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ABSTRACT A facile one-pot strategy for synthesis of silica-hybridized CdTe quantum dots (SiO,-h-CdTe QDs) in aqueous solution is
presented, and subkilogram scale fluorescent SiO,-h-ODs can be readily produced in one batch. This approach also makes the tuning
of emission wavelength and absorption bandgap of SiO,-h-QDs accessible for the first time. In the case of using MPA as ligand, the
emission wavelength and absorption bandgap can be tuned in the range of 546—584 nm (the corresponding diameter of ODs increased
from 2.0 to 3.2 nm) and 2.55—2.27 eV, respectively. The content of QDs in the resulting nanohybrids can also be readily adjusted in
a wide range of 2—95 wt % by the feed ratio of QDs to silica precursors. The resulting SiO,-h-ODs are ultrafine with diameters 8—16
nm, and show excellent optical properties, high stability, low toxicity, and versatile surface functionality compared with the neat
ODs. Various functional groups such as amino, epoxy, and hydroxyl can be readily introduced to the surface of SiO,-h-QDs by silane-
coupling chemistry and surface-initiated polymerization. Our strategy opens up enormous opportunities to make full use of these
robust fluorescent nanohybrids in various applications because of their facile availability, cost-effective productivity, and high stability.
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INTRODUCTION
emiconductor quantum dots (QDs) have attracted

increasing attention within recent years due to their

promising applications in optical devices, solar cells,
biosensors, and biological imaging (1 —5). Because the sur-
faces of QDs are generally susceptible to external environ-
ment (6, 7), it is essential to endow the QDs surface with a
protecting shell such as silica that has been widely used to
protect inorganic nanoparticles such as iron oxide, gold,
silver, and so on (8—14). Silica, not only providing chemical
and physical shielding from the direct environment but also
possessing good water dispersibility, biocompatibility, and
surface functionality, is one of the most popular inert
materials for surface protection (15—20).

Up to now, SiO,-modified ODs have generally been
prepared through two strategies: Stdber method (21—24)
and reverse microemulsion method (25—31). The Stéber
method involves first preparing hydrophilic QDs, and then
the ODs act as seeds for the growth of silica shell in the
mixture of ethanol and water. The second method was
performed in a water-in-oil (W/O) reverse microemulsion
system and the hydrolysis and condensation of the silica
precursor occurs at the W/O interface or in the water phase,
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resulting in monodisperse silica particles. Both of the above
two approaches could be used to produce core—shell
OD@SIO;, particles with single OD in the middle of silica and
the diameter in the range of 25—150 nm, which exhibited
much higher chemical and optical stability and biocompat-
ibility than the neat QDs. However, all of the previous
methods contain multistep complicated manipulations in
which the QDs have to be presynthesized and separated
before the SiO,-coating reaction (Scheme 1A). Such tedious
processes associated with very limited availability of prod-
ucts (usually less than 0.1 g at one time) and nontunability
of bandgap seriously obstructed the practical applications
of the modified QDs. In addition, the size of the reported
OD@SiO, is generally too large (>30 nm), which would
adversely affect their aqueous-solubility, dispersibility and
processability, and thereby bionanoapplications. Therefore,
exploring a facile strategy to large-scale synthesis of QD/SiO,
nanohybrids with excellent optical stability, aqueous-solubil-
ity, and biocompatibility is fairly exigent. Because the yield
and size of the products by the previous approaches are
seriously limited, we aim to design a facile protocol for large-
scale synthesis of ultrafine QD/SiO, nanohybrids and keep
the comparable optical properties and biocompatibility to
the conventional core—shell QD@SiO, at the same time.
Herein, we present a one-pot hybridization strategy to
prepare SiO,-hybridized CdTe QDs (SiO,-h-QODs) up to sub-
kilogram scale in one batch in lab. This approach was carried
out in a sustainable water condition based on the first
aqueous formation of CdTe QDs seeds followed by silica
hybridization in the presence of tetraethyl orthosilicate
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Scheme 1.

(A) Conventional Multistep Approach for Synthesis of Core—Shell CdTe @SiO, Nanoparticles in

Aqueous Solution or Microemulsion System via at Least Two Pots; (B) Presented One-Pot Strategy for Synthesis

of SiO,-Hybridized QDs in Aqueous Solution
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(TEOS) in the same reactor (Scheme 1B). Our strategy
possesses various advantages: (1) the growth of QDs and
silica-hybridization are performed in the same reactor by
one step, which makes the synthetic process facile and the
yield of QD/SiO, nanohybrids high (>90%); (2) the whole
reaction process was conducted in aqueous solution under
relative low temperature, which makes the synthesis envi-
ronment green and the products cost-effective; (3) the
resulting hybrid nanoparticles are ultrafine (8—16 nm), and
the content of ODs in the product can be readily controlled
by the weight feed ratio of the TEOS to CdTe, and more
significantly; (4) similar to the neat ODs, the fluorescence
emission wavelength and absorption bandgap of the nano-
hybrids can also be tuned by reaction time; (5) the as-
prepared nanohybrids show excellent optical and chemical
stability, and good biocompatibility and biostability com-
pared with neat QDs due to the existence of the hybridized
silica protecting; (6) the nanohybrids surface can be easily
tailored with various functional groups through silane-
coupling chemistry and surface-initiated polymerization for
further modifications such as conjugation of drug molecules
and grafting of desired polymers. It is expected that the facile
and scalable synthesis of such robust ultrafine SiO,-h-QD
nanohybrids would pave the way for applying them in the
classic fields such as bioimaging and immunoassay, and
simultaneously arouse the new exploration of their applica-
tions such as in anticounterfeiting materials, high-perfor-
mance quantum dots-polymer nanocomposites, and so on.

EXPERIMENTAL SECTION

Materials. Tellurium powder (Te, 99.8 %), cadmium chloride
(CdCly, 99+ %), sodium borohydride (NaBH,4, 96 %), 1-thioglyc-
erol (TG, 90+ %), glycidol (96 %), mercaptopropionic acid (MPA,
99+ %), tetraethyl orthoslicate (TEOS, 98 %), 3-aminopropylt-
rimethoxysilane (APS, 97 %), 3-glycidoxypropyltrimethoxysi-
lane (GPS, 98%), and octadecy! isocyanate (90 %) were pur-
chased from Sigma-Aldrich and used as-received. Potassium
methylate solution in methanol (CHsOK, 25%) was obtained
from Alfa Aesar and used as received. Dioxane and tetrahydro-
furan (THF) were freshly distilled in the presence of calcium
hydride before each polymerization. All other reagents used are
of analytical grades without further purification.

Synthesis of SiO,-h-CdTe Nanohybrids. Water-soluble SiO,-
h-CdTe nanohybrids were prepared by a one-pot approach. In
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O Pot 1: pre-synthesize QD

Pot 2: synthesis of core-shell
QD@SiO, nanohybrids

O R=—"")OH —»_/OH

Si0,-h-QD

a typical procedure, 560 mg of NaBH,4 was transferred to a small
flask, and then 5.0 mL of ultrapure water was added. After 750
mg (5.9 mmol) of tellurium powder was added, the reacting
flask was cooled by ice. During the reaction, a small outlet
connected to the flask was kept open to discharge the pressure
from the resulting hydrogen. After several hours, the black
tellurium powder disappeared and white sodium tetraborate
precipitate appeared on the bottom of the flask instead. The
resulting fresh oxygen-free NaHTe aqueous solution was added
to 2.0 L of Nj-saturated CdCl, solution (3.6 mM) at pH 9.0
adjusted by NaOH (1.0 M) in the presence of TG (2.68 g, 24.8
mmol) at 100 °C. After 10 min, 32.6 mL of TEOS was injected
into the mixture. The mixture was then refluxed for 10 h before
the CdTe QD/silica nanohybrids were precipitated by ethanol.
The supernatant was discarded, and the nanohybrids were
centrifuged and washed with ethanol repeatedly. After purifica-
tion, the resulting orange solid was dried at 60 °C for 24 h under
a vacuum, obtaining 10.05 g of SiO,-h-CdTe nanohybrids
(quantum yields: 15%).

The theoretical mass percentage of CdTe QD in the SiO,/QD
hybridS is defined as Wtheo (Wtheo = QDmass/(QDmass+SiOZmass),
where QD is the mass of QDs that was predetermined by a
control experiment without the addition of TEOS, and SiOsmass
is the mass of silica calculated from the feed mass of TEOS).

For preparation of SiO,-h-CdTe nanohybrids at very low Wine,
(e.g., 2.1 wt %) or at high pH (e.g., 10), a tiny mass (<1 wt %)
of pure silica spheres would be formed. The pure silica can be
easily separated by direct centrifugation because of their relative
big size (25—35 nm). We also did several larger-scale batchs of
experiments in 5 L flask with the same protocol described
above, and 80—200 g of products with the same quality
(Quantum Yields: 8% —16 %) could be obtained in one-batch.
The size of the larger-scale batches products also depended on
the Wineo and in the range of 8—16 nm.

Control Experiment in the Presence of Ammonia. Typi-
cally, 0.5 mL of fresh-prepared NaHTe aqueous solution was
injected to 200 mL of N-saturated CdCl, solution (3.6 mM) at
pH 9.0 adjusted by ammonia (25 wt %) in the presence of TG
(270 mg, 2.48 mmol) at 100 °C. After 10 min, 2 mL of TEOS
was added into the mixture. The mixture was then stirred and
refluxed. With the increase in time, the mixture became more
and more cloudy. Finally, a thick white solid layer appeared at
the bottom of the mixture. The solids were collected by direct
centrifugation and then washed by deionized water. After three
cycles of washing-centrifugation, the resulting white solids (SiO»)
were dried under a vacuum at 80 °C for 24 h. By analyzing the
weight of the obtained dried SiO,, we found that almost all of
the TEOS were transformed into pure silica. This indicates that
SiO, did not hybridize on the QDs surface but only simply blend
the ODs in solution.
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FIGURE 1. Emission (left) and absorption (right) spectra of (a) SiO,-hybridized CdTe QDs and (b) neat CdTe QDs prepared in aqueous solution

using MPA as ligand at different reaction times.

Functionalization of SiO,-h-CdTe through Silane-Coupling
Chemistry. SiO,-h-CdTe nanohybrids with different surface
functional groups can be readily fulfilled by silane-coupling
chemistry. Typically, into a 100 mL flask were charged 100 mg
of SiO,-h-CdTe, 0.5 mL of APS (2.86 mmol) and 50 mL of
toluene, and the mixture was then stirred at 95 °C for 6 h. The
product was separated by centrifugation and washed with
ethanol repeatedly. The product of amino-CdTe/SiO, nanohy-
brids can still be well-dissolved in water. After the further
reaction with octadecyl isocyanate at 50 °C for 4 h, the obtained
hydrophobic SiO,-h-CdTe can be dissolved in organic solvents
such as chloroform, and N,N-dimethylformamide (DMF), et al.
In addition, the SiO,-h-CdTe nanohybrids obtained from the
larger-scale batchs have the same chemical robustness.

Synthesis of Hyperbranched Polyglycerol (HPG)-Grafted
Si0,-h-CdTe (32). Typically, SiO,-h-CdTe nanohybrids (50 mg)
were mixed with 28 uL (0.47 mmol) of potassium methylate
(CH50K) solution and 2.0 mL of anhydrous tetrahydrofuran
(THF) in a flask. The mixture was stirred for 1 h, before which
excess methanol was removed by vacuum. Then, 8.0 mL of
anhydrous dioxane was added and the flask was kept in an oil
bath at 95 °C. Glycidol (1.0 g, 13.5 mmol) was added dropwise
over a period of 10 h. After completion of monomer addition
the mixture was stirred for an additional 1 h. The mixture was
quenched and dispersed in methanol, and subsequently sepa-
rated by centrifugation and washed with methanol. After
repeated washing/separation steps and drying overnight in a
vacuum, the HPG-attached nanohybrids (SiO,-h-CdTe@HPG)
was obtained.

Characterization. Thermal gravimetric analysis (TGA) was
carried on a PE TGA-7 instrument with a heating rate of 20 °C
min~! in a nitrogen flow (20 mL min™"). Fourier transform
infrared (FTIR) spectra were recorded using a PE Paragon 1000
spectrometer (KBr disk). UV—vis spectra were recorded on a
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PE Lambda 20/2.0 UV/vis spectrometer. Emission spectra were
collected using a Varian Cary 100 spectrometer. X-ray powder
diffraction (XRD) spectra were taken on a Bruker AXS D8-
advance X-ray diffractometer with Cu Ka radiation. X-ray
photoelectron spectroscopy (XPS) was investigated on a RBD
upgraded PHI-5000C ESCA system (Perkin-Elmer) with Mg Ko
radiation (hv = 1253.6 eV), binding energies calibration was
based on Cls at 284.6 eV. Transmission electron microscopy
(TEM) studies were performed on a JEOL JEL2010 electron
microscope at 200 kV. Fluorescence images were obtained with
Zeiss LSM-510 confocal laser-scanning microscope using a laser
at 405 nm. The dynamic light scattering (DLS) measurements
were conducted using a Brookhaven particle size and zeta
potential analyzer at room temperature.

RESULTS AND DISCUSSION

One-Pot Synthesis of SiO,-h-CdTe Nanohybrids
with Tunable Optical Properties. The one-pot scalable-
synthesis process of SiO,-h-CdTe is similar to the corre-
sponding neat CdTe in aqueous solution by using thiol-
molecules such as 3-mercaptopropionic acid (MPA) and
1-thioglycerol (TG) as ligands (Scheme 1B) (33—35). The only
difference lies in the addition of TEOS after the NaHTe
precursor was injected into the mixture for 10 min, when
the primary CdTe QDs (or QD seeds) were formed. The
whole reaction process was monitored by photolumines-
cence (PL) and absorption spectra as shown in Figure 1. In
the cases of MPA as ligand, the PL peak first shifted from
546 to 576 nm in 10 h and subsequently from 576 to 584
nm for another 8 h, and similarly, the corresponding ab-
sorption peak shifted from 488 nm (2.55 eV) to 532 nm
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FIGURE 2. (a) Photographs of SiO,-hybridized CdTe QDs in aqueous
solution under UV light (365 nm, top) and daylight (bottom),
confirming their high water solubility and tunable optical properties.
The left three samples were prepared with MPA as ligand (from left
to right the reaction time is 0.5, 5, and 18 h, respectively) and the
right three samples with TG as ligand (from left to right the reaction
time is 1, 7, and 31 h, respectively). (b) Photograph of SiO,-
hybridized CdTe QDs powder obtained in one batch.

(2.34 eV) in the first 10 h and from 532 nm (2.34 eV) to 548
nm (2.27 eV) for another 8 h, suggesting that the lumines-
cence color and bandgap can be tuned by the reaction time
to some extent (Figure 1a). These results also indicate that
the in situ formed SiO,-h-CdTe nanohybrids have the size-
dependent quantum confinement effect that is one of the
most important natures of conventional QDs. By compari-
son, both of the PL and absorption peaks of neat CdTe QDs
showed gradually red shift during the reaction process even
after 18 h (Figure 1b). The shifted wavelength range in
emission spectra is 38 nm for SiO,-h-CdTe and 59 nm for
neat CdTe QDs, and correspondingly in absorption spectra
is 60 nm for SiO,-h-CdTe and 80 nm for neat CdTe QDs in
18 h by using MPA as ligand. According to the empirical
fitting functions proposed by Peng and co-workers (36), the
diameter of the CdTe nanocrystals in the SiO,-h-CdTe nano-
hybrids based on the first excitonic absorption peak is
calculated to be 2.0, 3.0, and 3.2 nm at reaction times of
0.5, 10, and 18 h, respectively. In comparison, the diameter
of neat CdTe nanocrystals without addition of TEOS is
calculated to be 2.2, 3.3, and 3.5 nm at reaction times of
0.5, 10, and 18 h, respectively, which is slightly bigger than
in SiO,-h-CdTe nanohybrids at the same reaction time. This
suggests that QDs grow more slowly in the presence of TEOS
because of their hybridization reaction.

Similar shifting phenomena can also be observed in the
cases of using TG as ligand. The shifted wavelength range is
21 nm for SiO,-h-CdTe and 33 nm for neat CdTe ODs in 48 h
in PL spectra, and is 45 nm for SiO,-h-CdTe and 58 nm for
neat CdTe ODs in 48 h in absorption spectra (see Figure S1
in the Supporting Information).

The as-prepared SiO,-h-CdTe hybrids can be easily dis-
solved in water and exhibit strong fluorescence in aqueous
solution under UV light (Figure 2a). In addition, different
ligands can give birth to different emission wavelengths by
keeping other parameters as constant, and for MPA ligand
green-yellow, yellow, and red luminescence (emission peak
from 546 to 584 nm) while for TG ligand green and green-
yellow luminescence (emission peak from 515 to 536 nm)
can be observed under UV light (Figure 2a). The different
emission wavelength ranges for MPA and TG are likely
derived from the differences of the molecular structure and
terminal functional groups of the ligands as reported by
Zhang et al in the synthesis of neat CdTe quantum dots (34).
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FIGURE 3. TEM images of SiO,-hybridized CdTe QDs with Wy, ()
2.1, (b) 9.4, (c) 19.7, (d) 32.5, (e) 48.6, and (f) 84.9 wt %. All the
scale bars are 20 nm.

The MPA has a thiol group and a carboxylic group, whereas
TG has a thiol group and two hydroxyl groups. The thiol
group directly caps on the QDs, whereas the other terminal
functional group is exposed to the surrounding and may
affect the coalescence and fusion of ionic monomers and
clusters. In the same reaction condition, the carboxylic
groups of MPA may coordinate with the Cd site of monomers
or clusters, leading to fast growth of CdTe crystal. For TG,
the two terminal hydroxyl groups have very weak interaction
with Cd site monomers or clusters and moreover have bigger
steric hindrance for the coalescence of their capped mono-
mers or clusters, thus result in very slow crystal growth. To
the best of our knowledge, this is the first example to directly
synthesize SiO,-h-CdTe nanohybrids with tunable lumines-
cence color. Moreover, subkilogram scale products can be
readily obtained in one batch (Figure 2b) because of the high
yield (~93 %) of this methodology, implying the scalable
productivity of the nanohybrids.

To further understand the reaction process and demon-
strate the good reproducibility of our one-pot synthesis
strategy, we designed and conducted a series of experiments
with different feed ratios of CdTe to TEOS (or Wineo). With
the variation of Wi, from 0 to 100 wt %, a series of
products were prepared. The detailed characterizations are
given below.

TEM Observations. The structure and morphology of
the resulting SiO,-h-CdTe materials were observed through
transmission electron microscope (TEM) as shown in Figure
3. The SiO,-h-CdTe particles are generally spherical shape
and their size in the range of 8—16 nm, which would be
beneficial to SiO,-h-CdTe solubility and following bionanoap-
plications. We found that the size and morphology of the
SiO,/QD nanohybrids could be tuned to some extent by
adjusting the TEOS concentration. When Wy, is higher than
19.7 wt %, with increasing the concentration of TEOS (or
decreasing the Wine,) the hybrids morphology is closer to
spherical shape and their sizes became more uniform and
bigger (e.g., the average diameter of the samples with Wine,
48.6 and 32.5 wt % are 9 and 10 nm, respectively). When
Wieo lower than 19.7 wt %, the concentration of TEOS has
very slight influence on the hybrids morphology and size

Zhou et al. www.acsami.org



FIGURE 4. High-resolution TEM images of SiO,-hybridized CdTe QDs
Wwith Wineo (a) 9.4, (b) 19.7, (c) 48.6, (d) 60.0, and (e) 84.9 wt %, and
(f) pure SiO,. The CdTe crystal lattice can be observed and was
marked by a dash ring. The scale bar corresponds to 5 nm.

even for the sample with Wine, as low as 2.1 wt % (the
corresponding silica content in the productis ca. 97.9 wt %).
In addition, dynamic light scattering (DLS) was utilized to
determine the hydrodynamic diameter of the SiO,-h-CdTe
particles with different Wye, in aqueous solution as shown
in Figure S2. The diameters of the SiO,-h-CdTe in aqueous
solution are also very small (below 25 nm). Similar to the
TEM results, with the decrease of Wineo, the size and size
distribution of SiO,-h-CdTe became bigger and more uniform
from the DLS measurements, respectively. All these showed
that ultrafine silica nanoparticles decorated with controllable
and tiny amount of QDs can be easily fabricated, which is
crucial for the industrial production and application of hybrid
nanomaterials. High-resolution TEM (HRTEM) observations
showed that our synthesized QD/SiO, particles are not in the
form of single QD as core and silica as shell, but in the form
of a hybrid in which QDs phase and silica phase are embed-
ded each other (Figure 4a,b,c). So we coined our products
as SiO,-h-QDs instead of QD@SiO,. The CdTe QDs are well-
crystallized and their crystal lattice can be clearly observed
under HRTEM. In addition, seen from the HRTEM images,
the size of the CdTe QDs is slightly increased with the
increase of Wi, to some extent (e.g., the average diameter
of the QDs with Wy, 9.4 and 48.6 wt % are 3 and 4 nm,
respectively). This may due to the samples with low Wineo
possess thicker silica interlayer at the same reaction time
and hence prevent or decrease the coalescence of Cd site
monomers or cluster, leading to slow growth of CdTe crystal
in the silica matrix. On the other hand, because of the low
contrast, with the increase in Wi, the silica components in
the HRTEM became more and more difficult to detect (Figure
4d.e).
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FIGURE 5. (a) Representative X-ray photoelectron (XPS) spectra of
neat CdTe QDs and SiO,-hybridized CdTe QDs with different Wyps.
(b) Relationship of calculated Wi, Vs the determined Wxps by XPS.
(c) XRD patterns for SiO,-hybridized CdTe QDs with Wi, (2) 2.1,
(3) 9.4, (4) 32.5, (5) 48.6, (6) 60.0, and (7) 84.9 wt %, (1) pure SiO,,
and (8) neat CdTe QDs.

XPS and XRD Characterizations. For gaining more
structure information of the as-prepared nanohybrids, the
chemical composition was analyzed by X-ray photoelectron
spectroscopy (XPS) (Figure 5a). According to the full survey
spectrum, the elements of Cd, Te, Si, O, and C were found,
of which the elements of Cd, and Te arise from the CdTe
ODs, and the elements of C, O,and Si arise from SiO, and
thiol-ligands. Meanwhile, the mass percentage of CdTe in the
SiO,-h-CdTe particles was also calculated according to the
XPS results (Wxps) With the content of Si element as refer-
ence. It is found that the Wxps is very close to the Wine, in
the wide range (0—100 wt %), suggesting that the content
of QDs can be tuned with favorable controllability (Figure
5b). This result further demonstrates the advantage of our
one-pot strategy.
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Scheme 2.

Speculated Growing Hybridization Mechanism for One-Pot Synthesis of SiO,-Hybridized QDs
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The crystalline structures of SiO,-h-CdTe series products
were determined by powder X-ray diffraction (XRD) (Figure
5¢). The diffraction patterns of the peaks generally fit to the
cubic zinc blende structure of bulk CdTe crystal, and the
broad peak around 23° in the samples with CdTe weight
content lower than 9.4 wt % is typically caused by the
amorphous silica (34). In addition, as the Wine, decreases,
the relative intensities of the peaks assigned to CdTe QDs
become weaker because of the lower content of QDs and
thicker silica interwalls.

It is noteworthy that the results mentioned above are
highly reproducible in our tens of repeated experiments,
further declaring the good controllability of the one-pot
synthesis strategy. In addition, we found that the pH can play
an important role on controlling the reaction speed, and the
suited pH range is 8—10. At lower pH, the QD surface is not
stable and thus shows low photoluminescence QYs, whereas
at higher pH, silica may degrade after exposure in excess
NaOH environment for long time.

Synthesis Mechanism Speculation. Though the
accurate mechanism for the formation of SiO,-h-CdTe is not
completely known, we could speculate the possible hybrid-
ization mechanism according to the observed phenomena
and obtained results. It is known that ammonia is commonly
used in the literature as catalyst to accelerate the hydrolysis
of TEOS, affording OQD@SiO, and other silica structures
(22, 37). To probe the mechanism of our strategy compara-
tively, we also performed the experiments in the presence
of ammonia, whereas found that the silica could not hybrid-
ize with the CdTe QDs but self-nucleated to form pure SiO,
spheres (see Figure S3 in the Supporting Information) (25, 26).

In our cases, because ammonia is not added, when TEOS
was added to the reaction system, the hydrolysis of TEOS
takes place very slow. The hydrolyzed TEOS would contact
with and then adsorb onto the QD seeds because of the
interactions of electrostatic force, hydrogen bonds, hydro-
phobic force, and so on. The condensation of adsorbed TEOS
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with the interface protic functional groups (e.g., —OH,
—COOH) gives rise to OQD-TEOS hybrid sol that gradually
condenses into hybrid nanoparticles embedded with simul-
taneously aged QDs according to the similar formation
procedure of pure silica NPs (Scheme 2). The condensation
and cross-linking between QD-TEOS and TEOS is a very slow
process, providing the chance and channels for the growth
or aging of ODs. So the bandgap and QD size of nanohybrids
can be tuned by the reaction time to some extent in
experiments. In addition, the influence of the molecular
structure and terminal functional groups of the ligand on the
growth of the CdTe crystal associated with the emission
wavelength range was also taken place in this process. With
the increase of cross-linking degree, the channels become
narrower and less, and hence the growth of enveloped QDs
get more slowly until stop finally when the silica interlayer
forms closely. This is in accordance with the aforementioned
experimental phenomena and results.

To further understand the reaction mechanism, the reac-
tion process was monitored by TEM and DLS. As shown in
Figure 6, at the early reaction stage (Figure 6a,b), the
morphology of the sample particles was irregular. According
to the above speculated mechanism, this may due to that
the hydrolysis of TEOS formed SiO, sol and the sol was not
completely cross-linked. As prolonging the reaction time, the
particles aggregated and tended to form spherical shape
particles (Figure 6¢). Finally, uniform spherical SiO,-h-CdTe
particles were formed (Figure 6d). From the DLS results (see
Figure S4 in the Supporting Information), the size of the
sample particles generally increased at beginning with the
increase of reaction time and at 5 h exhibited the maximum
diameter (D) and size polydispersity index (PDI) (D = 28.69
nm, PDI = 0.213). Nevertheless, further prolonged the
reaction time, the size decreased to 22.38 nm with PDI =
0.113. Therefore, both the TEM and DLS results are well-
consistent with the speculated reaction mechanism that the
formation of SiO,-h-CdTe nanohybrids included the slow
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FIGURE 6. TEM images of SiO,-hybridized CdTe sample with Wy, 19.7 wt % at the reaction time (a) 10 min, (b) 1 h, (c) 5 h, and (d) 18 h.

hydrolysis of TEOS to form SiO, sol and the gradual cross-
link of the SiO; sol to form SiO,-h-CdTe particles.

According to this mechanism, it is reasonable to speculate
that pure SiO, spheres may be formed at very low Wineo
because of the existence of possible competing reaction
between the condensation of silica sol on CdTe surface and
the self-condensation of silica sol to form pure SiO, spheres.
In fact, a tiny mass of pure silica (<1 wt %) was observed
for the case of Wineo 2.1 Wt % . This result demonstrated the
rationality of the mechanism, and also indicated the very
low probability of silica sol self-nucleation in the presence
of ODs. Nevertheless, to obtain highly pure SiO,/CdTe nano-
hybrids, the formed pure silica can be easily removed by
centrifugation because of their relative bigger size (25—30
nm). Because the hybridization (or hydrolysis of TEOS) and
growth of QDs occur simultaneously, the formation mech-
anism of SiO,-h-CdTe can be named as “growing hybridiza-
tion”. Such a dynamic process is essentially different from
the conventional static ones in which the sizes of presyn-
thesized QDs are unchanged and the bandgap of resulting
products cannot be tuned yet.

Evaluations of Optical Stability, Biostability,
and Toxicity of SiO,-h-QDs. Because our synthesized
SiO,-h-ODs do not possess the structure with single QD in
the middle of silica, it is crucial to know whether the optical
properties, chemical and biological stabilities are compa-
rable to the previously reported QDs@SiO, nanoparticles
(26, 27). To our delight, the QYs of the as-prepared SiO,-h-
ODs with different CdTe contents are generally in the range
of 15—19%, which are comparable to the values of the
previously reported QDs@SiO, nanoparticles, and are higher
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than that of the neat ODs (15 %) as shown in Figure 7a. This
can be explained by the fact that the self-quenching effect
of ODs, which is caused by the particles aggregation, can
be effectively avoided because of the presence of silica
isolation layer compared to neat QDs, especially for the
sample with relatively high SiO, content (38). The photo-
oxidation experiments were also performed under UV light
by comparing the time (Ty,) (Figure 7a), when the PL
intensity of SiO,-h-QDs decreases to its half initial. Generally,
the SiO,-h-QDs showed much higher T;,, compared to neat
QODs, and more silica content resulted in longer T, because
the silica hybridization could isolate the QDs from the
environment effectively to avoid contacting oxygen and
water directly. For instance, the Ty, for neat QDs is only 19
min, while for the SiO,-h-QDs with silica content 50 wt %
the T, rises to 44 min that is about 2.5 times of the neat
QODs. The longest Ty, is 58.5 min with silica content 90 wt
%, which is more than 3 times that of the neat QODs. In
addition, with the silica content greater than 60 wt %, the
Ty, increased slowly with the increase in silica content,
suggesting that the QDs were almost totally enveloped by
silica above this fraction.

Moreover, to confirm the SiO,-h-QDs are more stable
under bioenvironment compared to the neat QDs, the PL
stabilities in phosphate buffer were also investigated at pH
6.8 and 8.5. As shown in Figure 7b, the PL intensity of neat
ODs decreased sharply to ca. 18 % after only 5 h, and was
completely quenched within 24 h at pH 6.8, while for SiO,-
h-QDs with CdTe contents of 9.4 and 25.3 wt % both can
still keep 90 % of initial intensity after 24 h. At pH 8.5, the
neat CdTe QDs only maintained ca. 30 % of initial emission
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FIGURE 7. (a) Quantum yields of neat CdTe and SiO,-hybridized
CdTe QODs with different W,,, and photostability of SiO,-hybridized
CdTe QDs with Wiye, 9.4 Wt % (3 mg/mL) under UV light (365 nm).
(b) PL-stability of neat CdTe (black line) and SiO,-hybridized CdTe
QDs (red line) with Wiye, 9.4 Wt % in the phosphate buffer solution
(3 mg/mL) at pH 6.8 and 8.5.

efficiency after 24 h, while the PL intensity of the SiO,-h-
QDs almost kept constant. These results demonstrate that
our SiO,-h-QDs are also highly stable in both acid and base
buffer solutions, promising their potential applications in
bionanotechnology.

Consequently, we studied the in vitro cell imaging with
the SiO,-h-QDs in the malignant melanoma cells A375, and
strong green fluorescence could be detected in cells even
after 8 h (see Figure S5b in the Supporting Information). On
the contrary, the fluorescence was almost bleached in cells
within 5 h for neat QDs (32). So the silica hybridization can
significantly improve the biostability of QDs indeed. On the
other hand, because the toxicity of QDs is a big challenge
for bioapplications, in vitro cytotoxicity evaluations of SiO,-
h-ODs and neat CdTe QDs in human lung cancer cells SPCAI
were conducted, and the results showed that the SiO,-h-ODs
were much less toxic than the neat QDs (see Figure S5a in
the Supporting Information) (39). This is likely due to the
silica shell can prevent the CdTe dissolution, which would
result in the release of free Cd** and chalcogenoxides under
oxygen and photoirradiation.

Therefore, it can be concluded that the SiO,-h-QODs can
not only be readily and scalablly prepared via the one-pot
aqueous approach but also have excellent optical property,
high water-solubility, photostability, chemical and biological
stabilities, and biocompatibility.
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Chemical Reactivity of SiO,-h-QDs. To enhance
the optical property, chemical stability, and biocompatibility
of ODs, many inorganic matrices could be utilized to form
hybrid structure such as CdTe/CdSe and CdTe/CdS (40, 41).
However, their surface functional groups for further modi-
fication are not so convenient. For our SiO,-h-QDs, another
marked merit is their surface can be facilely modified
through the classic silane-coupling chemistry (42, 43) and
surface-initiated ring-opening polymerization, endowing
various functional groups such as amino, epoxy, and hy-
droxyl for further functionalization (see Figure S6 in the
Supporting Information), as verified by thermal gravimetric
analysis (TGA) and Fourier transform infrared (FTIR) spectra
(see Figure S7 in the Supporting Information). For unmodi-
fied SiO,-h-QDs, only ca. 2 wt % of weight loss was found
below 700 °C, whereas after the surface modification, ca.
7.8,10.5,and 33.1 wt % of weight loss for amino-, epoxy-,
and hyperbranched polyglycerol (HPG)-functionalized SiO,-
h-ODs were detected between 100—500 °C, respectively
(see Figure S7a in the Supporting Information). In addition,
from the FTIR spectra, after the modification, two obvious
bands at 2816 and 2901 cm™" associated with C—H stretch-
ing appeared (see Figure S7b in the Supporting Information).
All these characterizations demonstrated the successful
surface modification of the SiO,-h-QDs.

Herein, to demonstrate the high reactivity of the surface
functional groups, we chose amino-functionalized SiO,-h-
QODs (SiO,-h-QDs-NHy) to further react with octadecyl isocy-
anate at 50 °C for 4 h. After the reaction, the weight loss
increased from 7.8 to 20.4 wt % between 100 and 500 °C.
Meanwhile, from the FTIR spectra, an obvious band at 1551
associated with the amide Il stretching appeared (see Figure
S7b in the Supporting Information). This is in accordance
with the predicted structure as shown in Figure S6 in the
Supporting Information. Moreover, we found that the solu-
bility of the SiO,-h-QDs can be facilely tuned by change the
surface functional groups (see Figure S7d in the Supporting
Information). The unmodified SiO,-h-QDs can only be dis-
solved in aqueous solution and would be precipitated im-
mediately in ethanol but the amino-, epoxy-, and HPG-
functionalized SiO,-h-QDs can be well dispersed in various
organic solvents such as ethanol, tetrahydrofuran, and DMF.
The SiO,-h-ODs-C18 can even be well-dissolved in nonpolar
organic solvents such as chloroform and dichloromethane
because of the surface modification by the nonpolar organic
moieties. More significantly, benefiting from the silica in-
terlayer protection, no obvious decrease of photolumines-
cence QY for the hybrid ODs was observed during the
chemical reactions (Note: the fluorescence of neat QDs
might be quenched in 30 min during a common reaction
such as esterification; see Figure S7c in the Supporting
Information). Therefore, we can conclude that our synthe-
sized SiO,-h-QDs can be easily tailored with various highly
reactive functional groups that can be utilized to conjugate
functional molecules, and can keep excellent optical proper-
ties at the same time. This is extremely important for
practical applications such as in bioimaging and biosensors.
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CONCLUSION

In conclusion, we have reported a one-pot approach for
large-scale preparation of silica-hybridized CdTe quantum
dots with excellent controllability and high reproducibility.
The as-prepared water-soluble SiO,-h-QDs are ultrafine with
an average diameter below 16 nm and show excellent
optical stability, favorable biocompatibility, low toxicity, and
facile surface functionality compared to the neat CdTe QDs.
Meanwhile, their emission and absorption wavelengths can
be tuned by the reaction time because of the growing
hybridization mechanism. We believe that the work pre-
sented here will provide a significant step forward to bring-
ing ODs from experiment research to practical applications
such as optical devices fabrication, bioimaging, and multi-
functional nanocomposites.
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