HSAB principle: soft acid
(Cd) and soft base (S)), leaving the N uncoordinated.

Scheme 1 depicts the possible bindings of thiourea with
QDs and metal ions. Being a borderline acid Cu®>" can bind
with both S and N atom while Hg>" and Cr®" can only bind
with S and N atom, respectively. Thus, Cu®>* has a strong
affinity towards thiourea and hence a lower limit of detection
and higher quenching rate constant as compare to Cr®" and
Hg?>". It is seen that Cu®", Cr** and Hg?" ions predomi-
nantly form complexes with thiourea on the CdSe QDs sur-
face, which results in the imperfection of their surface and
facilitate the non-radiative e/h recombination. The higher
quenching rate constant also favours the association of the
metal ions directly to the surface of QDs and photo-induced
e transfer from the conduction band of QD to the metal ions.

3.4.4. Interference effect of Pb°", Cd’* and F&* ions

In order to adopt the QDs as a probe for these metal ions it is
very essential to study the interference effect of certain other
ions. This interference study is focused on the cations which
are naturally found along with these metal ions or have
adverse effect on human being or environment. Pb*>* and
Cd**are one of the most hazardous heavy metals along with
Hg>*. Fe*" is the constituent metal ion which is found along
with copper (chalcopyrite; CuFeS,) and chromium (chromite;
FeCrOy). So interference of Pb> ", Cd*>* and Fe® " were studied
by taking the equal or ten times higher concentration of these
interfering ions. From Fig. 11 it is clear that the Pb>* is show-
ing very little interference with Cu®>* and Hg®>* while it is
showing adequate interference with Cr®". On the other hand,

Cu?*/Cr®*

.
\
Il N\

Hg?*/Cu?*

Scheme 1  Possible bindings metal ions with thiourea attached to
the surface of CdSe QDs.
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Histograms showing the change in PL of CdSe QDs in the presence of Pb?>*, Cd*>* or Fe** with Cu®*, Cr®" and Hg? ™ (equal

concentration and ten times higher concentration of interfering metal ions).

Cd>" is showing very little interference with Cu?>" and Cr®"
but showing good interference with Hg>". Fe** is showing
good interference with Cu?" and Hg**.

4. Conclusion

In summary, starch capped monodispersed CdSe QDs were
successfully synthesized in aqueous solution via photochemical
route using 300 nm UV irradiation in solution containing cad-
mium sulphate, sodium selenosulfate, acetone and 2-propanol
in the presence starch. This is a rapid, one-pot, facile alterna-
tive method to synthesize monodispersed CdSe QDs. Their
colour, PL intensity and PL lifetime strongly depend upon
the Cd to Se precursor ratio used during the synthesis. A
new method has been demonstrated for the extraction of these
QDs from the colloidal solution. The extracted QDs after fur-
ther surface functionalization with thiourea were found to
exhibit maximum PL intensity at room temperature and the
neutral pH. It was also demonstrated that the PL intensity
of CdSe QDs can be quenched by Cu®*, Cr®* and Hg?" ions
with high sensitivity and selectivity. The mechanism of PL
quenching in the presence of Cu?", Cr®" and Hg®" could
be attributed to the (i) non-radiative charge carrier recombina-
tion on the thiourea capping layer as well as (ii) photo induced
electron transfer from QDs to metal ions. The different oxida-
tion states of Cr (IIT and IV) and Hg (I and II) can also be dif-
ferentiated by the PL quenching behaviour of these QDs. The
thiourea functionalised starch capped CdSe QDs have a poten-
tial application in sensing heavy metal ions present in aqueous
solutions.
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