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Water dispersible ZnS based nanocrystals: ZnS (blue), ZnS:Cu (green) and ZnS:Mn (yellow-orange) were
synthesized by capping the surface of the nanocrystals with a mercaptopropionic acid (MPA) molecule. The
MPA capped ZnS based nanocrystal powderswere characterized by using XRD, HR-TEM, EDXS, FT-IR, and
FT-Raman spectroscopy. The optical properties of the colloida nanocrystals were aso measured by UV/Vis
and photoluminescence (PL) spectroscopiesin agueous solvents. The PL spectra showed broad emission peaks
at 440 nm (ZnS), 510 nm (ZnS:Cu) and 600 nm (ZnS:Mn), with relative PL efficienciesin the range of 4.38%
to 7.20% compared to areference organic dye. The measured average particle sizesfrom the HR-TEM images
were in the range of 4.5 to 5.0 nm. White light emission was obtained by mixing these three nanocrystals at a
molar ratio of 20 (ZnS):1 (ZnS:Cu):2 (ZnS:Mn) in water. The measured color coordinate of the whitelight was
(0.31, 0.34) in the CIE chromaticity diagram, and the color temperature was 5527 K.
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Introduction

Semiconductor nanocrystals have gained great attention
over the past decade.! These materials have widely applied
in non-linear optics and eectronic luminescence devices’
and more recently in advanced biomedical area due to their
unique physical, chemical and optical properties® Most
semiconductor nanocrystals show their unique size depen-
dent optical properties resulted from the different band gap
energies even between materials of identical chemical com-
position.*® Zinc sulfide (ZnS) based semiconductor nano-
crystals have attracted substantia interest due to their high
quantum efficiencies and thermal stability at ambient temper-
ature, which are critical properties for application in com-
mercia dectro-luminescence devices® Many synthetic techni-
ques used for such nanocrystals have been developed
including gas, solid, and aqueous solution reactions via the
thermal decomposition of organometallic precursors in hot
organic solvents. However, these methods often require
dangeroudy high temperatures and pressures, and even the
use of highly bio-hazardous substances.”® Especially, water
dispersible semiconductor nanocrystals have been develop-
ed for fluorescent labeling agents used in advanced bio-
imaging technology.’®™ It was expected that these would
replace the current complicated or hazardous radioactive
disease detection techniques, and have formed the basis of
very sensitive biological assays. In addition, such semicon-
ducting nanocrystals are significantly more efficient, sensi-
tive, and even thermally stable than the commercial organic
dyes which are currently used in biomedica areas.?> How-
ever, most semiconductor nanocrystals are synthesized in
non-polar media, making them hardly compatible with any
biologica system; therefore, researchers needed to develop

ways to solubilize the hydrophobic nanocrystals in water by
modifying their surfaces.®® For example, water-dispersible
and bio-compatible ZnS:Mn nanocrystals capped their
surfaces by conventional amino acids**™® and mercapto-
acetic acid™® has been synthesized and characterized in this
laboratory. White light emitting semiconductor nanocrystals
areimportant for use in various photoel ectric devices such as
solid state light emitting diodes (LEDs).Y White light emission
can be obtained by mixing complementary color emitting
phosphors such as GaN (blue) and YAG:Ce (yellow).'®
Recent research regarding white light emitting nanocrystals
have mainly focused on CdSe quantum dots which can emit
both blue and yellow light by precisely controlling the
particle sizes.™ Previoudy in this lab, we reported the syn-
thesis of white-light-emitting ZnSe:Mn nanocrystals formed
by a therma decomposition reaction of diethyl zinc, man-
ganese(1l) cyclohexabutylate, and elemental selenium dis-
persed in TOP solvent.® The obtained PL spectrum of ZnSe:
Mn nanocrystals showed two broad emission peaks at 445
and 572 nm, and the resulting white light emission is pro-
duced by combining these complementary color emissions.
In this article, we described the synthesis of three different
color emitting ZnS based nanocrystals. ZnS (blue), ZnS.Cu
(green), and ZnS:Mn (yellow-orange), simply by changing
the dopant metal ions. Even though they are not perfectly
complementary color combinations, we were able to obtain
white-color emission by mixing the three nanophosphors at
aproper ratio.

Experimental

I nstrumentation. UV/Vis absorption spectra were record-
ed using a Perkin Elmer Lamda 25 spectrophotometer equipp-



190 Bull. Korean Chem. Soc. 2014, Vol. 35, No. 1

ed with a deuterium/tungsten lamp. The FT-IR spectra were
taken using a Perkin EImer spectrophotometer equipped an
attenuated total reflection (ATR) unit. The presented FT-
Raman spectra were recorded by Bruker FRA106/s spectro-
photometer with a resolution of 1 cm™. Solution photo-
luminescence spectra were taken by a Perkin Elmer LS-45
spectrophotometer equipped with a 500 W Xenon lamp,
0.275 m triple grating monochrometer, and PHV 400 photo-
multiplier tube. HR-TEM images were taken with a JEOL
JEM 1210 electron microscope with a MAG mode of 1,000
to 800,000. The accelerating voltage was 40-120 kV. Samples
for TEM were prepared via dispersion in methanol and
placement on a carbon-coated copper grid (300 Mesh) follow-
ed by drying under vacuum. In addition, elemental com-
positions of the nanocrystals were determined by an Energy
Dispersive X-ray Spectroscopy (EDXS) collecting unit
equipped in the HR-TEM, with a S (Li) detector in IXRF
500 system. ICP-AES elementd analyses were performed
by Optima-430 (Perkin EImer) spectrometer equipped with
Echelle optics system and segmented array charge coupled
device (SCD) detector. To prepare a sample of correspond-
ing nanocrystal, a 0.5 mL of the concentrated nanocrystal
solution was mixed with 9.5 mL of concentrated nitric acid
over the period of 3 days. After which 0.5 mL of the digest-
ed solutionisplaced in a9.5 mL of nanopure-water.
Chemicals and Reagents. All solvents, except deionized
water, were purchased from Aldrich (reagent grade) and di-
stilled prior to use. All reactants, including 3-mercapto-
propionic acid (MPA), ZnSO4, MNnSO4, Cu(OAC), and N&:S,
were purchased from Aldrich and used as received.
Syntheses of MPA Capped ZnS:M (M = Cu and Mn)
Nanocrystals. To synthesize MPA capped ZnS based nano-
crystls, we followed a previously reported agueous synthesis
of mercaptoacetic acid (MAA) capped ZnS:Mn nanocrystals
via the formation of zinc (I1) ion containing complexes as
reactive intermediates with sight modifications.’® A 50 mL
aqueous solution of ZnSO45H,0 (1.44 g, 5 mmol) was
dowly added to a 50 mL agueous solution containing 5
mmol of MPA and NaOH (0.40 g, 10 mmol) at 5 °C (ice-

Table 1. Datasummary of MPA capped ZnS based nanocrystals
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water bath). The solution was warmed to ambient temper-
ature after 1 hour’s stirring. Separate from this, MnSO4-H,O
(0.015 g, 0.1 mmol, for ZnS:Mn) or Cu(OAc), (0.02 g, 0.1
mmol, for ZnS:Cu) and Na:S (0.40 g, 5 mmol) were dissolv-
ed in 20 mL 0.01 M HCI. This mixture was subsequently
transferred to the flask containing the Zn-MPA complex
under vigorous stirring. The resulting solution was refluxed
for 10 hours. Slow cooling to ambient temperature and the
addition of anhydrous ethanol resulted in a yellow-white
precipitate a the bottom of the flask. Finaly, the obtained
solids were separated by centrifuging and decanting the
supernatant. The solids were then dried for 24 hours in a
vacuum oven. The obtained experimental data are sum-
marized in Table 1.

Photoluminescence (PL) Efficiency Measurements. The
PL efficiencies for the ZnS based nanocrystals were mea
sured and calculated by the method previoudly reported by
Williams et al.?* which is to calculate a relative quantum
yield by comparing to that of a standard material in litera-
ture,? 0.1 M solution of quinine sulfate in H,SO, (Fluka) in
our case, of which the emission wave length and reported
absolute quantum yield are 550 nm and 0.546 (at 22 °C)
respectively. In these experiments, the used excitation wave-
lengths for the standard (quinine sulfate) were obtained from
the UV/Vis spectrum from each nanocrystal. The emission
spectra for both standard and comparing nanocrystals were
recorded at five different concentrationsin aqueous solvents.
We then plotted a graph of integrated fluorescence intensity
versus absorbance for both samples obtained at different
concentrations. As aresult we were able to obtained straight
lines with fairly constant gradients, and their intercepts were
at zero. Findly, the relative PL efficiencies were calculated
using the following equation:*

~ Gradx) A
D= (DST(GradST [,7;

In this equation, ® represents PL efficiency. The subscript
ST and x denote the standard (quinine sulfate) and the

ZnS-MPA ZnS.Cu-MPA ZnSMn-MPA
UV /Vis absorption (Amax, NM) 320 320 320
PL emission wavelength (Amax, NM) 440 510 590
PL excitation wavelength (Amax, NM) 317 327 320
PL efficiency (%) 4.38 6.61 7.20
HR-TEM (average particle size, nm) 45 45 50
ICP-AES Amount of dopant ions (%) N/A 175 161

FT-IR (frequencies, cm ™)
(w =weak, m = moderate, s= strong)

3226(s), 2974(w), 2356(w),
2320(w), 2290(w), 2169(w),
2115(w), 1992(w), 1623(s),
1549(s), 1395(s), 1311(m),
1276(s), 1201(m), 1154(s),
1123(m), 1109(m), 968(m),
939(m), 864(m), 814(w),
759(w), 667(w)

1645(w), 1550(s), 1387(s)
1301(w), 1269(w), 1009(s)

3185(s), 2198(w), 1981(w),

3190(s), 2185(w), 1985(w),
1641(w),1 548(s), 1391()
1296(w), 1265(w), 1106(w),
1009(s)
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corresponding nanocrystal respectively. In addition, ‘Grad’
indicates the gradient from the plot of integrated fluore-
scence intensity versus absorbance, and ‘n’ represents the
refractive index of the solvent, a factor which we eliminated
by using the same solvent (water) for both standard and the
nanocrysta .

Results and Discussions

The average particle sizes of the ZnS based nanocrystals
were measured from the HR-TEM images presented in
Figure 1. Even though those images did not clearly show
discrete individual particles, we enlarged the images to a
maximum and measured about 30 identifiable particles to
obtain the average particle size for the ZnS based nano-
crystals. In the images, the shapes of the particles are fairly
close to the sphere and the measured particle sizes are 4.5
nm (ZnS), 4.5 nm (ZnS:Cu), and 5.0 nm (ZnS:Mn), respec-
tively, which are dightly larger than that for the other ligands
(e.g., aminoacids) capped ZnS:Mn nanocrystals (3.3 nm in
average).™® To support our measurements through the TEM
images, we aso performed Debye-Scherrer calculations. In
the figures, small agglomerations between the particles were
observed due to the evaporation of the solvents during the
sample preparation. However, the appearance of distinct
|attice planes in the HR-TEM image with about 3 A lattice
spacing indicate that the obtained solids are made of single
crystals rather than poly-crystalline aggregates for al the
nanocrystal samples.

Energy dispersive x-ray spectroscopy diagrams (EDXS, in
Fig. 2) were also obtained to confirm the elemental com-
positions of the ZnS based nanocrystals in the solid state.
The obtained doping concentration of copper(ll) ionsin the
ZnS:Cu was 0.23 at %, while that of manganese(ll) ionsin
the ZnS:Mn nanocrystal was 1.1 at %. To determine the dop-
ing concentration of metal ions more precisely, Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES)
analyses were aso performed. Three trids of the sample
measurements reveaed that the average elementa propor-
tions of the Cu?" and Mn?* ions relative to ZnS parent crystal
were 1.75 and 1.61 a %, respectively. The intended dopant
concentrations in our ZnS based nanocrystals were in the
range of 1% to 2%, which had been reported in the literature
as the optimum dopant amount for most ZnS based nano-
crystals to obtain maximum luminescence.

Figure 1. HR-TEM images of: (a) ZnS (b) ZnS.Cu and (c) ZnS:Mn
nanocrystals.
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Figure 2. EDXSdiagramsof : (a) ZnS (b) ZnS:Cu and (c) ZnS:Mn
nanocrystals.
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Figure 3. XRD pattern diagrams of : (a) ZnS (b) ZnS:Cu and (c)
ZnS:Mn nanocrystals and (d) reference bulk ZnS solid in a
wurtzite phase.

Asshown in Figure 3, wide-angle x-ray diffraction (XRD)
pattern diagrams of the ZnS based nanocrystalline powders
were obtained to confirm the formation of ZnS parent crystal
lattices. In the diffraction pattern diagrams, the apparent
peaks at the (008), (110), and (118) planes for the ZnS based
nanocrystal powder samples are identica to those for the
reported bulk ZnS solid in a hexagonal wurtzeite crystalline
phase (JCPDS 39-1363).% In addition, we aso performed
Debye-Scherrer calculations for ZnS based nanocrystals by
using the obtained XRD peaks to compare with the particle
size measured from the HR-TEM images® From the
measured full width at half maxima (FWHM) of the selected
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Figure 4. UV-visible absorption spectra of: ZnS (blue), ZnS:Cu
(green) and ZnS:Mn (orange) nanocrystals.

XRD pegks, we obtained the calculated average particle
sizes for ZnS, ZnS:Cu, and ZnS:Mn nanocrystals, which
were 5.6 nm, 7.2 nm, and 6.9 nm respectively.

Figure 4 presents the solution photoluminescence (PL)
emission spectra obtained from the ZnS based nanocrystals
in agueous solution, in which broad emission peaks ap-
peared at 440 (ZnS), 510 (ZnS.Cu), and 600 (ZnS:Mn) nm
wavelengths. The corresponding emission spectra were
obtained by fixing the light source at the maximum absorp-
tion wavelengths in the UV-Visible spectra, which were the
same at 320 nm for all the nanocrystals as shown in Table 1.
The dominant absorption shown in the UV-Vis spectra were
probably caused by the fundamental band-to-band absorp-
tion in the ZnS host,® and the increased band gap of the
ZnS-MPA nanocrystal (3.87 eV) compared to that for bulk
ZnS solid (3.54 eV) is due to the quantum confinement
effect for nanosized materials?’ The excitation spectra in
Figure 5 were a so obtained by fixing the light sources at the
obtained corresponding emission wave lengths, and the
resulting peaks appeared at 317 (ZnS), 327 (ZnS.Cu), and
320 (ZnS:Mn) nm respectively. The observed large Stoke
shifts for all the ZnS based nanocrystals, which were in the
range of 120 to 280 nm, are among the typical features that
appeared in nano-sized semiconductor crystalline materials.®
These phenomena were mostly due to the recombination of
trapped charge carriers as opposed to free carriers. The
trapping of the charge carriers occurs at surface defects that
lie between the band gap states.® The surface defects on the
ZnS based nanocrystals probably resulted from incomplete
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capping by the surfactant MPA molecules, or from the zinc
meta cation or sulfide anion vacancy on the surface of the
crystal lattice.

Synthesis of the ZnS nanocrystal using different surfac-
tants has been reported by Palve et al.*® The authors obtain-
ed ZnS nanocrystd by pyrolysis (515 C) of variousZnand S
containing organometallic precursor complexes. Usudly, ZnS
exists in one of the two crystalline phases, i.e. cubic zinc
blende (or sphalerite) or hexagona wurtzite. They showed
that choosing a certain precursor can direct the formation of
a certain crystalline phase; for example, they obtained a
cubic phase ZnS nanocrystal by using the [Zn(cinnamtscz);)
precursor complex, where the cinnamtscz represents a
cinnamal dehydethi osemicarbazone ligand. However, a hexa
gona wurtzite ZnS nanocrystal was obtained from different
[Zn(cinnamtsczH), ]Cl, precursor complexes. The obtained
UV-blue light emissions with wavel engths of 326 nm (cubic
ZnS) and 368 nm (wurtzite ZnS), which showed significant-
ly blue shifted (UV-Blue) emissions from our hexagonal
wurtzite ZnS-MPA (440 nm) nanocrystals. It is known that
having more surface defects such as zinc ion vacancy on the
surface of ZnS nanocrystal induces stronger emission of
blue light.*! Therefore, we can conclude that the MPA ligand
creates more crystal defects than the cinnamtscz ligand
during the nanocrystal formation process, and is ironicaly
more important to obtain bright blue color emission from the
ZnS nanocrystal.

The green light emission from ZnS:Cu solid has been
reported by Peng et al.® The green light emission at 510 nm
arises from the recombination between the shallow donor
level created by a sulfur vacancy and the t; level of Cu®
ions. It is aso known that doping concentration of Cu®*
plays a critica role for the luminescence property of the
ZnS:Cu nanocrystal. Increasing Cu concentration can push
thet, level of Cu?" ions farther away from the valence band;
therefore, the emission was significantly quenched when the
dopant ion concentration reached over 2 a % against the
ZnS host. In a particular case, red-orange light emission
from the ZnS:Cu nanocrystal was reported by Bol et al;*
however, we did not observe this phenomenon with our
ZnS:Cu-MPA nanocrystal.

In the ZnS:Mn-MPA nanocrystal, the yellow-orange light
emission at 600 nm is attributed to the *T; —°A; transition of
Mn?* ions® In the luminescence pathway, if the surface
defect states are located close to the conduction band, the
direct energy transfer from the ZnS host to the Mn?* activator
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Figure 5. PL emission spectra of: (a) ZnS (b) ZnS:Cu and (¢) ZnS:Mn nanocrystals.
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Figure 6. PL excitation spectraof: (a) ZnS (b) ZnS:Cu and (c) ZnS:Mn nanocrystals.

is significantly interrupted, which can cause weakening in
the orange emission as well as enlarging of the Stokes shift.
In a specia case, a direct white light emission from a man-
ganese ion doped ZnS nanocrystal was observed by using 8-
hydroxyquinoline-5-sulfonic acid (HQS) as the surfactant.®
The ZnS:Mn-HQS showed two emission PL peaks a 475
nm (blue) and 600 nm (yellow-orange) wavelengths. The
blue emission a 475 nm from the ZnS:Mn-HQS was described
asaresult of theincomplete energy transfer between the ZnS
lattice and the dopant ion due to the presence of both
interdtitials and vacancies of zinc or sulfide ions in the ZnS
lattice.3” However, we were not able to observe such phen-
omenon from our ZnS:Mn-MPA nanocrystal, which also
indicates the surface capping ligand dependent properties of
ZnS based nanocrystals.

As described in the previous experimental section, the PL
efficiencies for the ZnS based nanocrystals were measured
and calculated by following the same method as that report-
ed by Williams et al.? to calculate the relative quantum
yield by comparing to a standard material in the literature®
(0.1 M solution of quinine sulfate in H.SO4 (Fluka) in our
case), of which the emission wavelength and reported ab-
solute quantum yield are 550-600 nm and 0.546 (at 22 °C),
respectively. The excitation wavelength (320 nm) used for
the standard (quinine sulfate) solution was obtained from the
UV /Vis spectra for the ZnS based nanocrystals. As a resullt,
the calculated relative PL efficiencies for the ZnS based
nanocrystals were 4.38% (ZnS), 6.61% (ZnS:Cu), and 7.20%
(ZnS:Mn), respectively . The obtained PL efficiencies of the
ZnS based nanocrystals are quite similar to those obtained
from other ligands (i.e. aminoacids and MAA) capped
ZnS:Mn nanocystals.*+16

In Figure 6, the presented light scattering pictures were
taken by exposing the ZnS based nanocrystals containing
aqueous colloidal solutions to 325 nm He/Cd laser light of
which the emission wavelength is close to the excitation
wavelengths of the ZnS based nanocrystals. The pictures
show bright light scattering of the blue (ZnS), green (ZnS:
Cu), and yellow-orange (ZnS:Mn) colors of the ZnS based
nanocrystals containing colloidal solutions. In addition,
Figure 7 shows a white light scattering from a mixture solu-
tion of the three ZnS based nanocrystals, with the optimum
molar ratio of 20 (ZnS):1 (ZnS.Cu):2 (ZnS:Mn). The molar
concentrations of the nanocrystals in aqueous solution,
represented as [ZnS:M], were determined by elementa

analysis by ICP-AES measurements as described in the
literature.®® The obtained Zn and dopant metal ion concen-
trations were combined and converted into the nanocrystal
particle concentration, assuming that the nanocrystal particle
holds the same density asits bulk material. The exceedingly
high mixing ratio of the blue ZnS-MPA nanoparticle
required to produce white light emission would be expected
since scattering of blue light by the nanoparticles is much
greater than that of green or yellow-orange lights when the
diameters of the present particles are similar.®® In other
literature, it has been reported that one of the major causes of
efficiency loss (up to 70%) in a white LED is scattering of
the blue excitation light by the phosphor particles.®® The CIE
chromaticity diagram presented in Figure 7 shows the
positions of the color coordinates for each ZnS based
nanocrystal and the mixture. The obtained color coordinate
was (X = 0.31, y = 0.34) for the mixture of the ZnS based
nanocrystals, which indicates very close to a perfect white
color combination. For other ligands capped ZnS based
nanocrystals, it has been reported that the emitting colors
were dightly changed by varying the concentration of the
dopant ions™** however, we did not observe such changes
for our MPA capped ZnS based nanocrystals. In addition, the
measured color temperature for the white light emitting
mixture was 5527 K, which is very close to the daylight
(white light) balanced photographic film standard of 5500
K 41

Finaly, the surface capping molecules (MPA) were

Figure 7. Laser light scattering images of (a) ZnS (blue), (b)
ZnS.Cu (green), (¢) ZnS:Mn (yellow-orange) nanocrystals.
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(b)

Figure 8. CIE diagram and Laser light scattering image of the
mixed ZnS based nanocrystals. (color coordinates. O; (ZnS), O
(ZnS:Cu), O3 (ZnS:Mn), and O4 (Mixture)).

characterized by FT-IR and FT-Raman spectroscopy. Figure
8 shows FT-IR spectra of ZnS-MPA and uncoordinated free
MPA molecule for a comparing reference material. In fact
those obtained spectra were very similar to that for mer-
captoacetic acid (MAA) capped ZnS:Mn nanocrystal 16
since the only difference between MPA and MAA is one
methyl group moiety in the carbon back chain. In addition,
FT-IR spectra obtained from the three ZnS based nano-
crystals were dmost identical to each other, which are prob-
ably caused by having similar reduced mass and binding
affinity for Zn-S, Cu-S and Mn-S moieties.*? Therefore, we
presented only ZnS-MPA case in this figure to characterize
the MPA ligand boud on the surface of the nanocrystals. Al
the obtained FT-IR peak data are listed in Table 1. The
overal spectrum of the ZnS-MPA nanoparticles was found
to differ somewhat to that obtained by the free MPA mole-
cule. The absence of the S-H stretch at 2570 cm™ in ZnS-
MPA suggests that MPA exists as a thiolate on the nano-
crystal surface.®® In addition, due to the deprotonation and
coordination with the heavier metal ions of the carboxylic
acid group, the C=0 stretching band of neat MPA at 1692

Q)
<
[0
O
c
@©
=
S
%
c
=

304 3-MPA

ZnS (3-MPA)

204

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 9. FT-IR spectra of ZnS-MPA (red) and free MPA solid
(black): peaks arelisted in Table 1.
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Figure 10. FT-Raman spectra of (a) ZnS-MPA nanocrystal and (b)
neat (free) MPA : pesks arelisted in Table 2.

cm? shifted and separated to an antisymmetric OCO stretch
at 1549 cm* and a symmetric OCO stretch at 1395 cm™ for
ZnS-MPA nanocrystals.* This phenomenon was also observed
for ametal ion coordinated MPA molecule such as Na-MPA
sdlt.®® To remove any uncoordinated or unreacted MPA mole-
cules, the centrifuged white solids were rapidly washed
several times with cold acohol/water mixture solutions. As
aresult, the peaks that resulted from the free MPA molecules
were removed from the presented FT-IR spectra. FT-Raman
spectrum of ZnS-MPA nanocrystal was presented in Figure
9. The obtained peaks are listed in Table 2 and compared
with those of neat MPA and MPA coordinated silver nano-
particles (Ag-MPA).*® The overall FT-Raman spectrum of
the ZnS:Mn-MPA nanoparticles was found to closely re-
semble that of FT-IR spectrum in Figure 8 except high fre-
quency region around 3226 cm™ and low frequency regions.
As shown in FT-IR spectrum, the absence of S-H stretch at
2576 cm™* al'so supprots that MPA exists as athiolate on the
nanocrystal surface. In addition, due to deprotonation of
carboxylic acid group, the C=0 stretching band of neat MPA
at 1662 cm switched to an antisymmetric OCO stretch at
1637 cm* and a symmetric OCO stretch at 1419 cm™™. Data
analyses of the low frequency region are rather chalenging
since the binding between ZnS and MPA restrict low fre-
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Table 2. FT-Raman data of MPA capped ZnS nanocrystal (wave
numbersin cm™?)

Ag-MPA Assignments
Neat MPA (rgef. 4y~ ZNSMP (rg_ e
293(w) 300(vw) 8(SCC)
337 (m) Zn-S phonon
462(vw) 480(w) 8(CCO)/p(0OCO)
593(vw) 608(vw) 504(w) 5(CCO)/m(0OCO)
668(sh) 8(0CO)
674(s) 684(s) v(CS)g
766(m) 760(w) 748(s) v(C)r
851(w) p(CHy)
867(m) S(SH)
914(m) 937(s) 939 (w) v(C-COO0)
943(w) 950(sh) p(CHy)
995(w) v(CC)
1047(w) 1020(w) 1035(m) v(CC)
1170(vw) 1158(m) tw(CH,)
1214(vw) 1220(w) 1215 (m) tw(CH,)
1293(w) 1277(w) 1279(w) ®(CHy)
1293(w) v(CO)+3(0OH)
1331(vw) 1303(m) 1317(m) ®(CHy)
1406(m) 1419(w) v{(OCO)
1416(sh) 8(CHy)/v(CO)+6(0OH)
1430(m) 1440(w) 1426(m) 8(CHy)
1560(vw) Va(OCO)
1662(m) 1657(m) v(C=0)
2576(vs) V(SH)
2922(s) 2926(vs) 2934(w) v§(CHy)
2950(vs) Vas(CH>)

guency bending, twisting, and torsional motions. Asaresult,
these bands are considerably down shifted compared with
those of free MPA molecule. According to the literature, the
pesk appeared at 337 cm™ can be assigned to transverse and
longitudinal optical phonon of Zn-S lattice.*’

Conclusion

In summary, we have successfully synthesized three different
ZnS based nanocrystals that have the same parent: ZnS,
ZnS:Cu and ZnS:Mn. The nanocrystals were optically charac-
terized by UV/Vis and room-temperature PL spectroscopy.
The further physical analyses were performed by XRD, HR-
TEM, EDXS, and ICP-AES. The PL spectra showed emission
peaks at 440 (ZnS), 510 (ZnS:Cu) and 600 (ZnS:Mn) nm,
and white light was produced by mixing these nanocrystals
in agueous solution. While the emitting lights from the
nanocrystals were not perfect complementary color combi-
nations to each other, we were able to obtain white-color
emission by mixing the three nanophosphors at a proper
ratio. In this lab, further application studies such as fabri-
cation of dectronic illumination devices such as white QD-
LEDs using those ZnS based nanocrystasl arein progress.
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