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Abstract

We report a simple soft chemical method for the synthesis of PVP-encapsulated ZnS nanoparticles and examine the optical prop-
erties of these ZnS nanoparticles with varying ageing time at the reaction temperature, concentrations of PVP and S>~ ions. The
observed photoluminescence peak of PVP capped ZnS nanoparticles at 407 nm, markedly blue shifted relative to that of the bulk
ZnS, clearly indicates the strong quantum size effect. A mechanism for the formation of PVP encapsulated ZnS nanoclusters under

varying PVP/Zn*" mole ratio has also been suggested.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

A burst of research activities has been emerged in the
synthesis and characterization of semiconductor nano-
particles for size dependent optical properties, because
they find great applications in photonic and biophoton-
ics [1-5]. The size dependence of the bandgap is the most
identified aspect of quantum confinement in semicon-
ductors; the bandgap increases as the size of the particles
decreases. When the dimensions of nanocrystalline par-
ticles approach the exciton Bohr radius, a blue shift in
energy is observed due to the quantum confinement phe-
nomenon. The effective mass model is commonly used to
study the size dependence of optical properties of quan-
tum dots (QD) system. The tunability of the properties
of nanoparticles by controlling their size may provide
an advantage in formulating new composite materials
with optimized properties for various applications.
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However, applications would be restricted due to differ-
ent nonradiative relaxations pathways. One of the most
important nanoradiative pathways is surface related de-
fects. To overcome the above mentioned difficulties, or-
ganic and inorganic capping agents are used to passivate
the free quantum dots. Various wet chemical methods
have been developed for the synthesis of sulphide nano-
particles [6-10]. To control the growth of the nanoparti-
cles, organic stabilizers (polymers) e.g. polyethylene
oxide (PEO), poly(N-vinyl-2 Pyrrolidone, PVP), polyvi-
nylcarbazole (PVK) are added during the wet-chemical
synthesis for capping the surface of the particles [11-
13]. The understanding of the effect of capping on nano-
particles is one of the most important topics now-a-day.
The fundamental question that we are attempting to ad-
dress in this paper is how the capping causes any notice-
able improvement of efficiency of nanoparticles.

Keeping the above points in view, we report a simple
soft chemical method for the synthesis and characteriza-
tion of PVP-encapsulated ZnS nanoparticles and the
influences of process parameters (i) ageing time at the
reaction temperature, (ii) concentration of PVP and
(iii) concentration of S*~ ions on the efficiencies of
ZnS nanoparticles.
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2. Experimental
2.1. Synthesis of PV P-encapsulated ZnS nanoparticles

The starting materials for the synthesis of ZnS nano-
particles were zinc acetate tetrahydrate (G.R, glaxo lab-
oratories India Ltd.), thiourea (G.R., s.d.fine chem.
Ltd.), poly-N-vinyl-2-pyrrolidone (PVP, molecular
weight 58,000, ACROS, USA) and N,N-dimethyl form-
amide (DMF, G.R., Merck, India). PVP was used as the
capping agent in the present study. The synthesis reac-
tion was carried in the DMF medium. Calculated quan-
tity of zinc acetate, thiourea and PVP was dissolved in
DMF under stirring of 150 rpm in a tightly closed glass
container so as to obtain homogeneous solutions. The
concentration of Zn>", S*~ and PVP used in the DMF
were 7.5x 1072 M, 15x 10 2M and 5x 1074 M, respec-
tively. The container with the reaction solution was
thereafter placed in an oil bath, preheated at a tempera-
ture of 136 + 1 °C, for 10 min under constant stirring,
removed from the bath and cooled to ambient tempera-
ture. The pH of the transparent sol was about 6. The
dispersed sulphide nanoparticles were collected from
the DMF solution by adding a known volume of ace-
tone (G.R., Merck, India). Immediate flocculation of
nanoparticles occurred. Particles were collected using
centrifugation at 6000 rpm. To remove the last traces
of adhered impurities, the particles were washed thrice
using acetone, each time collecting the particles using
centrifugation as described above. The washed particles
were dried at 60 °C in air. For the measurement of the
UV-Vis absorbance and fluorescence spectra, the dried
particles were dispersed in conductivity water (conduc-
tivity of water: 1.4 x 107> mho). Fig. 1 presents a sche-
matic of the formation of PVP- encapsulated ZnS
nanoparticles. For the synthesis of uncapped ZnS nano-
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Fig. 1. A schematic of the formation of PVP-capped ZnS
nanoparticles.

particles, the same precursor composition, in the ab-
sence of PVP, was used. However, in this case, since
no particle formation occurred at pH 6 even after
heat-treatment at 136° 4+ 1 °C for 75 min, the pH of
the same solution was thereafter increased to 8 by the
addition of ammonia solution. Further heating for
2 min at 136° + 1 °C, colloidal particles appeared mak-
ing the sol turbid. The particles were collected as de-
scribed above. To examine the effect of process
parameters on the characteristics of the synthesized
nanoparticles, the same experimental procedure was
followed by varying the (i) ageing time at the reaction
temperature, (ii) concentration of PVP and (iii) concen-
tration of $*~ ions.

2.2. Characterization of the sulphide nanoparticles

The ZnS nanoparticles were characterized by X-ray
diffraction (XRD) (Model: Philips, 1730, USA) with
Ni-filtered CuK,, radiation, FTIR study (Model: Nicolet
SPC, USA), and transmission electron microscopy
(TEM) (Model: JEOL JEJ-200X, Japan). Fluorescence
spectra of ZnS nanoparticles dispersed in water (con-
ductivity of water: 1.4 x 10> mho) were recorded with
a spectrofluorimeter (Model: LS 55, Perkin Elmer,
USA) in the wavelength range of 200-650 nm. Optical
absorbance of the ZnS particles and the PVP were re-
corded with an UV-Vis spectrophotometer (Model:
Cary 50, Varian) in the range 200-550 nm. Crystallite
size of ZnS nanoparticles were calculated following the
Scherrer’s equation,

D=K\/fcos0 (1)

where K =0.9, D represents crystallite size (/0\), A, the
wavelength of CuK,, radiation and f, the corrected half
width of the diffraction peak.

3. Results and discussion

Fig. 2(a) and (b) represent the XRD patterns of PVP-
encapsulated and uncapped ZnS nanoparticles, respec-
tively as the typical examples. It is to be noted that, in
both the figures the peaks observed in the XRD patterns
match well with those of the $-ZnS (cubic) reported in
the JCPDS Powder Diffraction File no. 5-0566. Intensi-
ties of the three most important peaks of ZnS, namely
(111), (220) and (311) reflections corresponding to
28.5°, 47.6° and 56.4° respectively do not deviate from
the Powder Diffraction File intensities. Broadening of
the XRD peaks indicates the formation of ZnS nano-
crystals. It is to be noted that the other samples exhib-
ited the same XRD patterns as presented in Fig. 2.
Based on the Scherrer equation, the crystallite size of
the nanoparticles were calculated using (111) reflection
of the XRD patterns and estimated sizes are 2.74 nm for
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Fig. 2. XRD patterns of uncapped (a) and PVP-capped (b) ZnS
nanoparticles.

uncapped ZnS nanoparticles and 1.95 nm for the PVP
capped ZnS nanoparticles (PVP/Zn>" mole ratio of
0.007). However, with the increase or decrease in PVP/
Zn*" mole ratios from 0.007, the cluster size increases
to 2.28 nm. Further, it is to be noted that the effect of
ageing time at the reaction temperature has been found
to be more pronounced on the formation of nanocrys-
tals compared to the other processing parameters. In
this case, the cluster size of ZnS becomes similar to that
of the uncapped particles. Therefore, XRD results
clearly support the formation of PVP-ZnS nanocom-
posites. Fig. 3 presents the TEM of ZnS particles ob-
tained in absence of PVP (Fig. 3(a)) and in presence of
PVP (Fig. 3(b)). The figure indicates that the PVP
capped ZnS nanoparticles (Fig. 3(b)) are monodispersed
in nature and the size was estimated to be 2-3 nm which
is corroborated with the XRD results. Uncapped nano-
particles (Fig. 3(a)), on the other hand, are agglomer-
ated and quite large in size. This clearly explains the
necessity of using the PVP as the capping agent.

FTIR spectra of the PVP only and PVP-capped ZnS
are presented in the range 4000-500 cm ' in Fig. 4(a)
and (b) respectively. It is to be noted that all the absorp-
tion peaks of the PVP in Fig. 4(a) used in the present
work, totally matches with those reported in the litera-
ture [14]. Further, comparing the FTIR spectra of the
PVP and PVP-capped, it is observed that (a) absorption
peaks in the range 2959-2879, 1494-1414 and 1374 cm ™!
are ascribed to the C-H bonding and (b) the strong
absorption peaks at around 1659 cm™' and 1295 cm ™',
observed in Fig. 4(a) and (b), are assigned to be due
to the C-O bonding. Moreover, compared to Fig. 4(a),
the decrease in the intensity followed by the increase
in broadness of the peaks in the range 2959-
2879 cm ™', 14941414 cm™! and 1374 cm™' occur in
Fig. 4(b). This is believed to be due to the formation
of co-ordinate bond between the nitrogen atom of the
PVP and the Zn>" ions. Other small peaks are, however,
not discussed here. Therefore, the XRD and FTIR stud-
ies strongly support the formation of PVP-encapsulated
ZnS nanoclusters.

Fig. 5 shows the absorption spectra of PVP-encapsu-
lated and uncapped ZnS nanoparticles, respectively as
the typical examples. The absorption edges are 335
and 323 for ZnS uncapped, ZnS capped with PVP,
respectively. The blue shift of absorption edge compared
to bulk ZnS (onset is at 340 nm) clearly explained by
quantum confinement effect of ZnS nanoparticles. The
absorption edges of the nanocrystallites are also sharp,
indicating that the synthesized particles have relatively
narrow size distributions. Here, we calculate the cluster
size of ZnS using the following equation [15,16]:

AE = 1 |2 — 1.78€% /er, 2)

where AE is blue shift band gap and u is the reduced
mass of electron and hole. 0.2 is taken as the electron
rest mass my, r is the cluster size and ¢ is the dielectric
constant. The first term indicate the confinement effect
and the second term being the Coulomb term. In a
strong confinement, as in the present case, the second

Fig. 3. TEM of uncapped (a) and PVP-capped (b) ZnS nanoparticles.
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Fig. 4. FTIR spectra of PVP-capped ZnS (a) and PVP only (b).
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Fig. 5. Absorption spectra of uncapped (a) and PVP-capped (b) ZnS
nanoparticles.

term is small and can be neglected. Compared to the
capped nanoparticles, the uncapped ZnS (although pre-
pared at some high pH) absorbs at the longest wave-
length peaking at 308 nm with the corresponding
largest particle size of 2.80 nm. However, the excitonic
absorption peak at 297 nm is observed for PVP capped
ZnS nanoparticles (PVP/Zn*" mole ratio of 0.007). Be-
cause the binding energy of the exciton increases with
decreasing size due to an increasing Coulombic overlap
enforced by spatial localization of the wave functions as
the shift in the band gap with size dominates the spectral
changes [10]. This clearly proves the necessity of using
the PVP as the capping agent during the synthesis of
nanoparticles. Further, it is to be pointed out that the
cluster size of ZnS estimated from the optical absorption
study are comparable to those obtained from the XRD
analysis, although in some cases minor deviations exist.
This result reveals that capping of ZnS nanoparticles by

PVP causes noticeable influence on the cluster size of the
ZnS nanoparticles.

The effect of capping agent on ZnS nanocluster for-
mation has been presented in Fig. 6. Comparing the
PL spectra of PVP capped and uncapped ZnS nanoclus-
ters, it is to be noted that the PL spectra of the uncapped
particle is quite broad, the peak becomes red shifted to
432 nm and the intensity of the peak decreased three
times compared to that of the capped nanoclusters
(emission peak at 407 nm). This is expected because in
the absence of the capping agent, uncontrolled nucle-
ation and growth of the particles occurred, resulting in
the formation of defect states. This result clearly justifies
the necessity of using the PVP as the capping agent dur-
ing the synthesis of ZnS nanoclusters, following the
developed technique, of enhanced luminescence proper-
ties. Fig. 7 depicts the effect of PVP concentration on the
luminescence properties of ZnS nanoclusters. Compar-
ing the three PL spectra of the PVP/Zn*" mole ratios
of 0.003, 0.007 and 0.01, respectively, it is worth noting
that the maximum PL intensity resulted corresponding
to the PVP/Zn>" mole ratio of 0.007 in Fig. 7. Increase
or decrease in PVP/Zn>* mole ratio from 0.007 caused a
drastic fall in PL intensity making the emission spectra
broad and red shifted to the higher wavelength. This re-
sult reveals the importance of concentration of PVP.
Again, we will examine the effect of different ageing time
at the reaction temperature on the photoluminescence
spectra of PVP capped ZnS nanoparticles. Fig. 8 shows
the photoluminescence spectra of the ZnS nanoparticles
prepared at different ageing time at the reaction temper-
ature. The photoluminescence spectrum of PVP capped
ZnS nanoparticles (¢ =55 min) exhibited an emission
maximum at 407 nm and this intensity decreases when
the ageing time is 60 min at the same reaction tempera-
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Fig. 6. Photoluminescence spectra of uncapped and PVP-capped ZnS
nanoparticles.
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ture. The observed photoluminescence peak at 407 nm is
markedly blue shifted relative to that of the bulk ZnS
(440 nm). It is to be noted that the intensity of the peak
maximum decreases with increasing the ageing time at
reaction temperature, which indicates that particles size
increases, as indicated in Table 1. Further, the common
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Fig. 7. Photoluminescence spectra of PVP-capped ZnS nanoparticles
[PVP/Zn*>" mole ratios of 0.007 (a), 0.01 (b) and 0.003 (c)].
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Fig. 8. Photoluminescence spectra of PVP-capped ZnS nanoparticles
with different ageing time at same reaction temperature.

Table 1

Calculated cluster size of ZnS nanoparticles from XRD and excitation peak

feature in all the PL spectra that the emission maxima
are markedly blue shifted relative to that of the bulk
ZnS which occur at about 440 nm. This is due to the
quantum size effect of the ZnS nanoclusters [16]. The ef-
fect of S*~ concentration on the emission characteristics
of PVP-ZnS nanoclusters are presented in Fig. 9. The
figure clearly indicates that with the decrease in S*~ con-
centration, i.e. with the decrease in Zn>":S>~ mole ratio
from 1:2 to 1:1, the PL intensity decreases followed by
the red shifting of the peak position from 407 nm to
418 nm. The PL peak at 418 nm is assigned to transi-
tions involving interstitial zinc or sulphur atoms [17].
Therefore, for a fixed PVP/Zn*" mole ratio, decrease
in S*~ content, conversely, the increase in Zn*" concen-
tration resulted in the enhancement of S~ vacancies in
the synthesized particles and thus affecting the photolu-
minescence characteristics. The emission peak is
strongly blue shifted (33 nm) compared to that of bulk
ZnS. The above results clearly show that role of ageing
time at reaction temperature, concentration of PVP and
concentration of S*~ ions on the efficiency of ZnS
nanoparticles.

Fig. 10 presents the structure of the amphiphilic PVP
used in the system. In Fig. 10, the pyrrolidone part
(hydrophillic) acted as the head group while the poly-
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Fig. 9. Photoluminescence spectra of PVP-capped ZnS nanoparticles
[Zn*": $~ mole ratio 1:2 (a) and 1:1 (b)].

Samples Absorption edge (nm) Excitonic absorption (nm) Excitonic energy (eV) Cluster size from (nm)
XRD UV absorption edge
Uncapped ZnS 335 308 4.03 2.74 2.80
PVP/Zn*" (0.007)/55 min 323 297 4.18 1.95 2.36
PVP/Zn** (0.007)/60 min 328 305 4.07 2.75 2.66
PVP/Zn** (0.003) 331 302 4.11 2.28 2.54
PVP/Zn*" (0.01) 331 303 4.09 2.28 2.60
Zn*":$*" mole ratio 1:1 323 298 4.16 2.16 2.41
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Fig. 10. Molecular structure of PVP.

vinyl part (hydrophobic) acted as the tail group. The
role of the PVP is twofold: (a) either it controls the
growth of the particles by forming passivation layers
around the ZnS core via coordination bond formation
between the nitrogen atom of the PVP and Zn>" ion,
and/or (b) it prevents agglomeration by steric effect
due to the repulsive force acting among the polyvinyl
groups (tail part). Therefore, the PVP encapsulation cre-
ates a restricted environment around the ZnS nanocrys-
tals. It is found that the molar ratio (0.007) of PVP/Zn*"
is most suitable composition for highly efficient ZnS
nanoparticles in the present study. When this ratio is less
than 0.007, encapsulation of the particles is not effective.
On the other hand, when the PVP/Zn>" mole ratio is
greater than 0.007, crowding of PVP on the particle sur-
face may cause the attraction among their polymeric
chains due to the osmotic pressure difference [18]. This
phenomenon is known as ‘depletion flocculation’, which
causes destabilization. It is believed that Zn®' in the
reaction medium formed complexed bonds with the
nitrogen atom of the PVP. The coordinated Zn>" ions
react with the S*~ ions, generated via thermal decompo-
sition of thiourea, forming ZnS nanoparticles. In the ab-
sence of PVP, Zn>" ions form complex with the sulphur
atom of thiourea, thus preventing the availability of H,S

T R

[

Fig. 11. A schematic showing the effect of PVP concentration on the
formation of ZnS nanoparticles: (a) incomplete coverage (PVP/Zn>"
molar ratio = 0.003); (b) perfect (optimum) coverage (PVP/Zn>*"
molar ratio =0.007) and (c) excess coverage (PVP/Zn*" molar
ratio = 0.01).

formed via its decomposition even after 75 min of ageing
time at 136 + 1 °C. However, in presence of ammonia
solution at pH 8§, hydrolysis of thiourea, attached to
Zn*" ions, generates H,S and thus resulting in the rapid
formation of agglomerated (uncapped) ZnS particles
within 2 min. Here, we propose (Fig. 11) a mechanism
for capping of ZnS nanoparticles by PVP. From the
above proposed mechanism we infer that (i) the “incom-
plete encapsulation” (Fig. 10(a)) and “depletion floccu-
lation” (Fig. 10(c)) causes the formation of particle
growth followed by a drastic decrease in PL intensity
and (ii) the “perfect encapsulation” (Fig. 10(b)) results
in the formation of ZnS nanoclusters exhibiting intense
PL peak at a wavelength markedly blue shifted com-
pared to those of bulk ZnS.

4. Conclusion

We conclude that the developed soft chemical tech-
nique has been proved to be highly efficient for the syn-
thesis of ZnS nanoclusters of enhanced luminescence
properties within a very short reaction time. XRD and
FTIR studies confirm that PVP could successfully pas-
sivate the in situ generated ZnS quantum dots. It has
been further proved that the PVP/Zn®>" mole ratio
played an important role in passivating the nanoclus-
ters, the ratio 0.007 is found to be optimum in the pres-
ent study. The optical studies show that the absorption
and PL peaks of the PVP passivated ZnS nanoclusters
are markedly blue shifted compared to those of the bulk
ZnS, which clearly indicate the strong quantum size ef-
fect. A mechanism for the formation of PVP encapsu-
lated ZnS nanoclusters under varying PVP/Zn** mole
ratio has also been suggested.
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