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of the diffraction peaks indicated the presence of small crystallites.

INTRODUCTION

The synthesis of semiconductor quantum dots has received
considerable attention in recent years because of the potential
of these materials in many different technological applications
and intrinsic interest in the fundamental properties of this form
of matter'*. The study of this new class of materials provides
an opportunity to investigate properties not generally seen in
either bulk or molecular limits. Quantum dots have discrete,
large-molecule-like, electronic states that lead to their band-
gaps shifting to higher energy with decreasing particle size.
The widening of this HOMO-LUMO gap with the decreasing
particle size directly affects the photophysical properties of
the material. The metal oxide materials are applied in a wide
variety of fields, structural ceramics sensors, catalyst, optics
and electronics and environmental remediation and magnetic
storages™''. Metal oxides nanoparticles are inexpensive, safe
and relatively stable and synthesized from very stable chemi-
cals'?. Several methods have been developed for the synthesis
of nanostructured metal oxides, such as, mechano-chemical
processing'®, metal alkoxide hydrolysis, alkoxide thermal
decomposition, non-hydrolytic sol-gel reaction process'*"
carbon nanotubes templates', non-aqueous synthesis and salt-
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assisted aerosol decomposition. The preparation of nanostruc-
tured metal oxides has a limited usability when using metal
organic compounds such as metal alkoxides as sources of the
metals. The metal alkoxides are used as precursors; hydrolysis
and polycondensation rate can be easily controlled by adjusting
the reaction conditions'”"’.

The use of single source molecular precursors of nanopar-
ticles was initially reported by Trindade and O'Brien® and these
methods have provided efficient routes to high quality crysta-
lline monodispersed nanoparticles of semi-conducting
material. This method has been extended to the alkylthiourea
metal complexes as precursors to prepare metal sulfide nano-
particles®?'. Talapin et al.”> showed that incorporation of
alkylamines such as hexadecylamine into the synthesis led to
much improved quantum yields. Hexadecylamine ligands with
high boiling points are superior agents as growth solvents for
high temperature chemical synthesis methods. Recently, high
fluorescent colloidal quantum dots with narrow size distri-
bution were synthesized in the presence of hexadecylamine
agents™. In this work we report the synthesis of zinc(II) acetyl
acetonate complexes for use as precursors of ZnO nanoparticles
and manganese(Il) acetylacetonate complex to produce MnO
and we validate the influence of hydrophobic capping group
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hexadecylamine on optical properties, size, morphology and
solubility of ZnO and MnO nanoparticles in water by capping
with hydrophilic groups such as glucose and glucuronic acid.
The optical and structural properties of these metal oxides
nanoparticles were thoroughly studied and reported.

EXPERIMENTAL

Toluene, acetylacetone, urea and zinc chloride used in
the synthesis were analytical grade reagents. Tri-n-octyl-
phosphine (TOP), hexadecylamine (HDA), pyridine, ethyl
acetate, chloroform and manganese (II) acetylacetonate
[Mn(CsHs0,),] were all purchased from Sigma Aldrich and
used as supplied without further purified.

UV-visible and FT-IR spectroscopic measurements:
The absorption spectra of ZnO and MnO nanoparticles were
taken using a Analytikjena SPECORD 50 UV-visible spectro-
photometer and the emission spectra were recorded on a LS
45 Perkin-Elmer fluorimeter with a xenon lamp at room tempe-
rature using methanol as a solvent. Surface interaction of
glucose on the nanoparticles of all the samples was charac-
terized using FT-IR Perkin Elmer 100 spectrometer. Measure-
ments were performed by manually placing the solid sample
on a diamond tip and pressed for analyses.

Electron microscopy: The transmission electron micro-
scopy (TEM) and high resolution TEM images were obtained
using a JEM -2100 JEOL electron microscope. The samples
were prepared by placing a drop of a dilute solution of sample
in methanol on a copper grid.

X-Ray diffraction: X-Ray diffraction (XRD) patterns on
powdered samples were measured on Phillips X'Pert materials
research diffractometer using secondary graphite mono-
chromated CuK,, radiation (A = 1.54060 A) at 40 kV/50 mA.
Measurements were taken using a glancing angle of incidence
detector at an angle of 2°, for 20 values over 20°-70° in steps
of 0.05° with a scan speed of 0.05° 20 s™'.

Synthesis of hydrophobic metal oxide nanoparticles
using the single source precursor route: Hexadecylamine
(HDA) (3 g) was added into a three-necked flask and heated
to 160 °C under nitrogen flow. Then zinc acetylacetonato
complex (1 g, 3.79 mmol) was dispersed TOP (10 mL) and
then the solution was injected into hot hexadecylamine under
stirring and turned yellow. The heating was continued for about
1 h and then the reaction mixture was cooled to 70 °C. The
same procedure was followed for synthesis of MnO nano-
particles and the solution turned brown.

Synthesis of Zn(CsH;s0.),: Zinc chloride (1 g, 8 mmol)
was dissolved in distilled water (10 mL) and then urea solution
(2.3 g, 38 mmol) which was dissolved in acetylacetone (5.0
mL) was added to the zinc solution. The mixture was stirred
and refluxed for about 3 h, then after reaction mixture was
cool to room temperature. The resulting product was filtered
and washed several times with methanol (30 mL each time)
and left to dry overnight at room temperature. The complex
was further purified by refluxing in methanol (50 mL) to give
white powder. Zn(acac), complex: yield; 3.8 g (60.5 %). m.p.
136-138 °C. Anal. calc.: for C,0Hs04Zn; C, 45.3; H, 6.04; Found:
C,454;H6.7.FT-IR (cm™): 2908(m), 1683(m), 1236(m), 1087(s),
891(s). The Mn(acac), complexes was purchased and used.

Synthesis of hydrophilic metal oxide nanoparticles

Ligand exchange with pyridine: Hexadecylamine-
capped ZnO, (1 g) was added to pyridine (5 mL) and the reaction
mixture was heated to 40 °C while vigorously stirring for 1 h.
After cooling to room temperature, hexane (10 mL) was added
to the mixture to precipitate the nanoparticles and once the
precipitate settled down, the supernatant was then decanted.
The water-soluble capping agent solutions, glucose (3 g, 16.7
mmol) and glucuronic acid (3 g, 15.5 mmol) were prepared in
methanol (30 mL in each case) and added to the two reaction
mixtures. The mixtures were then heated to 40 °C for about
1 h at and then left to cool at room temperature. Chloroform
(5 mL) and ethyl acetate (5 mL) were added to the two reaction
mixtures to precipitate the nanoparticles in subsequent, then
followed by the addition of diethyl ether (10 mL) in each
mixture to remove an excess pyridine from the reaction mix-
tures. The same procedure was conducted for hexadecylamine-
capped MnO nanoparticles. The resulting products were
centrifuged and the solid products were isolated and dried for
analysis.

Solubility test: A solubility tests were performed in order
to investigate the surface properties of the nanoparticles. An
equal amount of nanoparticles synthesized using the respective
capping agents were dissolved in an equal amount of water.
The solubility test procedure was based on an attempt to dissolve
water-soluble metal oxide nanoparticles in distilled water with
an increasingly rigorous mechanical technique such as an ultra-
sonicator. The solvent (distilled water) was much favored for
dissolving the synthesized water-soluble metal oxide nano-
particles as a clear solution was observed and no signs of
cloudiness.

RESULTS AND DISCUSSION

Metal acetylacetonato precursors are not as common as
metal alkoxides or metal halides for the synthesis of metal
oxide nanoparticles, regardless of their widely available
commercially and are inexpensive’*. However, in this study
we used zinc acetylacetonato and manganese acetylacetonato
were used as general precursors for the synthesis of ZnO and
MnO nanoparticles, respectively. All the intermediates and
final products were obtained in good yields and their elemental
analysis was in agreement with the calculated one.

One of the impressive features of those semiconductor
nanoparticles is their ability to emit light. The optical spectra
of hexadecylamine capped ZnO and MnO nanoparticles are
depicted in Fig. 1 (i) and (ii), which shows multiple peaks
arising from different transitions. Their absorption band-edge
[Fig.1 ()] at 312 nm is blue-shifted in relation to the bulk
band edge of 375 nm, a large blue-shift associated with the
strong quantum confinement effects. In Fig. 1 (ii) (a-b) is
characterized by two peaks with the first peak the excitonic
(261 nm) and the absorption band at 325 nm respectively and
blue shifted in relation to the bulk 2.2 eV (563 nm). As the
nanocrystals becomes very small compared to the Bohr exciton
radius and approaches the size of the atom, the energy levels
of zinc oxide nanoparticles becomes quantized”. However,
the extent of the blue-shift could be contributed to the presence
of defects, which is the gradual removal of the initial trap and
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Fig. 1. Absorption (a) and photoluminescence (b) spectra of hexadecylamine-capped (i) ZnO and (ii) hexadecylamine-capped MnO nanoparticles

surface states during the crystallization process of nanopar-
ticles®. The photoluminescence spectrum is red-shifted from
the absorption band-edge and the maximum emission peak is
located at 433 nm ZnO (i) and 420 nm MnO (ii) (b). The red-
shifted emission band of ZnO and MnO nanoparticles arises
to either shallow traps or dark excitons arising from fine-
structure splitting® .

Optical characterization does not definitively define the
physical attributes of the nanoparticles and therefore structural
characterization was performed on the synthesized products.
X-ray diffraction can establish the composition, phase and
crystallinity of the particles. The XRD patterns in Fig. 2 (i)
and 2 (ii) shows the hexadecylamine capped zinc oxide and
manganese oxide nanoparticles. As can be seen from Fig. 2 (i)
that the peaks were indexed to a hexagonal ZnO phase (JCPDS,
31-0228) and tetragonal hausmannite, Mn;O4 (JCPDS, 80-
0382) [Fig. 2(ii)] for MnO, with the average particle size of
20 and 24 nm calculated using the Scherrer equation®. The
three predominant peaks between 22° and 28° can be indexed
to 100, 002 and 101 planes for ZnO are further confirming the
hexagonal phase. Whereas for manganese oxide where indexed
at 19.5° = 112, 22° = 103 and 25° = 211, respectively. The
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broadness of the diffraction peaks is an indication of the
presence of small crystallites. The presence of hexadecylamine
detected is marked with (). These observations were also
verified the during synthesis of hexadecylamine capped CdS
nanoparticles®.

The structural properties of the hexadecylamine capped
ZnO nanoparticles were further characterized by TEM in order
to establish the size, morphology and the crystallinity of the
particles. The TEM in Fig. 3 (i) shows respectively confirm
the size and the spherical morphology of the nanoparticles.
The micrographs showed nearly monodispersed spherical
particles with diameters in the range of approximately 8-10 nm.

Fourier transform infrared (FTIR) spectroscopy allows
the detection of complex formations on the surface of nano-
crystals and to point out the implication of the capping groups
with ZnO and MnO nanoparticles and analyzing the significant
changes in the shape and position of the transmission bands.
It can be seen that the C-N vibration peak (1465 cm™) and C-H
peak (1652 cm™) of hexadecylamine are observed, whereas
the N-H asymmetric stretch peak (3400-3200 cm™) is slightly
weaker and broader due to the amine ligands bound to the
nanoparticles surfaces (Fig. 4). This observation demonstrates
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Fig. 2. X-ray diffraction pattern of (i) hexadecylamine capped ZnO and (ii) hexadecylamine capped MnO nanoparticles (FTdenotes excess hexadecylamine)
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Fig. 3. TEM image of (i) hexadecylamine-capped ZnO and (ii)
hexadecylamine-capped MnO nanoparticles
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Fig. 4. FT-IR spectra of hexadecylamine free (a), hexadecylamine-capped
for both (b) MnO and (c) ZnO nanoparticles

40 x r r ,
4000 3600 1600 1000 600

200 300 400 500 600
22000 . . ! !
20000
18000
16000

~14000-

=1 .

12000

é\ -

@ 10000

5

£ 8000

6000
4000
2000
0_ T T T T
200 300 400 500 600
Wavelength (nm)
200 300 400 500 600 700

1200 s s s s 1200

1100 L 1100
(iii)

1000 L 1000
900 L 900
8004 L 800

S 700 L 700

s

> 600 L 600

é 500 - 500

= 400 L 400
300 L 300

200 | L 200
100 L 100
0] b) Lo

T T T T T T T T
200 300 400 500 600 700

Wavelenght (nm)

Intensity (a.u.)

that the nanospheres were stabilized by hexadecylamine.
Similar observations have been observed in hexadecylamine-
capped semiconductorsl®,

Ligand exchange experiments for the synthesis of
hydrophilic metal oxides (Zn, Mn) nanoparticles: This
method involves the displacement of hydrophobic ligands with
hydrophobic moieties that coordinate with surface atoms in
the outermost layer. Ligand exchange methods do not change
the whole particle size much and are suitable for large-scale
production. In the first described ligand exchange experi-
ments™, the ligand used was mercapto-acetic acid, which
possesses a -SH binding group and a carboxylic group, which
provides water solubility through the repulsive electrostatic
interactions of the charged COO~ groups®. Other methods
beside ligand exchange were also employed to convert hydro-
phobic to hydrophilic nanoparticles. This is recommended
according to the monodispersity of the nanoparticulates, high
fluorescence, narrow emission, broad UV excitation and high
photostability

The optical absorption (UV) and photoluminescence (PL)
spectra in Fig. 5(i) and (ii) shows curves of glucose and glu-
curonic acid capped ZnO and MnO ((iii) and (iv) nanoparticles.
The absorption spectrum (in Fig. 5 (i)) for glucose capped
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Fig. 5. Absorption (b) and emission (a) spectra of: ZnO (i) 0.5 g glucose and (ii) 0.5 g glucuronic acid capped and MnO (iii) and (iv) nanoparticles
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ZnO nanoparticles shows a sharp excitonic feature at 260 nm
with the absorption band edge at 324 nm. The blue shift is due
to the particles nanosize regime exhibiting quantum confine-
ment effect.

A stronger confinement leads to a larger separation of the
energetic levels. As aresult higher energy is required to promote
an electron from the valence band to the conduction band.
However, the wavelength maximum emissions are red shifted
from the absorption peak at 445 nm and this is a typical feature
of well passivated nanoparticles®.

The absorption band edges of the glucose and glucuronic
acid-capped ZnO nanoparticles [Fig 5 (i) and (ii)] appeared at
324 and 322 nm, respectively, with blue shifts of about 45-47
nm. Their corresponding emission maxima were observed at
445 nm for both glucose and glucuronic acid capped ZnO
nanoparticles. The broadness of the PL peak for glucuronic
acid capped nanoparticles are indicative of wide size distribu-
tion of particles.

The absorption spectra of water-soluble manganese oxide
nanoparticles are depicted [Fig. 5 (iii) and (iv)] for glucose
and glucuronic acid capped MnO nanoparticles. The result
the excitonic peaks center was recorded at 280 nm and it was
blue shifted from bulk MnO band edge (563 nm). This is due
to the quantization of the energy levels in the valence and
conduction bands of the nano-semiconductor causing an
increment of the band-gap energy™. The photoluminescence
is red-shifted from the absorption band-edge (Amax = 450 nm)
as aresult of irradiative energy losses. The spectrum is normally
distributed portraying a monodispersed sample as well as good
surface passivation of the nanoparticles by the capping.

The X-ray diffractograms in Fig. 6 (i) (a) and (b) shows
particles of glucose and glucuronic acid capped ZnO nano-
particles with peaks between 22° and 28° indexed to hexagonal
wurzite phase, with predominant peaks indexed to 100, 002
and 101 planes. XRD patterns in [Fig. 6 (ii) (a) and (b)] for
glucose and glucuronic acid capped manganese oxides
nanoparticles were indexed to face-centered cubic MnO phase
(manganosite) and tetragonal Mn;O,4 (hausmannite). However,

Intensity (a.u.)

20 (9

careful inspection of the asymmetric necks of 111 and 220
peaks at 20 = 34.91° and 58.21° of manganosite indicates the
presence of another phase hausmannite The diffractograms
showed some crystallinity with the evidence of peak broad-
ening, suggesting the formation of small crystallites. The
produced nanoparticles are small and they reduce the surface
area by agglomeration.

The structural properties of the water-soluble capped ZnO
nanoparticles were characterized by TEM. The TEM micro-
graphs [Fig. 7 (i) and (ii)] show nearly monodispersed spherical
particles with diameters in the range of 6-8 nm for glucose
and glucuronic acid capped ZnO nanoparticles. This respec-
tively confirms the size and spherical morphology of the
nanoparticles. The corresponding glucose and glucuronic acid
capped manganese oxide nanoparticles in Fig. 7 (iii) and (iv)
shows spherical nanoparticles with approximate diameters
between 2-5 nm.

Fig. 7. TEM micrographs of ZnO (i) glucose and (ii) glucuronic acid capped
MnO (iii) and (iv) synthesized from hexadecylamine-capped ZnO
and MnO nanoparticles
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Fig. 6. X-ray diffraction patterns of (a) glucose and (b) glucuronic acid capped (i) ZnO and (ii) MnO synthesized from hexadecylamine-capped ZnO and

MnO nanoparticles
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A solubility tests were performed in order to investigate
the surface properties of the nanoparticles. The concentration
was then measured to establish the solubility of the particles
(Fig. 8). The solubility test revealed that the glucose and
glucuronic acid capped ZnO nanoparticles were 80 and 40 %
soluble in water. This suggests that the particles were effec-
tively capped. Whereas, 60 and 30 % for glucose and glu-
curonic acid capped MnO nanoparticles were soluble in water.
The solubility of MnO nanoparticles is affected by the contri-
bution of manganese oxide into water hardness. This is might
be attributed to the agglomeration was observed in Fig. 8 for
glucose and glucuronic acid capped MnO nanoparticles.

] T T T T T T T
80 E
| I Glucose
70 I Glucuronic acid i
60 -
g 50
2
S 40
© ]
n
30
20
10
04
MnO ZnO
Fig. 8. Water solubility graph of glucose and glucuronic acid capped ZnO
and MnO nanoparticles, (synthesized from single source precursor
route)
Conclusion

Metal acetylacetonato complexes were used successfully
as precursors of metal oxide nanoparticles with sugar mole-
cules varied from hexadecylamine to glucose and glucuronic
acid. Both ZnO and MnO nanoparticles in both capping agents
gave blue shifted band edges and red shifted emission maxima.
Ligand exchange resulted in slight changes in size of nano-
particles range and also XRD reveals the presence of hexa-
decylamine which was not removed completely on the surface
of nanoparticles. TEM images revealed particles with high level
of monodispersity and average particle size distribution 2 to 8
nm for both ZnO and MnO in both capping molecules. The
solubility test revealed that glucose was a more effective ligand
for rendering the nanoparticles water soluble.
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