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DOl 10.1035/xexx00000x Stable oleate capped, visible light emitting ZnO quantum dots (QDs) have been synthesized by
www.rsc.org/ a modified sol-gel method and examined for fabrication of large-scale synthesis. Surface
chelation with oleate ligands and their implications on particle growth were investigated by
comprehensive NMR experiments and photoluminescence measurements. High-resolution
electron microscopy and X-ray diffraction confirmed the high crystallinity and well-dispersed
character of ZnO QDs. Here investigated ZnO nanocrystals were found to be suitable for
phase transfer synthesis (non-polar to polar dispersion medium) even after prolonged storage
times that was verified by unchanged visible light emission. The absorption wavelength could
be tuned by adjusting the nucleation kinetics and upon anchoring bulky ligands that provided
control over surface defects responsible for optical (visible) properties. The demonstrated
phase transfer studies make visible light emitting ZnO QDs accessible for a wide range of

applications like ink-jet printing for nano-electronics, cell labelling or theranostic studies.

1 Introduction

Visible emission in ZnO nanostructures and its defect- and size-
dependent photoluminescence properties have triggered great
spurt of activities in the last years.'? Metal chalcogenide
quantum dots (CdSe, CdS, CdTe. etc.) have been the subject of
more intense investigations due to their high quantum yields
and controllable emission properties manifesting distinct size-
property relationship. As a wide-band semiconductor, ZnO, has
limited suitability for visible light absorption and emission,
however its ready availability and functional implications in
various fields such as transparent conductive oxides, light
asborbers and photocatalysts has sustained the interest in its
synthesis and modification. Controlled generation of surface
defects in ZnO nanocrystals and their modulation by organic
surface chelators has been demonstrated to endow broadband
emission throughout most of the solar spectrum. By varying the
surface configuration, for instance, by tuning the oxygen
vacancy control through ligand attachment and by creating
interstitial defects (oxygen vacancies (V,), oxygen interstitials
(0y), zinc vacancies (V,) and zinc interstitials (Zn;), it is
possible to tune the emission properties of the ZnO
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nanoparticles. Radiative recombination of the conduction band
electron/valence band hole and its direct association with the
UV absorption points out that UV absorption in ZnO
nanocrystals exhibits confinement effect.®'° ZnO quantum dots
synthesized by the sol-gel method tend to aggregate and ripen
in the solution already at ambient conditions evident as a
gradual red-shift in the fluorescence spectra.''"'¢

Liquid-phase synthesis of ZnO nanostructures starting from Zn-
salt precursors has been widely studied, which typically
involves dissolution of the Zn-salt followed by subsequent
addition of alcohol and a strong base (NH,OH, NaOH, KOH,
LiOH) to precipitate out zinc hydroxide complex. The results
show that base: metal precursor ratio is a critical and
deterministic parameter the size and morphology of resulting
ZnO nanostructures, for instance, high concentration of
hydroxyl ions promotes the formation of tetra-hydroxo zincate
complex that in turn leads to spontaneous nucleation with very
high number of nuclei that decreases the overall particle size."”
In alcoholic solutions, cations are shown to form a passivating
layer providing a controlled growth and anti-agglomeration
effect.'” Therefore, by varying the counter ion, the size,
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morphology and agglomeration can be altered.'"® Previous
reports show that alcoholic conditions with LiOH as the base
are favorable for metal doping.'®

Herein we report a facile method for the synthesis of ultrastable
ZnO QDs by thermal decomposition of Zn(Oleate), to tune the
visible light emission by adjusting the experimental parameters
and by varying the LiOH:Zn. Most salient impact of this work
relates to the possibility of scaling-up the synthesis with
selective luminescence properties along with their ultra-long
stability of the Oleate@ZnO QDs. The results demonstrate that
the presence of oleate ligands in the precursor molecule has a
strong influence on the ZnO nucleation and growth phase as
confirmed by NMR studies.
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Figure 2: a)[002] spacing (0,26 nm) of Oleate@ZnO QD’s

—_ hmayeddiom ———— Lmaye 541 0m | ——10 min (inset bar =2nm) b) TEM illustration of the Oleate@ZnO QD’s
= AN —g:t: ¢) HR-TEM images of Oleate@ZnO QD’s (Inset is SAED
E" 1 50wl pattern)
w Th
i 21h 2 Experimental Details ZnO QDs (ZnO 1) were prepared
E 30h by decomposition of Zn(Oleate), (5 equiv.) in 150 ml of the
£ | =0 . EtOH/MeOH mixture (50:50, v/v) and LiOH.H,O (7 equiv.)
E 4 under vigorous stirring at 80°C. The resulting milky solution
E l was refluxed for 96 hours at the same temperature and under
Ty nitrogen atmosphere to obtain suspensions of ZnO QDs.
. Aliquots were collected at different time intervals (10, 30, 60,
300 3r5|;|. 4&: _.{5|] 5rm 550 GO0 650 700 ',rs'fn 90 minutes and 7, 21, 30, 96 hours) to investigate the

Wavelength (nm) photoluminescence behavior and to record the particle size
evolution by optical absorption spectra. Similar synthesis
procedure was applied for the swift synthesis of blue and green
emitting ZnO QDs whereby the synthesis at 55 °C with
Zn:LiOH ratio of 5:7 resulted with a very bright blue emission
(Zn0O-2) and with Zn:LiOH ratio of 1:2 showed green emission

Figure 1: a) Synthesis of Oleate@ZnO QD’s b) PL evolution of
the Oleate@ZnO QD’s
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(ZnO-3) under similar conditions. In an alternative synthesis,
ZnO QDs (Zn0O-4) were obtained using Zn(OAc),.2H,0 as the
zinc precursor and with Zn:LiOH ratio of 5:7 in a reaction
mixture refluxed at 55 °C followed by the analysis of the
aliquots after 10, 30, 60 and 90 minutes. The as-prepared ZnO
QDs were precipitated out by adding hexane to the reaction
mixture and subsequently washed with water, ethanol and
acetone and dried in vacuum for 6h at 90 °C.

2.1 Phase Transfer

dispersed by ultrasonication (5 min.) in CHCI; till a clear
solution was obtained. At higher particle concentrations, the
solutions had slightly turbid appearances due to interparticle
interactions and possible agglomeration. In a following step,
gluconic acid, as aqueous phase soluble ligand, was added to
the ZnO QDs suspension and ultrasonicated for 5 minutes,
which was sufficient for the completion of the phase-transfer
reaction. The reaction mixture was refluxed at 80 °C for 12 h,
and filtered to obtain a solution of modified particles, which
were washed with EtOH and acetone to obtain water-
dispersible ZnO QDs.

Oleate-capped ZnO QDs were

2.2. Characterization Particle size and distribution in
ZnO QDs were investigated on a TEM (LEO 912 Omega,
Zeiss, Oberkochen, Germany) operated at 120kV with zero loss
conditions. The energy-filtered electron micrographs were
recorded with a high-speed scanning camera (sharp: eye, 2048
x 2048 pixels, TRS, Moorenweis, Germany) under remote
control using the image acquisition system (iTEM, Olympus
Soft Imaging Solutions GmbH, Miinster, Germany) and carbon
coated Cu grids. NMR spectras were recorded with a Bruker
AVANCE 1I 300 spectrometer at 298 K; NMR spectroscopic
frequencies (external standards):1H: 300.1 MHz (TMS) for
detection of the ZnO QDs surface modification characteristics.
The powder X-ray diffraction (XRD) patterns of as-synthesized
and thermally treated ZnO QDs were measured with a STOE-
STADI MP vertical system in transmission mode using Cu Ko
(0=0.15406 nm) radiation. FT-IR (Fourier Transform Infrared)
analyses have been carried out with Perkin Elmer-Spectrum
400 with Universal ATR Sampling Accessory in the 400-4000
cm’' range. UV-Visible and photoluminescence measurements
were carried out using Perkin-Elmer Lambda 950 and Yvon-
Horiba FluoroMax-3, respectively. Confocal images for the
HEK cells labeled with Gluconate@ZnO QDs were taken with
confocal microscope (Leica, LSM TCS SP5). Thermal analysis
and surface modification of the prepared ZnO QDs was carried
out in the temperature range from 30 to 800 °C with a heating
rate of 10°C/min under nitrogen atmosphere (flow rate; 25
ml/min) using Mettler Toledo TGA/DSC 1 Stare systems.
Surface morphology of the QD layer and EDX analysis were
acquired by Nova Nano SEM 430 on silicon substrates, which
were ultrasonically cleaned in an acetone bath before use.

This journal is © The Royal Society of Chemistry 2012
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3. Results and discussion

In a typical synthesis, oleate-capped ZnO nanoparticles were
grown by decomposition of a molecular precursor Zn(Oleate), ">
in EtOH at 80 °C to which stoichiometric amount of
LiOH/MeOH mixture was added that caused an immediate
change in the appearance of the reaction mixture (clear to
milky). The resulting mixture was refluxed for 96 h under
nitrogen atmosphere, during which the particle formation was
regularly monitored by optical spectrum. Aliquots were slowly
removed during the reflux procedure and n-hexane was added
to the concentrated reaction mixture to precipitate the quantum
dots termed as ZnO-1 in this work. Quantum dots were
removed from the solution by centrifugation (10.000 rpm, 15
min.) and washed with water and acetone several times and
dried at 95°C under vacuum for 24 h. It is widely known that
generally high temperatures result in faster growth of metal
oxide particles due to thermodynamic-push and as a result it is
difficult to control the particle size-distribution.

96 h
30 h
21h -
: 7h |
A\ 90 min
\ 60 mim
| R\ —— 30 min|

Absorbance (a.u)

300 350 400 450 500 550

Wavelength (nm)

600

Figure 3: Evolution of the Oleate@ZnO QDs (ZnO-1)
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Table 1: Size and optical properties of the oleate@ZnO-1 QDs

Synthesis  Size(a) Size(b) Band Gap(c) Visible uv
Time (nm) (nm) (eV) Maxima Maxima
(V) (V)
10 min - - 2,76 3,72
30 min 2,08 2,5 3,60 2,63 3,56
60 min 2,20 2,7 3,58 2,62 3,51
90 min 2,20 2,7 3,58 2,62 3,51
7 h 2,33 29 341 2,46 3,35
21 h 3,08 3,8 3,34 2,40 3,17
30 h 3,19 39 322 2,35 3,14
96 h 3,30 4,1 3,01 2,29 3,08

a) Obtained from UV-Vis absorption b) Obtained from effective mass
model (me = 0.26 m,, m, = 0.59m,, m, is the,free electron mass, and
Egouk = 3.3 eV) c)From UV-Vis absorption

In this study, when the reflux time was limited to 90 minutes
and temperature was lowered to 55 °C sharp and intense
luminescence was observed from ZnO QDs by varying the
Zn:LiOH ratio. At 55 °C, the Zn:LiOH ratio of 5:7 resulted in
ZnO QDs (Zn0O-2) with bright blue emission at A, 442 nm.
Switching the Zn: LiOH ratio to 1:2 with the similar reaction
conditions produced ZnO QDs exhibiting a green-cyan visible
emission (Ap,y, 502 nm) (ZnO-3). For comparison sake, acetate
modified ZnO QDs (ZnO-4) were synthesized from
Zn(OAc),.H,O at 55 °C using a Zn: LiOH ratio of 5:7 that
showed a remarkable shift from green (An.., 532) to orange
(Amax» 600 nm) in its colour and emission wavelength upon
storage apparently due to weak coordination of acetate ligands
on the surface of nanoparticles, which allows diffusion-driven
growth in solution (Supporting Figure 2). When Zn/LiOH ratio
is decreased growth of the QD formation has been accelerated
and size of the QD’s were bigger in magnitude detected via red
shifted emission of the QD’s.

NMR analysis and TEM images (Figure 4 and Supporting
Figure 1) confirmed a core(ZnO)-shell(Oleate) structure with
estimated shell thickness being ca. 3.5-4 nm. The FT-IR spectra
showed only two main peaks at 1552 and 1402 cm’
corresponding to the ligand backbone. TEM images of ZnO-1

with selective area electron diffraction (SAED) pattern (Figure

4 | J.of Mat. Chem—C, 2015, 00, 1-3

2) revealed a regular size-distribution with ZnO present in the
wurtzite structure (verified by measuring d-d spacing of [002]
facets as 0.26 nm). The crystal features of ZnO-2, ZnO-3 and
ZnO-4 were found to be similar and were corroborated by
measuring the lattice fringes (Figure 6). The evolution of
optical absorption properties of the QDs during 96 h period
(Figure 3) showed a gradual shift towards higher wavelength
corresponding to particle growth that was supported by particle
sizes and band gap energies calculated by employing the
Meulenkamp equation'> (Table 1). As seen in Figure 3, the
initial 30 min of the reaction represents a transient regime with
no clear impact of LiOH/MeOH mixture addition. This
irregularity was always observed at every Zn:LiOH ratio and
any applied temperature. The emission spectra of the
Oleate@ZnO QDs revealed a stable nature of the quantum dots
obtained after 90 minutes of refluxing. Based on this
observation, highly stable Oleate@ZnO QDs with pronounced
blue and green visible light emission were synthesized in
relatively large amounts (3 g Oleate@ZnO QD) with potential
for further scale up. The regular size of the as-synthesized ZnO
QDs is also manifested in the high packing density of particles,
when applied as suspensions on glass slides to form thin films.
The intensity of blue emission in ZnO-2 (442 nm) was
evidently higher (ca. 10 times) than the emission intensity of
acetate-coated ZnO-4 (537 nm) as supported by their UV-
Visible and PL measurements (Supporting Figure 2). It is
known that UV emission arises from the band gap feature of the
nanoparticle but visible emission can originate from different
sources. TEM investigation shows that ZnO-4 is heavily
agglomerated and the inter-particle contacts is pronounced that
can be detrimental for the emission properties (physical
quenching), while ZnO-1

is regularly distributed without

observable aggregation (Supporting Figure 3).

1H NMR investigation of the Oleate@ZnO QDs supported the
FT-IR spectra (Figure 8c and Supporting Figure 4). The NMR
spectrum (Figure 4) of the capping ligand oleic acid exhibited
chemical shifts at 5.36 ppm due to double bond protons
(CH=CH) and the reference signal at 7.29 ppm due to CDCl;.
Methylene unit (-CH,) present adjacent to the carbonyl group
could be unambiguously assigned at 2.18 ppm. Additional
peaks observed between 1.8-0.7 ppm are due to the remaining

protons. Upon deprotonating, oleic acid forms an oleate ligand,

This journal is © The Royal Society of Chemistry 2012
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which significantly changes the NMR pattern. The NMR
spectrum of the molecular precursor Zn(oleate), showed that
resonance peak of the double bond protons (CH=CH) slightly
was shifted to 5.67 ppm due to the coordination to a metal
center. Similarly, the methylene (-CH,) protons, which are
adjacent to the carbonyl (-C=0) group appears at 1.60 ppm and
B-methylene protons shifted to 2.34 ppm. The NMR spectra of
purified (hexane washings) QDs displayed no residue that
would otherwise appear at 0.85 and 1.23 ppm'. The
broadening of the NMR peaks in oleate@ZnO QDs is due to
the ionic character of the zinc-carbonyl bonding and poor
solubility, when compared to the organic ligand and metal
organic zinc oleate. Especially a and B protons, which are
adjacent to the carbonyl groups, are influenced by the

inhomogeneous nature of the local chemical environment that

arises from the electron abundant surface of the ZnO QDs and

different mode of bonding possible on the particle surface.

This journal is © The Royal Society of Chemistry 2012
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Figure 4: NMR investigation of oleate groups on the ZnO QD’s

Consequently, the oa-methylene protons (-CH,) which are
adjacent to the carbonyl (-C=0) group and B-methylene protons
(-CH,) almost disappeared due to local inhomogeneities and
restricted motion of the protons'® which is a clear evidence of
oleate modification for ZnO QDs. The surface coverage by
oleate groups was confirmed by FT-IR and thermo-gravimetry
analysis (Supporting Figure 5).
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Figure 5: XRD analysis of a) ZnO-1(black) with ZnO-1+200°
3h (red) b) ZnO-2 (red), ZnO-3(blue) and ZnO-4(black)

The TEM analysis of samples after controlled calcination
treatment (200°C, 2 hours) removed the oleate shell from the
and ZnO core. Compared to the sol-gel synthesis (ZnO-4), the
swift synthesis with minimum required synthesis duration and
lower temperatures offer ZnO QDs that are well-shielded by in-
situ generated oleate ligands. The driving force of the reaction
is the higher basic character of hydroxo or alkoxo groups used
for the activation of zinc oleate. The quantum dots after
synthesis and purification steps were found to be stable for
more than several months in EtOH or CHCIl; with no evident
changes in the spectral position of the visible emission size of
the ZnO QDs. Peak broadening in the X-ray diffractograms
(Figure 5) indicated very small grain size of the ZnO QDs,
while sharpening of peaks was observed in samples heat-treated
at 200°C as confirmed by XRD results and TEM images of the
samples before and after heat treatment. Peak broadening in
XRD spectra of the QD’s is attributed to the very small grain
size of the ZnO QD’s.

6 | J.of Mat. Chem—C, 2015, 00, 1-3
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Aem=442 nm

Figure 6: Visible emission of ZnO QDs with corresponding TEM
spacing=0,26 nm, inset bars 2nm) a) ZnO-2, b) ZnO-3 and c) ZnO
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phase transfer with gluconic acid d) FT-IR confirmation of the
ligand transfer on ZnO surface.
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In the case of oleate@ZnO QDs, TEM investigation after the
heat treatment depicted the spherical morphology with a
predominant narrow size distribution. For the statistical size
distribution, quantum dot sizes were numerically determined
and plotted versus their frequency (Supporting Figure 8). The
observed sizes are in agreement with the value obtained from
the broadening of the XRD peak analysis by the Scherrer
formula (4-5 nm for ZnO-1 and 5-6 nm for ZnO-4).
It was difficult to calculate average grain size in ZnO-2 and
ZnO-3 due to low diffraction intensities (Figure 5). Figure 6,
shows HR-TEM pictures (insets) and suspension of
Oleate@ZnO QD’s in which visible light emission upon UV
excitation exhibited clear transition from blue to yellow. Upon
increasing the LiOH:Zn ratio (1:2 for ZnO-3) at the same
temperature (55°C), the spectral position of the visible emission
band became higher (A= 502 nm) and slightly broader. ZnO
QD particle sizes are practically bigger than those estimated by
extrapolation of UV-Visible absorption spectra.

Absence of the hexane, alcohol, OH- or water in the final
material is vitally important for stability of QDs during storage
since their presence induces agglomeration due to hydrogen-
bonding ultimately causing spontaneous growth manifested in
the shift in the visible emission band. The amount of oleate
groups onto the QDs could be deduced from the
thermogravimetry (TGA) analysis (Supporting Figure 5). As a
general feature, the samples ZnO-1, ZnO-2, and ZnO-3 showed
both physically and chemically adsorbed ligands, whereas in
the case of ZnO-4 adsorption of water is probable verified by
the IR analysis of the samples and the observed weight loss (8-
9%) below 250 °C. The decomposition of chemically bonded
acetate groups was observed around 435 °C (weight loss 8%).
A comparative analysis of the TG data showed two weight-loss

J. of . Mat. Chem-C

in good agreement with the 1H NMR data of the
Gluconate@ZnO QDs (Supporting Figure 6).

Strikingly, the suspensions of ZnO QDs showed visible
emissions of same intensity even after several months
(Supporting Figure 7). In addition, the facile phase transfer
reaction enabled the transfer of ZnO QDs from non-polar (for
example CCly) to the aqueous phase (Figure 7). The driving
force for the ligand-exchange reaction is the removal of oleate
group (pKa of oleic acid: 9.85)*° with a ligand of lower pKa
value acid (pKa of gluconic acid: 3.7)*'. The general
applicability of the phase-transfer phenomena was
demonstrated for mandelic acid (pKa: 3.41)22 and poly-
hydroxy carboxylic acids like citric acid (pKal:2.8, pKa2:4.1
and pKa3:5.3)* and confirmed by FT-IR spectral data (not
shown) recorded before and after the phase-transfer reactions.
Due to its hydrophilic nature, gluconic acid coating caused an
aggregation of ZnO QDs as clearly observed in the TEM
images (Figure 7). After the phase transfer step, the spectral
position of the visible emission (542 nm) of oleate-capped ZnO

120

and temperature regimes corresponding to removal of adsorbed
and chemically grafted oleate groups (Supporting Figure 5).
In the case of oleate-coated ZnO QDs, oleate ligands attached

b 100 -

to the surface were identifiable by asymmetric and symmetric
carbonyl stretches of the carboxylic groups at 1564 and 1405
cm™! that are different from the vibrational frequencies of the
molecular precursor (Supporting figure 5). A shift in the
position of carbonyl stretches (v C=0) in FT-IR spectra is
attributed to a change in the dipole moment of the carbonyl
group, when ligand binds to metal or metal oxide surface with
high electron density causing a shift to higher wave numbers.
The samples undergoing ligand-exchange reactions with
gluconic acid in water (50:50; v/v), peaks due to water
appeared at 1630 cm ™' and in the range of 3200-3400 cm-1 (v
OH) together with the hydroxyl groups of the gluconic acid
backbone. Carbonyl stretching (v C=0) of the acidic function
was observed at 1724 cm-1, which significantly shifted after the
phase transfer reaction to exhibit asymmetric stretching to 1578
cm™ and symmetric stretching to 1404 cm™. The relatively
small peak at 1027 cm ™' that was observed at 1050 cm™ before
the phase transfer reaction can be attributed to heteroatomic
stretching (C-O) of the substituted ligand. The position of Zn-O
band (520 cm-1) remained unchanged. These observations are

8 | J.of Mat. Chem—C, 2015, 00, 1-3
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Figure 8: a) Confocal images of the HEK cells after 2h
incubation with Gluconate@ZnO QD‘s b) MTT test for the cell
viability during 4 h with different dosing

QDs showed a slight bathochromic shift (547 nm) for the
gluconate@ZnO QD’s. The high intensity of the visible
emission can possibly result from a decrease in the oxygen
deficiencies on ZnO surface due to multiple chelating sites
(hydroxyl groups) available in the gluconic acid molecules.

This journal is © The Royal Society of Chemistry 2012
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The objective of preparing ZnO QDs easily dispersible in
aqueous system was to assess their cytotoxic properties and
potential for cell labeling (Figure 8a) applications.>*?’ Previous
studies already showed that ZnO nanoparticles show dose-
dependent cellular toxicity.>*>* After the phase transfer process,
aqueous solution of gluconate@ZnO QD’s were used in
labeling of Human Embryonic Kidney 293 (HEK 293) cells.
Cytotoxicity level of the gluconate@ZnO QD’s on HEK 293
cells was determined by the MTT assay as previously
described. To examine the concentration effects, different
amountd of gluconate@ZnO QDs (10pug/ml, 30 pg/ml, 50
pg/ml, 100 pg/ml) were added into titer wells and incubated for
4h at 37°C into 20pl MTT. The cell studies revealed a low
viability loss (3-5 %) during 4 hours as plotted in Figure 8b.
The confocal microscopy images of the prepared HEK cells on
glass slides under suitable excitations confirmed the cellular
uptake and efficient visible emission.

Conclusions

In summary, a facile method for the preparation of the highly
luminescent, hydrophobic Oleate@ZnO QDs with highly
efficient visible emission and ultrastable storage behavior even
after several months storing is reported. QD’s showed. Visible
emission properties were controlled by chelation of various
surface ligands to produce blue and green emitting QDs. In
addition, the successful demonstration of phase-transfer
reactions delivered water soluble QDs that can have important
implications in nanoelectronics, printable TCOs and cell
labeling applications.
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Swift method was developed for
highly luminescent, monodispersed,
hydrophobic Oleate@ZnO QD by

sol-gel providing ultralong stability

and possible scaling up opportunity.
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