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Fluorescent coreshell CdTe@Si@particles with controllable particle sizes were prepared via a reverse
microemulsion method by hydrolyzing tetraethyl orthosilicate within microwater droplets. Aqueous CdTe
nanocrystals and CdS nanocrystals stabilized by different types of thiol molecules were prepared for
elucidating the mechanism leading to the ceskell structures. Photo-oxidation experiments were
performed to show the enhancement effect of the silica shell on the photostability of the CdTe nanocrystals
encapsulated. Further surface modifications were also performed for grafting amino groups on the surface
of the resultant fluorescent CdTe@ Sifarticles.

Introduction solutions for solving these problerfhié silica coating can
not only suppress the photodegradation of Q-dots but also
Over the past two decades;NI semiconductor quantum  impede the release of heavy metal ions in harsh chemical
dots (Q-dots) have been attracting more and more interestsenvironments, and furthermore can provide the resultant
because of their unique optical properties such as size-tunableore—shell composite nanoparticles with good water dis-
fluorescence and narrow and symmetric emission profile with persibility, biocompatibility, and surface functionalftyas
a broad excitation range, which make the Q-dots a new typethe silanol group on the silica shell offers versatile possibili-
of labeling materials useful for versatile biological and ties for covalently functionalizing the silica-coated particles.
biomedical applicationsNonetheless, Q-dot materials have  Until now, coating inorganic nanocrystals with silica has
to face the following problems in practical applications: received intensive investigatiofist? The preparative routes
ultra-sensitivity of their fluorescence to the surface states, can generally be classified into two groups, i.e., théb8te
cytotoxicity due to the release of heavy metal ions upon process-based approaches and the reverse (water-in-oil)
photo-oxidatior? and chemical and colloidal stabilities in microemulsion method. For agueous Q-dots, théb&to
harsh chemical environments. Coating fluorescent Q-dots
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process can be used straightforwardly and offers the pos-
sibility of forming either Q-dot@silica coreshell structure 0.018] 1540
or “raisin bun”-type composite particles in which a number g c
of Q-dots are simultaneously encapsulated in each silica § 1360 @
particles’ For organic soluble Q-dots prepared by the TOP/ 2 0.000- z
TOPO method, prior to the Ster process, ligand exchange < -180 f
is usually required for transferring the Q-dots from less polar =
solvents to polar media. Systematic investigations revealed 0.000 ; . 0

400 500 600 700

that the Stber process allows control of the thickness of

the silica shell over a range from a few to hundreds of _ )
ters. even thouah laborious multistep procedures wer Figure 1. Absorption and fluorescence spectra of the as-prepared CdTe
nanometers, g pp Q}dots costabilized by TGA and TGOL. The excitation wavelength was

Wavelength (nm)

required to achieve such a thickness corftfol. 400 nm for the fluorescence measurements.

As an alternative approach, the reverse microemulsion
method can also be used for coating inorganic nanocrystals 0.18+ L, =
with silica#1%-12 |n comparison with the Ster method, it 3 5
can better control the particle size distribution, especially in 8 012 %
a range of 38150 nm!! In principle, the water-in-oil 5 =2
microemulsion method is more suitable for coating the < 0.06 g
agueous Q-dots. However, very recent investigations have ' °
demonstrated that it can also be used in coating hydrophobic

0.00

Q-dots capped by trioctylphosphine oxide (TOP&¥Even 200 500 600 700 800
though the mechanism for coating the hydrophobic Q-dots Wavelength(nm)
remains unclear, a ligand-exchange process involving TEOSkigure 2. Absorption and fluorescence spectra of the as-prepared CdS
(tetraethyl orthosilicate) has been proposed to interpret thenanocrystals stabilized by TGA. The excitation wavelength was 400 nm
resultant composite structure, i.e., one Q-dot locating at the " the fluorescence measurements.

center of each resultant silica partiéfe. ) )
. . . salicylaldehyde (Beijing Xudong Chemical Factory, 96% So-
In comparison with the CdSe-based hydrophobic Q-dots dium sulfide, ammonia aqueous solution (25 wt %), cyclohexane,

prepared by the TOP/TOPO method, recent developmentsy, exanol, acetone, butanol, iso-propy! alcohol, and ethanol were
on the highly fluorescent CdTe Q-dots directly synthesized pyrchased from Beijing Chemical Company.
in aqueous system encourage us to further investigate the = gynthesis of Fluorescent NanocrystaldTe nanocrystals were
silica coating for the aqueous CdTe Q-dots with high synthesized according to a previous report by employing both
fluorescence efficienci? In our previous investigations, we  1-thioglycerol (TGOL) and thioglycolic acid (TGA) as stabilizing
have demonstrated that by the microemulsion method, agents> Briefly, 1.401 g (3.35 mmol) of Cd(CIQ»6H,O was
CdTe@SiQ core-shell particles can be obtained in a dissolved in 180 mL of water followed by the addition of 0.56 mL
straightforward mannéf.The experimental results revealed (6.64 mmol) of TGOL and 0.11 mL (1.53 mmol) of TGA. The pH
that by choosing proper silica precursors, CdTeASiGm- of the reaction mixture was then raised_to _11.2 g$SnM NaOH.
posite particles with well-defined structures can be obtained, After that, FTe gas Caution: HTe gas is highly flammable and
especially the coreshell-structured CdTe@SiQparticles.  10XI¢ by inhalation carried by a N flow was introduced into the

. . . . . reaction mixture under stirring. Immediately, the color of the
Following from our previous investigations, we report herein

detail th ticle si trol and the fi treaction mixture changed from colorless to orange. After ap-
more detalls on the particie size control an € liuorescen proximately 20 min, the resultant orange solution was subjected to

properties Qf the resultant corshell particles and provide. reflux. The particle size was controlled by refluxing time. Typical
more experimental results to support the structural formation apsorption and fluorescence spectra of the as-prepared CdTe Q-dots

mechanism for the single core composite particles. are presented in Figure 1. In a similar way, CdTe Q-Dots solely
stabilized by either 3-mercaptopropionic acid (MPA) or thiolglycolic
Experimental Section acid (TGA) were synthesized.

In addition, for comparing with CdTe nanocrystals, CdS nanoc-
rystals were also prepared using TGA as stabilizing agent. The
‘general preparative procedures were the same except that an aqueous
solution of NaS was introduced into the solution of cadmium ions
instead of HTe to generate CdS. The reflux time for CdS
nanocrystals was fixed at 12 h. The absorption and fluorescence
spectra of the aqueous CdS nanocrystals obtained are shown in
Figure 2. Different from CdTe, CdS Q-dots presents a red-shift
photoluminescence (PL) with respect to the absorption onset,
indicating that the PL emission of CdS nanocrystals is dominated
by trap emissions.

Chemicals.All chemicals mentioned in the current investigations
were used as received; they are cadmium perchlorate hydrate (Cd
(ClO4)#6H,0; Aldrich, 99.9% product 40137-4), 1-thioglycerol
(TGOL,; Fluka, 99%-, product 88640), thiolglycolic acid (TGA;
Aldrich, 97%t, product 475343), 3-mercaptopropionic acid (MPA,;
Aldrich, 99%t, product M5801), polyethylene glycol tert-octylphe-
nyl ether (TritonX-100; Sigma, product X100), tetraethyl ortho-
silicate (TEOS; Fluka, 98%, product 86580), aminopropyltris-
(methyloxy)silane (APS; Aldrich, 97%, product 281778), and

(13) (a) Gao, M. Y; Kirstein, S.; Mowald, H.; Rogach, A. L.; Kornowski,
A.; Eychmiller, A.; Weller, H.J. Phys. Chem1998 102, 8360. (b)

Zhang, H.; Zhou, Z.; Yang, B.; Gao, M. Y. Phys. Chem. B003 (15) (a) Gaponik, N.; Talapin, D. V.; Rogach, A. L.; Hoppe, K,;
107, 8. (¢) Bao, H.; Gong, Y.; Li, Z.; Gao, M. YChem. Mater2004 Shevchenko, E. V.; Kornowski, A.; Eychiiher, A.; Weller, H.J. Phys.
16, 3853. Chem. B2002 106, 7177. (b) Gong, Y.; Gao, M.; Wang, D.; Mohwald,

(14) Yang, Y.; Gao, M. Y Adv. Mater. 2005 17, 2354. H. Chem. Mater2005 17, 2648.
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Synthesis of Fluorescent Silica-Coated Particlesluorescent

core-shell CdTe@Si@nanoparticles were prepared according to 190
the literature by reverse microemulsion meth6é In detail, 48

uL of aqueous solution of the as-prepared CdTe Q-dots and 240 I,F

uL of ammonia aqueous solution (25 wt %) were introduced into Jf | o

a liquid system containing 7.5 mL of cyclohexane, 1.8 mL of
n-hexanol, and 1.77 mL of TritonX-100. Subsequently, LQ0of
TEOS was introduced under vigorous magnetic stirring. The
reaction system was then sealed and kept under stirring in the dark
at room temperature for 3 days. Acetone was used to terminate the
reaction and the resultant precipitate of CdTe@SiOmposite
particles were washed in sequence with butanol, iso-propyl alcohol,
ethanol, and water. During each washing procedure, the particle
dispersion was first subjected to centrifugation, followed by
decantation of the supernatant and redispersion of the preC|p|tateFiglure 3. Representative TEM image of the corshell CdTe@Sio

in the neXt_ sowent with the aid of _SUperson'thlon' At the en_d' articles prepared using CdTe Q-dots costabilized by TGA and TGOL (a),
aqueous dispersions of the composite nanoparticles were obtaineGnd the corresponding fluorescence spectrum of the composite particles
for further characterization. The fluorescence efficiency of the suspended in neutral water (b). The scale bar corresponds to 50 nm. The
CdTe@SiQ composite particles obtained was determined according excitation wavelength was 400 nm for the fluorescence measurements.
to the literaturé? Usually, it was in a range of-110%. More efforts ) ) ) -
are currently underway to further increase the PL efficiency. By e€lectrostatic repulsion between the negatively charged silica
the same procedures, CdS/gimposite particles were synthe-  intermediates formed during the hydrolysis of TEOS and the
sized. negatively charged CdTe Q-dots is responsible for the-core

Surface Modification of CdTe@SiO, Particles. Properly shell structure of the resultant particlés.

modifying the surface_ of the fluorescent composite particles is In the reverse microemulsion system, cyclohexane served
important for further using them as fluorescent biomarkers. To graft as a continue phase, and TritonX-100 antexanol were
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amine groups on the surface of CdTe@sgparticles, we injected
2 uL of aminopropyltris(methyloxy)silane (APS) into the reaction
system 3 days after the hydrolysis and condensation of TEOS. The
reaction system was then kept under stirring for one more day.
The resultant amine-funcationalized CdTe@sSjiiarticles were
obtained by the same purification procedures as those for CdTe@SiO
particles.

Photostability of the CdTe@SiGQ Core—Shell Particles To

used as surfactant and co-surfactant, respectively. The
aqueous solution of CdTe nanocrystals and ammonia was
emulsified under magnetic stirring forming micro water
droplets. During this stage, the electrostatic repulsion between
the negatively charged CdTe Q-dots was effectively screened
by the positive background arising from cations, i.e.,sNH
and Na; therefore, the system is under an electrostatic

exam the photostabilities of the CdTe nanocrystals encapsulatedequilibrium, which is supported by the fact that the aqueous
in silica particles with different shell thicknesses, we subjected gg|ytion of CdTe Q-dots have shown long term (over years)
aqueous dispersions of the composite particle samples 10 acq||oidal stability at pH 11. This electrostatic equilibrium
continuum ultraviolet (UV) irradiation (292 nm) with a power can quantitatively be described by the Debytiickel theory

density of 1.2 W/crhat a focus where the light beam was 1 cmin . - . .
diameter. Typically, the agueous dispersions of various particle m, which the screenlng potential arciu/nd a CdTe_ Q-dot at
distancer is given byV(r) = (Qler) e "P. Here,Q is the

samples were aerated with oxygen before they were transferred into . g . .
a 1 cm quartz corvette for the photo-oxidation experiments. charges on a CdTe Q-dat;is the dielectric constan) is

Characterizations. The size and morphologies of the resultant the Debye screening length given By= (eksT/no)*%, where
silica particles were characterized with the aid of JEM-100CXIl kg is the Boltzmann constant;is the temperature; ang is
transmission electron microscope (TEM) operating at 100 kV. the density of the cations. The average distance between
Fluorescence spectra were recorded at room temperature using £dTe Q-dots initially should be larger thdh so that the
fluorescence spectrophotometer (Cary Eclipse). electrostatic equilibrium can be preserved. After the intro-

duction of TEOS, which can well-dissolved in cyclohexane,
Results and Discussions TEOS will pass the oil/water interface by diffusion and start

Figure 3 presents the general morphology of the fluores- to hydrolyze upon the catalysis of ammonia. It is well-known
cent CdTe@Si@ composite particles based on the CdTe that the partly hydrolyzed TEOS molecules have strong
Q-dots co-stabilized by TGA and TGOL. The composite hydrophilicity due to the deprotonation of the silanol

particles remained fluorescent after encapsulation with the 9r0ups:” When these hydrolyzed species gain enough
emission peak position nearly unchanged even though thehydrophilicity, they will completely enter the aqueous phase.

fluorescence quantum yield of the CdTe Q-dots decrelised. 1€ subsequent condensation between hydrolyzed species
Apart from that, all composite particles present a universal In reverse micelles results in silica oligomers or silica
structure, coreshell structure with single CdTe Q-dots Intermediates which can be taken as a negatively charged
locating at the center of each silica particles. Furthermore, POlyelectrolyte as the pKa of the silanol groups was reported
the core-shell structure was also demonstrated to be @ b€ around 7. Thereafter, the previous electrostatic equi-

independent of the initially feeding amount of the CdTe
nanocrystals. Our previous investigations suggests that the(17) () Ariagada, F. J.; Osseo-Asare, K.Colloid Interface Sci1999

211, 210. (b) Osseo-Asare, K.; Arriagada, FCblloids Surf.1990
50, 321. (c) Kamiya, K.; Yoko, TJ. Mater. Sci.1986 21, 842. (d)
Chang, C.; Fogler, H. S.angmuir1997 13, 3295.

(16) Zhao, X.; Bagwe, R. P.; Tan, WAdv. Mater. 2004 16, 173.
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Figure 4. TEM images of the coreshell Q-dot@Si@based on (a) CdTe of TEOS, for the resultant CdTe@SiCore—shell particles based on CdTe
nanocrystals stabilized by TGA, (b) CdTe nanocrystals stabilized by MPA, nanocrystals costabilized by TGA and TGOL. The average particle size
and (c) CdS nanocrystals stabilized by TGA, respectively. The scale bar together with the error bars are shown in the underlying graph. The insets
corresponds to 50 nm. are selective images from differently sized composite particles for showing
the core-shell structures. Right: Composite particles obtained by feeding
librium was destroyed_ As the molecular Weights of the 5uL of TEOS into the reaction system with the other synthetic parameters

oligomeric silica intermediates increase, the cations ipduced;‘i’;‘lzggf’stﬂeaslf‘?éMa?nggcg’Zi fcc’(;rtr';‘;ppoar:gct'gssghﬁr‘;"f‘ in the left panel. The
by the oligomertic silica intermediates evenly distributed
throughout the microscale water pool, and the region aroundresults shown in Figure 5a demonstrate that the average size
the oligomertic intermediates is locally negatively charged. of the resultant particles can successively be tuned from 45
This local negatively charged background will reduce the to 109 nm, suggesting that the concentration of TEOS also
screen between two CdTe Q-dots; consequently, the Debyeplays a determined role in the particle size control with
screening length for CdTe Q-dots will increase, which respect to the current systems. Moreover, in this size regime,
induces a net repulsive interaction between two neighboringindependent of the particle size, all composite particles
CdTe Q-dots. As the selgel process goes on, especially exhibit the same coreshell structure, even though the
when the Debye screening length becomes larger than thesmaller particles exhibit a relatively narrower particle size
radius of the microwater pool, most of the Q-dots will be distribution. Nevertheless, further decreasing the feeding
driven to boundary of the aqueous microdroplet, except for amount of TEOS to L leads to a worse defined composite
the last CdTe Q-dot, which will locate at the center of the structure for the resultant particles. Apart from their irregular
water pool because of the symmetry of the repulsive shapes, most composite particles have a couple of CdTe
interaction between this specific CdTe Q-dot and the others particles as core, as shown in Figure 5b. This morphological
locating at the surface of the microwater pool. Previous change also manifests the mechanism proposed above.
investigations have demonstrated that those CdTe Q-dots orBecause the amount of TEOS was tremendously reduced,
the surface of the silica particles finally formed can be the concentration of negatively silica intermediates in the
removed during the following washing procedutés. microwater pool was consequently much lower than that
As the real system is too complicated to quantitatively producing the well-defined coreshell particles. The Debye
describe, more experiments were designed to support thescreening length in this case could never reach the radius of
mechanism proposed. First, the surface capping agent forthe water droplets. As a result, a certain percentage of the
CdTe was switched to either TGA or MPA. The resultant CdTe Q-dots remained in the silica particles after the
silica particles are shown in panels a and b of Figure 4, condensation of TEOS.
respectively. Independent of the surface capping agents, these As mentioned in the introduction part, one of the aims
two samples also present the same edafeell structure. To  for coating CdTe with silica was to suppress the photodeg-
test the validity of the mechanism, CdS nanocrystals radation of CdTe nanocrystals as demonstrated by Liz-
stabilized by TGA were also adopted as model particles. The Marzan et al. with respect to CdS nanocryst&i8ecause
TEM result shown in panel ¢ of Figure 4 demonstrates that the photodegradation will start from the particle surface in
core—shell CdS@Si@ composite particles can also be most cases involving oxygen and consequently lead to the
formed. Furthermore, the corshell structure for the  fade of the fluorescence due to the formation of nonradiative
CdS@SiQ composite particles was also found out to be pathways, the silica coating was expected to stabilize the
independent of the initial concentration of CdS nanoparticles. fluorescence of the CdTe particles by isolating them from
Typically, the concentration of TEOS is an important the environment. To demonstrate this effect, we dispersed
parameter for tuning the thickness of the silica shell for the the CdTe@Si@ particles with different shell thickness in
Q-dot@SiQ particles prepared by the ‘Ster method. The O.-aerated water for photo-oxidation experiments. The results
same effect was also expected for the CdTe@ p&dticles shown in Figure 6 indicate that at earlier stage of the UV
prepared by the current approach. Therefore, the feedingirradiation, the silica-coated CdTe nanocrystals presents an
amount of TEOS was varied in a range of-28)0 ulL, increased PL intensity followed by a slow decrease. The loss
whereas all the other parameters were kept constant. Detailedn PL intensity decreases generally with the increase in the
results are provided in the Supporting Information. The TEM thickness of the silica shell. The early increase in PL intensity
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Figure 6. Photo-oxidation experiments on CdTe nanocrystals coated by 500 600 700
silica shells with different shell thicknesses. The photostability of mother
CdTe nanocrystals costabilized by TGA and TGOL is also given for Wavelength
comparison. The power density of the UV light (292 nm) at 1 cm focus Figyre 7. Absorption and fluorescence spectra of the mother CdTe
was about 1.2 W/cf nanocrystals costabilized by TGA and TGOL recorded before (black lines)

and during (red lines) the photo-oxidation experiments. The excitation
is not well-understood at the current stage. However, it was wavelength was 400 nm for the fluorescence measurements.
previously demonstrated that the photodegradation of the
thiol molecules capped on the surface of CdTe nanocrystals 90
can also lead to such an effect even in the absence of
oxygen!¢ Moreover, such photo enhancement effects were
also observed with respect to CdSe nanocrystals by different
groups and interpreted by different mechanisthdhe
following decrease was believed to be caused by photodeg-
radation of CdTe nanocrystals. Water and trace oxygen are
typically involved in such photo-oxidation processes. Be- 0k "500 500 200 300
cause of the hydrophilic nature and porous structure of the Wavelength (nm)
silica shell, oxygen dissolved in the aqueous medium could Figure 8. Fluorescence spectra of APS-coated CdTe@ SiWe—shell
slowly penetrate through the silica shell, leading to the photo- particles before (dot line) and after (solid line) reacting with salicylaldehyde.
oxidation of the encapsulated CdTe Q-dOtS. Although the The_ da_lshed line spectrum was recorded from pure salicylaldehyde. The
thickness of the silica shell does not show a clear relationshipexmtanon wavelength was 400 nm for the fluorescence measurements.
with the PL enhancement effect during the early stage of the diffusion of heavy metal ions could be impeded or at
illumination, over long-term illumination, the thicker the least slowed down by the silica sh&llwhich is very
silica shell, the more PL emission intensity is preserved, important for using Q-dot-based fluorescent markers in in
which strongly suggests that the fade of PL emission of CdTe Vivo biomedical applications.
encapsulated in silica involves oxygen diffusing from the ~ The third aim of the silica coating was to provide an easy
surrounding medium. The photodegradation of CdTe dots surface modification route for further covalently binding
encapsulated in a silica shell can more clearly be seen frombiomolecules with CdTe dots. In fact, there have already been
the photodegradation of the mother CdTe nanocrystals. @ plenty of investigations on functionalizing the surface of
Accompanying the decrease in PL intensity achieved by silica beads by different silicane coupling agents. Herein,
illumination, as shown in Figure 7, the absorbance of the @mino groups were grafted on the surface of CdTe@SiO
mother CdTe nanocrystals also decreases, demonstrating tha@rticles by coating the particles with APS. Because exces-
in the presence of oxygen, CdTe nanocrystals can pesive APS will cause aggregation of silica nanoparticles and
photodegraded. Therefore, it can be concluded that the silicaconsequently reduce their aqueous dispersibfitize feeding
shell can effectively impede the diffusion of oxygen from ratio of APS:TEOS was carefully optimized as 1:50 (vol-
the surrounding environment to contact the CdTe Q-dots in Ume). Because salicylaldehyde can react with the primary
the center of silica nanopatrticles as more than 75% of the@mino group to form imines, which are strong chro-
PL emission was preserved after the PL emission of the mophoreg? salicylaldehyde was introduced into the aqueous
uncoated CdTe nanocrystals completely died out. dispersion of APS-grated CdTe@Siarticles, after the
resultant particles were thoroughly washed with alcohol, to
detect the existence of surface amino groups. The fluores-
cence spectra of the APS-coated CdTe@ pdticles before
and after reaction with salicylaldehyde are shown in Figure
8. Because salicylaldehyde does not show fluorescence under
ultraviolet radiation, the appearance of a new PL emission

(18) (a) Cordero, S. R.; Carson, P. J.; Estabrook, R. A.; Strouse, G. F.; ; ;
Buratto, S. K.J, Phys. Chem. B000 104 12137. (b) Van Sark, w.  P€aking at 500 nm suggests that amino groups were
G. J. H. M.; Frederix, P. L. T. M.; Van den Heuvel, D. J.; Gerritsen, successfully grafted on the surface of the CdTe@SiO
H. C.; Bol, A. A;; van Lingen, J. N. J.; de Mello Donega, C.; Meijerink, particles.
A. J. Phys. Chem. BR001, 105 8281. (c) Murase, N.; Yang, P.; Li,
C. L. J. Phys. Chem. BR005 109, 17855.
(19) Bagwe, R. P.; Hilliard, L. R.; Tan, W.angmuir200§ 22, 4357. (21) Dura, A.; Conde, A.; Gmez Coedo, A.; Dorado, T.; GagIC., Cefg
(20) Bass, J. D.; Katz, AChem. Mater2003 15, 2757. S.J. Mater. Chem2004 14, 2282.
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The second aim of the silica coating was to reduce the
cytotoxicity of CdTe nanocrystals by blocking cadmium ions,
generated by photo-oxidation, from diffusing into surround-
ing media. The photo-oxidation results therefore suggest that
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Conclusions impede the diffusion of cadmium ions generated by the

i . . photodegradation of CdTe core, which is very important for
Fluorescent coreshell-structured CdTe@Si(particles using fluorescent Q-dots as biomarkers. Toward bioappli-

have successfully been prepared by a reverse microemulsior& fions. amino arouns have al fullv been arafted
method. Systematic experimental results suggest that the ations, O groups have also successiully been graite

electrostatic repulsion between the silica intermediates on the surface of the fliorescent CdTe@gparticles. We

formed upon the hydrolysis of TEOS and CdTe Q-dots is believe our current investigation§ 'WiII.be interesting for
responsible for the coreshell structure of the resultant developing robust and low cytotoxicity biomarkers based on
composite particles, which was further supported by the fluorescent Q-dots.
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