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Organic—Inorganic Hybrid Hollow Nanospheres with Microwindows
on the Shell
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We demonstrate, for the first time, that organic—inorganic hybrid hollow nanospheres with controllable
size (12—20 nm) and shell thickness (4—7 nm) can be successfully synthesized through the condensation
of 1,2-bis(trimethoxysilyl)ethane (BTME) around an inorganic-electrolyte-stabilized F127 micelle under
a mild buffer condition (NaH,PO4—Na,HPOy, pH ~7.0). The hollow spheres feature microwindows with
pore size about 0.5—1.2 nm on the shell, which allow the guest molecules to diffuse into the hollow
cavities. It was found that the concentration of the buffer solution in the synthesis was crucial to the
formation of hollow nanosphere. At a low buffer concentration (20—100 mM), the surfactant exists as
individual micelle. A core/shell nanocomposite was formed by the deposition of BTME at the corona of
individual micelle, which leads to the formation of organic—inorganic hybrid nanoparticles with hollow
interior after the extraction of the surfactant. The aggregation of individual micelles was observed at
higher buffer concentration (>200 mM), which favors the formation of irregularly shaped particles with
ordered mesostructure. This work presents a novel and facile strategy to fabricate hollow nanospheres
with microwindows, which provides a versatile platform for practical applications of organic—inorganic
hybrid materials in a broad range of fields such as catalysis, encapsulation, and drug delivery, etc.

Introduction

Hybrid materials with organic and inorganic building
blocks uniformly distributed in the framework are par-
ticularly attractive because they combine the functional
versatility of organic chemistry with the advantages of
thermal stability of inorganic substrates.'? It is very
important to precisely control the topology and morphol-
ogy of the organic—inorganic hybrid materials in order
to promote the desired applications.>™'" Among the various
morphologies reported so far, spheres with hollow interiors
are of special interest. Inorganic hollow spheres have
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attracted intense research interest because of their low
density and thermal and mechanical stability.”'*"'" If
organic—inorganic hybrid materials can be made in the
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Hybrid Hollow Nanospheres with Microwindows

hollow sphere form, a new class of high-performance and
highly functional organic—inorganic composites may be
achieved.” Integration of organic moieties into the frame-
work will modify the surface properties of the materials
and meanwhile should also endow the hollow silica
nanospheres different physical and mechanical properties.
Moreover, the introduction of organic moieties within the
silicate network may further tailor the functionality of the
hollow nanospheres. These hollow nanospheres embody
the advantages of organic—inorganic materials, nanoscale
devices, and hollow structures and permit the accom-
modation of one maximum of elementary functions in a
small entity, which will widen the application range of
hollow nanospheres and allow the manipulation of the
surface properties to control the interactions with various
guest species. They are promising candidates for the
applications including confined nanocatalysis, bioimaging
and biolabeling, artificial cells, controlled-release delivery
of drugs, genes, or even proteins.”®!''"'7 One of the
important prerequisites of hollow sphere for practical
application is the presence of open channels/windows on
the shells, as pathways for the guest species to diffuse
into/out of the hollow cavities. For some special applica-
tions, such as drug delivery, hollow particles with na-
nometer size are preferable because such nanoscale
particles could be selectively accumulated by tissue
because of the enhanced permeability and retention.®!'~!°
However, the design and synthesis of organic—inorganic
hybrid hollow spheres with nanometer size and shell
windows have remained a challenge. As far as we know,
there are no reports on the synthesis of organic—inorganic
hybrid hollow spheres with particle sizes less than 50 nm
and microwindows on the shell.

Herein, we report for the first time the synthesis of
organic—inorganic hybrid hollow nanospheres with built-in
functionality and controllable particle size (12—20 nm) in
mild NaH,PO,—Na,HPO, buffer solution (pH ~7.0). By
assembling 1,2-bis(trimethoxysilyl)ethane (BTME) around
the F127 [EO,¢PO70EO¢¢] polymer micelles and subsequent
removal of the polymers via ethanol extraction, we synthe-
sized organic—inorganic hybrid hollow nanospheres. More
interestingly, the hybrid hollow nanospheres possess mi-
crowindows (0.5—1.2 nm) on the shell, which is very
important for allowing guest molecules to diffuse into the
hollow cavities.

Experimental Section

Chemicals and Reagents. All materials were of analytical grade
and used as received without any further purification. Triblock
copolymer EO;psPO70EO;p¢ (F127), ibuprofen drug, and 1,2-
bis(trimethoxysilyl)ethane (BTME) were purchased from Sigma-
Aldrich Company Ltd. (U.S.A.). Other reagents were obtained from
Shanghai Chemical Reagent. Inc., of the Chinese Medicine Group.
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Synthesis of the Organic—inorganic Hybrid Hollow Nano-
sphere. In a typical synthesis, 0.8 g of F127 was dissolved in 28
mL of NaH,PO,—Na,HPO, buffer solution (pH ~7.0, 0.020 mol/L
NaH,POy4, 0.020 mol/L Na,HPOy) at 20 °C under vigorous stirring.
When the copolymer was fully dissolved, 2.70 g (10 mmol) of
BTME was added to the above solution under stirring. The molar
composition of the mixture was 1:0.0032:0.028:0.028:77.8 Si:F127:
NaH,PO4:Na,HPO,4:H,O. The resultant mixture was stirred at 20
°C for 24 h and aged at 100 °C under static conditions for an
additional 24 h. The solid product was recovered by filtration and
air-dried at room temperature overnight. Finally, the surfactant was
extracted by refluxing 1.0 g of the as-synthesized material in 200
mL of ethanol containing 1.5 g of concentrated HCI aqueous
solution for 24 h. The powder products were denoted as Etn, where
n refers to the concentration of the buffer solution in mM.

Characterization. X-ray diffraction (XRD) patterns were re-
corded on a Rigaku RINT D/Max-2500 powder diffraction system
using Cu Ka radiation of 0.15406 nm wavelength. The nitrogen
sorption experiments were performed at 77 K on a Quantachrome
Autosorb-1 system with micropore analysis. Prior to the measure-
ment, the samples were outgassed at 120 °C for at least 6 h. The
Brunauer—Emmett—Teller (BET) specific surface areas were
calculated using adsorption data at a relative pressure range of P/P,
= 0.05—0.25. Pore size distributions were derived from the
adsorption branch using Barrett—Joyner—Halenda (BJH) method.
The microporosity of the hollow nanosphere was calculated using
the HK method. The total pore volumes were estimated from the
amounts adsorbed at a relative pressure (P/Pg) of 0.99. Transmission
electron microscopy (TEM) was performed using a JEOL JEM-
2000EX and a FEI Tecnai G* Spirit at an acceleration voltage of
120 kV. High-resolution transmission electron microscopy (HR-
TEM) images were obtained on a FEI Tecnai G* F30 S-Twin.
Scanning electron microscopy (SEM) was undertaken on a FEI
Quanta 200F scanning electron microscope operating at an ac-
celerating voltage of 1—30 kV. High-resolution scanning electron
microscopy (HRSEM) was undertaken on a HITACHI S-4800
scanning electron microscope operating at an accelerating voltage
of 20—30 kV. '**Xe NMR spectra were collected at room
temperature on a Bruker DRX-400 spectrometer operating at 110.6
MHz with a recycle delay of 1 s, 60°, pulse width of 8 ms, and
1000—4000 scans. Prior to adsorption, all samples were degassed
typically at 723 K for 10—20 h. Chemical shifts were referenced
to a secondary standard of xenon adsorbed in NaY zeolite and the
resonance of which was previously referenced to xenon gas at zero
pressure using Jameson’s equation. '*C (100.5 MHz) cross-
polarization magic angle spinning (CP-MAS) and *°Si (79.4 MHz)
MAS solid-state NMR experiments were recorded on a Varian
infinity-plus 400 spectrometer. Dynamic light scattering (DLS)
measurements were performed at 20 °C using a Coulter Company
N4 plus laser-scattering particle meter (detection range: 3—3000
nm). The thermogravimetric analysis (TGA) was performed on a
Perkin-Elmer Pyris Diamond TG instrument at a heating rate of
10 °C min~' under a flow of air. FT-IR spectra were collected
with a Nicolet Nexus 470 IR spectrometer with KBr pallet.

Adsorption of Probe Molecules. Ibuprofen, BINOL, and
Co(Salen) are chosen as the probe molecules to estimate the size
of the microwindows on the shell of the hollow nanosphere. Their
molecular structures are shown in Figure S1 of the Supporting
Information. The adsorption of probe molecules from aqueous
solution into hollow nanospheres was performed by using batch
equilibrium technique. Typically, 0.2 g of hollow nanospheres was
introduced into glass tubes containing 4 mL of probe molecules
solution with initial concentrations of 40 mg mL~"'. These tubes
were transferred into a shaker and shaken for 24 h in order to reach
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Figure 1. TEM image of the organic—inorganic hollow nanospheres (Et40)
synthesized in 40 mM NaH,PO;—Na,HPO, buffer solution at an initial
temperature of 20 °C and hydrothermal temperature of 100 °C.

the adsorption equilibrium at 25 °C. Upon equilibration, the solid
products were recovered by centrifugation. The recovered solid
products were subjected to nitrogen sorption analysis.

Results and Discussion

The transmission electron microscopy (TEM) image of a
typical sample Et40 (Etn, n = 40 refers to the concentration
of the buffer solution in mM) clearly shows the hollow
spherical morphology (Figure 1). Spheres in nanometer size
could be clearly observed in the high-resolution scanning
electron microscopy (HRSEM) image of this sample (Figure
2). On the basis of the TEM image, we estimated the average
particle size of the hollow nanospheres to be around 18 nm,
and the average diameter of the hollow core was ca. § nm
with a shell thickness of ca. 5 nm.

It is interesting to note that a sharp diffraction peak appears
at 260 around 1.0° in the XRD pattern of Et40, which has a
spacing of 11.8 nm between the lattice planes (Figure 3).
TEM image of Et40 (measured using the powder sample
without dispersion in ethanol) shows the existence of
wormlike mesopore throughout the sample (see the Sup-
porting Information, Figure S2). Previously, Yokoi et al.
reported that the ordered mesoporous structure can be formed
by closely packed nanospheres.'® Moreover, Yu and co-
workers described the assembly of the highly ordered
mesoporous structure by the hard-spheres packing method.'®
Therefore, the small-angle XRD peak is due to the short-
range periodicity of the closely packed nanospheres, which
further confirms the results of TEM and SEM that the particle
size distribution of the hollow nanospheres is very uniform.

The textural properties of the organic—inorganic hybrid
hollow nanospheres were analyzed by N, adsorption—desorption
isotherms (Figure 4). Et40 shows typical type IV isotherms
of mesoporous materials. It is noteworthy that there are two
capillary condensation steps in the adsorption isotherm,
suggesting that this sample has two types of mesopores. The
pore size distribution curve shows that the primary and
secondary mesopore diameters are 6.5 and 29 nm, respec-
tively (Figure 4). The primary pore can be ascribed to the
inner void of the hollow nanospheres, and the secondary
mesopore corresponds to the interparticle void formed from
the packing of the nanospheres.'®!?2° The slight difference
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in the core size determined from the TEM image and N,
sorption characterization may be due to the fact that the BJH
model was not very suitable for measuring the sizes of cage-
like pores.'' Et40 has specific surface area as high as 1011
m? g~ ! and large pore volume of 2.74 cm® g~ ! (see the
Supporting Information, Table S1).

The compositional information of the organic—inorganic
hybrid hollow nanospheres was collected with FT-IR and
solid-state NMR techniques. IR spectrum of the extracted
sample shows bands at 1272, 1412, 2890, and 2895 cm
which can be assigned to C—H vibrations of the bridging
ethylene group (see the Supporting Information, Figure S3).
After the extraction step, the bands at 1350, 1376, 1463,
2907, and 2076 cm™' corresponding to F127 disappear,
suggesting that the surfactant is almost completely removed
by extraction. The weak adsorption band at 2980 cm™" is
due to the ethoxy groups formed during the surfactant
extraction process. Figure S4 of the Supporting Information
shows the '*C CP-MAS NMR and *Si MAS NMR spectra
of Et40. A resonance band at 6.3 ppm confirms the ethylene
groups incorporated in the materials. The peaks centered at
58.0 and 16.2 ppm are due to the carbons of the ethoxy
groups formed during the surfactant extraction process, which
is consistent with the FT-IR results. ??Si NMR spectrum of
Et40 shows the existence of "T sites as expected. The sharp
signals at —65.2 and —59.2 ppm can be attributed to [°T,
SiC(0OSi)3] and [>T, (OH)SiC(OSi),] silicon connected with
the ethylene groups, respectively.?” The results of NMR and
FT-IR confirm the successful incorporation of ethylene
groups into the network, and the almost complete removal
of the surfactant by the extraction method.

Figure S5 of the Supporting Information displays the
thermogravimery (TG) profiles and the corresponding dif-
ferential TG (DTG) patterns for as-synthesized and extracted
Et40 recorded in an air atmosphere. The TG curve of the
as-synthesized Et40 features a four-step weight loss behavior
with the treatment temperature from 25 to 900 °C. The
weight loss (ca. 2 wt %) below 120 °C is due to the adsorbed
water and ethanol. Further increasing the temperature, three
distinct weight loss steps proceeded from 160 to 220 °C,
230 to 550 °C, and 550 to 700 °C, respectively. The second
weight loss step that occurs in the range of 160—220 °C
with relatively large weight loss (ca. 20 wt %) can be
attributed to the decomposition of block copolymer. This is
followed by a weight loss extended to 550 °C, which can
be ascribed to the decomposition of the bridging ethylene
groups and block copolymer residues. The last weight loss
beyond 550 °C arises from the decomposition of organic
residues groups and the condensation of silanols.?® In
contrast, the absence of the characteristic peak for the F127
polymer template on the DTG patterns of the extracted Et40
reflects almost complete removal of the polymer. The
decomposition of the bridging ethylene groups starts at 230
°C, indicating that the hybrid hollow nanospheres are
thermally stable below this temperature.

(18) Yokoi, T.; Sakamoto, Y.; Terasaki, O.; Kubota, Y.; Okubo, T.;
Tatsumi, T. J. Am. Chem. Soc. 2006, 128, 13664—13665.

(19) Suzuki, K.; Ikari, K.; Imai, H. J. Am. Chem. Soc. 2004, 126, 462—
463. Oaki, Y.; Kotachi, A.; Miura, T.; Imai, H. Adv. Funct. Mater.
2006, 16, 1633-1639.

(20) Yang, Q.; Yang, J.; Liu, J.; Li, Y.; Li, C. Chem. Mater. 2005, 17,
3019-3024. Liu, J.; Yang, Q.; Zhang, L.; Jiang, D.; Shi, X.; Yang, J.;
Zhong, H.; Li, C. Adv. Funct. Mater. 2007, 17, 569-576. Zhang, L.;
Liu, J.; Yang, J.; Yang, Q.; Li, C. Microporous Mesoporous Mater.
2008, 109, 172-183.



Hybrid Hollow Nanospheres with Microwindows

Chem. Mater., Vol. 20, No. 13, 2008 4271

100 ym
I

Figure 2. SEM images of the organic—inorganic hybrid hollow nanospheres synthesized with different buffer solution concentrations at an initial temperature

of 20 °C and hydrothermal temperature of 100 °C.
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Figure 3. XRD patterns of the organic—inorganic hollow nanospheres
synthesized in 40 mM NaH,PO;—Na,HPO, buffer solution at an initial
temperature of 20 °C and hydrothermal temperature of 100 °C.

The porosity of the hybrid hollow nanospheres (Et40) was
further investigated using the hyperpolarized '**Xe NMR
technique because the chemical shift of xenon highly depends
on the pore size of the porous materials.?!** '**Xe NMR
clearly shows the void pores of the organic—inorganic hollow
nanosphere. The sorption of '*’Xe atom in the hollow of
the materials directly again indicates the presence of windows
on the shell (Supporting Information, Figure S6). In addition
to the mesoporosity, HK pore size distribution clearly shows
that Et40 has micropores with diameter in the range of
0.5—1.2 nm on the shell (Figure 4). HRTEM images of Et40
also suggest the presence of the micropores (<1 nm) on the
shell of the hollow nanosphere, which are randomly inter-
connected to reach the inner cavity (see the Supporting
Information, Figure S7).
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Figure 4. (a) Nitrogen adsorption (@) and desorption (A) isotherm (inset
is the enlarged part of isotherm at P/Py from 0.4 to 0.7); (b) BJH pore size
distribution curve; and (c) HK pore size distribution curve of organic—inorganic
hollow nanospheres (Et40).

The existence of a micropore well-connected to the hollow
interior provides the opportunity for the adsorption of gust
molecules into the hollow nanospheres. The adsorption
capacity of Et40 for guest molecules with different molecular
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Figure 6. TEM images of the organic—inorganic hybrid materials: synthesized with different concentrations of buffer solution at an initial temperature of

20 °C and hydrothermal temperature of 100 °C.

size was performed, i.e., ibuprofen (0.52 x 1.02 nm?),
BINOL (0.70 x 0.97 nm?) and Co(Salen) (1.20 x 1.80 nm?)
(see the Supporting Information, Figure S1). After adsorption
with the probe molecules, the shape of the N, sorption
isotherm of Et40 was unchanged (Figure 5), whereas the BET
surface area, pore volume, and micropore volume of Et40
decreased sharply (see the Supporting Information, Table S1).
When ibuprofen and BINOL were used as the probe
molecules, the primary pore diameter (the hollow core) was
decreased from 6.5 to 5.5 and 6.1 nm, respectively. These
results suggest that the pore diameter on the shell is larger
than or close to the molecular size of ibuprofen and BINOL
and allows the diffusion of the probe molecules into the
interior of the hollow nanospheres. When Co(Salen) was used
as the probe molecule, the primary pore diameter remained
almost the same, implying that the pore diameter on the shell
is smaller than the molecular size of Co(Salen) (1.20 x 1.80

nm?). The differences in the pore filling effectiveness of the
probe molecules suggest that the pore diameter on the shell
of the hollow sphere is ca. 0.5—1.2 nm. The presence of
porosity on the shell of the hollow spheres is very important
for their applications. Above results further confirm the
existence of microwindows on the shell of the hollow
nanospheres.

To gain further insights into the formation mechanism of
the organic—inorganic hybrid hollow nanospheres, we syn-
thesized a series of organic—inorganic hybrid materials in
NaH,PO,—Na,HPO, buffer solutions with different concen-
trations (0, 20, 40, 100, 200, and 400 mM). TEM images of
the hybrid organic—inorganic materials synthesized at dif-
ferent buffer concentrations are shown in Figure 6. EtO
synthesized in the absence of inorganic salts has wormlike
mesoporous structure and spherical morphology with average
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particle size of 6 um (Figures 2 and 6 and the Supporting
Information, Figure S8). The hollow nanospheres with
particle size of 18 nm were clearly observed in the TEM
images of sample Et20, Et40, and Et100 (Figure 6). The
HRSEM images of these samples show the closely packed
nanospheres, further confirming that these samples have the
nanosphere morphology (Figure 2). TEM and SEM images
reveal that the hollow nanospheres are very uniform. Et100
consists of more aggregated nanoparticles compared with
other Etn (n = 20, 40) samples. Disordered structure was
observed in the TEM image of Et200 (Figure 6). The SEM
image of Et200 shows aggregated silica spheres (~600 nm)
with grapelike morphology (Figure 2). Further increasing the
buffer concentration to 400 mM, Et400 exhibits the mixed
phase of ordered pore arrangement (/m3m) and wormlike
structure (Figure 6 and the Supporting Information, Figure
S8). The SEM image shows that this sample has stalactite-
like morphology (Figure 2). Thus, by changing the buffer
concentration from 0 to 400 mM, the organic—inorganic
hybrid materials gradually evolve from the wormlike me-
sostructure to hollow nanosphere then to the mixed phase.
The concentrations of the buffer solution have a great impact
on the mesostructure and morphology of the organic—inorganic
hybrid materials. The hybrid hollow nanosphere can be
synthesized by controlling the buffer concentrations in the
range of 20—100 mM.

The micelle structure formed during the synthesis is
sensitive to the concentration of inorganic electrolyte.?>*
The dynamic light scattering (DLS) measurement was
employed to measure the micelle diameter of F127 in the
solution at different buffer concentrations (see the Supporting
Information, Figure S9). Without sodium phosphate in the
synthesis medium, the dynamic diameter of F127 micelle
was measured to be 3 nm, and only wormlike mesostruc-
ture was formed because of the weak interaction between
the surfactant micelle and hydrolyzed organosilica species
under neutral conditions.?' The pore diameter of the Et0 is
3.9 nm from N sorption analysis, which is consistent with
the dynamic micelle diameter of 3 nm. When small amounts
of sodium phosphate were added (40 mM buffer solution),
the hydrodynamic micelle diameter increases to 18.9 nm (see
the Supporting Information, Figure S9), which is in the
similar range of the individual micelle diameter."> The
formation of individual micelle in the presence of small
amounts of surfactant is due to the salting-out effect of
sodium phosphates, which may decrease the critical micelle
concentration (CMC) and critical micelle temperature (CMT).

Light scattering studies show that the presence of small
amounts of sodium phosphate is beneficial for the formation
of individual surfactant micelles. When BTME is added to
the synthesis solution, it penetrates into the micelle core and
then condenses around the PEO chain of the individual
micelle. The hydrodynamic diameter of the F127 surfactant
micelle is correlated well with the particle size observed from

(23) Alexandridis, P.; Holzwarth, J. F.; Hatton, T. A. Macromolecules 1994,
27, 2414-2425. Kumbhakar, M.; Goel, T.; Nath, S.; Mukherjee, T.;
Pal, H. J. Phys. Chem. B 2006, 110, 25646-25655.

(24) Wanka, G.; Hoffmann, H.; Ulbricht, W. Macromolecules 1994, 27,
4145-4159.
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TEM image, further confirming that BTME is condensed
around the PEO chain of the individual micelle. The
hydrodynamic micelle diameter of F127 is increased to about
75 nm when the buffer concentration is increased to 400
mM (see the Supporting Information, Figure S9), indicating
the aggregation of the individual micelles. The existence of
large amounts of sodium phosphate can increase the micelle
microviscosity and induce the aggregation of micelles.'>*~
The coassembly of the hydrolyzed organosilicas around the
surfactant micelles results in the formation of nanoporous
structure (the mixed phase of wormlike structure and ordered
Im3m phase). The formation of the microwindows on the
shell is related to the hydrophilic nature of EO-blocks of
F127 polymer. The PEO can penetrate into the organosilicate
layer during the assembly process, which results in micropore
on the shell of the hollow nanospheres.***° The results of
DLS show that the micelle structure can be tuned by varying
the buffer concentration. The behavior of the micelle in the
initial solution controls the morphology and mesostructure
of the resultant organic—inorganic hybrid materials.

The TEM images of the organic—inorganic hybrid materi-
als synthesized at different hydrothermal temperatures are
shown in Figure S10 of the Supporting Information. Without
hydrothermal treatment, aggregated solid nanosphere was
observed in the TEM image. The aggregated hollow nano-
sphere is formed when the hydrothermal temperature is
increased to 80 °C. The formation of monodispersed hollow
nanospheres was realized when the hydrothermal temperature
was raised to 100—120 °C. The core—shell nanostructure is
closer to a thermodynamically favored mesophase formed
due to the decreasing of the surface free energy (AF). The
shrinkage of organosilicate shell and withdrawal of the PPO
core of F127 during the hydrothermal process also contribute
to the formation of hollow nanosphere. The above results
indicate that higher hydrothermal temperature favors the
formation of hollow nanospheres.

It is also worth mentioning that hollow nanospheres can
be obtained with other salting-out inorganic electrolytes, such
as NaAc, Na,SO4, and NaHCOs; (Figure 7). In contrast,
hollow nanospheres can not be obtained by introducing
inorganic electrolytes, such as NaNOs, in the system.zs*27
These results further confirmed the formation mechanism that
(1) the single surfactant micelle can be formed at low
surfactant concentration with the aid of salting-out inorganic
electrolyte, (2) The assembly of the BTME around the single
surfactant micelle leads to the formation of organic—inorganic
hybrid hollow nanospheres (Scheme 1). Moreover, the size
and shell thickness of the hollow spheres could be controlled
in the range of 12—20 and 4—7 nm, respectively, through
adjusting the BTME:F127 molar ratio in the initial mixture

(25) Bagshaw, S. A. Chem. Commun. 1999, 1785-1786.

(26) Yu, C.; Tian, B.; Fan, J.; Stucky, G. D.; Zhao, D. J. Am. Chem. Soc.
2002, 124, 4556-4557.
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Sci. 2000, 222, 213-220. Desai, P. R.; Jain, N. J.; Sharma, R. K;
Bahadur, P. Colloids Surf., A 2001, 178, 57-69. Che, S.; Lim, S.;
Kaneda, M.; Yoshitake, H.; Terasaki, O.; Tatsumi, T. J. Am. Chem.
Soc. 2002, 124, 13962-13963.

(28) Yu, C.; Fan, J.; Tian, B.; Zhao, D. Chem. Mater. 2004, 16, 889-898.
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Chem. B 2000, 104, 11465-11471.
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Figure 7. SEM image and TEM images of the organic—inorganic hybrid hollow nanospheres synthesized with different salt solutions at an initial temperature

of 20 °C and hydrothermal temperature of 100 °C.

Scheme 1. Schematic Illustration of the Formation of Organic—Inorganic Hybrid Hollow Nanospheres

Core-Shell

Polymeric Micelle

NaH,PO,-Na,HPO,
buffer solution

pH=6.86

Microwindows

(see the Supporting Information, Figure S11). For compari-
son, we also tried to synthesize the hollow nanosphere using
tetracthoxysilane (TEOS) or tetramethoxysilane (TMOS) as
silane precursors under the current synthetic conditions.
Using TEOS as the silane precursor, the formation of silica
hollow microspheres (0.5—8 um) was observed. The highly
aggregated silica hollow nanospheres with diameter about
12 nm could be obtained with TMOS as the silane precursor.

Conclusions

In summary, the organic—inorganic hybrid hollow nano-
spheres with controllable size (12—20 nm) and shell thick-

0.5~1.2 nm

Organosilica

Oligomer

A \ 4 Organosilica
Deposition

Hydrothermal
Treatment

Solvent
Extraction
| e

ness (4—7 nm) were synthesized by assembling BTME
around block copolymer F127 micelles in NaH,PO,—
Na,HPO, buffer solution. With buffer concentration in the
range of 20—100 mM, BTME was selectively deposited at
the corona of individual micelles, resulting in the formation
of the organic—inorganic hybrid nanoparticles with well-
defined core—shell morphologies. Moreover, there are ex-
tensive microwindows (0.5—1.2 nm) on the shell of the
hollow sphere, which can allow the diffusion of guest
molecules into/out of the interior. The hollow nanospheres
with uniform particle size can be assembled in short-range
periodicity. Our approach is applicable to a wide range of



Hybrid Hollow Nanospheres with Microwindows

compositions. Combining the advantages of hybrid materials
and hollow structures, the organic—inorganic hybrid hollow
nanospheres with microwindows on the shell open the
opportunity to a broad range of interests such as catalysis,
encapsulation, and drug delivery.
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Note Added after ASAP Publication. In the version of
this paper published to the Web on June 11, 2008, the '**Xe
experimental parameters were incorrect. The corrected ver-
sion was published July 1, 2008.
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