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Abstract: Herein, the effect of three types of capping
polymers, mercaptopropionic acid (MPA), polyethylene
glycol (PEG), and starch on the photoluminescence of
Mn(2+)-doped ZnSe (ZnSe:Mn) nanoparticles, has been
investigated. ZnSe:Mn nanoparticles were successfully
prepared with a green method of precipitation in aqueous
solutions containing MPA, PEG, or starch as stabilizers.
The X-ray photoelectron spectroscopy and Fourier-trans-
form infrared spectroscopy had proved the formation
of ZnSe:Mn particles and the interaction between them
and the capping agents. The resultant nanoparticles with
different capping polymers were identical in optical prop-
erty; however, photoluminescence quantum yields (PLQY)
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as well as the photoluminescence lifetime varied by cap-
ping agents. Starch-capped ZnSe:Mn nanoparticles had
the biggest size compared to others, which was confirmed
using transmission electron microscopy, dynamic light
scattering, UV-Vis absorbance and Raman spectroscopy.
Also, the PL intensity was significantly enhanced with
starch-capped ZnSe:Mn nanoparticles. The PLQYs of
starch archived 26%, which was 1.23 or 1.8 times lower
than that of ZnSe:Mn nanoparticles capping with MPA
or PEG, respectively. Furthermore, the highest decline
of PL intensity was detected in PEG, which completely
diminished in the 19th week, while both MPA and starch
endowed ZnSe:Mn nanoparticles with outstanding PL life-
times diminished over seven weeks.

Keywords: luminescent nanoparticles, green synthesis,
capping agents

1 Introduction

Colloidal semiconductor nanomaterials have gained con-
cerns recently because of their unusual electrical and
optical characteristics. Interestingly, inorganic lumiphores
with high quantum efficiencies, color-tunable, and narrow
emission spectra, and exceptional chemical stability
are direct bandgap semiconductor nanocrystals [1-3].
Nowadays, nanocrystals have several applications in
light-emitting diodes (LEDs), lasers, biological and che-
mical sensors, and solar cells due to these features [1,4-6].
Due to their intense emission of dopants, doping with
atomic impurities is an efficient technique to make lumi-
nous nanocrystals [7-9]. In order for the dopant to rapidly
absorb the excitation energy for generating luminescent
of the dopant, the excitation energy of the dopant needs
to be smaller than the bandgap of host materials. Ag
dopant atoms could be used as an optical filter for poly-
chromatic light of nanosized Mn:ZnSe quantum dots
(QDs) to improve the monochromaticity of the light.
ZnSe bandgap and trap emissions can be filtered out
after Ag doping in QDs, leaving only Mn dopant
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emission with increased monochromaticity. It is con-
firmed that Ag doping will provide a new quicker deac-
tivation mechanism from the ZnSe conduction band to
the Ag energy level, resulting in fewer electrons being
deactivated via ZnSe bandgap emission and ZnSe trap
emission. As a result, Mn dopant emission is the only
one left [10]. Moreover, ZnSe is a potential semicon-
ductor with a bandgap of 2.7 eV at an ambient tempera-
ture and a transmittance range of 0.5-22 m. Researchers
synthesized high-quality ZnSe nanocrystals using orga-
nometallic methods, which is uneconomic and environ-
mentally unfriendly [11-13]. Recently, Murase and Gao
synthesized blue-emitting ZnSe nanocrystals in an aqu-
eous solution; however, their properties are highly toxic
and they have oxidative H,Se gas as the selenium pre-
cursor source [14]. This synthetic technique is to not
only develop environmentally friendly but also sustain-
able methods for the synthesis of nanoparticles, which
use nontoxic chemicals, environmental solvents, and
renewable materials to evade adverse effects in medical
applications [15].

To preserve the structural properties of synthesized
nanoparticles, many capping agents such as thiophenol,
thiourea, and mercaptoacetate have been studied for
semiconductors synthesis [16—18]. However, these are
toxic and harmful to the environment, thus the green
method should be developed [19-22]. The imidazole
Mn:ZnS-capped QD, with its water solubility and strong
connectivity with the biological world as well as their
rings containing nitrogen as hetero-atoms, will have the
potential to be used in bio-mimicking materials where
the enzymes like carbonic anhydrase can be mimicked
using zinc as the metal ion and imidazole as a ligand
[23]. Furthermore, by using different amines as coor-
dinating ligands, the shape of these doped ZnSe:Mn?*
and CdS:Mn?* semiconductor nanocrystals can be easily
controlled via a single-step synthetic method. It is found
that there exists the threshold for doping concentration
of maximum photoluminescence (PL) intensity and this
value for 1D nanorods is smaller than that of OD QDs.
The PL intensity of the doped nanocrystals can be further
enhanced by passivating them with ZnS or ZnSe outer
shells [13].

Nevertheless, II-VI semiconductor nanoparticles are
themselves highly unstable agglomerate or they can
coalesce extremely quickly due to the absence of a trap-
ping medium or some other forms of encapsulation or
uncontrolled growth of particles [24,25]. Moreover, the
optoelectronic properties of nanoparticles are signifi-
cantly influenced by the surface passivation and the
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surface state, which are provided and improved via
the bonding of capping agents to the nanoparticles
[26,27]. In general, the agglomeration of nanoparticles
can be prevented by electrostatic stabilization and steric
hindrances. In the solution, when a polymer is adsorbed
onto a surface of nanoparticles, it generally does not
lie flat. Thus, a polymer can provide a strong repulsion
between two approaching surfaces due to two such
polymer layers overlapping at a collision distance between
the particles. A small portion of the molecule must be
tightly adsorbed to the underlying nanoparticle surface
while most of the polymer chain should extend from the
surface since the particles are isolated [28]. Therefore,
the ZnS—-Mn?* samples were prepared by a chemical pre-
cipitation method using nonionic surfactants as capping
agents such as polyethylene glycol (PEG) and poly (amino
amide) [29]. The simple synthesis of the ZnS nano-
particles capped with green capping molecules such as
polyvinyl pyrrolidone and PEG by homogeneous preci-
pitation technique, and the preparation of the polymer
nanocomposite have been reported. The PEG-capped
ZnS nanoparticles were allowed to react with poly-
DADMAC to form the polymer nanocomposites [30].
Besides, Stabilizers were substances used in nanotech-
nology to create and maintain the nano shape and size
of the particles, and they help nanoparticles enhance
their volume as well as surface area [31-33]. The types
of nanoparticles and the process of synthesis affect the
choice of the stabilizers. Surface change with stabilizers
is important for preventing the adhesion of particles and
obtaining a firm particle suspension [33]. First, starch is a
substance formed from anhydro-glucose systems forming
a couple of main polymers, particularly amylopectin and
amylose [34]. Furthermore, some studies have explained
that this kind of polysaccharide contains the function for
biomedical purposes, such as substrates for cell spreading
[35], structures for tissue design [36-39], drug delivery
methods [40-45], and implants [46]. Second, PEG is a
polymer containing unique properties such as hydrophilic,
low toxicity, and biocompatible that can be applied for
medical applications [47]. Hence, this type of polymer
was widely acceptable for biomedical applications. Finally,
mercaptopropionic acid (MPA) is usually chosen to serve
as a capping ligand in the preparation of ZnSe or other
II-IV semiconductor nanocrystals (NCs) by the aqueous
route, due to its preferable binding capacity. One molecule
of MPA can coordinate to one metal atom site to form the
most favorable hexagonal configuration; thus, enhancing
the colloidal stability of the formed NCs which is favorable
for PL performance. Moreover, the hydrophilic carboxylic
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groups at the outer surface render excellent water solubi-
lity for NCs after the thiol group has bonded to the zinc and
manganese ions on their surfaces [2].

Therefore, in this study, there were three stabilizers,
including starch, PEG, and MPA chosen to synthesize
ZnSe:Mn NPs and enhance luminescence intensity as
well as biocompatibility of these nanoparticles for wide
biomedicine application.

In this study, we reported the synthesis of low-toxi-
city ZnSe:Mn nanocrystals with manganese resulting in
visible phosphorescence from the Mn** with 4T1 — 6A1
transition centered at 580 nm. Moreover, the ZnSe:Mn
were synthesized in the aqueous phase using various
capping agents such as starch, PEG, and MPA as a stabi-
lizer at low temperatures (80—-100°C). This synthetic pro-
cess is green due to the use of water as a solvent. It is seen
that the effect of stabilizing agents on the crystal struc-
ture and the nanoparticle size led to affecting the mor-
phology and optical properties of ZnSe:Mn QDs.

2 Materials and methods

2.1 Materials

Manganese(i) acetate (Mn (CH5C0O0),-4H,0 99.99%), zinc
acetate (Zn(CH3C00),-2H,0, 99.99%), 2-propanol (HPLC
grade), 3-MPA (99 +%), sodium borohydride (NaBH,, 96%),
selenium powder (99.5%), polyethylene glycol (PEG 1500),
and starch. All the chemicals are of analytical grade and
purchased from Sigma-Aldrich.
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2.2 Characterization

The photoluminescence quantum yield (PLQY) of nano-
crystals was measured according to the method described
in Crosby and Demas [2,3]. X-ray diffraction measure-
ments were performed on a D/Maxrint 2000 powder
X-ray diffractometer with Cu Ka radiation (A = 1.5418 R).
The samples used for X-ray diffraction (XRD) and trans-
mission electron microscopes (TEM) were acquired using
a JEM 2100F transmission microscope with an accelera-
tion voltage of 200 kV. The X-ray photoelectron spectro-
scopy (XPS) spectrum was recorded using AXIS SUPRA
model with the thermos scientific Al Ka (1486.6 eV) as the
X-ray source.

2.3 Method

The Zn** precursor solution was prepared following lit-
erature method [2] by dissolution of 10 mL of zinc acetate
0.1 M in 90 mL of DI water, and 40 mL of capping agents
(starch, PEG, MPA) 0.1 M in three-neck flask, then the pH
of this system was adjusted to pH = 6.5 using NaOH 2M
with vigorous stirring. This three-neck flask was degassed
by N, bubble in 30 min, and the NaHSe solution was
injected into the Zn?** precursor solution at room tempera-
ture. The mixture was further stirred to 80-100°C relating
to the capping agent and refluxed for 3h for complete
ZnSe:Mn crystals growth and age for 24 h followed by
filtration. The precipitate was washed several times
and dried at room temperature to give a material which
readily disperses in water.
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Figure 1: UV-Vis absorbance (a) and (b) Raman spectra of ZnSe:Mn using various capping agents.
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3 Results and discussion

Figure 1a shows the absorptions of the nanocrystals cap-
ping with different agents. All the resultant nanoparticles
display the absorptions at 230 nm corresponding to the
functional organic chains of polymer or organic group,
and at 350-360 nm corresponding to the band gap of ZnSe
crystal. The size of the nanocrystals is totally affected by
capping agents. The MPA-capped and the PEG-capped
ZnSe:Mn have the absorptions at 352 nm which give the
smaller size of particles [2,3].

Figure 1b shows the difference of Raman spectra
relating to the difference of capping agents. The ZnSe:Mn
caped MPA has one peak at 550 cm™' and the ZnSe:Mn-
capped starch also has one peak at 245cm ', which
means the low particles size dispersion and the size
of MPA-capped nanoparticles is larger than those of
ZnSe:Mn nanoparticles capped with starch and PEG.
The Raman spectra shows that the size dispersion of
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the ZnSe:Mn PEG-capped nanoparticles is higher than
those of MPA-capped or starch-capped due to two peaks
at 245 and 495 cm™ [48-51].

Figure 2a shows that the obtained ZnSe:Mn nanopar-
ticles capped with different agents give light blue-emis-
sion at 420-440 nm of ZnSe band gap [52,53]. Moreover,
the PL enhancement may be due to the complete removal
of surface defects by passivation of the capping agent.
The orange emission at 580 nm was more intense than
the blue (violet) emission at 420—450 nm. This suggested
that the non-radiative relaxation to the 4T1 level of Mn?*
is faster than the hole capture and recombination with
electrons by defect states of ZnSe. Comparing the MPA,
Starch- and PEG-capped ZnSe-Mn?* nanoparticles, the
intensity of PEG-capped PL emission was higher, indi-
cating the increasing growth rate. The luminescent inten-
sities were significantly increased from ZnSe:Mn capped
with PEG, MPA, and starch, respectively [28]. Among
these agents, starch makes the best scaffold where the
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Figure 2: The characteristics of ZnSe:Mn (5%) with various capping agents, (a) PL spectra, (b) photographs of ZnSe:Mn solution were

irradiated by UV (365 nm), (c) FTIR spectra, and (d) XRD patterns.
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Mn?* jons were absorbed inside the ZnSe crystal [54-56].
Therefore, the luminescent intensity of starch-capped
ZnSe:Mn give the highest strength in the PL spectra.
The color of all ZnSe:Mn solutions under UV (Figure 2b)
also supports this assumption.

Fourier-transform infrared spectroscopy (FTIR) spectra
were measured at ZnSe:Mn 5% doped structure to confirm
the capping of the particles by capping agents shown in
Figure 2c. We can observe that all samples were capped
with organic compounds. The broad absorption peaks in
the range 3,410-3,465cm™" corresponding to the —OH
group indicates the existence of water absorbed onto
the surfaces of the nanocrystals, which can be attributed
to the adsorption of atmospheric water during the FTIR
measurements. The band at 2,921 cm ™! was ascribed to the
asymmetric stretching of C—H while the band at 2,370 cm™
was due to the C=0, and at the one 1,500-1,650 cm™
was attributed the C=O0 stretching mode arising from
the absorption of atmospheric CO, onto the surfaces of
the nanoparticles [20,57]. The peaks at 1,512, 1,332, and
1,340 cm ™! denote the formation of PEG on the surface of
the ZnSe—Mn?" nanoparticles [58]. This indicated that the
hydrogen band was formed in the ZnSe-Mn?*~PEG inter-
face [59]. Figure 2d shows the diffraction patterns of
ZnSe:Mn 5% synthesized in MPA capping agent possess
zinc-blende crystal structure displayed the cubic crys-
tals at the (111), (220), and (311) planes. PEG-capped and
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starch-capped ZnSe:Mn 5% have Wurtzite crystals, the
XRD patterns at the (100), (101), (103), (110), and (200)
planes. This supports the longer polymer chains that
ZnSe:Mn can be more easily incorporated in Wurtzite
(hexagonal) ZnSe Nanocrystals in cubic crystals [3,6].

The XPS in Figure 3a shows the characteristic peaks
of Zn, Mn, and Se at all samples. The XPS peak at 1,017
and 1,040.4 eV in Zn 2p region correspond to the Zn 2p;/,
and Zn 2p,,, respectively. Moreover, the binding energy
values of Mn®* at 652 and 659 eV imply the Mn 2p5/, and
Mn 2p,,. The results prove that the doping Mn®* into
the ZnSe nanocrystal to enhance the luminescent per-
formance is completely reasonable. On the other hand,
the binding energy of Zn-2p, Mn-2p, and Se-3d between
other capping agents are almost the same which provide
further evidence about the uniformity in the nano-
crystal [60-64].

Figure 4 shows the TEM image and particle size dis-
tribution of the various capped ZnSe:Mn nanoparticles.
The TEM images indicate the monodispersed spherical
crystallite. Because of swelling in the water of capping
agents such as starch, PEG, the space of crystalline devel-
opment was limited. Therefore, the sizes of nanoparticles
are small in the range from 10 to 20 nm in Figure 4a and b.
The molecular structure of PEG included polyether
chains and starch also has many chains including O-H
binding, they can form intermolecular hydrogen bonds
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Figure 3: The XPS spectra of ZnSe:Mn (5%) at various capping agents.
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Figure 4: The TEM images of ZnSe:Mn (5%) capped with Starch (a), PEG (b), and MPA (c). Scale bar: 100 nm.

to make the scaffolds so that the nanocrystals could be
produced mildly [65]. In contrast, the MPA-capped ZnSe:Mn
nanoparticles have bigger spheres with 25-30 nm in
diameter shown Figure 4c. It could be assessed that
the side chains of the polymer as a stabilizer causes
the number of doped emission ions (Mn>") and the size
of nanocrystals [3,7-9]. The importance of doping Mn in
ZnSe using different capping agents is that the spacing
effect of agents could not influence the optical property
of produced nanoparticles, but the size of capping agents
and the amount of Mn?" ions in ZnSe crystals are
influenced.

The EDX spectrum of the ZnSe:5% Mn capped with
MPA, PEG, and starch samples shown in Figure 5 indicates
that the main components of the synthesized ZnSe:Mn
sample are Zn and Se elements. The existence of Mn ele-
ment in the product has also been found to be approxi-
mately 5%, indicating that Mn successfully integrated into
ZnSe structure. In addition, the EDX peaks of C and O
elements also appeared, confirming that the various sta-
bilizers such as MPA, PEG, and starch were attached to the
surface of luminescent QDs.

Figure 6 shows the PLQYs are different using rho-
damine B as a photoluminescence reference. PLQY of
ZnSe:5% Mn-starch capped is 26.0% (Figure 6a). The

PLQY of ZnSe:Mn-starch nanoparticles is lower than those
of ZnSe:Mn-MPA (32.0%, Figure 6b) and ZnSe:Mn-PEG
(45.5%, Figure 6¢) nanoparticles. It is caused by the struc-
ture of various capping agents. The starch structure is
branched and straight chains which have a strong spacing
effect and hindrance compared to MPA small molecule
and PEG straight long chains [26-28].

Figure 7 displays the PL lifetime of ZnSe:Mn with
various capping agents. The highest PL decay rate is
detected with PEG capping. PL intensity reduced 50%
after three weeks and quenched at the seventh week.
Using starch as capping agents, PL intensity was dimin-
ished 50% at 6th week; however, its intensity was similar
as ZnSe:Mn using PEG capping agent. Although the PL
intensity of capped PEG solution is the lowest, the decay
rate is very small as compared to others. After eight
weeks, the quenching efficiency is around 40%, sug-
gesting the highest stability of MPA-capped ZnSe:Mn. It
was noticed that the lifetime of quantum nanoparticles is
depended on the size of the nanoparticles. In this study,
the hydrodynamic size of the obtained nanoparticles was
around 75nm for ZnSe:Mn-Starch, 43 nm for ZnSe:Mn-
MPA, and 70 nm for ZnSe:Mn-PEG. This is explained
that the PL stability depends on the spacing effect of
capping agents such as their length and hindrance.
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Figure 5: The EDX spectrum of the ZnSe:5% Mn capped with MPA, PEG, and starch samples.
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Figure 6: The PLQY compared to reference photoluminescence of ZnSe:5% Mn capped with MPA, PEG, and starch samples.
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4 Conclusions

A facile and environmentally friendly aqueous ZnSe:Mn
nanoparticles synthesized using different capping agents,
starch, PEG, and MPA were prepared in this study. All
resultant ZnSe:Mn nanoparticles were well dispersed in
water and had a nano-sized structure. Regarding FTIR
and Raman spectra, the formation of the ZnSe:Mn nano-
particles with each capping agent, ZnSe:Mn-Starch,
ZnSe:Mn-MPA, and ZnSe:Mn-PEG, have been proven.
In addition, all capping structures of ZnSe:Mn nanoparti-
cles expose orange photoluminescence bands centered at
around 580 nm. However, photoluminescent features of
ZnSe:Mn nanoparticles were varied due to the selection
of capping agents. The PL intensity revealed the improve-
ment of emission by changing capping agents, from PEG
to MPA to starch. However, PLQY was in the following
order: ZnSe:Mn-Starch (26%), ZnSe:Mn-MPA (32%), and
ZnSe:Mn-PEG (45%). More importantly, the ZnSe:Mn
solution capping with starch or MPA sample shows a
prolonged PL lifetime, over seven weeks, while the PL
intensity of PEG-capped ZnSe:Mn nanoparticles was
completely diminished after seven weeks. With low
cost and high sensitivity, the prepared ZnSe:Mn nano-
particles with starch as a capping agent activated in the
solution during the synthesized process show promising
application for LEDs, sensors, and bacteria detectors.
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