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Fig. 1. Scheme for the synthesis of hollow mesoporous silica spheres.



(3) Vol. 32, No. 3 (2015)

(a)

(b)

73

Fig. 2. SEM images of hollow mesoporous silica spheres prepared by treatment with dimethyl carbonate. (a) before the treat-
ment, (b) after the treatment, (c) hollow spheres broken using a hammer, (d) TEM image4>.
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Fig. 3. Hollow mesoporous silica spheres prepared by treatment with ammonia aqueous solution. (a) SEM image (inset:

spheres broken using a hammer), (b) and (c) TEM imagess).
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Table 1. Dissolution rates for the mesoporous silica spheres in the absence and presence of the surfactant CI(,TMACIS).

C 1« TMACI . Initial dissolution rate/ . .
surfactant Mesoporous silica spheres mol L~ min~! Ratio of initial rates
None Pure silica 3.0x10°* 10

Silica grafted with propyl groups 3.0%x10°°
Addition Pure silica 31x107* 24
Silica grafted with propyl groups 13%x10°°
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Fig. 5. Release of 9-phenylanthracene encapsulated in (a)
silica gel and (b) hollow spheres into a vapor
phase. Release temperature: 130C, dry air stream:
40 mL min ', sphere: 30 mg, 9-phenylanthracene:
40 mg4>‘
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Fig. 6. Speculated reaction system in the reaction of benzyl chloride with sodium bromide in the presence of hollow mesopo-
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Fig. 7. Benzyl bromide yield over time in the halogen ex-
change reaction between benzyl chloride and sodi-
um bromide. 15 mmol of NaBr in 2 mL of water,
and 15 mmol of benzyl chloride in hexane in an oil
bath at 100C, stirring at 1200 rpm. No spheres
(a), non-hollow spheres (b), unmodified hollow
spheres (c), hollow spheres modified with Me
groups (d), Pr groups (e) and Ph groups (f). The
mass of unmodified hollow spheres was 0.26 g, and
the same number of modified spheres was added in

each of the reactions using the modified spheresj) .
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Fig. 8. Nonanal yield over time in the hydroformylation of
l-octene. In the autoclave, 1-octene (3.8 mmol)
and the rhodium catalyst (7.5 gmol) dissolved in
water (1.5 mL), the synthesis gas: 1.5 MPa. The
reaction at 120°C, stirring at 260 rpm. No spheres
(a), unmodified hollow spheres, hollow spheres
modified with Ph groups. The mass of unmodified
hollow spheres was 0.20 g, and the same number of
modified spheres was added in each of the reactions

using the modified spheress>.
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Fig. 9. SEM images of rattle-type mesoporous silica spheres. (a) spheres broken using a hammer, (b) spheres polished using

argon beam, (c) image using incident electron accelerated at 30 kv,
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(a) The voids in the spheres were filled with wa-
ter, (b) the spheres did not contain water, and (c)

water was added but the spheres were not used” .

22k, BXOWHEELZZ AT VIZAM I h Mz
W T 72D RIS AT LIS W EREZ S
N5,

5. &

BOKYE, BUKELVWHIUMEORLZZaT-2 2
Witk z VWb 2 2k - T, a7 OBIRK 7 5#
BTV, WEXAVYR=F AT ) I e BT 5%
BFE L7zo S OBIRW 0B, BBOKME & v
VB AL Z D70 TERIIICRBII 21T 2 &
NTEBLILERLTWD, TOHEICKY, Hhze
R DA D I % &0 TE LR DRk~ il i
RROBIHSTE B LHFTE 5,

F7:, MEXAVE—-F ALY I DONIBOK X 722
WA EPL22FRGE LT, EMRRIESRE I 2
O RSE S E A Lze S0 X ) IZEIUEDOMER
EREHIES 22 & T, ZIEKDFHEDOS S %5
BEPTEDLLEEZ TV,

X |k

1) B. Tan and S. E. Rankin, Langmuir, 21, 8180 (2005); W.
Zhao, M. Lang, Y. Li, L. Li and J. Shi, J. Mater. Chem., 19,
2778 (2009); Y. Zhu, E. Kockrick, T. Ikoma, N. Hanagata
and S. Kaskel, Chem. Mater., 21, 2547 (2009); G. Qi, Y.
Wang, L. Estevez, A. K. Switzer, X. Duan, X. Yang and E. P.
Giannelis, Chem. Mater:, 22,2693 (2010).

2) H.Blas, M. Save, P. Pasetto, C. Boissiére, C. Sanchez and B.
Charleux, Langmuir, 24, 13132 (2008); Y. Yamada, M.
Mizutani, T. Nakamura and K. Yano, Chem. Mater., 22, 1695
(2010); N. Kato, T. Ishii and S. Koumoto, Langmuir, 26,
14334 (2010).

3) M. Ogawa and N. Yamamoto, Langmuir, 15, 2227 (1999);
C. E. Fowler, D. Khushalani and S. Mann, Chem. Commun.,
2028 (2001); R. K. Rana, Y. Mastai and A. Gedanken, 4dv.
Mater:, 14, 1414 (2002); J.-G. Wang, F. Li, H.-J. Zhou, P.-C.
Sun, D.-T. Ding and T.-H. Chen, Chem. Mater., 21, 612
(2009); Z. Feng, Y. Li, D. Niu, L. Li, W. Zhao, H. Chen, L.
Li, J. Gao, M. Ruan and L. Shi, Chem. Commun., 2629
(2008); W.J. Li, X. X. Sha, W. J. Dong and Z. C. Wang,
Chem. Commun., 2434 (2002); Y. Li, J. Shi, Z. Hua, H.
Chen, M. Ruan and D. Yan, Nano Lett., 3, 609 (2003); Q.
Sun, P. J. Kooyman, J. G. Grossmann, P. H. H. Bomans, P.
M. Frederik, P.C.M.M; Magusin, T.P.M. Beelen, R.A. van
Santen and A.J.M. Sommerdijk, Adv. Mater., 15, 1097
(2003); Y. Zhao, J. Zhang, W. Li, C. Zhang and B. Han,
Chem. Commun., 2365 (2009); Z. Teng, Y. Han, J. Li, F.
Yan and W. Yang, Micropor. Mesopor. Mater., 127, 67
(2010); Z. Chen, D. Niu, Y. Li and J. Shi, RSC 4dv., 3, 6767
(2013); M. Li, C. Zhang, X.-L. Yang and H.-B. Xu, J. Sol-
Gel Sci. Technol., 67, 501 (2013); X. Zhou, X. Cheng, W.



9)

4)
5)

6)

Vol. 32, No. 3 (2015) 79

Feng, K. Qiu, L. Chen, W. Nie, Z. Yin, X. Mo, H. Wang and
C. He, Dalton Trans., 11834 (2014).

M. Okamoto and H. Huang, Micropor. Mesopor. Mater., 163,
102 (2012).

M. Okamoto, H. Tsukada, S. Fukasawa and A. Sakajiri, J.
Mater. Chem. A, 3, 11880 (2015).

T. Wang, W. Ma, J. Shangguan, W. Jiang and Q. Zhong, J.
Solid State Chem., 215, 67 (2014); X. Fang, Z. Liu, M.-F.
Hsieh, M. Chen, P. Liu, C. Chen and N. Zheng, ACS Nano,
6, 4434 (2012); J. Liu, H. Q. Yang, F. Kleitz, Z. G. Chen, T.
Yang, E. Strounina, G. Q. Lu and S. Z. Qiao, Adv. Funct.
Mater., 22, 591 (2012); J. Chen, Z. Xue, S. Feng, B. Tu and
D. Zhao, J. Colloid Interface Sci., 429, 62 (2014); C. Liu, J.

7)

8)

9)

10)

Li, J. Qi, J. Wang, R. Luo, J. Shen, X. Sun, W. Han and L.
Wang, ACS Appl. Mater: Interfaces, 6, 13167 (2014).

K. Yano and Y. Fukushima, J. Mater. Chem., 13, 2577
(2003); K. Nakamura, M. Mizutani, H. Nozaki, N. Suzuki
and K. Yano, J. Phys. Chem. C, 111, 1093 (2007).

E. Suzuki, M. Akiyama and Y. Ono, J. Chem. Soc. Chem.
Commun., 136 (1992); Y. Ono, M. Akiyama and E. Suzuki,
Chem. Mater., 5, 442 (1993).

T. Higuchi, J. Pharm. Sci., 50, 874 (1961); T. Higuchi, J.
Pharm. Sci., 52, 1149 (1963).

E. L. Cussler, Diffusion: Mass Transfer in Fluid Systems,
third ed., Cambridge University Press, Cambridge (2009).

Synthesis of Mesoporous Silica Spheres with Hollow and
Rattle-type Structures and Their Application

Masaki Okamoto

Department of Applied Chemistry, Graduate School of Engineering, Tokyo Institute of Technology,
2-12-1 Ookayama, Meguro-ku, Tokyo 152-8552

We have controlled shapes and structures of mesoporous silicas to give novel functions to conventional meso-

porous silicas. Here, synthesis of mesoporous silica spheres with hollow and rattle-type structures and their appli-

cations are introduced. The methods of selective removal of a hydrophilic part from core (hydrophobic)—shell

(hydrophilic) structures was developed. To exploit the large void in the hollow particles, applications to drug

vessels and microreactors were demonstrated. Drugs encapsulated in the hollow were released at a constant and

slow rate. Addition of hollow mesoporous silica spheres as microreactors to two-phase reactions increased reac-

tion rates almost three times.

Key words: hollow structure, rattle-type structure, silica deformation, controlled release, microreactor
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