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Abstract

Luminescent ZnO-QDs is a promising candidate for biological application, especially due to their
low toxicity. Nevertheless, colloidal ZnO-QDs prepared by sol-gel route are unstable in water

and incompatible with lipophilic systems, hindering their application in biology and medicine.

To tackle the problem, this study reports three different strategies for surface modification of
Zn0O-QDs by: (i) hydrophilic (3-glycidyloxypropyl) trimethoxysilane (GPTMS), (ii) hydrophobic
hexadecyltrimethoxysilane (HTMS) and then by (iii) oleic acid (OA) and HTMS bilayer. Capped
ZnO-QDs by GPTMS and HTMS were performed by hydrolysis and condensation reactions under
basic catalysis, leading to the formation of siloxane layer, involving strong interaction between

the silanes with hydroxylated surface of ZnO, thereby creating a covalent bond—ZnO-O-Si.
Alternatively, OA and HTMS were employed as hydrophobic agent to form a bilayer barrier
surrounding the nanoparticles (NPs). Capped ZnO-QDS were analyzed by techniques including:
Fourier transform infrared spectroscopy, x-ray photoelectron spectroscopy, x-ray diffraction and
transmission electron microscopy, as well as the monitoring of excitonic peak of ZnO by UV-vis
absorption spectroscopy. Photoluminescence measurements confirmed the importance of capping
agents. Bare ZnO-QDs powder showed lowest photoluminescence intensity and displacement to
yellow region when compared with ZnO-QDs capped, which present a higher photoluminescence
in the green region. The above results can be related to changes of the concentration of oxygen
vacancies (V,) and also by increased presence of surface defect density. Silane capping represents the
best choice for high stability and photoluminescence enhancement of ZnO-QDs.

1. Introduction

With the recent advances obtained in nanomedicine field, it is possible to observe a growing interest to develop
luminescent materials for biological applications. In this regard, luminescent quantum dots (QDs) have gained
considerable attention in this field [1-4].

The photoluminescence process in semiconductor QDs with a size between 2 and 10 nm [5] occurs owing to
the quantum confinement of electrons and their different energy states within the band gap [6, 7]. The emission
of different spectral intensities is associated to the particle size and also to defects density of the crystal structure,
which relate directly to the emitted fluorescence by creating intermediate energy levels within the band gap [8].
Examples of major defects found in ZnO-QDs are oxygen vacancies (V,) and zinc vacancies (V) [9]. Additionally,
there are also surface defects, known as ‘dangling bonds’. These defects, related to unsaturated valence of surface
atoms, are known to affect the photoluminescence process by acting as interface traps with deep band-gap energy
levels [10].

Therefore, one approach to reduce these defects and improve the photoluminescence efficiency of QDs is
through surface passivation [ 11]. The surface passivation is generally performed by an inorganic or organic layers
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grafted to the QDs surface. The inorganic passivation, resulting in the formation of core shell system, it is the most
used methods to passivate the ZnO surface. However, also a significant number of organic passivation methods
using organometallic solvents are reported, as for instance trioctylphosphine oxide (TOPO) and trioctylphos-
phine (TOP) capping [12, 13]. These molecules adhere to the QDs surface, reducing interparticle aggregation
(spacing) and act as passivation agents [ 11-13]. Nevertheless, there are some disadvantages in the use of TOPO
mainly related to their toxicity. To replace TOPO, oleic acid (OA), considered as less toxic and cheaper, has been
widely employed as QDs modifier [ 14].

Another important issue of surface passivation of QDs is related to strategies to modify their behavior in dif-
ferent solvents. ZnO is widely used as an effective photoluminescence material, especially due to its low toxicity
[15]. However, colloidal ZnO-QDs prepared by common sol—gel route are unstable in aqueous solution and tend
to aggregate, thus losing their luminescent properties [16]. For this reason, many surface modification strategies
have been studied in order to improve the stability of ZnO NPs [17]. Moussodia et al [18, 19], reported interesst-
ing results for ZnO-QDs modified by organosilanes. Especially the observation of their cellular internalization
in Staphylococcus aureus showed the potential of these QDs in acting as biological probes. According to these
authors, the stability in aqueous solution, good photoluminescence performance and low cytotoxicity allows the
use of these QDs in various biomedical applications. Consequently, recent research activities have been focused
on organosilanes as modifier and surface passivation for the stabilisation of ZnO QDs in water. The strong affinity
of organosilanes towards the hydroxylated ZnO surface leads to the formation of covalent Si-O—Zn bond, thus
creating a shielding barrier of siloxane around the ZnO core [16, 20-24].

The results obtained in this work suggest that QDs capped by GPTMS—(3-glycidyloxypropyl)trimethoxysi-
lane may have a significant contribution for the development of multifunctional probes, since their photolumi-
nescence quantum yield and stability in aqueous solution are essential requirements for biological application.
Differently, capped ZnO-QDs by HTMS—hexadecyltrimethoxysilane and oleic acid—OA/HTMS bilayer can be
incorporated into theranostics systems, such as liposomes and polymeric micelles. These systems, favor the use of
QDs in biological imaging, besides ability to be used as direct anticancer drugs within tumor cells, and therefore
can be applied for both diagnosis and therapy.

2. Experimental

2.1. Materials

Zinc acetate dehydrate (Qhemis), lithium hydroxide (Vetec), ethanol absolute (Synth), (3-glycidyloxypropyl)
trimethoxysilane—GPTMS (Sigma), hexadecyltrimethoxysilane—HTMS (Sigma), rhodamine 6G (Sigma),
Milli-Q water, chloroform (Synth).

2.2. Synthesis of precursor zinc oxyacetate

The precursor was prepared using a well-established method proposed by Spanhel and Anderson [25]. The
Zn40(Ac)g tetrameric precursor (herein after referred to as ZnAc precursor) was first prepared from an ethanolic
dispersion by refluxing the solution containing 0.05 M ZnAc; - 2H,0 during 2 h at 80 °C. Then, the precursor was
cooled to room temperature and then stored at —10 °C.

2.3. Synthesis of ZnO colloidal suspension

The ZnO-QDs were obtained by hydrolysis and condensation reaction (sol-gel) under basic catalysis (LiOH) at
0.5 M, which was added to precursor under magnetic stirring at 40 °C and for 40 min [25]. Then the NPs were
precipitated after addition of heptane to the suspension. Finally, the obtained precipitate was centrifuged and then
vacuum-dried to form a powder [26].

2.4. Capped ZnO-QDsby GPTMS and HTMS

The ZnO-QDs surface capped by organosilanes was obtained using 10 ml of ZnO colloidal suspensions each
containing GPTMS or HTMS. For each molar fraction of GPTMS, the concentration of LiOH was varied
according to table S1 (see supplementary data (stacks.iop.org/MRX/4/015027/mmedia)). In the case of HTMS
the concentration was fixed (0.1 M) together with the LIOH amount (0.05 M). During preparation, higher
concentrations of HTMS and LiOH were also tested however the formation of a very consistent white precipitate
prevented the redispersion of the nanoparticles in the lipophilic solvent. Both reactions were performed separately
in an ultrasound bath (15 min) at room temperature. After formation of a white precipitate the solutions were
then centrifuged (4000 rpm, 15 min) and obtained NPs were vacuum-dried.

2.5. Capped ZnO-QDs by OA/HTMS bilayer
The capped ZnO-QDs by OA/HTMS bilayer was carried out using 10 ml of ZnO-QDs colloidal suspension
containing 0.05 M of AO. Initially, OA coating was performed under ultrasound conditions at 60 °C and
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during 5 min. Under ultrasound conditions HTMS (0.1 M) and LiOH (0.05 M) was added into the solution
and after 15 min the white precipitate was washed with ethanol and then centrifuged (4000 rpm, 15 min) and
vacuum-dried.

2.6. UV-visabsorption spectroscopy measurements

The absorption spectra of the ZnO-QDs colloidal suspensions in ethanol was measured using a Cary Win 4000
UV-vis spectrophotometer with a cuvette of 1 mm optical path. The spectra were recorded between 200 and
400 nm, with a wavelength increment of 1 nm and 0.2 s counting time of per point. The UV—vis spectra were
corrected by the baseline obtained for the ethanol absorption spectrum.

2.7. Monitoring of excitonic peak of ZnO by UV-vis absorption spectroscopy
The stability study of capped ZnO-QDs by GPTMS in water and capped ZnO-QDs by HTMS and OA/HTMS
bilayer in chloroform was determined by UV—vis measurements.

2.8. Transmission electron microscopy (TEM)
A transmission electron microscope (PHILIPS, model CM 200 SUPER TWIN) operated at 200 kV was employed
to obtain the micrographs. A drop of capped ZnO-QDs was dripped on single carbon grids and kept overnight.

2.9. Photoluminescence (PL)

Photoluminescence measurements were conducted in a SPEX fluorimeter F2121 and germanium detector (North
Coast Scientific Corporation). A Xenon lamp (450 W) was used as the excitation light source to record the emission
spectra of the samples.

2.10. Quantum yield (QY) measurements

The QY of capped ZnO-QDs by GPTMS in water and capped ZnO-QDs by HTMS and OA/HTMS bilayer in
chloroform were compared with a solution of rhodamine 6G in ethanol (QY = 95%), which is often used as
reference for emission in green region.

2.11. Infrared spectroscopy (FTIR)
Absorption spectra in infrared region (4000-400 cm ™ !) were obtained using KBr pellets with an IR Prestige-21 IR
Affinity-1 FTIR-8400S spectrophotometer (Kyoto, Japan).

2.12. X-raydiffraction (XRD)
XRD were analyzed by Siemens D5000 CuK diffractometer using CuKa, A\ = 1.5418 A radiation. The diffraction
intensity was measured in a 260 range of 5°~70° with an increment of 0.1° and exposure time of 3 s per step.

2.13. X-rayphotoelectron spectroscopy (XPS)

XPS was performed using the UNI-SPECS UHYV Surface Analysis System equipment (LEFE—IQ/UNESP). The
Mg Ka excitation line was used hv = 1253.6 eV) and the analyzer pass energy was set to 10 eV. The inelastic
background of Zn 2p, Si 2p, Olsand Cls electron core-level spectra was subtracted using Shirley’s method. The
composition (at.%) of the near surface region was determined with an accuracy of £10% from the ratio of the
relative peak areas corrected by Scofield’s sensitivity factors of the corresponding elements. The binding energy
scale of the spectra was corrected using the C1s hydrocarbon component of the fixed value 0f 285.0eV. The spectra
were fitted without placing constraints using multiple Voigt profiles.

3. Results and discussion

ZnO-QDs were synthesized by the sol-gel method at a hydrolysis [OH"]/[Zn?"] ratio of 1,4 [25] and then the
surface was modified by hydrolysis and condensation reaction under basic catalysis with (i) GPTMS and (ii)
HTMS, thusleading to the formation of a capping siloxane layer. As will be shown by the FTIR and XPS results, the
strong interaction between the hydroxylated silane surface and ZnO results in the formation of covalent Zn—Si-O
bonds [16, 18-20, 23, 27].

Alternatively, to improve the stability of ZnO-QDs and consequently their photoluminescence intensity a
coating bilayer formed by (iii) OA and HTMS was synthesized. According to Aboulaich et al [23], OA added to
colloidal suspension, probably reacts with the NPs through hydrogen bonds, forming the first protection layer.
Subsequently, siloxane groups of HTMS, hydrolyzed under basic catalysis, interact with hydroxylated groups of
OA-ZnO. Finally, a condensation step of silanol group results in the formation of a second protective siloxane
layer. Lietal [16] studied the formation a self-assembly bilayer and reported in addition to increased fluorescence
intensity, in relation to unprotected QDs, an improved protection of QDs against water uptake.
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Figure 1. The proposed structural model of the capped ZnO-QDs by GPTMS; HTMS (a) and OA/HTMS bilayer (b).

The capping surface of QDs by organosilanesis already known in the literature [16, 18, 19, 23]. However, some
studies present a complex synthesis that is divided in some steps. According to the Moussoudia et al [18, 19], and
Aboulaich et al [23], ZnO-QDs surface modification strategy to water-dispersible begins with the synthesize of
the oleate-capped ZnO-QDs dispersion in nonpolar solvent. After this step, it was necessary to exchange the oleate
molecules for aminosiloxanes with amine end groups in high temperature (85 °C). Finally, the resulting hydro-
philic ZnO-QDs were precipitate in nonpolar medium and isolated by centrifugation.

Thereby, our proposed method for capping surface of ZnO-QDs showed a simple, reproducible and reliable
process, which represents an important aspect in the surface modification of QDs. This is possible due to one only
step that can be achieved in function of hydrolysis and condensation reaction in room temperature and under basic
catalysis between the ZnO-QDs and siloxane groups present in the organosilanes, thus providing a capped ZnO-
QDs precipitate in the ethanolic medium of colloidal ZnO-QDs, which also can be related with epoxy end group
of GPTMS. Figure 1 illustrates the capping methods used for passivation of ZnO-QDs by organosilanes and AO.

The bonding structure of modified ZnO-QDs powder was analyzed by FTIR spectroscopy. According to Span-
heland Anderson [25], the ZnO-QDs sol-gel synthesis is quite complex involving the formation of acetate groups
and other by-products that can be adsorbed on ZnO-QDs surface. For all capped samples, the figure 2 shows a
broad IR absorption band, characteristic of hydroxyl (OH) groups, at about 3400 cm !, peaks related to stretch-
ing modes (symmetric and asymmetric) of acetate group (COO ™), in the range of 1400-1600cm ™!, and of C-H
stretching modes (symmetric and asymmetric) in the 2942-2857 cm ! range [28-30]. The peak at 870 cm ™! is
related to symmetrical stretching mode of Zn—O-Si bonds, suggesting the successful covalent modification of
Zn0O-QDs surface by organosilanes [ 16, 23]. With increasing amount of GMPTS (figures 2(a)—(c)) this band
increases, indicating the formation of a thicker capping layer.

The optical properties of capped ZnO-QDs have been investigated using UV—vis absorption spectroscopy,
which allows to identify the wavelength limit associated with the excitonic peak [31]. The method, suggested by
Nedelijkovic et al [32], utilizes the intersection of peak tangent with wavelength axis to determine the cut-off
wavelength. ZnO-QDs colloidal suspension show a well-defined excitonic peak within the limit wavelength near
355nm typical for ZnO NPs [33] (supplementary data figure S1). The well-defined excitonic peak of capped ZnO-
QDs by GPTMS in water and of ZnO-QDs modified by HTMS and OA/HTMS bilayer in chloroform appears at
slightly higher wavelength, near 360 nm (supplementary data figures S2(a)—(d)).

The wavelength limit (Ac) is related with the energy of band gap (E; = hc/Ac) and using the model proposed
by Brus [34], it was possible to calculate the average size of NPs. The model is based on the confinement of first
excited electronic state, which can be approximated by equation (1).

2,2 3

_ buk , BT 1 1 1.86 0.124e 1 1

Eg - Eg + 2er? * + * - 4 - K2 2 * + * -1 (1)
memy  mymg TEEY T (4meey )" \memy  mpmy

Where, E; = 3.4eV is the particle energy gap (bulk); h is the Plank constant; r the particle radius; e the electron
charge; €9 the vacuum permittivity; € = 3.7 the relative permittivity; m. free electron mass; m, = 0.24 the effective
electron mass; and my;, = 0.45 the effective hole mass.
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Figure2. FT IR spectra of capped ZnO-QDs by GPTMS ((a)—(c)) and capped ZnO-QDs by HTMS and OA/HTMS bilayer (d).

The average particle size (2r) calculated form equation (1) was ~2.3 nm for ZnO-QDs in colloidal suspension
and about 3 nm for the capped ZnO-QDs.

In addition, using UV—vis spectroscopy, the stability of the NPs was studies analyzing possible time depend-
ent changes of the excitonic peak position for ZnO-QDs capped by GPTMS in water (supplementary data
figures S3(a)—(d); figures S4(a)—(d); figure S5(a)) and OA/HTMS and HTMS in chloroform (supplementary
data figures S5(b) and (c)). The results show that the absorbance profile and the size of most capped ZnO-QDs
remained essentially unchanged during the study period of 15 d. These results can be explained by the protec-
tive effect of the siloxane layer formed around ZnO, which effectively prevents the aggregation of NPs [16].
Similar stability was also observed for ZnO-QDs modified by (poly) aminoalkoxysilane that exhibited intense
photoluminescence and good stability in aqueous solution during 14 d [ 16, 23]. For 0.3 M GPTMS_0.6 M LiOH
sample, however, a strong decline of the excitonic peak was observed after 7 d (figure S4(c)). This instability in
water may be associated to the excess of LIOH in relation to GPTMS. A similar effect was reported by Innocenzi
etal [35], who demonstrated that in highly basic condition, GPTMS suffer a quick hydrolysis and condensation,
contributing to the formation of a porous silica matrix that reduces the protection around NPs thus favoring the
agglomeration of ZnO nanoparticles.

Figures 3(a)—(c) shows the micrographs of three samples containing different concentrations of the GPTMs
modifier, while figures 4(a) and (b) displays ZnO-QDs capped by a HTMS and OA/HTMS bilayer. The results
show a spherical appearance of the NPs independently of modifier used. The average size, determined from the
analysis of the micrographs, was in the range of 3.5-4 nm for the GPTMS capped ZnO-QDs (figures 3(al)—(cl))
and 4.5 nm for ZnO-QDs the capped by HTMS and OA/HTMS bilayer (figures 4(al) and (b1)). These results
obtained for NPs modified with a shielding barrier by organosilanes are slightly higher than the values found using
the model proposed by Brus [34], which provides the NPs size as a function of excitonic peak position, related
purely to ZnO.

Figure 5 shows the XRD patterns for the capped ZnO-QDs by GPTMS (figure 5(a)) and those capped by a
HTMS and OA/HTMS bilayer (figure 5(b)). The peak positions of different crystalline planes indicate the pres-
ence of a wurtzite crystal structure [16,23, 25]. In general, due to the small size of the crystallites, the peaks in are
quite broad and are poorly defined. With increasing GPTMS concentration was increased, new peaks appeared
in 33,52 and 56°, indicating the formation of a new crystalline phase (figure 5(a)). Furthermore, the presence of
well-defined peak at 22° for the capped ZnO-QDs by HTMS and OA/HTMS bilayer indicates the formation of a
HTMS layer surrounding the ZnO core, as observed in the study realized by Liet al [ 16].
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Figure5. XRD data for the capped ZnO-QDs by GPTMS (a) and capped ZnO-QDs by HTMS and OA/HTMS bilayer (b).

Table 1. Atomic concentrations in percentage of the photoelectrons: Zn 2p, Ols, Cls e Si2p.

ZnO- 0.1 M GPTMS_ 0.2 M GPTMS_ 0.3 M GPTMS_ 0.15 0.1 M HTMS_ 0.1 M HTMS/
QDs 0.05 M LiOH 0.1 M LiOH M LiOH (at.%)* 0.05 M LiOH OA_0.05 M LiOH
Zinc 27.4 25.3 20.5 20.6 4.0 19.1
Oxygen 46.5 40.1 41.5 43.6 13.4 22.5
Carbon 26.1 29.5 33.5 30.6 76.8 56.6
Silicium — 4.1 4.5 5.2 5.8 1.7
Zn/Si — 6.2 4.6 3.9 0.7 11.2

*Exp. error +5%.

The chemical bonding structure, as well as the atomic concentration of elements of bare ZnO-QDs and capped
ZnO-QDswas investigated by XPS. As the XPS sampling depth is about 5 nm, which is comparable to the NPs size
(3-4nm), the technique allowed to investigate the entire NP volume.

Atomic concentrations of elements of the capped and bare ZnO-QDs are displayed in table 1. It can be observed
that samples containing GPTMS showed a decrease in zinc and oxygen concentration, as the concentration of
GPTMS was increased, indicating the formation of a thicker siloxane layer atop ZnO-QDs, also expressed by the
decreasing Zn/Si ration (table 1). The much smaller concentration of Zn and O detected for the HTMS capped
sample indicates a significantly larger attenuation effect of the Zn 2p and O1s photoelectron intensity. Together
with the strong increase of the carbon content, this composition profile evidences a complete grafting of the
Zn0O-QDs with a well-organized molecular structure of HTMS with the hydrocarbon tail pointing in the radial
direction. The lowest Si content of only 1.7 at.%, detected for the capped ZnO-QDs by OA/HTMS, confirms
the formation of a bilayer. However, the higher Zn concentration indicates the bilayer might not be distributed
homogenous around the NPs.

Further information on the ZnO-QDs was obtained analyzing the local bonding structure. The main inten-
sity of the deconvoluted Zn 2p spectrum of ZnO-QDs at 1021.7 eV is related to the ZnO phase and the small
componentat 1023.4 eV, it was attributed to surface zinc hydroxide (supplementary data figure S6(a)). In the Ols
spectrum the presence of O—Zn bond was identified at a binding energy of 530.1 eV, characteristic for the ZnO
phase. The main intensity at 531.7 eV is related to surface hydroxyl groups of ZnO-QDs and a small contribution
of O = Cbonds of oxygenated carbon groups of adventitious carbon, appearingat 532.7 eV and 533.8 eV, as O-C
an O—C=0, respectively (supplementary data figures S6(b)). It is possible that a part of the carbonyl (C=0) and
acetate (O—C=0) groups come from the acetate precursor of the ZnO colloidal suspension, formed during the
sol—gel process.

The XPS spectra of samples capped by the siloxane layer show the signal of silicon (Si 2p), with as single
component at 102.2 eV, associated with C-SiO, bonds of GPTMS an HTMS (supplementary data figures S7(d),
S8(d), S9(d), S10(d) and S11(d)). The Cls spectra of these samples capped by GPTMS confirm in addition to the
contribution of hydrocarbon groups (285.0eV) also the strong presence of epoxy C—-O bonds at 286.5eV (supple-
mentary data figures S7(c), S8(c) and S9(c)). For ZnO-QDs capped by HTMS and the OA/HTMS bilayer, the Cls
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Figure 6. Excitation spectra (PLE) and emission spectra (PL) of capped ZnO-QDs by GPTMS ((a)—(c)) and capped ZnO-QDs by
HTMS and OA/HTMS bilayer (d).

spectra evidence the predominant presence of hydrocarbon groups of the polymeric tail of HTMS (supplementary
data figure S10(c) and S11(c)).

A clear evidence for the formation of Zn—O-Si bonds between ZnO-QDs and the siloxane capping layer was
obtained from the analysis of the O1s spectra. Despite the fact that no significant shift of the Zn 2p peak the posi-
tion (1021.7eV) in relation to bare ZnO-QDs was observed, the O1s spectra show for all capped samples a strong
decrease of the of the intensity of surface hydroxyl groups, located at 531.7 eV, accompanied by a strong increase
of O—Znbondsat530.1 eV, thus indicating of covalent Zn—O-Si bond between the zinc oxide and the silica phase.

From photoluminescence experiments, it was possible to obtain relevant information regarding the electron
energy levels within in the band gap, derived from the intensity and peak position of the photoluminescence bands.
Figure 6 shows the excitation intensity of capped ZnO-QDs powder with the main peak at 365 nm, followed by
emission spectra, which showed an emission centered in the green spectral range at 550 nm. In contrast, bare ZnO-
QDs powder showed much lower photoluminescence intensity centered in the yellow spectral range at 580 nm.
Also from spectra we found the values of integral area under a curve, as shown in table S1 (supplementary data).

The above values of integral area indicate that photoluminescence of capped ZnO-QDs by GPTMS was lower
among the samples containing a higher concentration of LIOH. These results representing the importance of basic
catalyst to the organization of siloxane layer around the NPs and consequently in the reduction of surface defects.
Thelower values found for the samples containing a higher concentration of GPTMS might be related with excess
of their molecules around the NPs. In addition, it was observed that the bilayer organization among OA/HTMS
can be related with the increasing in photoluminescence and was reported by Liet al [16].

The lower photoluminescence intensity in the yellow spectral range for bare ZnO-QDs probably occurred
duringacquisition of the ZnO-QDs in powder form. The above results are different from that found for the ZnO-
QDs colloidal suspension prepared by sol-gel route, which having shown a great photoluminescence in the green
spectral range [36]. This phenomenon might be related with the security of NPs in function of colloidal protection,
which islost after the ZnO-QDs powder obtaining. The stability of the photoluminescence properties of capped
Zn0O-QDs can be primarily related to the improved stability that the capping provides to the NPs, even after they
were submitted to drying process Additionally, the increase of the photoluminescence intensity and the green-
shift observed for ZnO-QDs capped with increasing quantities of GPTMS can be related to a shift of the oxygen
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Figure7. ZnO-QDs crystal structure containing surface defects and intrinsic defects (a) and reducing of these defects by surface
passivation with organosilanes (b).

vacancy levels accompanied by a decrease trap levels density induced by surface defect, healed by the cappinglayer.
This implies that the use of organosilanes as passivation agents significantly contributes to photoluminescence
enhancement and stability of ZnO-QDs, especially in aqueous media [16,20-24, 27].

The increase of the photoluminescence intensity found for the capped ZnO-QDs corroborates with results
reported by Moghaddam et al [27]. Using aminopropyltriethoxysilane (APTES) for passivation of ZnO-QDs
surface, the authors suggested that the photoluminescence stability might result from the reduction of the intrin-
sic defects in ZnO-QDs. It is likely that the alkaline medium used in the hydrolysis and condensation reaction of
APTES and the resulting interaction with the ZnO-QDs surface could have generated oxygen anions, completing
the oxygen vacancies (V,). Consequently, the improved stability and reduction of intrinsic and extrinsic surface
defects, as represented by figure 7, are the principal factors that contribute to the high photoluminescence yield.

The ratio of emitted photons by absorbed photons number was analyzed using quantum yield (QY) of capped
ZnO-QDsby GPTMS in water and capped ZnO-QDs by HTMS and OA/HTMS bilayer in chloroform comparing
to ZnO-QDs colloidal suspension. According to method described by Demas and Crosby [37] and by following
equation (2), it was possible calculated the QY of this samples.

2
QY = Q: [A/A ] ("—2] 2)

T

Where, QY, = 0.95 (quantum yield rhodamina 6G); A, = photoluminescence area of sample; A, =
photoluminescence area of rhodamina 6G; n> = solvent refractive index at which the sample is dispersed;
n? = solvent refractive index at which rhodamina 6G is dispersed.

QY results showed that the surface modifiers do not interfere significantly when compared to the ZnO-QDs
colloidal suspension (10.2%), which corroborated with the QY reported by Manaia et al [36]. The results related
with ZnO-QDs capped by GPTMS and HTMS can be explained by reduction of defects present in the crystal
structure (as seen above). This effect was observed, especially for the sample of 0.2 M LIOH GPTMS_0.1 M, which
showed a higher yield (10.8%). The QY of 6.8% found for the 0.3 M LIOH GPTMS_0.15 M might be related with
an excess of GPTMS that may have saturated the surface of NPs, thus decreasing the photoluminescence, the other
QY results are displayed in table S2 (see supplementary data). The best result found for the capped ZnO-QDs by
OA/HTMS can be explained by bilayer formation around the NPs. This result was also supported by Lietal [16],
due to bilayer formed between the HTMS and aminopropyltriethoxysilane (APS). According to the study the use
ofahydrophobic modifier around the core and functionalized with a hydrophilic modifier provided to NPs a great
stability and also an enhanced fluorescence intensity in approximately 10 times compared to unprotect ZnO in
water, thus promising their application in the optical and biological fields.

4. Conclusions

The sol—gel process was used to successfully synthetize of crystalline capped ZnO-QDs by a siloxane capping layers
formed by hydrolysis and condensation of GPTMS and a combination of HTMS and oleic acid precursors. TEM
and UV-Vis spectroscopy confirmed the presence of well-dispersed nanoparticles with a size of 3-4.5nm. The
analysis of the composition and the local bonding structure, performed by FTIR and XPS, evidenced the formation
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ofhomogeneous cappinglayers interacting by covalent Zn—O-Si bonds with the Zinc oxide surface. The obtained
results for different passivation methods of have shown that the applied method is very promising in terms of a
significant improvement the stability of ZnO-QDs and reduction of their surface defect density of surface states,
resulting to a substantial enhancement of the photoluminescence yield. Overall, the results presented in this
work indicate the great potential of capped ZnO-QDs for the application as biological probe, since principally
the stability of ZnO-QDs in water grantees their use in various biological applications. Finally, the possibility of
encapsulation of siloxane capped ZnO-QDs in amphiphilic systems can contribute to development of theranostics
systems.
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