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Abstract: The synthesis of II-VI semiconductor nanoparticles obtained by the thermolysis
of certain group 12 metal complexes as precursors is reported. Thermogravimetric analysis
of the single source precursors showed sharp decomposition leading to their respective
metal sulfides. The structural and optical properties of the prepared nanoparticles were
characterized by means of X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM) UV-Vis and photoluminescence
spectroscopy. The X-ray diffraction pattern showed that the prepared ZnS nanoparticles
have a cubic sphalerite structure; the CdS indicates a hexagonal phase and the HgS show
the presence of metacinnabar phase. The TEM image demonstrates that the ZnS
nanoparticles are dot-shaped, the CdS and the HgS clearly showed a rice and spherical
morphology respectively. The UV-Vis spectra exhibited a blue-shift with respect to that of
the bulk samples which is attributed to the quantum size effect. The band gap of the
samples have been calculated from absorption spectra and werefound to be about 4.33 eV
(286 nm), 2.91 eV (426 nm) and 4.27 eV (290 nm) for the ZnS, CdS and HgS
samples respectively.
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1. Introduction

Nanocrystalline materials have attracted much attention in recent years because properties in
nanoforms differ significantly from those of their bulk counterparts [1]. Many fundamental properties
of materials (optical, electrical, mechanical, etc.) can be expressed as a function of their size,
composition and structural order [2]. When the size of a semiconductor becomes comparable to the
1S-exciton diameter, they exhibit quantum confinement [3—6]. This results in the appearance of a
quantized Eigen spectrum and an increase in the energy gap relative to the band gap (Eg) of the bulk
solid [7]. Consequently, much effort has been made to control the size, morphology and crystallinity of
nanocrystals with a view to tune their physical properties.

The group IIB—VI nanoparticles are important semiconductor compounds and one of the most
explored because of their wide range of potential applications. ZnS has a wide direct band gap of
3.65 eV (bulk) [8] and it is a promising material for optoelectronic device applications such as optical
coatings, solid-state solar cell windows, electrooptic modulators, photoconductors, field effect
transistors, sensors, transductors, light-emitting applications, and photonic crystal devices which
operate in the region from visible to near infrared [9—11]. CdS nanoparticles are the most studied
system among all the II-VI semiconducting nanoparticles [12]. Bulk CdS has a direct band gap of
2.42 eV at 300 K and a typical Bohr exciton diameter of around 5.8 nm. As a result, in the size range of
1-6 nm, CdS nanoparticles show sizable quantum confinement effects [13]. Cadmium sulfide shows
great potential for uses in photochemical catalysis, solar cells, and nonlinear optical materials [14], and
could be used as bioorganic detector of proteins [15] or DNA [16,17]. Nanocrystalline HgS has
pronounced dichorism [18], photoelectric [19], acousto-optic properties [20] and electrostatic image
properties [21]. Thus, it is a well known technologically important material. Despite these applications
of HgS nanoparticles, relatively scarce studies are available due to difficulty in synthesis and toxicity
of mercury. Only few detailed studies are available on preparation and characterization of HgS
nanoparticles [22-25].

The use of single source precursors for the synthesis of metal chalcogenide nanoparticles has
proven to be efficient routes for the synthesis of high quality nanocrystals. Ligands properties of the
metal complexes used as precursor could be used in the modification of the size and shape of the
nanoparticles. For example, variation of the alkyl groups on the dithiocarbamate ligand was found to
give particles with non-spherical morphologies [26]. In this paper, group 12 complexes of mixed
alkyl-phenyl dithiocarbamate complexes have been used as single source precursors to prepare ZnS,
CdS, and HgS semiconductor nanoparticles.

2. Results and Discussion
2.1. Synthesis

The synthesis and characterization of the precursor complexes [ML'L*] (where M = Zn, Cd, and
Hg; L' = N-ethyl-N-phenyl dithiocarbamate and L* = N-butyl-N-phenyl dithiocarbamate) have been
reported [27]. The thermolysis of the complexes was carried out at 180 °C and in the presence of
hexadecylamine as the capping agent. The appearance of pale yellow coloration for the Cd(II)
complex, milky-white for the Zn(II) complex and grayish-black for the Hg(Il) complex samples
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indicated the formation of CdS, ZnS and HgS nanoparticles. The function of the hexadecylamine was
to solve the problem of insufficient dispersion of nanoparticles and formation of large aggregates
which could result into the loss of the special nanoscale properties. Different types of surface-capping
agents have been used to stabilize II-VI semiconductor nanoparticles. These include starch [28],
polyphosphate [29], trioctylphosphine/trioctylphosphine oxide, and thiols [30]; they are capable of
tuning nanoparticle shape, size, and other surface properties to different extents depending on their
molecular structure. They also play a significant role in the transfer of the photo-generated electrons
and holes to capping agents [31,32] and this plays an important role in determining the luminescence
properties of the nanoparticles.

2.2. Thermal Decomposition Studies

In order to evaluate the potentials of the complexes as single source precursors, thermal
decomposition profile of the complexes were studied using thermogravimetric analyzer and differential
scanning calorimeter (DSC), under nitrogen condition. The temperature ranges and percentage mass
losses during the decompositions as well as the temperature corresponding to the maximum rate of
decomposition, DTG, and the theoretical percentage mass losses are presented in Table 1.

Table 1. Summary of the thermal characteristics for the N,N-ethyl phenyl N,N-butyl phenyl
dithiocarbamate complexes.

Peak C:;I:l‘lsgses
Decompos. Temperature | Weight Product
Compounds Ranges (°O) Loss (%) Expected Calc. | Found
[ZnL'L%] 204-382 318 78.2 ZnS 232 | 2.85
[CdL'L?] 229-372 323 70.0 CdS 2.85 | 3.10
[Hg L'L?] 205-340 302 78.92 HgS 434 | 4.60

The thermograms of the complexes shown in Figures 1 for the Zn(II), Cd(IT) and Hg(II) complexes
respectively indicate that there is no appreciable weight loss up to 200 °C indicating the absence of
small molecules of either water or solvent. The complexes decompose in two stages. The first stage,
which is the major decomposition stage, is accompanied by a mass loss in the range 70-78% and it
begins in the range 204-229 °C and terminates in the range 340-382 °C. The observed mass loss
correspond to the breaking off of the ligand moiety given residues whose mass corresponds to the
respective metal sulfides. The rate of mass loss reaches its maximum in the range 302-323 °C as is
evident from the respective differential thermal gravimetric (DTG) peaks. This first decomposition
stage is of importance to the synthesis of nanoparticles and to further ascertain the elemental
composition of the products, the residues were analyzed using energy dispersive X-ray spectroscopic
(EDX) analysis. The peaks observed were only the respective metals (Zn, Cd and Hg) and the sulfides
(Figures 1); and confirms the suitability of the complexes as single source precursor complexes.
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Figure 1. Thethermal gravimetric (TG), differential thermal gravimetric (DTG) and
differential scanning calorimetric (DSC) curves of the complexes in nitrogen atmosphere
and energy dispersive X-ray spectroscopic (EDX) analyses of the residue.
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In the differential scanning calorimetric analysis, the first endothermic peak temperature in all the
complexes is sharp and without a mass loss occurring in the range 181-260 °C is attributed to a
melting event. In addition to these endothermic peak temperatures, there are exothermic peaks centered
in the range 306315 °C in all the complexes; a broad endothermic peak at 449 °C in the zinc complex,
451 °C in the cadmium complex, and 381 °C in the mercury complex. The endothermic peak
temperatures in all the complexes correspond to the highest weight loss in the thermograms and are
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associated with decomposition or fragmentation of the organic moiety and subsequent formation of the
respective metal sulfides. Above 400 °C, in the zinc and cadmium complexes, an exothermic broad
peak is observed. These characteristic broad peaks have been observed in literature [33] and were
ascribed to possible oxidation reaction.

2.3. Morphological Characterization
2.3.1. Scanning Electron Microscopy (SEM)/Transmission Electron Microscopy (TEM) Studies

The morphology and size of the as prepared metal sulfide samples are determined by SEM analysis.
Figures 2 show the SEM micrographs of above prepared samples. The as prepared ZnS samples are
spherical. The shape of the particles is regular with average size of approximately 15 pum. The
uniformity and similar dimension of spheres show a good growth environment of ZnS crystals, which
indicate good crystallinity of the spheres from the other aspect [34]. The CdS and HgS nanoparticles
are spherical and agglomerated to form larger particles (Figure 2), and this makes the estimation of
size difficult.

Figure 2. SEM/TEM images of ZnS (A), CdS (B) and HgS (C) nanoparticles.
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The TEM images (Figure 2) of the metal sulfide nanocrystals. The nanoparticles showed different
shapes and sizes. The ZnS displayed dot-shaped particles; CdS showed close-to rice shaped structure
while the HgS nanoparticles, under the same synthetic conditions, produced spherical and oval shapes
with a good uniform size distribution throughout the sample. The sizes range from 10 to 30 nm (Figure 2).

2.3.2. X-ray Diffraction (XRD) Patterns

The powder X-ray diffraction patterns for the nanoparticles are shown in Figures 3. The use of
different alkyl groups on the same positions of the precursor complexes is likely to present
nanoparticles of different properties owing to different mechanisms of formation since the substituents
at the nitrogen of dithiocarbamate can influence the metal complex’s thermal decomposition [35]. ZnS
display peaks (Figure 3A) which can be indexed to single phase sphalerite crystal structure (zinc
blende) with lattice constant comparable to the values of JCPDS 05-0566. It is clear that the peaks are
relatively broad, indicating that the nanoparticles have small size. The cadmium complex (Figure 3B)
produced growth of particles in the hexagonal phase with XRD patterns indexed to 111, 200, 220, 311
and 400 which is in agreement with the reported value (JCPDS card, No. 5-0566). The peaks are
broad, indicative of nanoscale particles. HgS exhibits diffraction peaks (Figure 3C) which correspond
to the (111), (200), (220), (311), (222), and (400) planes of HgS (metacinnabar, syn), and are in good
agreement with the pattern JCPDS 00-006-0261. The relative broadening of the peaks indicates that
the particles are small in size. The diffraction peaks due to CdS and ZnS samples are relatively broader
compared to those of HgS samples, indicating the formation of smaller CdS and ZnS nanoparticles
than those of HgS.

Figure 3. (A). Powder XRD pattern of ZnS nanoparticles; (B) Powder XRD pattern of CdS
nanoparticles; (C) Powder XRD pattern of HgS nanoparticles.
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Figure 3. Cont.
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2.4. Optical Characterization
2.4.1. Absorption Studies

The band gap energy in a nanomaterial could be obtained from the absorption maxima. According
to quantum confinement theory, electrons in the conduction band and holes in the valence band are
spatially confined by the potential barrier of the surface. Due to confinement of both electrons and
holes, the lowest energy optical transition from the valence to conduction band will increase in energy,
effectively increasing the bandgap (E,) [36]. The shoulder or peak of the spectra corresponds to the
fundamental absorption edges in the samples, and could be used to estimate the band gap of the
nanomaterial [37]. Measurements from the absorption peaks (Figure 4) gave the estimated band gap as
4.33 eV (286 nm), 2.91 eV (426 nm) and 4.27 eV (290 nm) for the ZnS, CdS and HgS samples
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respectively. The excitonic feature of the HgS sample is not very pronounced compared to ZnS and
CdS samples. A blue shift of the absorption edge of the samples from their bulk value of
3.71 eV (334 nm) of ZnS [38], 2.40 eV (516 nm) of CdS [39], and 2.0 eV (620 nm) of HgS is clearly
observed [40]. The blue shift in the band edge is a consequence of exciton confinement and confirms
the presence of nanoparticulate materials.

According to Effective Mass Approximation, the band gap energy of a nanoparticle is related
to its diameter [41,42] and is shown in the relationship, £ = E_+ 7’7" /2uR®. Where, Eg is the

bandgap of the bulk semiconductor, % is Planck’s constant, R is the radius of the nanoparticle,
and u is the reduced mass of the exciton given by m. m;/(m. + m;). Here, m, and m; are masses
of the electron and hole, respectively. This model was expanded by Brus [43] to include
Columbic interaction of excitons and the correlation energy and can be written as,

AE = Frao _ phuk _ h* 1 " 1 _ 1.8¢° Using this relation. the absoroti

< < < 3,2 m: m; dbree - sing this relation, the absorption
edge is calculated from the intersection of the sharply decreasing region of the spectrum with the
baseline [41]. We applied the Brus equation to the CdS and ZnS samples using the following
parameters: ZnS (m. = 0.42mqg, m; = 0.61mg) [44], CdS (m. = 0.21mq, m;, = 0.80my), where my is the
mass of electron [45]. The estimated particles sizes are 4.82 and 3.54 nm for CdS and ZnS samples
respectively. Since the effective mass of the electrons is much smaller than that of the holes, it implies
that the charge carrier confinement mainly affects the energetic level of the electrons [46].

Figure 4. Absorption and emission spectra of the nanoparticles. (A) Absorption (a) and
emission (b) spectra of ZnS nanoparticles; (B) Absorption (a) and emission (b) spectra of
CdS nanoparticles; (C) Absorption (a) and emission (b) spectra of HgS nanoparticles.
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2.4.2. Luminescence Studies

5546

The pholuminescence (PL) spectra (Figure 4) of the as-synthesized nanoparticles were performed in
order to investigate their luminescence properties. Two emission peaks have been observed for
semiconductor nanocrystals and they are ascribed to the exciton and the trapped luminescence [47].
While the exciton emission peak appears as sharp band, the trapped emission is broad [48,49]. Only
one emission band showed in the spectra of the as-synthesized nanoparticles. The three samples, ZnS,
CdS and HgS, exhibit emission maximum at 328, 622 and 320 nm respectively. The strong band gap
emission demonstrates the high crystalline nature of the as-synthesized particles. All the nanoparticles
showed a red-shift with respect to the absorption edge. The observed broadening of the emission peak
could be attributed to both the size distribution and the increase of the surface states due to the increase
in surface to volume ratio for smaller nanoparticles [50].
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3. Experimental Section
3.1. Materials

All the chemicals used, Hexadecylamine (HDA), trioctylphosphine (TOP), toluene and absolute
methanol was purchased from Aldrich. They were all of analytical grade and were used without further
purification. The precursor complexes were prepared and characterized as reported earlier [27]. The
complexes are: (N,N—ethyl phenyl-N, N-butyl phenyl dithiocarbamato)Zn(II), [ZnL'L?]; (N,N—ethyl
phenyl-N,N-butyl phenyl dithiocarbamato)Cd(II), [CdL'L?]; and (N,N—ethyl phenyl-N,N-butyl phenyl
dithiocarbamato)Hg(II), [HgL'L?].

3.2. Preparation of Nanoparticles

Synthesis of the metal sulfide nanoparticles, chemically passivated with hexadecylamine was
carried out as follows. In a typical experiment, [ZnL'L?] (0.7 g) was dissolved in TOP (15 mL). This
solution was then injected into 7.5 g of hot HDA at a temperature of 180 °C. A subsequent decrease in
temperature of 20-30 °C was observed. The solution was then allowed to attain 180 °C and then
heated for a further 60 min. The solution was then allowed to cool to about 70 °C, and large amount of
methanol was added to remove the excess HDA. The as-synthesised flocculent precipitate was
separated by centrifugation and was redispersed in toluene. The solvent was then removed by
evaporation under reduced pressure to give HDA-capped ZnS nanoparticles. The particles were again
washed with methanol three times and redispersed in toluene for spectroscopic measurements. The
same approach was used for [CAL'L?] and [HgL'L?] to prepare HDA-capped CdS and HgS
nanoparticles respectively.

3.3. Sample Characterization

The optical measurements were carried out using Perkin Elmer Lambda 25 UV-Vis
spectrophotometer at room temperature. The samples solution in toluene were placed in glass cuvettes
(1 cm path length) using toluene as a reference solvent for the nanoparticles. A Perkin Elmer LS 45
Fluorimeter was used to measure the photoluminescence of the nanoparticles. Powder X-ray
diffraction patterns were recorded on a Bruker D8, advanced equipped with a proportional counter,
using Cu Ka radiation (A = 1.5405 A, nickel filter). Measurements were taken at a high angle 26 range
of 20-90° using a scan speed of 0.01°, with a filter time-constant of 2.5 s per step and a slit width of
6.0 mm. The TEM images were obtained using a Philips CM 200 compustage electron microscope
operated at 200 kV. The SEM images were obtained in a Jeol, JSM-6390 LV apparatus, using an
accelerating voltage between 15-20 kV at different magnifications, as indicated on the SEM image.
Composition and energy dispersive spectra were processed using energy dispersive X-ray analysis
(EDX) attached to the SEM with Noran System Six software. The TGA was carried out using Perkin
Elmer thermogravimetric analyzer (TGA 7) equipped with a thermal analysis controller (TAC 7/DX).
The differential-scanning calorimetry at high temperature was performed with a Thermo scientific
DSC (i—series) instrument.
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4. Conclusions

Zn(Il), Cd(II) and Hg(Il) complexes of N,N'-ethyl phenyl-N,N'-butyl phenyl dithiocarbamate
complexes was used as single source precursors for the preparation of metal sulfide nanoparticles.
Thermogravimetric analysis showed that the complexes decomposed sharply to form their respective
metal sulfides. Hexadecylamine capped ZnS, CdS, HgS nanoparticles were prepared by thermolyzing
the complexes at 180 °C for 1 h. X-ray diffraction provides definite identification of the crystal
structure and scanning electron and transmission electron micrographs confirmed the formation of
different morphologies of the as-synthesized nanoparticles.

Acknowledgments

The authors gratefully acknowledge the financial support of GMRDC, University of Fort Hare,
South Africa.

References

I. Nanda, J.; Kuruvilla, B.A.; Sarma, D.D. Photoelectron spectroscopic study of CdS
nanocrystallites. Phys. Rev. B 1999, 59, 7473—7479.

2. Senthilkumaar, S.; Selvi, T.R. Synthesis and characterization of one dimensional ZnS nanorods.
Synth. React. Inorg. Met.-Org. Nano-Met. Chem. 2008, 38, 710-715.

3. Stucky, G.D.; McDougall, J.E. Quantum confinement and host/guest chemistry: Probing a new
dimension. Science 1990, 247, 669—678.

4. Brus, L.E.; Steigerwald, M.L. Semi conductor crystallites-a class of large molecules. Acc. Chem.
Res. 1990, 23, 183—188.

5. Stucky, G.D. The interpahse of nanoscale inclusion chemistry. Prog. Inorg. Chem. 1992, 40,
99-178.

6. Weller, H. Quantized semiconductor particles: A novel state of matter for materials science. Adv.
Mater. 1993, 5, 88-95.

7. Martinez, S.; Gomez, I.; Hinojosa, M.; Kharissova, O.V.; Hernandez, T. Highly Luminescent ZnS
Nanoparticles Obtained by Microwave Heating. Synth. React. Inorg. Met.-Org. Nano-Met. Chem.
2010, 40, 455-464.

8. Gao, X.D.; Li, X.M.; Yu, W.D. Morphology and optical properties of amorphous ZnS films
deposited by ultrasonic-assisted successive ionic layer adsorption and reaction method. Thin Solid
Films 2004, 468, 43—47.

9. Nicolau, Y.F.; Dupuy, M.; Bruuel, M. Solution growth of ZnS, CdS, and Zn, ,Cd,S thin films
deposited by the successive ion layer adsorption and reaction process. J. Electrochem. Soc. 1998,
137,2915-2924.

10. Bhargava, R.N.; Gallagher, D.; Hong, X.; Nurmikko, D. Optical properties of manganese doped
nanocrystals of zinc sulfide. Phys. Rev. Lett. 1994, 72, 416-419.

11. Elidrissi, B.; Addou, M.; Regragui, M.; Bougrine, A.; Kachoune, A.; Bernecde, J.C. Structure,
composition and optical properties of ZnS thin films prepared by spray pyrolysis. Mater. Chem.
Phys. 2001, 68, 175-179.



Int. J. Mol. Sci. 2011, 12 5549

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Weller, H. Colloidal semiconductor Q-particles: Chemistry in the transition region between solid
state and molecules. Angew. Chem. Int. Ed. (English) 1993, 32, 41-53.

Yoffe, A.D. Low-dimensional systems: Quantum size effects and electronic properties of
semiconductor microcrystallites (zero-dimensional systems) and some quasi-two-dimensional
systems. Adv. Phys. 1993, 42, 173-266.

Ma, R.M.; Wei, X.L.; Dai, L.; Huo, H.B.; Qin, G.G. Synthesis of CdS nanowire networks and
their optical and electrical properties. Nanotechnology 2007, 18, 1-5.

Tan, L.; Liu, L.; Xie, Q.; Zhang, Y.; Yao, S. Fluorescence quenching of bovine serum albumin in
reversed micelles by CdS nanoparticles. Anal. Sci. 2004, 20, 441-444.

Mahtab, R.; Rogers, J.P.; Murphy, C.J. Protein-Sized quantum dot luminescence can distinguish
between ‘Straight”, “Bent”, and “Kinked” oligonucleotides. J. Am. Chem. Soc. 1995, 117,
9099-9100.

Mahtab, R.; Rogers, J.P.; Singleton, C.P.; Murphy, C.J. Preferential adsorption of a “Kinked”
DNA to a neutral curved surface: comparisons to and implications for Nonspecific DNA-Protein
interactions. J. Am. Chem. Soc. 1996, 118, 7028-7032.

Zallan, R. II-1V Semiconducting Compounds; Thomas, D.G., Ed.; Benjamin: New York, NY,
USA, 1967; p. 877.

Roberts, G.G.; Lind, E.L.; Davis, E.A. Photoelectronic properties of synthetic mercury sulphide
crystals. J. Phys. Chem. Solids 1969, 30, 833—844.

Sapriel, J. Cinnabar (a-HgS), a promising acousto-optical material. Appl. Phys. Lett. 1971, 19,
533-535.

Tokyo, N. Optical absorption and dispersion in rf-sputtered a-HgS films. J. Appl. Phys. 1975, 46,
4857-4861.

Wang, H.; Zhang, J.R.; Zhu, J.J. A microwave assisted heating method for the rapid synthesis of
sphalerite-type mercury sulphide nanocrystals with different sizes. J. Cryst. Growth 2001, 233,
829-836.

Higginson, K.A.; Kuno, M.; Bonevich, J.; Qadri, S.B.; Yousuf, M.; Mattoussi, H. Synthesis and
characterization of colloidal B-HgS quantum dots. J. Phys. Chem. B 2002, 106, 9982—9985.
Zhang, S.; Xie, Y.; Zhao, Q.; Tian, Y. 1-D Coordination polymer template approach CdS and HgS
aligned nanowire bundles. New J. Chem. 2003, 27, 827-830.

Chakravorty, I.; Mitra, D.; Moulik, P.S. Spectroscopic studies on nanodispersion of CdS, HgS,
their core shell and composites prepared in micellar medium. J. Nanopart. Res. 2005, 7, 227-236.
Memon, A.A.; Afzaal, M.; Malik, M.A.; Nguyen, C.Q.; O’Brien, P.; Raftery, J. The
N-alkyldithiocarbamato complexes [M(S;CNHR),] (M = Cd(I) Zn(I); R = C,Hs, C4Ho, CeHj3,
Ci2Hays); their synthesis, thermal decomposition and use to prepare of nanoparticles and nanorods
of CdS. Dalton Trans. 2006, 4499—4505.

Onwudiwe, D.C.; Ajibade, P.A. Synthesis and characterization of Zn(II), Cd(II), and Hg(II)
Alkyl-aryl dithiocarbamate: X-ray crystal structure of [(C¢HsN(et)CS,)Hg(CsHsN(butyl)CS,)].
Synth. React. Inorg. Met.-Org. Nano-Met. Chem. 2010, 40, 279-284.

Rodriguez-Fragoso, P.; Gonzilez de la Cruz, G.; Tomas, S.A.; Zelaya-Angel, O. Optical
characterization of CdS semiconductor nanoparticles capped with starch. Appl. Surf. Sci. 2010,
257, 581-584.



Int. J. Mol. Sci. 2011, 12 5550

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Eychmiiller, A. Structure and photophysics of semiconductor nanocrystals. J. Phys. Chem. B
2000, 704, 6514-6528.

Vossmeyer, T.; Katsikas, L.; Giersig, M.; Popovic, I1.G.; Diesner, K.; Chemseddine, A.;
Euchmiiller, A.; Weller, H. CdS nanoclusters: Synthesis, characterization, size dependent
oscillator strength, temperature shift of the excitonic transition energy, and reversible absorbance
shift. J. Phys. Chem. 1994, 98, 7665-7673.

Uchihara, T.; Fukuda, N.; Miyagi, E. Subpicosecond spectroscopic studies on the photochemical
events of 2-dimethylaminoethanethiol-capped CdS nanoparticles in water. J. Photochem.
Photobiol. A 2005, 169, 309-315.

Uchihara, T.; Maedomari, S.; Komesu, T.; Tanaka, K. Influence of proton-dissociation
equilibrium of capping agents of the photo-chemical events of the colloidal solutions containing
the thiol-capped cadmium sulfide particles. J. Photochem. Photobio. A 2004, 161, 227-232.
Hardy, A.D.; Sutherland, H.H.; Vaishanav, R.; Worthing, M.A. A report on the composition of
mercurials used in traditional medicines in Oman. J. Ethropharm. 1995, 49, 17-22.

Gajanan, P.; Sharma, H.K. A new approach of synthesis of micro/nanoscale HgS spheres. Synth.
React. Inorg. Met.-Org. Nano-Met. Chem. 2010, 40, 312-318.

Nyamen, L.D.; Pullabhotla, V.S.R.; Nejo, A.A.; Ndifon, P.; Revaprasadu, N. Heterocyclic
dithiocarbamates: Precursors for shape controlled growth of CdS nanoparticles. New J. Chem.
2011, 35 1133-1139.

Kumbhakar, P.; Chattopadhyay, M.; Mitra, A.K. Nonlinear Optical Properties of ZnS
Nanoparticles. In Proceedings of ICOP 2009 International Conference on Optics and Photonics,
Chandigarh, India, 30 October—1 November 2009.

Hoa, T.T.Q.; Vu, L.V.; Canh, T.D.; Long, N.N. Preparation of ZnS nanoparticles by hydrothermal
method. J. Phys. 2009, 187, 012081.

Ludolph, B.; Malik, M.A.; O’Brien, P.; Revaprasadu, N. Novel single molecule precursor routes
for the direct synthesis of highly monodispersed quantum dots of cadmium or zinc sulfide or
selenide. Chem. Commun. 1998, 1849—1850.

Trandafilovi¢, L.V.; Djokovi¢, V.; Bibi¢, N.; Georges, M.K.; Radhakrishna, T. Preparation and
optical properties of CdS nanoparticles dispersed in poly (2-(dimethylamino)ethyl methacrylate-
co-acrylic acid) co-polymers. Opt. Mater. 2008, 30, 1208—1212.

Moloto, N.; Revaprasadu, N.; Moloto, M.J.; O’Brien, P.; Raftery, J. N, N’-diisopropylthiourea
and N,N’-dicyclohexylthiourea zinc(II) complexes as precursors for the synthesis of ZnS
nanoparticles. S. Afr. J. Sci. 2009, 105, 258-263.

Moffit, M.; Eisenberg, A. Size control of nanoparticles in semiconductor-polymer composites. 1.
Control via multiplet aggregation numbers in styrene-based random ionomers. Chem. Mater.
1995, 7, 1178-1184.

He, R.; Qian, X.; Yin, J.; Xi, H.; Bian, L.; Zhu, Z. Formation of monodispersed PVP-capped ZnS
and CdS nanocrystals under microwave irradiation. Colloids Surf. A 2003, 220, 151-157.

Brus, L.E. Electron-electron and electron-hole interactions in small semiconductor crystallites:
The size dependence of the lowest excited electronic state. J. Chem. Phys. 1984, 80, 4403—4410.
Lippens, P.E.; Lannoo, M. Optical properties of [I-VI semiconductor nanocrystals. Semicond. Sci.
Technol. 1991, 6, A157-A160.



Int. J. Mol. Sci. 2011, 12 5551

45.

46.

47.

48.

49.

50.

Winkelmann, K.; Noviello, T.; Brooks, S. Preparation of CdS nanoparticles by first-year
undergraduates. J. Chem. Educ. 2007, 84, 709—710.

Hasselbarth, A.; Eychmuller, A.; Weller, H. Detection of shallow electron traps in quantum sized
CdS by fluorescence quenching experiments. Chem. Phys. Lett. 1993, 203, 271-276.

Geng, B.; Ma, J.; Zhan, F. A solution phase thermal decomposition molecule precursors route to
ZnS:Cu” nanorods and their optical properties. Mat. Chem. Phys. 2009, 113, 534-538.

Nell, M.; Marohn, J.; Mclendon, G. Dynamics of electron-hole pair recombination in
semiconductor clusters. J. Chem. Phys. 1990, 94, 4359—4363.

Spanhel, L.; Haase, M.; Weller, H.; Henglein, A. Surface modification and stability of strong
luminescing CdS particles. J. Am. Chem. Soc. 1987, 109, 5649-5655.

Biswas, S.; Kar, S. Fabrication of ZnS nanoparticles and nanorods with cubic and hexagonal

crystal structures: a simple solvothermal approach. Nanotechnology 2008, 19, 045710.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



