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Abstract In this work, pyridine-coated ZnS:Mn*" core—
shell quantum dots are synthesized through a simple soft
chemical route, namely the chemical precipitation method
and the effect of pyridine capping has been studied on the
morphological and optical parameters of the quantum dots.
Morphological properties are investigated through X-ray
diffraction (XRD) and transmission electron microscopy.
XRD measurements showed that both the ZnS:Mn™
quantum dots and the ZnS quantum dots possessed a zinc
blende structure and the crystal structure is not changed
with the capping and Mn** doping. Bandgap measure-
ments are made through UV-visible spectroscopy. FTIR
spectra gave the direct evidence that pyridine shells have
been successfully coated on the ZnS:Mn™' quantum dots.
Room-temperature photoluminescence spectrum of the
undoped sample, exhibited only a blue-light emission
peaked at 422.6 nm under UV excitation. However, from
the Mn®" doped samples, a yellow-orange emission from
the Mn>" (4T 1= 6Al) transition has been observed along
with the blue emission. For 1 % capping concentration
efficient emission of yellow-orange light with the emission
peak at 590 nm is observed along with the suppressed
defect related blue emission. As pyridine is an excellent
capping agent for functionalization of quantum dots by
ligand exchange process so the synthesized highly fluo-
rescent core—shell quantum dots are very important for
biological applications.
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1 Introduction

Quantum dots (QDs) exhibit unique optical and electronic
properties that are dependent on a variety of material
properties, such as size, shape and composition. Most of
the physical or chemical properties exhibited by quantum
dots are due to their crystallites. Further growth in their
size is due to agglomeration of these crystallites to form
primary particles. If this growth of particles is not con-
trolled, they agglomerate and settle down due to Ostwald
ripening and Vander—Waals interactions between particles
[1, 2]. This agglomeration can be arrested by using capping
agents, which adsorbs to the quantum dot surface and
prevent agglomeration of the synthesized quantum dots [3,
4]. Tt has been reported by different researchers that the
adequate surface capping concentration can improve the
morphological and optical characteristics [2, 5-7]. Thus,
core—shell quantum dots are preferred over quantum dots
because they show improved and modified properties [8—
11]. For example, commercial CdSe quantum dots are
generally passivated with ZnS and then coated with a
polymer layer that improves their quantum yield and sol-
ubility [12]. In terms of biomedical applications, this pro-
cedure is ideal for constructing simple fluorescent labels
but it can double the nanocrystal diameter and make the
CdSe core less accessible to any application. Size is an
important consideration in biological applications, where
the transport of fluorescent labels across cell walls, cell
membranes, and nuclear pores is desired. Also for the
initiation of functionalization by ligand exchange process
to achieve the desired application, appropriate capping
agent is required. Pyridine’s hole acceptor behavior is very
useful for different kind of ligand exchange processes [13—
17]. Capping ligands cover the surface of nanoparticles and
controls the solubility of nanocrystals in solution. Since
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most of the applications require fluorescent quantum dots,
so study of core-shell quantum dots with appropriate
dopant is most essential. Transition metal ion dopants
added during synthesis significantly contribute to the
luminescent properties of these quantum dots. The
promising results have motivated the use of these quantum
dots in applications ranging from biological sensors to
optical displays [18-20].

Different doping materials result in wide range of
luminescent properties of the doped materials, which is
strongly dependent upon the type of dopant ions. These
dopant impurities play a crucial role in changing the
electronic structure and transition probabilities of the host
material. Zinc sulfide is an important II-VI compound
semiconductor having promising applications due to its
wide band gap [21-27]. It is also suited for applications in
biological systems due to their less toxicity as compared to
other II-VI nanoparticles such as CdS, CdTe etc [28, 29].
Owing to the large band gap of ZnS, it can easily host
different transition metal ions as luminescent centers [30—
33]. As ZnS can be doped with Mn*" very easily and has
variety of applications, numerous researchers have inves-
tigated the structural and luminescent properties of these
nanocrystals [34—40]. According to Bhargava and Gal-
lagher [21], when Mn®" ions are incorporated into the ZnS
lattice and substitute for the cation sites, the mixing
between the sp electrons of the host ZnS and the d electrons
of Mn?* occurs. Thus, forbidden transition of *T; — °A; is
partially allowed, resulting in the characteristic emission of
Mn*".

As pyridine is a very important capping agent for
functionalization of quantum dots by ligand exchange
process and keeping in mind the appreciable photolumi-
nescence properties and non-toxic nature of ZnS:Mn>"
quantum dots [41-43], in the present study pyridine-capped
ZnS:Mn*" quantum dots have been synthesized directly in
aqueous solution by chemical precipitation method. Optical
and morphological properties of ZnS:Mn*" quantum dots
have been studied for different capping concentration of
pyridine.

2 Experimental details

Figure 1 presents the flow diagram for the synthesis of
pyridine capped ZnS:Mn*" quantum dots. Pyridine cap-
ped ZnS:Mn** quantum dots were synthesized by chem-
ical precipitation method. All the chemicals were of
analytical grade and were used without further purifica-
tion. Homogeneous solutions of zinc acetate, sodium
sulfide and manganese acetate were prepared in aqueous
media. 0.5 M (Zn(CH5COO), H,0) and 0.5 M Na,S
solutions were used for the synthesis of ZnS quantum
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dots. For 1 % Mn*" doping we added 29.75 ml of 0.01 M
Mn(CH;COO), H,0) in 4950 ml solution of
0.5 M(Zn(CH3COO), H,0). Further pyridine (0.01, 0.1,
1.0 and 2.0 At.wt%) was added in zinc acetate solution as
a capping agent to the reaction medium for controlling the
particle size. After that 0.5 M sodium sulfide was added
drop wise. The white precipitate appears soon after the
addition of sodium sulfide (Na,S). The stirring was
allowed for 15 min at room temperature using a magnetic
stirrer. Then the particles were centrifuged at 4000 rpm
for 5 min. The precipitated particles were filtered using
Whatman 40 filter paper. The particles were washed
several times using double distilled water to remove the
last traces of adhered impurities. The washed particles
were dried at 60 °C in vacuum oven.

3 Morphological and optical characterization

X-ray diffraction (XRD) studies were done by using
Rigaku, model D-max IIIC diffractometer with Cu K,
radiation. TEM studies were conducted using a Transmis-
sion Electron Microscope, Hitachi (H-7500) 120 kV
equipped with CCD Camera, having a resolution of
0.36 nm (point to point) with 40-120 kV operating voltage
and magnification capacity of 6 lakh times in high reso-
lution mode. For TEM studies, the powder was ultrasoni-
cated in ethanol. A drop of this solution was dropped on
carbon coated grid. Ethanol was allowed to evaporate and
powder remains on grid. Optical absorbance of the ZnS
nanoparticles were recorded with a double beam UV-vis-
ible spectrophotometer (Model: Hitachi-330) in the range
of 200-800 nm. Fourier transform infrared (FTIR) spectra
were recorded in range of 4000-400 cm™' with Perkin
Spectrum RXI (40). Energy resolved photoluminescence
studies were done with Perkin Elmer LS (50B) fluores-
cence spectrometer.

4 Results and discussion

The nascent ZnS quantum dots and pyridine capped (0.01,
0.1, 1.0, and 2.0 %) ZnS:Mn>* quantum dots were char-
acterized by XRD, TEM, FTIR, UV-visible spectroscopy
and energy resolved Photoluminescence spectroscopy.

4.1 X-ray diffraction results

The X-ray diffraction patterns of uncapped ZnS and pyr-
idine capped (0.01 and 2.0 At.wt%) ZnS:Mn*" quantum
dots are shown in Fig. 2. All the samples show pure zinc
blende crystal structure with the three broad peaks corre-
sponding to the (111), (220) and (311) planes.
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The structure of ZnS quantum dots remain unaltered
upon doping with the manganese. No diffraction peaks
from manganese impurities or any other secondary phase
are observed in all the samples. Therefore, it suffices to say
that capping and doping did not change the crystal structure
of ZnS quantum dots. It is to be noted that the three peaks

Table 1 Crystallite size of ZnS:Mn*" pyridine capped quantum dots

Sample Crystallite size (nm)
From (111) peak

Uncapped and undoped ZnS 2.24

0.01 % pyridine capped ZnS:Mn** 2.04

2.0 % pyridine capped ZnS:Mn*" 1.86
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observed in the XRD pattern match well with those of the
B-ZnS (cubic) reported in the JCPDS Powder Diffraction
(File No. 5-0566). Broadening of XRD peaks shows the
formation of nanocrystals of ZnS. These nanocrystals have
lesser lattice planes compared to bulk, which contributes to
the broadening of the peaks in the diffraction pattern.
Broad diffraction peaks are attributed to small particle
effect [44]. The average crystallite size of all the samples is
estimated from the half width of diffraction peaks using
Debye—Scherer equation, which is tabulated in the Table 1.

It can be concluded that with increasing capping con-
centration of pyridine, the crystallite size of ZnS:Mn*"
quantum dots decreases with the broadening of XRD
peaks.
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Fig. 3 TEM of a uncapped ZnS, b 0.01 % pyridine capped ZnS:Mn*, ¢ 2.0 % pyridine capped ZnS:Mn*", d SAED of pyridine capped

ZnS:Mn** Quantum dots
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4.2 Transmission electron microscopy results

To get the optimum information regarding the morphology
of the samples, detailed investigations on the samples have
been done by low and high-resolution bright field trans-
mission microscope. Figure 3 shows TEM image of
uncapped and capped ZnS:Mn”" nanoparticles. From the
TEM micrographs it is clearly observed that uncapped ZnS
nanoparticles are agglomerated. TEM images also show
that particles are nearly in spherical shape and having
average particle size of 2-3 nm. This value is consistent
with the XRD result. The selected area diffraction pattern
presented, in the Fig. 3d, shows poly-crystallinity of the
fabricated quantum dots.

Fig. 4 FTIR of a uncapped (a)
ZnS, b 0.01 % pyridine capped
ZnS:Mn**, ¢ 2.0 % pyridine
capped ZnS:Mn*" QDs, d pure
pyridine
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4.3 Fourier transform infrared spectroscopy results

The FTIR scans of uncapped ZnS, pyridine capped
ZnS:Mn”** quantum dots and pure pyridine are shown in
Fig. 4a—d. There are different features existing between
them in the wave number range of 500-4000 cm™ ' repre-
senting the association of various functional groups. In
uncapped ZnS, the bands at 1406 and 1561 cm™' can be
assigned to the symmetric and symmetric stretching of
COO- respectively. This shows that the acetate group from
the zinc acetate precursor used for zinc ions, have been
retained in the synthesized quantum dots.

The broad band at 3393 cm ™" is due to O—H stretching and
band at 930 cm ™' due to O-H out of plane bending. Whereas,
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the bands having moderate intensity at 1339 cm™', may be

due to the in-plane C—O-H bending. A moderate intensity
band at 1020 cm™' may be due to S—O—C stretching. In the
FTIR spectra of pyridine capped ZnS:Mn>" quantum dots
absorption peaks in the range >3000 cm ™' is attributed to
aromatic =C-H stretch, the strong absorption peaks in the
range 1615-1580 cm™" and 15101450 cm™" are due to the
aromatic C=C stretch and absorption peaks in the range
13401250 cm ™" is ascribed to aromatic C =N stretch which
this is believed to be due to the formation of co-ordinate bond
between the nitrogen atom of pyridine and Zn*" ions. Other
small peaks are, however not discussed here. The major peaks
at 1559 and 1406 cm™ " in the FTIR study strongly support the
formation of pyridine capped ZnS:Mn*" quantum dots.

4.4 UV-visible absorption spectroscopy results

Figure 5 shows the absorption spectra of pyridine-encap-
sulated ZnS:Mn*" and uncapped ZnS quantum dots. The
absorption peaks are at 292, 295, 296, 293 and 296 nm for
uncapped, 0.01, 0.1, 1.0 and 2.0 % pyridine capped
ZnS:Mn*" quantum dots respectively

For obtaining the absorption characteristic of the sam-
ples, at first the transmittance(T) at different wavelengths
are measured using different values of absorbance and then
absorption coefficient(«) at the corresponding wave-lengths
are calculated using the Beer—Lambert’s relation,

oc—lln l
S d \T

where d is the path length which is 1 cm in this case.
The relation between the incident photon energy (hv)
and the absorption coefficients («) is given by the Eq. 2.

(ahv)/™= ¢ (hv — E,) (2)

—~
—
~—

where, c is a constant and E, is the band gap of the material
and the exponent m depends on the type of the transition.
For direct and allowed transition m = 1/2, indirect transi-
tion, m = 2 and for direct forbidden, m = 3/2. For calcu-
lating the direct band gap value (ahv)? versus hv is plotted
as shown in Fig. 6 by extrapolating the straight portion of
the graph on hv axis at o = 0, the optical band gaps are
calculated and found to be 3.85, 3.83, 3.85, 3.87 and
3.83 eV respectively for uncapped, 0.01, 0.1, 1.0 and 2.0 %
pyridine capped ZnS:Mn>" quantum dots. From the
absorption spectra of all samples it is evident that strong
quantum confinement effect is observed in all the samples
in comparison to the bulk ZnS (3.6 eV).

4.5 Particle size studies

The particle size of pyridine capped Quantum dots was
computed using the Brus equation [45]. The average

@ Springer
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Fig. 5 UV-visible Absorption spectra of uncapped ZnS, 0.01 %
pyridine capped ZnS:Mn>*, 0.1 % pyridine capped ZnS:Mn>*, 1.0 %
pyridine capped ZnS:Mn>* and 2.0 % pyridine capped ZnS:Mn>"
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Fig. 6 Band gap comparison of uncapped and pyridine capped
ZnS:Mn*" quantum dots

particle size comes out to be 2.72, 2.85, 2.72, 2.61 and
2.85 nm for uncapped, 0.01, 0.1, 1.0 and 2.0 % pyridine
capped ZnS:Mn>" quantum dots respectively, which are in
accordance with XRD and TEM results. As the Bohr
exciton radius in case of ZnS is 5 nm and we are getting
average particle size <5 nm. Thus, from our theoretical
calculations also, we suggest the observation of quantum
confinement effect in case of ZnS.

4.6 Photoluminescence studies

Figure 7 shows the emission spectra of nascent uncapped
and 0.01, 0.1, 1.0 and 2.0 % pyridine capped ZnS:Mn>"
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Fig. 7 Photoluminescence emission spectra of the pyridine capped
ZnS:Mn** Quantum dots

Table 2 Data for emission spectra

Sample Fixed excitation Emission

type wavelengths (nm) peak (nm)
Uncapped 292 422.58

0.01 % capped 295 387.9 and 589.9
0.1 % capped 296 377.1 and 591
1.0 % capped 293 379.2 and 591.9
2.0 % capped 296 398.1 and 590.2

quantum dots, recorded at fixed excitation wavelengths
which were taken from the absorption edges of UV-visible
spectra. The recorded PL spectra have been smoothened
using the Gaussian function of Nonlinear Curve Fit tool in
the OriginPro 8%.

Table 2 shows the emission data for the uncapped and
pyridine capped ZnS:Mn”>* quantum dots. The photolu-
minescence spectra of the uncapped ZnS nanoparticles
show emission peak at 422.6 nm, which is the character-
istic defect related emission of pure ZnS [46]. The photo-
luminescence spectra of pyridine capped as well as
manganese doped ZnS nanoparticles show two emission
bands: first defect related blue emission at 387.9, 377.1,
379.2, 398.1 nm and second yellow-orange emission at
589.9, 591.0, 591.9 and 590.2 nm, for 0.01, 0.1, 1.0 and
2.0 % pyridine capped ZnS:Mn>" quantum dots respec-
tively. The blue emission band is associated with the
recombination of free charge carriers at defect sites,
probably at the surface of nanostructures [47, 48] and the
yellow-orange emission at 590 nm can be attributed to the
4T1 — 6A1 transition of the Mn”*" impurity [49]. The
orange luminescence originates from Mn”* ions on Zn*"
sites, where the Mn”" is tetrahedrally coordinated by S*~.
The characteristics of the Mn>' impurity are almost

identical to the emission observed for Mn®" in bulk ZnS
[21, 50, 51]. The intensity of yellow-orange emission first
increases with increasing pyridine capping concentration
from 0.01 to 1.0 % and then decreases for higher concen-
tration i.e. for 2 %. From the data of emission spectra, it is
clear that the intensity of yellow-orange emission is tunable
with pyridine capping concentration which is very good for
applications like targeted drug delivery, biolabelling and
monitoring of controlled drug release rate etc.

5 Conclusion

Nascent and pyridine capped ZnS:Mn”*" quantum dots
were synthesized with varying capping concentrations
through a wet chemical method. Mn doping concentration
was selected as 1 % for all the studies because of the
optimization of Mn in ZnS is achieved already by our
group [52]. The XRD patterns exhibited a zinc blende
structure for all the samples. There was no crystalline
phase change with manganese and with the increasing
pyridine concentration. FTIR studies confirm the capping
of ZnS:Mn*" quantum dots with pyridine. Two PL emis-
sion bands were observed in ZnS:Mn®*" quantum dots
which are attributed to the characteristic defect related
emission of pure ZnS and 4T] — 6A] transition of the
Mn?" impurity respectively. Photoluminescence studies
reveal that in pyridine capped ZnS:Mn®Tquantum dots,
Mn*" related yellow-orange emission was observed at
590 nm and intensity of yellow-orange emission increases
with increasing the capping concentration of pyridine from
0.01 to 1.0 %, thus emission intensity is tunable with
capping concentration which is very novel for biomedical
applications.
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