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Abstract

Nanosized hollow silica spheres with holes in the wall (denoted as silica nhanobottles) have been successfully prepared by assembly
of functional polymer nanospheres with tetraethoxysilane (TEOS) through hydrothermal methods, coupled with removal of the core by
programmed calcination. The functional polymer nanospheres were obtained by emulsifier-free emulsion copolymerization of styrene and (ar-
vinylbenzyl) trimethylammoium chloride. The silica nanobottle sample was characterized by thermogravimetric analysis (TG), differential
thermal analysis (DTA), transmission electron microscopy (TEM), and nitrogen adsorption techniques. The above characterizations confirm
that the silica nanobottles have holes of about 8 nm in the wall and this unique structural feature might be useful for their encapsulation.
Furthermore, characterization by scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), and UV-visible absorption
(UV-vis) showed that the luminescent material Eu(TFiPPO}Y could be effectively encapsulated in silica nanobottles. This reveals that
silica nanobottles have potential applications for nanotechniques.

0 2003 Elsevier Inc. All rights reserved.

1. Introduction zirconium hydrous oxide [2a], yttrium compounds [2b,3],
titania [12,13], copper compounds [14], zeolite [15], and
Recently, organic/inorganic core—shell particles and magnetic nanoparticles [2c,4,16]). As particular examples,
micro- or nanosized capsules have received considerablehollow microspheres with mesoporous walls [17] and with
attention for their technological importance in many fields two small holes in the shell [18] have been synthesized from
[1-4]. An important extension of core—shell particles is the gel composites. Notably, most of these hollow sphere ma-
subsequent removal of the core by either thermal or chemi- terials have sizes from submicrometer to micrometer, and a
cal means [5], forming hollow spheres. Applications of such few nanosized hollow materials less than 100 nm has been
particles are as capsule agents for drug delivery, catalysis,reported [19]. Nanosized hollow spheres are very important
and protecting sensitive agents such as proteins and enas extremely small containers, carriers, and reactors for en-
zymes. A variety of procedures currently used to fabricate a capsulation and microreaction in nanotechnology.
wide range of stable hollow spheres of various compositions  On the other hand, facile and flexible strategies that af-
have been reported. These methods include nozzle reactoford fine control over the synthesis and modification of
systems [6], emulsion/phase separation techniques coupledhollow spheres are of great importance in building new
with sol—gel processing [7], sacrificial core procedures [8,9], classes of colloids. Here we report the preparation of silica
and layer-by-layer (LbL) techniques [1,10-14]. There have nanospheres in a typical precipitation and surface reaction
been some successful examples of the preparation of differ-procedure, using a kind of functional polymer nanospheres
entkinds of hollow sphere materials (such as silica [1d,2,11], as templates to synthesize silica nanospheres by hydrother-
mal methods. The nanosized hollow silica sphet®&b nm)
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of the bottle wall could be easily changed using precur- %\,*"!"W
sor solutions with different concentrations. Because there y; - = Emuisiqn ;:M

is an opening in the hollow cavity of silica nanobottle, cross-linker
it can afford both a channel for transmission and a con-

tainer for storage. So the silica nanobottle can serve as ex-
tremely small containers for encapsulation, as well as nano-

sized carriers and reactors for catalysis and microreaction.
Furthermore, the encapsulation of the rare earth complex
Eu(TTA)3(TPPOY) in the silica nanobottles reveals a poten-

-~
Polymerization w

tial application for nanotechniques. 2ot
pp q -‘— ’s‘? -
2. Experimental Scheme 1. The procedure for preparation of silica nanobottles.
2.1. Preparation of samples silica nanobottles, the RE complex was mixed with the sil-
' ica nanobottles in chloroform (the mass ratio of the modified
2.1.1. Functional polymer nanospheres silica nanobottles to the RE complex is 10:1). The mixtures

Cross-linked polymer nanospheres with quarternary am- were stirred at room temperature for 36 h, followed by fil-
monium species on the surface were synthesized usingtering and washing with chloroform until the filter liquors
emulsifier-free emulsion copolymerization. Styrene was were no longer luminescent under UV radiation, in order to

used as the major monomer, and (ar-vinylbenzyl) trimethy- remove physical adsorption of RE complex on the surface.
lammoium chloride (NST, Aldrich) was used as a func-

tional monomer to provide quarternary ammonium species 2.2. Characterization

on the surface of nanospheres. The cross-linker was 4,4

isopropylidene diphenol bimethacrylate (BVA) [20] and Differential thermal analysis (DTA) and thermogravimet-
the initiator was 2,2azobis(2-methylpropionamidine) di- ric analysis (TG) were performed on a Mettler Netzsch STA
hydrochloride (V50, Aldrich), respectively. The weight ra- 449C themoanalysis instrument. Analyses were carried out
tio of styrene:NST:V50:BVA:HO for preparing functional  under N flow in the range 30—80TC with a heating rate
nanospheres is at 9.0:0.5:0.02:0.5:100. The polymerizationof 20.0°C/min. Transmission electron microscopy (TEM)
and purifying were carried out according to a published pro- images were conducted on a JEOL 2010 electron micro-
cedure [21], and cross-linked polymer nanospheres with ascope with an acceleration voltage of 200 kV. The nitrogen

uniform size of about 45 nm were obtained. adsorption—desorption isotherms-at96°C were measured
by using a Micromeritics ASAP 2010M system, and the
2.1.2. Slica nanobottles samples were outgassed for 2 h at 40before the mea-

Silica nanospheres were hydrothermally synthesized fromsurements. UV-visible absorption spectra of various samples
the gel mixture of tetraethoxysilane (TEOS, 98 wt%), func- were obtained by a Perkin—Elmer UV-Lambda-20 UV-vis
tional polymer nanospheres (prepared as the above procespectrophotometer with BagCas the background in the
dure), NH-H20 (ammonia, 25 wt%, in water), and,B scanning region of 200-800 nm. Sample size was measured
with molar ratio of 1.0:1.1:8.0:20.0. Typically, (1) polymer with a S-4200 Scanning Electron Microscope at 20 keV cou-
latex, NH;-H20, and HO were mixed, and then TEOS was pled with an energy dispersive X-ray (EDX) analyzer for
added dropwise with vigorous stirring. Finally, the reaction elemental analysis.
mixture was transferred into a PTFE-lined stainless steel au-
toclave at 100C for 3 days. (2) The solid products were
washed with distilled water and dried at ambient tempera- 3. Results and discussion
ture. After calcination at 55%C for 5 h with a heating rate of
2.0°C/min, the polymer templates were removed and hol- 3.1. Thermal analysis
low silica spheres were obtained (named silica nanobottles).

The preparation process is shown in Scheme 1. TG/DTA curves of as-prepared sample are shown in
Fig. 1. In the DTA curve of the sample (Fig. la), there

2.1.3. Encapsulation of luminescent RE complex is a broad endothermic peak at about 180 which is re-

into silica nanobottles lated to the desorption of water. In the temperature region

The RE complex Eu(TTA(TPPO) (TTA: 1-(2-thenoyl)- 300-550C, there is a strong endothermic peak centered
3,3,3-trifluoracetate; TPPO: triphenylphosphineoxide) was at 453°C, which is due to an endothermic process of de-
selected as a guest molecule. Before the encapsulation of thgpolymerization. Furthermore, in the TG curve of the sam-
RE complex, the silica nanobottles were modified by APTES ple (Fig. 1b), the weight losses in the temperature regions
(NH2—(CHo)3Si(OGH5)3) [22]. After the modification of of 25-300, 300-550, and 550-100D are 5, 40, and 2%,
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Fig. 1. DTA (a) and TG (b) profiles for the as-prepared sample.

which can be assigned to the removal of adsorbed water,forming hollow spheres with the size of 50-53 nm (Fig. 2C).
templated polymer, and structural terminal hydroxyl groups These data are in close agreement with those obtained from
in the as-synthesized sample, in good agreement with theTG analysis. Comparatively, the diameter of calcined silica
DTA results. It is noteworthy that the total weigh loss of the spheres is about 2 nm smaller than that of the as-synthesized
silica sphere sample is about 47%, suggesting that the silicasilica spheres, which is explained that silica shell contracted

nanobottle has a large pore volume ratio. after calcination. Similar phenomena have been observed in
the removal of surfactant templates in ordered mesoporous
3.2. TEM images materials [23]. Furthermore, as shown in Fig. 2D, a hole

with size 5—8 nm can be seen on the surfaces of some hollow

Figure 2 shows the TEM images of functional polymer silica spheres. Interestingly, in the insert image of Fig. 2D,
nanospheres from the emulsion po|ymerization process, asjt is observed that near the hole, a piece of silica is linked
synthesized silica spheres, and calcined hollow silica sam-With the silica hollow sphere, and the shape of the piece of
ples. Obviously, the functional polymer nanospheres have silica just fits the hole. These results may suggest that the
a uniform particle size, given as 42—-45 nm (Fig. 2A). Af- holesin the silica hollow spheres are formed in the following
ter self-assembly of silica gel with the functional polymer steps: (1) Calcination at 53€ leads to decomposition of
nanospheres, the as-synthesized silica spheres also show Rolymer nanospheres to smaller gas molecules, which have
very uniform size at 52-55 nm (Fig. 2B), which are nearly high pressure in the closed hollow spheres. (2) The gaseous
10 nm thicker than the polymer nanospheres. The differ- molecules with high pressure break through the shells of the
ence in diameter between the silica spheres and the polymehollow spheres, and the hole in the silica hollow sphere is
nanospheres is reasonably assigned to the thickness of théormed. Therefore, these silica hollow spheres with holes are
silica wall, which is well consistent with those reported be- refered asilica nanobottles. According to this mechanism,
fore [23]. Calcination of the as-synthesized silica spheres each hollow silica sphere should have one hole. However,
at 550°C for 5 h with an increasing rate of 22G/min, as observed in TEM images, only some of the silica hollow
results in complete removal of the polymer nanospheres, spheres can be seen with the hole. This phenomenon can be

Fig. 2. TEM images of (A) polymer spheres, (B) silica spheres before calcination, (C) hollow silica spheres after calcination, and (D) magfi§itiagon o
nanobottles.
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interpreted that the holes may appear at any site of the sil-(1) The functional polymer nanospheres with quarternary
ica hollow spheres and the directions for TEM images are ammonium cations were copolymerized by styrene and (ar-
limited for the observation of the hole on the nanobottles.  vinylbenzyl) trimethylammoium chloride in emulsion sys-
tem. (2) As-synthesized silica-coated polymer nanospheres
3.3. Adsorption isotherms were hydrothermally prepared from chemical assembly of
TEOS with the functional polymer nanospheres. (3) Cal-
The nitrogen adsorption—desorption isotherms of silica cination of as-synthesized silica-coated polymer core—shell
nanobottles and uncalcined silica-coated polymer spheresspheres at 550C results in complete removal of poly-
are well measured. Notably, the adsorption isotherm of sil- mer nanospheres, and the hole in the sphere was formed
ica nanobottles (Fig. 3) exhibits a step rise at high rel- by high pressure resulting from decomposition of polymer
ative pressure (near 0.5). The total BET surface area isnanospheres in the closed hollow silica shell (Scheme 1).
at near 278 rfyg and the total pore volume is estimated
at 0.75 cm/g, while the uncalcined silica-coated polymer 3.4. Encapsulation of RE complexin silica nanobottles
spheres only show very low BET surface areas at 73,4m
and pore volumes at 0.49 &fy. The comparisons of ad- The resulted silica bottles are nanosized materials and
sorption results suggest that the calcined sample is a kindthere is a hole on the surface of it, which may be useful
of opening hollow sphere (nanobottles). Under ideal condi- for the further encapsulations. The RE complex Eu(TsTA)
tions, the calcined silica spheres should have a surface aredTPPO} (TTA: 1-(2-thenoyl)-3,3,3-trifluoracetate; TPPO:
approximately twice as large as that for the uncalcined sam- riphenyl phosphineoxide) was selected as a guest molecule.
ple. In our case, however, the surface area value for the un-  Figures 4A and 4B are SEM images of silica nanobottles
calcined spheres is somewnhat less than expected. There arBéfore and after RE complex encapsulation. The encapsula-
two possible reasons for this result. (1) From the SEM pic- tion sample (Fig. 4B) was washed carefully with chloroform
tures (Fig. 2B), it can be found that the uncalcined spheresMany times. It is obvious that both two images give most
congregated with one another severely, which make a Iargel'ke morphology, indicating thafc the silica nanobottles still
part of the surface of the spheres inaccessible fongle- remained after the encapsulation of RE complex. Further-

cules during adsorption measurement and lead to a relatively™Ore the encapsulation of Eu(TTAYPPO} in nanobot-
less surface area value. (2) In the uncalcined sample, therd!®S Was characterized by energy dispersive X-ray analysis
may be some unreacted PS spheres covering the surface d£PX)- In the EDX spectrum of encapsulation sample, the
the silica spheres through Si—O—Si connectivity, which can three lines of Eu at 5.80, 6.48, and 6.85 KeV can be eas-
also result in an underestimated value for the surface areally oPserved. These results indicate that the RE complex
However, in the calcined sample, there is no organic Cornpo_st|II exists in silica nanobottles after careful washing. To
sition and the silica spheres disperse well (Fig. 2C). So thefurther confirm the encapsulation of the RE complex into

surface area value of the calcined silica spheres should bedilica@ nanobottles, ahUV_V'S'bIe, absorption technique was
precise and valuable. The relatively larger pore volume of dopted. Figure 5 shows UV-visible absorption spectra of

silica nanobottles may hold a potential for encapsulation of Silic@ nanobottles, RE complex Eu(TTATPPO} encapsu-
functional compounds in the silica nanobottles. lated in silica nanobottles, and Eu(TBEJPPO» absorbed
From the above results, we could propose a mecha-°" the outer surfaces of as-synthesized silica-coated poly-

nism for the formation of nanobottles in the following: mer spheres (after washing with chloroform many times)
as well as RE complex Eu(TTA(TPPOY} itself. The spec-

500 . i . , | : | trum of silica nanobottles does not show any absorption in
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Fig. 3. N, adsorption—desorption isotherms for calcined sample (silica Fig. 4. SEM images of (A) silica nanobottles and (B) silica nanobottles after
nanobottles). the encapsulation of RE complex Eu(TB&)PPO)».
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