
0959-9428(2010)20:47;1-E

ISSN 0959-9428

www.rsc.org/materials Volume 20 | Number 47 | 21 December 2010 | Pages 10555–10766

PAPER
R. M. Anisur et al.
Hollow silica nanosphere having functionalized interior surface with thin 
manganese oxide layer: nanoreactor framework for size-selective Lewis acid 
catalysis

V
o

lu
m

e
 2

0
 

| 
N

u
m

b
e

r 4
7

 
| 

2
0

1
0

 
Jo

u
rn

al o
f M

ate
rials C

h
e
m

istry
 

 
P

a
g

e
s 

1
0

5
5

5
–

1
0

7
6

6

www.rsc.org/materials
Registered Charity Number 207890

As featured in:

See C. He, J. Mater. Chem., 2010, 20, 10755.

Research highlight from Shanghai Key Lab of 

Chemical Biology: Chunsheng He, School of Pharmacy, 

East China University of Science and Technology, 

Shanghai, China.

Title: Ratiometric and reusable fl uorescent nanoparticles for Zn2+ 

and H2PO4
− detection in aqueous solution and living cells.

Core-shell fl uorescent silica nanoparticles ratiometrically detect 

Zn2+ (left) and the [fl uorescent nanoparticles@Zn2+] complex 

ratiometrically responds to H2PO4
– (right) in aqueous solution and 

living cells.

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

0.
 D

ow
nl

oa
de

d 
on

 1
0/

08
/2

01
3 

15
:5

0:
24

. 

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/C0JM02647F
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM020047


PAPER www.rsc.org/materials | Journal of Materials Chemistry

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

0.
 D

ow
nl

oa
de

d 
on

 1
0/

08
/2

01
3 

15
:5

0:
24

. 

View Article Online
Hollow silica nanosphere having functionalized interior surface with thin
manganese oxide layer: nanoreactor framework for size-selective Lewis acid
catalysis†
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A novel selective nanoscale etching process that generated a well defined hollow nanostructure was

developed by treating manganese oxide nanoparticles with a hydroxylamine solution. This selective

etching process was used for exploiting a novel method of differentially functionalizing the internal

surface of a hollow silica shell with a catalytically active Mn3O4 layer and creating a novel nanoreactor

framework. The nanoreactor fabricated by the newly developed method catalyzed the cyanosilylation

reactions of various aromatic aldehydes with size and shape selectivity. Moreover, the substrate

selectivity in the cyanosilylation reactions was efficiently tuned by modifying the outer silica shell with

silane coupling reagents.
1 Introduction

Hollow inorganic nanoparticles are attractive candidates for

emergent applications, including catalysis, drug delivery vehicles,

contrast agents for molecular imaging, and energy and gas

storage materials owing to their superior properties, such as large

surface area and ability to provide a colloid with a protected

interior cavity suitable for selectively encapsulating molecules.1,2

In this context, we previously developed hollow manganese oxide

nanoparticles with multi-functionality for simultaneous MR

imaging and drug delivery.2a Considerable effort has been

devoted to improve the quality and uniformity of their hollow

interior structure. While recent developments of several synthetic

methods allow the production of various hollow inorganic

nanoparticles, precise control of their phase, structure, surface

and consequent properties is a significant challenge.3,4 In

particular, for further development of nanoreactors with

enhanced selectivity, it is important to devise a new method for

functionalizing the interior surface, which will allow molecular

recognition and chemical reactions to occur only inside the

hollow shell.2c,e,4e,5

This paper reports our recent findings on the generation of well

defined hollow nanostructures of manganese oxide nanoparticles

through a selective nanoscale etching process in a hydroxylamine

dispersion and the use of this process for exploiting a novel

method of differentially functionalizing the internal surface of

a hollow silica shell with a catalytically active Mn3O4 layer.

Several significant attempts were recently made to functionalize

the hollow interior space using a template etching process or

nanoscale Kirkendall effect.6 In most cases, these processes lead

to the incorporation of single or multiple numbers of catalytic

nanoparticles inside the cavity of the hollow sphere. However,

little attention has been directed towards a method for coating
Department of Applied Chemistry, College of Applied Science, Kyung Hee
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the entire cavity surface with a thin catalytic layer, which might

be more desirable for providing a large catalytic surface area and

producing a different interior environment of hollow sphere

distinct to that of the exterior surface.7

In this study, hollow nanospheres fabricated using the newly

developed method were used successfully as a nanoreactor that

could selectively catalyze cyanosilylation reactions of aromatic

aldehydes. A substantial improvement in their size-selectivity

was demonstrated, which was achieved by controlling the

porosity of the silica shell using an appropriate silane modifica-

tion. Scheme 1 shows the approach to fabricating a nanoreactor

composed of a hollow and porous silica shell and a functional-

ized interior surface with a thin Mn3O4 layer and optimizing its

catalytic performance.

2 Results and discussion

2.1 Generation of hollow manganese oxide nanoparticle via

nanoscale etching process

The MnO–Mn3O4 core–shell nanoparticles (CSNPs), which were

used as a sacrificial template, were prepared by coating oleic acid-

stabilized MnO nanoparticles with a Pluronic copolymer (F127,

PEO19–PPO69–PEO19) and inducing surface oxidation in the

aqueous dispersion by air (Fig. 1).2a,8 To remove the core part

from the CSNP, a hydroxylamine (NH2OH) solution with metal

ion complexing ability was tested for use as an etchant. The

NH2OH-based solutions are used frequently for the selective

extraction of manganese ions from oxide minerals.9 When

a NH2OH solution (2.5 M) was added to a 1.0 mL aqueous
Scheme 1 Fabrication and modification of HMON@h-SiO2.
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Fig. 1 (a) TEM and (b) HRTEM images of CSNPs. A histogram shows

the size distribution. (c) A picture showing the dispersion containing

CSNPs.

Fig. 4 TEM and HRTEM (insets) images of the samples obtained from

the dispersion of CSNP and NH2OH after reaction for (a) 10 min, (b) 1 h,

(c) 6 h, (d) 12 h, (e) 24 h, and (f) 5 days. Histograms show the size

distribution of outer (white) and inner (grey) diameters and shell thick-

ness (black).
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dispersion of the CSNPs (0.5 mg mL�1) and stirred at room

temperature and pH 9, the dark brown color of the initial

dispersion faded gradually over a few days to generate a light

brown dispersion. Transmission electron microscopy (TEM),

high resolution TEM (HRTEM), and scanning electron

microscopy (SEM) of the nanoparticles isolated from the

dispersion after a 24 h reaction showed that the core part of the

MnO phase was carved selectively away from most of

the CSNPs, and a spherical void was left inside the thin and

uniform Mn3O4 shell with a 2.5(�0.4) nm thickness (Fig. 2). It

was observed that 79% CSNPs had transformed into hollow

manganese oxide nanoparticles (HMONs) with inner and outer

diameters of 21(�2) nm and 16(�2) nm, respectively. The

generation of a hollow structure composed mainly of Mn3O4 is

also supported by the nitrogen adsorption/desorption isotherm

exhibiting a narrow pore size distribution centered at 15 nm and

a magnetic hysteresis loop with much higher saturation magne-

tization at 5 K (Fig. 3). HMON formation can be explained by

the higher MnO dissolution rate than Mn3O4 in complex

formation between manganese ions and NH2OH. The control

experiment carried out with Mn3O4 nanoparticles in a NH2OH

solution did not allow significant changes in the nanoparticles
Fig. 2 (a) TEM image of the sample obtained from the reaction of

CSNP and NH2OH for 24 h. A histogram showing the size distribution

of the outer (white) and inner (grey) diameters and shell thickness (black)

of HMONs. (b) HRTEM image of HMON. (c) A picture showing the

dispersion containing 79% HMON and 21% CSNP.

Fig. 3 (a) Pore size distribution of CSNP and HMON derived by using

BJH model based on their N2 sorption isotherms. (b) Field dependent

magnetization of CSNP and HMON at 5 K.

10616 | J. Mater. Chem., 2010, 20, 10615–10621
(ESI†). The solubilities of bulk MnO (Aldrich, �60 mesh, 99%)

and Mn3O4 (Aldrich, �325 mesh, 99%) powders in 2.5 M

NH2OH (pKb ¼ 8.04) solution were determined to be 8.3 mg

mL�1 and 3 � 10�3 mg mL�1, respectively, which suggest much

easier dissolution of MnO than Mn3O4. The TEM images of the

samples obtained from the reaction dispersion of CSNP and

NH2OH at different times showed that a hollow interior had

developed in 27% of nanoparticles at 1 h. As the reaction pro-

ceeded, the number of CSNPs transforming into the hollow

structure increased, reaching a 79% conversion yield at 24 h

(Fig. 4). Whilst the hollow interior structure had not changed

significantly up to 24 h, the shell thickness of the as-formed

HMONs decreased gradually with increasing reaction time from

4(�1) nm at 1 h to 2.5(�0.4) nm at 24 h. Treatment for a longer

period of time resulted in a thinner HMON with broken shell,

whereas some CSNPs with solid interior remained, which is

consistent with the decrease but still presence of the MnO peaks

in the XRD pattern, even after a 5 day reaction (Fig. 5). The

above observations can be explained by the slow diffusion of the

NH2OH solution along the crystalline grain boundaries of

the Mn3O4 shell followed by rapid and complete etching of the

MnO core immediately upon entering the core part. This

suggests that the time required for HMON conversion might be

dependent on the grain boundary structure in the shell of each

CSNPs.

2.2 Synthesis of hollow silica nanosphere with Mn3O4

functionalized interior surface

The current synthetic method of the hollow structure was used to

functionalize the internal surface of a hollow silica sphere. The

selective removal of the MnO core inside the silica sphere would
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 XRD patterns of the samples obtained over time from the reac-

tion dispersion of CSNP and NH2OH. The diffraction peaks from

Mn3O4 phase were marked with black diamonds. The lines below show

the position of the reflections corresponding to cubic MnO phase (JCPDS

Card No. 07-0230) and the tetragonal Mn3O4 phase (JCPDS Card No.

24-0734).

Fig. 7 (a) TEM images of HMON@h-SiO2. Histograms show the size

distribution of outer (white) and inner (grey) diameters and shell

thickness (black). (b) A picture showing the dispersion containing

HMON@h-SiO2.

Fig. 8 (a) A HRTEM image, (b) EDX elementary maps, and (c) a SEM

image of HMON@h-SiO2.

Fig. 9 (a) Pore size distribution of Mn@SiO2 and HMON@h-SiO2

derived by using HK model based on their N2 sorption isotherms.

(b) XRD patterns of MnO NP stabilized by oleic acid, Mn@SiO2, and

HMON@h-SiO2. The lines below show the position of the reflections

corresponding to cubic MnO phase (JCPDS Card No. 07-0230) and the

tetragonal Mn3O4 phase (JCPDS Card No. 24-0734).
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provide a silica sphere with a void space and an interior surface

coated with a Mn3O4 layer. For this purpose, 38(�4) nm sized

silica spheres encapsulating 20(�3) nm sized manganese oxide

nanoparticles stabilized by oleic acid (Mn@SiO2) were prepared

using a modified reverse microemulsion technique followed by

a treatment with a 0.5 M NH2OH solution using a similar

procedure to that applied for HMON synthesis (Fig. 6). The

analyses of the spheres isolated after 24 h reaction by TEM,

HRTEM, and SEM showed that the MnO core had been

removed completely from the Mn@SiO2 and a thin Mn3O4 layer

was left covering the newly created surface of the hollow interior

(Fig. 7 and 8). Unlike the CSNPs, dissolution of the MnO core

and interior void formation occurred for all Mn@SiO2s in the

reaction dispersion, resulting in the synthesis of homogeneous

products with a hollow structure. The complete dissolution of the

MnO phase is also supported by the absence of any MnO peaks

in the XRD pattern (Fig. 9b). Dissolution of the MnO core was

accompanied by partial etching of the silica shell, leading to the

formation of HMON@h-SiO2 composed of a hollow and porous

silica shell with inner and outer diameters of 19(�3) nm and

38(�4) nm, respectively, and an interior surface coated with

a 3.6(�0.8) nm Mn3O4 layer. The generation of porous silica

under basic conditions has been reported.10 The pore size

distribution centered at 1 nm, which was derived by using HK

model based on the nitrogen adsorption/desorption isotherm of

HMON@h-SiO2, also supports the formation of nanopores at

the silica shell during the treatment in the NH2OH dispersion
Fig. 6 (a) TEM and (b) HRTEM images of Mn@SiO2. Histograms

show the size distribution of outer (white) and inner (grey) diameters.

(c) A picture showing the dispersion containing Mn@SiO2.

This journal is ª The Royal Society of Chemistry 2010
(Fig. 9a). Based on the resulting hollow structure of the

HMON@h-SiO2, it was envisioned that a reaction catalyzed by

a Lewis acid could be allowed only for molecules that diffuse into

the cavity surface rapidly through the porous silica shell.

Therefore, the hollow nanoparticle could act as a nanoreactor

with enhanced size and shape selectivity. In addition, the selec-

tivity and reactivity of the nanoreactor can be controlled by

selectively modifying either the interior surface or outer silica

shell due to the distinct difference in their chemical characteris-

tics.

2.3 Evaluation of catalytic activity of the HMON@h-SiO2s in

cyanosilylation reactions

In order to evaluate the effectiveness of the HMON@h-SiO2s as

a nanoreactor for selective catalytic reactions, this study exam-

ined the first hollow nanoparticle catalyzed cyanosilylation of

carbonyl substrates.11 In the experimental setup, a solution of

benzaldehyde (3a) and cyanotrimethylsilane (2.0 equiv.) in

CH2Cl2 was treated with 5 mol% of HMON@h-SiO2 (1) at
J. Mater. Chem., 2010, 20, 10615–10621 | 10617
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Fig. 11 Pictures showing the dispersity of (a) HMON@h-SiO2 (1) and

(b) octadecyl-modified HMON@h-SiO2 (2d) between two immiscible

phases of water (upper layer) and chloroform (lower layer).
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ambient temperature. This trial run afforded the cyanohydrin

trimethylsilyl ether in 99% yield after stirring for 12 h. In the 1H

NMR spectrum to check the conversion yield, the peak at

10.02 ppm (PhCHO) disappeared completely and a new peak at

5.50 ppm (PhCHCN(OTMS)) was observed (ESI†). The control

experiment with the Mn@SiO2 catalyst, having a non-porous

silica shell, showed no conversion at all, confirming the impor-

tance of the pores in the silica shell of HMON@h-SiO2 as a path

for the reactant molecules to access the catalytically active

manganese oxide core. More importantly, the comparison results

of the reactions with 1 mol% of HMON@h-SiO2 and Mn3O4@-

p-SiO2 having a non-hollow Mn3O4 core surrounded by a porous

silica shell, showing 76% (31%) and 9% (1%) conversion yields

after 12 h (3 h), strongly implying that the cyanosilylation reac-

tions efficiently occurred in the hollow interior surface of

manganese oxide nanostructure. Catalytic recyclability was

checked for three times with the same batch of catalyst, and the

observed yields in three consecutive runs were 99%, 99%, and

88%, respectively. The TEM analyses of the recovered catalysts

from the third run showed the preservation of the size and shape

of the initial HMON@h-SiO2 (ESI†). In addition, any leaching

of Mn ions was not detected in the ICP analyses of the super-

natant solutions collected after each run.

The same reaction performed with biphenyl-4-carboxaldehyde

(3b) and 3,5-bis(benzyloxy)benzaldehyde (3f) afforded the cor-

responding cyanohydrins in 99% and 97% yields, respectively.

However, the conversion yields for 1-naphthaldehyde (3c) and 1-

pyrenecarboxaldehyde (3d) were slightly lower (<90%), and the

reaction of 9-anthraldehyde (3e) reached only 43% yield. In the

case of the reaction of 9-anthraldehyde, 9,10-endoperoxy

anthraldehyde and the corresponding cyanohydrin trimethylsilyl

ether were produced as byproducts. This result led us to theorize

that size of the substrates acts as a crucial variable for deter-

mining the progress of HMON@h-SiO2-catalyzed cyanosilyla-

tion reactions by influencing the diffusion rate through the pores

of the silica shell.12 In addition, its catalytic propensity is

dependent on the presence of a-substituents in the aromatic

substrate, rather than their entire molecular dimensions.
Table 1 Cyanosilylation of aromatic aldehydes over various
HMON@h-SiO2 catalystsa

Yieldb (%)
2.4 Improvement of catalytic selectivity by the surface

modification of silica shell

Encouraged by the size-selectivity observed for the cyanosilyla-

tion reactions, it was assumed that the substrate selectivity could

be tuned efficiently by modifying either the interior surface or

outer silica shell. For this purpose, HMON@h-SiO2 was treated

with various silane reagents, including (3-amino-

propyl)trimethoxysilane, n-propyltrimethoxysilane, (2-phenyl-

ethyl)trimethoxysilane and n-octadecyltrimethoxysilane, which
Fig. 10 TEM images of the modified HMON@h-SiO2 catalysts with

(a) 3-aminopropyl (2a), (b) n-propyl (2b), (c) 2-phenylethyl (2c), and

(d) octadecyl (2d) groups.

10618 | J. Mater. Chem., 2010, 20, 10615–10621
reacted with the surface silanol group to produce modified

HMON@h-SiO2 catalysts with 3-aminopropyl (2a), n-propyl

(2b), 2-phenylethyl (2c), and n-octadecyl (2d) groups, respec-

tively. TEM analyses did not show any significant change in the

size and shape of the initial HMON@h-SiO2 after the silane

modification (Fig. 10). While the 3-aminopropyl-, n-propyl-, and

2-phenylethyl-modified particles are well dispersible in ethanol or

ethanol/water mixture solvent, n-octadecyl-modified particles

show much better dispersibility in chloroform compared with

ethanol or ethanol/water mixture (Fig. 11).

The catalytic reactivity of the modified HMON@h-SiO2

catalysts towards sterically differentiated aromatic substrates

was examined. As summarized in Table 1, all substrates treated

with the modified HMON@h-SiO2 catalysts, 2a–d, had lower

yields than those with 1, presumably the result of the reduced

nanopore size in the interior silica shell. However, the rate of

decrease in yield was affected by both the molecular shape and

dimensions. For example, the 3-aminopropyl and n-propyl-

modified catalysts (2a,b) showed slightly lower catalytic activity,

and the rate of decrease in yield was enhanced in the reactions of

large-dimension substrates, such as 3d and 3e, with 53% and

60%, respectively. When the n-octadecyl-modified HMON@-

h-SiO2 catalyst 2d was used in the cyanosilylation reaction, the

catalytic activity towards aromatic aldehydes except benzalde-

hyde was decreased dramatically (more than 70%) compared

with that of 2b. In particular, reactions with 3f resulted in only

7% yield, representing a significant size-selective reaction in

a porous nanoreactor. To demonstrate the competition between
Catalyst 4a 4b 4c 4d 4e 4f

1 99 99 83 90 43 97
2a 93 81 77 42 17 75
2b 92 86 70 38 10 81
2c 61 58 57 29 14 54
2d 46 20 35 11 4 7

a Conditions: aldehyde (0.5 mmol), TMSCN (1.0 mmol), CH2Cl2 (0.25 M),
catalyst (0.025 mmol, based on Mn contents), room temperature, under N2.
b Determined by 1H NMR based on the carbonyl substrate.

This journal is ª The Royal Society of Chemistry 2010

http://dx.doi.org/10.1039/C0JM02647F


Fig. 12 Conversion of benzaldehyde (solid square) and 3,5-bis(benzy-

loxy)benzaldehyde (open circle) in cyanosilylation reaction with

octadecyl-modified HMON@h-SiO2 catalyst (2d) groups.
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a small and a large substrate molecule for access to the catalyti-

cally active Mn cores of catalyst, two differently sized aldehydes,

both benzaldehyde (3a) and 3,5-bis(benzyloxy)benzaldehyde

(3f), were added to the reaction mixture, and the conversion of

aldehydes was monitored by the 1H NMR spectra (Fig. 12). The

treatment of the two aldehydes with the n-octadecyl-modified

catalyst, 2d, showed great substrate discrimination by increasing

the relative reaction rate in favor of the smaller benzaldehyde,

resulting in the quantitative transformation of 3a but only 12%

conversion of 3f.
3 Experimental

3.1 Preparation and modification of HMON@h-SiO2

General consideration. All reagents including MnCl2$4H2O

(Aldrich), sodium oleate (TCI), oleic acid (Aldrich), pluronic

F127 (BASF), 1-octadecene (Aldrich), hydroxylamine (Aldrich),

cyclohexane, NH4OH (Samchun chem.), tetraethyl orthosilicate

(Acros), Igepal CO-520 (Acros), oleylamine (Acros), manganese

acetylacetonate (STREM), n-propyltrimethoxysilane, n-octade-

cyltrimethoxysilane, (2-phenylethyl)trimethoxysilane, 3-amino-

propyltrimethoxysilane (Gelest), MnO (Aldrich, �60 mesh,

99%), and Mn3O4 (Aldrich, 325 mesh, 99%) were used as

purchased without any purification. Analyses of transmission

electron microscopy (TEM) were conducted with JEOL JEM-

2010. Scanning electron microscopy (SEM) was carried out with

LEO SUPRA 55 (Carl Zeiss, Germany). X-Ray diffraction

patterns were obtained by using X-Ray Diffractometer (18 kW)

(Mac Science, Japan). Magnetic properties of nanoparticles were

measured using superconducting quantum interference (SQUID)

magnetometer (Quantum Design, MPMS5XL), which is equip-

ped with a 5 T superconducting magnet. The nitrogen adsorption

and desorption isotherms were measured at 77 K using

a Micromeritics ASAP 2020 gas adsorption analyzer after the

pretreatment at room temperature in vacuo. UV absorptions

were observed by using V670 UV-Visible-NIR spectrophotom-

eter (JASCO). 1H NMR spectra were recorded with Jeol

300 MHz spectrometer and referenced to CDCl3.

Synthesis of HMONs. MnO nanoparticles were prepared by

the method described previously with some modifications.13 In
This journal is ª The Royal Society of Chemistry 2010
a typical procedure, 12.4 g of the manganese–oleate complex

(2 mmol), prepared by the reaction of MnCl2$4H2O and sodium

oleate in a mixture of ethanol, water and n-hexane, were dis-

solved in 100 g of 1-octadecene. The mixture solution was

degassed at 70 �C for 1 h under a vacuum and then heated to

300 �C with vigorous stirring for 1 h. After cooling to room

temperature, 20 mL of hexane were added to improve the dis-

persibility of the nanoparticles, followed by adding 80 mL of

acetone to precipitate the nanoparticles. The waxy precipitate

was retrieved by the centrifugation. The above purification

procedure was repeated to remove excess surfactant and solvent.

The purified MnO nanoparticles were dispersed in chloroform.

The as-prepared manganese oxide nanoparticles were then

transferred into water by modifying a procedure reported

previously.14 Typically, 10 mg of MnO nanoparticles dispersed in

2 mL CHCl3 (5 mg mL�1) were mixed with 5 mL of CHCl3
solution containing 40 mg of Pluronic F127 and stirred for 30

minutes. Then the solvent was completely removed in vacuum at

80 �C for 1 h. The addition of 5 mL water resulted in a clear and

dark-brown aqueous dispersion. Excess Pluronic F127 was

removed by ultracentrifugation. The purified nanoparticles were

re-dispersed in distilled water and stored for several days,

providing the CSNPs. In order to carve away the core part and

produce HMONs, 0.5 mg mL�1 of CSNPs was dispersed in 2.5 M

hydroxylamine solution and stirred for 24 h for dissolving away

the MnO core. Resulting HMONs were retrieved by centrifu-

gation and purified by the repetition of dispersion in distilled

water and centrifugation for several times.

Control experiment with Mn3O4 nanoparticles. Mn3O4 nano-

particles were synthesized from a previously reported method.15

In a typical synthesis, a mixture of 0.5 g Mn(acac)2 and 10 mL

oleylamine was placed in a three-necked flask and heated up to

210 �C in open air with continuous stirring for 5 h. After cooling

to room temperature, ethanol was added to the reaction disper-

sion, precipitating the solids of resulting nanoparticles. The

precipitated Mn3O4 nanoparticles were retrieved by centrifuga-

tion. The Mn3O4 nanoparticles were purified by repeating the re-

dispersion in hexane and centrifugation for several times. The

Mn3O4 nanoparticles were transferred into the aqueous phase by

using same procedure applied for preparing CSNPs. The treat-

ment of Mn3O4 nanoparticles in an aqueous hydroxylamine was

carried out under the same condition applied for the synthesis of

HMONs.

Synthesis of HMON@h-SiO2. Manganese oxide nanoparticles

having a 20 nm of size were prepared through the previously

reported procedure in ref. 1. The silica coated manganese oxide

nanoparticles (Mn@SiO2) were made by modification of previ-

ously reported reverse microemulsion technique.16 Poly-

oxyethylene(5)nonylphenyl ether (0.77 g, 1.74 mmol, Igepal

CO-520, containing 50 mol% hydrophilic group) was dispersed

in a round bottom flask containing cyclohexane solvent (17 mL).

Next, a cyclohexane dispersion (6 mL) of MnO nanoparticles

(6 mg) and an ammonium hydroxide solution (30%, 0.13 mL)

were successively added with the vigorous stirring to form

a translucent dispersion. Lastly, a tetraethyl orthosilicate (TEOS,

0.15 mL) was added and stirred for 12 h. The resulting Mn@SiO2

was precipitated from the reaction dispersion by the addition of
J. Mater. Chem., 2010, 20, 10615–10621 | 10619
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methanol (1 mL) and retrieved by the centrifugation. The crude

Mn@SiO2s were purified by repeating the re-dispersion in

ethanol and the centrifugation for several times. The purified

Mn@SiO2s were re-dispersed in deionized water and stored for

further use. For the synthesis of HMON@h-SiO2, 1 mg mL�1 of

Mn@SiO2 nanoparticles was treated with 0.5 M NH2OH solu-

tions at room temperature for 16 h. The resulting HMON@h-

SiO2 nanoparticles were isolated from the reaction dispersion by

the centrifugation and purified by repeating the re-dispersion in

water and the centrifugation. The Mn3O4@p-SiO2 used for the

control catalytic reaction was prepared by using the Mn3O4

nanoparticle instead of MnO nanoparticle through the same

procedure with that applied for the HMON@h-SiO2.

Determination of solubility of bulk MnO and Mn3O4. 2 mg of

bulk MnO (Aldrich, �60 mesh, 99%) and Mn3O4 (Aldrich, 325

mesh, 99%) powders were individually immersed in 2.5 M

NH2OH solutions and stirred at room temperature. After

stirring for 24 h, remaining solids were removed by the centri-

fugation. And the contents of manganese ions were determined

by using ICP.

Surface modification of HMON@h-SiO2. The surface modifi-

cation of HMON@h-SiO2 was carried out with several silane

surfactants by modifying the previously reported method.17 For

this, four different silane reagents, including (3-amino-

propyl)trimethoxysilane, n-propyltrimethoxysilane, (2-phenyl-

ethyl)trimethoxysilane, and n-octadecyltrimethoxysilane, were

used. In a typical modification experiment, an ammonium

hydroxide solution (30%, 0.45 mL) and a silane reagent (2 mL)

were successively added to an ethanol dispersion (30 mL) of

HMON@h-SiO2s (100 mg). TEM analyses did not show any

significant change in the size and shape of the initial HMON@-

h-SiO2 after the silane modification. While the 3-aminopropyl-,

n-propyl-, and 2-phenylethyl-modified particles are well

dispersible in ethanol or ethanol/water mixture solvent, n-octa-

decyl-modified particles show much better dispersibility in

chloroform compared with ethanol or ethanol/water mixture.

3.2 Evaluation of catalytic activities of HMON@h-SiO2 in

cyanosilylation reactions

General procedure for cyanosilylation reactions. HMON@-

h-SiO2 (1) or modified HMON@h-SiO2 catalysts (2a–d) (0.025

mmol) dispersed in distilled CH2Cl2 (2 mL) were treated with

aromatic aldehyde (0.5 mmol) and cyanotrimethylsilane

(0.13 mL, 1.0 mmol) at room temperature under N2 atmosphere.

After stirring for 12 h, the reaction mixture was filtered through

a plunge of Celite and the filtrate was concentrated under

reduced pressure to afford the product sample for 1H NMR

analysis. The conversion yields of the reactions were determined

by 1H NMR spectroscopy, and were calculated based on the

following representative peaks of aldehyde (ArCHO) and

cyanohydrins trimethylsilyl ether (ArCHCN(OTMS)). 1H NMR

(300 MHz, CDCl3) ppm: 10.02 (3a) and 5.50 (4a), 10.08 (3b) and

5.57 (4b), 10.42 (3c) and 6.06 (4c), 10.81 (3d) and 6.35 (4d), 11.55

(3e) and 6.93 (4e), 9.89 (3f) and 5.39 (4f).

Competitive cyanosilylation reaction. n-Octadecyl-modified

HMON@h-SiO2 catalyst (2d) (0.02 mmol) dispersed in distilled
10620 | J. Mater. Chem., 2010, 20, 10615–10621
CH2Cl2 (2 mL) was treated with benzaldehyde (0.4 mmol), 3,5-

bis(benzyloxy)benzaldehyde (0.4 mmol) and cyano-

trimethylsilane (3 equiv., 1.2 mmol) at room temperature under

N2 atmosphere. The NMR spectrum collected at regular inter-

vals to determine the conversion yields.
4 Conclusions

In conclusion, a novel selective nanoscale etching process that

generated a well defined hollow nanostructure provides a novel

method for fabricating a nanoreactor framework consisting of

a hollow and porous silica shell and a functionalized interior

surface with a catalytically active manganese oxide layer.

Furthermore, the nanoreactor fabricated by the newly developed

method catalyzes the cyanosilylation reactions with size and

shape selectivity, and the size-selectivity effect can be enhanced

significantly by engineering the surface of the silica shell.
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