
ORIGINAL PAPER

Applications of Amine-functionalized Mesoporous Silica in Fine
Chemical Synthesis

Soofin Cheng Æ Xueguang Wang Æ Shih-Yuan Chen

Published online: 10 April 2009

� Springer Science+Business Media, LLC 2009

Abstract SBA-15 silica containing homogeneously dis-

tributed amine-functional groups and of fiber or platelet

morphology was prepared through a modified co-conden-

sation method using P123 copolymer as template under

acidic condition. Synthetic factors which led to well-

ordered mesoporous materials with high loadings of

various amine groups were discussed. The resultant

mesoporous materials were efficient base catalysts in

Knoevenagel and Claisen–Schmidt addition reactions. The

activities over SBA-15 materials with different amino-

functional groups are compared. Moreover, the advantage

of ordered large mesopores of SBA-15 in catalyzing liquid

phase reactions was demonstrated, and the reaction rate

could be further increased when SBA-15 was with platelet

morphology and short mesochannels.

Keywords Mesoporous silica � Amine � Functionalized �
One-pot synthesis � Fine chemicals � Base-catalyst

1 Introduction

Since the discovery of mesoporous silicates M41S [1, 2], the

surfactant-templated mesoporous materials of uniformly

arranged pores with tuneable pore diameter in 1.5–10 nm

and very high surface areas (ca. 1000 m2/g) are technologi-

cally promising for applications in catalysis [3, 4], sensors

[5], electronic devices [6], and biomedicines [7]. Many

researches have focused on the preparation of organic

functionalized materials to expand the applications by either

direct incorporation of organic groups through co-conden-

sation or grafting the organic groups onto the surface of the

calcined mesoporous silica [8–15]. The co-condensation

method is often preferred to the post-synthesis pathway

because it minimizes processing steps and provides a more

uniform distribution of the organic functionalities [16]. In

addition, one-pot co-condensation synthesis often provides a

higher loading of the organic functionalities without closing

the pore mouths [17].

Amino-functionalized mesoporous silica have been

found to be useful for base-catalyzed reactions [17]

or further post-synthesis functionalization [18, 19].

However, the preparation of the large mesoporous silica by

co-condensation of tetraethylorthosilicate (TEOS) and

aminosilane using triblock copolymer Pluronic P123

(EO20PO70EO20) as pore-directing agent under acidic

conditions only results in disordered materials [20, 21]. It

was attributed to that the protonated amine groups not only

interfere the self-assembly of the pore-directing agent and

the silica precursor but also interact strongly with the

ethoxy groups of TEOS through hydrogen bond so that the

hydrolysis and condensation of ethoxysilane are inhibited

[21]. In the past several years, our laboratory has synthe-

sized with success well ordered SBA-15 mesoporous silica

containing high loadings of amine groups, including pri-

mary, secondary amines and diamine. This article sum-

marizes some key factors in the synthesis conditions which

would lead to well-ordered mesoporous materials with

high loadings of amine-functional groups. Moreover, the
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catalytic applications in fine chemical synthesis are dem-

onstrated, and the activities over functionalized mesopor-

ous materials with different amine-groups are compared.

At last, the importance of ordered porous structures is

demonstrated. Furthermore, platelet SBA-15 of very short

mesochannels is superior to the conventional SBA-15 in

facilitating molecular diffusion and less possibility of pore

blockage when used in the reactions of bulky molecules.

2 Experimental Section

In the typical synthesis of amino-functionalized SBA-15,

4 g of Pluronic 123 and 11 g of NaCl (1.5 M) were dis-

solved in 125 g of 2.0 M HCl solution with stirring at room

temperature. After adding TEOS, the resultant solution was

hydrolyzed at 40 �C for 1 or 2 h before adding the organic

silane slowly. The molar composition of the mixture was

(1 - x) TEOS: x organic silane: 6.1 HCl:4.6 NaCl:0.017

P123:165 H2O, where x varied from 0 to 0.20. The

resulting mixture was stirred at 40 �C for 20 h and then

transferred into a polypropylene bottle and aged at 90 �C

under static condition for 24 h. The solid product was

recovered by filtration and dried at room temperature

overnight. The template was removed from the as-made

material by refluxing in 95% ethanol for 24 h. Finally, the

material was filtered, washed several times with water and

ethanol and dried at 50 �C.

The liquid phase catalytic reactions were carried out

under N2 in a sealed flask immersed in a thermostat bath

with a magnetic stirrer. Before the catalytic reaction, the

functionalized SBA-15 materials were treated with 0.2 M

methanol solution of tetramethylammonium hydroxide

(TMAOH) for 30 min, followed by washing with large

amount of water and ethanol, to remove the residue

Cl- ions and to neutralize the protonated amine groups. In

the catalysis experiment, the reactants (with or without the

solvent) were mixed in the flask and heated to the set

reaction temperature before 0.15 g of the dried catalyst was

rapidly added. The liquid products were separated from the

reaction mixture at appropriate reaction intervals with a

filtering syringe and diluted with chlorobenzene for anal-

ysis. The products were identified by GC-MS (HP5971

mass spectrometer) and analyzed using a Chrompak CP

9000 GC equipped with an FID detector.

3 Results and Discussion

3.1 Amino-functionalized SBA-15

Aminopropyl-functionalized SBA-15 materials (denoted as

SBA-NH2) were prepared by an improved one-pot method

[22, 23]. The pre-hydrolysis of TEOS prior to the addition

of amine-containing silanes was found one of the key steps

in preparing amino-functionalized SBA-15 of ordered

structure using P123 as pore-directing agent under acidic

condition. Figure 1 shows the XRD patterns of the ethanol

extracted SBA-15 containing 10% aminopropyl groups

(designated as 10%SBA-NH2) prepared with different pre-

hydrolysis periods [23]. In contrast to the X-ray amorphous

sample obtained without pre-hydrolysis, the intense (100)

reflection and weaker (110) and (200) reflections of

2D-hexagonal phase appear when the TEOS pre-hydrolysis

time reaches to 1 h. The intensity of the diffraction peaks

increases with the pre-hydrolysis time, indicating more

ordered mesoporous structure was formed. N2 physisorp-

tion isotherms showed that the SBA-NH2 materials pre-

pared with TEOS pre-hydrolysis for 1–6 h all exhibited

type IV isotherms with H1 hysteresis loops. As to the

sample prepared without TEOS pre-hydrolysis, no apparent

hysteresis loop was observed. It is shown in Table 1 that

10%SBA-NH2 prepared with TEOS pre-hydrolysis for

1–3 h display much higher surface areas and larger pore

volumes than that without pre-hydrolysis. However, if the

pre-hydrolysis period was lengthened to 4 h or longer, the

surface area, pore volume and pore diameter of the resul-

tant SBA-NH2 decreased. Elemental analyses indicated

that the amount of aminopropyl groups incorporated in the

silica framework was independent of the pre-hydrolysis

period in the range of 1–3 h, while the nitrogen content

increased slightly with longer pre-hydrolysis period. Based

on these results, pre-hydrolysis of TEOS for longer than

3 h is probably not a suitable condition to prepare amino-

functionalized SBA-15. In such a condition, the surfactant-

1 2 3 4 5

3 h

2 h

1 h

0 h

(200)(110)

(100)

In
te

ns
ity

 (
a.

 u
)

2θ / o

Fig. 1 XRD patterns of the extracted 10%SBA-NH2 with different

TEOS pre-hydrolysis periods [23]
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silica assembly formed by TEOS condensation may be too

compact to allow aminosilane to diffuse freely into the soft

area and condensation. Instead, aminosilane would con-

centrate near the pore mouths and partially block the pores.

In general, The BJH pore diameter, BET surface area,

and pore volume of the extracted functionalized SBA-15

decrease but the wall thickness increases with the increase

in amine content. These results are attributed to the occu-

pation of the organic molecules on the surface of the pores

as well as the perturbation of amine groups during the

silicate condensation process.

We have also extended the one-pot synthesis technique

to prepare SBA-15 materials functionalized with secondary

amine and diamine groups using 3-(methylamino)pro-

pyl)trimethoxysilane (MAPTMS) and methylaminopropyl

[3-(2-Aminoethyl aminopropyl)] trimethoxysilane

(ATMS), respectively, as the organic silanes [24, 25]. The

three different amine-functional groups examined in this

study are displayed in Scheme 1. The prehydrolysis period

of TEOS for secondary amine and diamine groups needed

to be around 2 h in order to obtain functionalized SBA-15

materials with optimal pore ordering and surface areas.

Moreover, the addition of NaCl to the synthesis mixture

greatly improve the stability of the silica framework,

especially when functionalized with high loadings

(15–20 mol%) of methylaminopropyl and diamine groups.

Table 2 shows the textural properties of extracted meth-

ylaminopropyl functionalized SBA-15 materials synthe-

sized with various concentrations of MAPTMS and NaCl

in the initial mixtures. The materials synthesized with 15

and 20 mol% MAPTMS lost the crystallographic ordering

after ethanol-extraction. However, the addition of NaCl to

the synthesis mixture greatly improve the stability of the

functionalized silica framework. Moreover, the d-spacings

of the (100) diffraction peak increased when NaCl was

present in the synthesis solution. In combination of TEOS

prehydrolysis and addition of NaCl salt, the modified

SBA-15 materials with the content of methylaminopropyl

groups up to 2.37 mmol/g and diamine groups up to

1.54 mmol g-1 still possessed well-ordered mesoporous

structure and had specific areas larger than 200 m2 g-1 and

pore volume larger than 0.29 cm3/g. Similar salt effect was

also observed in the synthesis of periodic mesoporous or-

ganosilicas [10, 26]. It has been proposed that salt may

influence the hydrolysis and condensation kinetics of the

silica precursors [27]. Moreover, the salting-out effect of

the inorganic electrolyte may stabilize the micelle structure

and facilitate the formation of well-ordered mesoporous

silica.

3.2 Catalytic Performance

The amino-functionalized SBA-15 materials were all effi-

cient base catalysts in Knoevenagel reactions of carbonyl

compounds with ethyl cyanoacetate, and those functional-

ized with aminopropyl and methylaminopropyl were active

in the aldol condensation and subsequent intramolecular

Michael addition of benzaldehyde and 20-hydroxyaceto-

phenone to flavanone. Table 3 displays the results of the

Knoevenagel condensation of aldehyde or ketones with

ethyl cyanoacetate over 10%SBA-NH2 catalyst at 82 �C.

For comparison, some of the reaction results under similar

reaction condition reported in the literature using amino-

propyl functionalized MCM-41 with similar amine content

(1.2 mmol g-1) and a pore diameter of 3.6 nm are given in

Table 1 Physical properties

and amino groups contents of

the extracted 10%SBA-NH2

with different pre-hydrolysis

periods [23]

Pre-hydrolysis

period (h)

D100

spacing (nm)

Pore

diameter (nm)

SBET

(m2/g)

Pore volume

(cm3/g)

N content by EA

(mmol/g)

0 – – 447 0.26 1.28

1 9.2 6.7 664 0.85 1.21

2 9.1 6.5 573 0.75 1.23

3 9.4 6.9 593 0.79 1.23

4 8.9 6.3 412 0.60 1.33

6 8.9 6.3 459 0.63 1.34

O

O

O
Si NH2

O

O

O

Si NH
CH3

O

O

O
Si NH

NH2

Scheme 1 SBA-15 with various amine-functional groups prepared

by one-pot method
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parenthesis [17]. All the reactions were found to proceed to

the olefin products and no intermediate alcohols or other

side products were detected. It was noticed in Table 3 that

aldehyde and cycloketone gave the highest yield, while

aromatic ketone have the lowest yield. That is attributed to

the steric hindrance around the carbonyl group in the

addition reaction. In comparison to that over MCM-41 of

similar amine loading but smaller pore diameter, SBA-NH2

gave higher activities in these reactions, in concerning the

product yield and the time period needed in the reaction.

These results confirm that the relatively large mesopores of

SBA-15 facilitate the diffusion of reactants, products and

solvents encountered in the liquid phase reactions, and the

reactants access more easily to the catalytic sites on SBA-

15 than on MCM-41.

The performance of the diamine-functionalized SBA-15

(designated as SBA-ED) was compared with that of

aminopropyl-functionalized counterpart in the Knoevena-

gel reaction of benzaldehyde with ethyl cynoacetate to

form a, b-unsaturated compound in liquid phase [25].

Figure 2 gives the dependency of the yields of a,

b-unsaturated compound on the reaction period over vari-

ous amine-functionalized SBA-15 materials. All the cata-

lysts showed rapid reaction rates in the first 150 min, after

this the yields of the product only increased slightly. This

might be due to the deactivation of the catalysts by

adsorption of formed water and a trace amount of amide

product [17]. The product yields increase with the nitrogen

content in the catalysts, except the catalyst with the highest

diamine loading (20%SBA-ED), which has very low sur-

face area and pore volume. Since each diamine functional

group contains a primary amine and a secondary amine

sites but aminopropyl group contains only one amine site,

it is expected that aminopropyl-functionalized 10%SBA-

NH2 catalyst should have similar amine sites as diamine-

functionalized 5%SBA-ED catalyst. On the other hand,

analysis shows that single amine-functionalized 10%SBA-

NH2 has higher surface area, larger pore volume and higher

N content than 5%SBA-ED. Nevertheless, the catalytic

activity of 10%SBA-NH2 is lower than the diamine-func-

tionalized 5%SBA-ED as shown in Fig. 2. The discrepancy

is so marked that it is proposed that the two amine sites on

the diamine group might have synergistic effect to some

extent. The detailed mechanism will need further investi-

gation. The spent 10%SBA-ED was treated with methanol

in a Soxhlet apparatus for 3 h and then dried at 120 �C

overnight before tested as a catalyst again. The re-used

catalyst gave only slightly lower activity than the fresh

catalyst (85% vs. 93% yield after 8 h), indicating that most

of the active sites could be regenerated by a simple solvent

treatment.

We also examined the catalytic activities of amino-

functional SBA-15 in the synthesis of flavanone [28].

Flavonoids are polyphenolic compounds that are widely

distributed in plants preserving the health of plants against

infections and parasites. They have attracted increasing

Table 2 Physicochemical

properties of the extracted

functionalized materials

synthesized with various

concentrations of MAPTMS and

NaCl in the initial mixtures [24]

Sample D100

spacing (nm)

Pore

diametera (nm)

SBET (m2/g) Pore

volume (cm3/g)

Wall

thickness (nm)

SBA-15 9.3 7.8 769 1.0 3.0

5%NHCH3 8.9 6.7 602 0.71 3.6

10%NHCH3 9.1 6.4 528 0.59 4.0

15%NHCH3 8.2 2.9 280 0.23 6.6

20%NHCH3 – – 55 0.06 –

15%NHCH3-0.5NaCl 9.2 5.9 303 0.35 4.7

15%NHCH3-1.0NaCl 9.0 6.2 349 0.47 4.3

15%NHCH3-1.5NaCl 9.1 6.6 384 0.50 3.8

20%NHCH3-1.5NaCl 9.2 6.0 200 0.29 4.6

Table 3 Knoevenagel reaction of carbonyl compounds (10 mmol)

with ethyl cyanoacetate (10 mmol) in cyclohexane (10 mL) over

10%SBA-NH2 (0.15 g) [23]

O

R

R'

+

CO2Et

CN

CO2Et

CN

R

R'

+ H2O

Reaction R R0 Time (h)b Yield (%)a, b

1 C6H5 H 1 (36) [99 (94)

2 C4H9 Me 8 89.3

3 Et Et 8 (30) 69.4 (89)

4 C3H7 Et 8 69.6

5 cC5H10 3 (12) [99 (70)

6 C6H5 Me 24 50.3

The removal of water was not carried out in the reaction procedure
a n-dodecane as internal standard
b Data in parenthesis are from reference 17, reaction condition:

20 mmol carbonyl compounds, 20 mmol ethyl cyanoacetate, 25 mL

cyclohexane, 82 �C
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attention due to numerouspharmacological applications

[29–31]. The most common synthesis of the flavonoids is

performed via the Claisen–Schmidt condensation and

subsequent intramolecular Michael addition between

substituted 20-hydroxyacetopheones (A) and substituted

benzaldehydes (B) in basic or acidic media under homo-

geneous conditions, as shown in Table 4 [32–34]. Our

results showed very high catalytic activity and selectivity

to flavanone in both organic solutions and solvent-free

condition. Especially, the elimination of organic solvents is

a frequent goal in green chemistry and the aminopropyl

functionalized SBA-15 catalyst showed high activity in

solvent free condition. A 84% conversion of A and 70%

selectivity to flavanone (D in Table 4) was obtained with

the B/A molar ratio of 1. The conversion of A was further

increased to 92% when the B/A molar ratio was increased

to 1.5. No products other than 20-hydroxychalcone (C) and

D were formed in the reaction, and the selectivities of C

and D were found to be a result of the thermodynamic

equilibrium. When the spent catalyst was re-used after it

was washed with ethanol and dried at 120 �C, a slightly

lower conversion of A (81% vs. 92%) and similar selec-

tivity to D were observed. The decrease in conversion is

probably due to the incomplete removal of absorbed spe-

cies from the active sites by ethanol. On the other hand, the

same reaction using pure siliceous SBA-15 as catalyst gave

very low conversion (3%) of A. These results confirm that

the catalytic active sites in amino-functionalized SBA-15

are the aminopropyl groups instead of any surface Si–O-

groups if they were present.
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Fig. 2 Knoevenagel reaction of benzaldehyde with ethyl cyanoace-

tate in cyclohexane over various diamine-functionalized SBA-15

catalysts (SBA-ED) at 35 �C, in comparison to that of 10%SBA-NH2

[25]

Table 4 Reactions between 20-hydroxyacetophenone (10 mmol) and benzaldehyde (15 mmol) with various substituting groups in the absence of

solvent over SBA-15 functionalized with aminopropyl-(NH2) and methylaminopropyl-(NHCH3) at 140 �C for 8 h

OH

R

C

O

CH3

C
HO

R'

OH

R

O

R'

H2O

+
Base

O

O

R'

R

A B C D

Catalyst R R0 Conv. of A (%) Select. to D (%)

NH2 H H 92 69

NH2 H NO2 66 86

NH2 H Cl 83 73

NH2 H CH3O 87 61

NH2 CH3O H 89 84

NH2 Cl H 92 75

NH2 CH3O CH3O 84 82

NHCH3 H H 52 69

NHCH3 H NO2 35 87

NHCH3 H Cl 40 75

NHCH3 H CH3O 72 61

NHCH3 CH3O H 50 86

N contents by EA: 1.23 mmol/g for catalyst NH2 and 1.95 mmol/g for catalyst NHCH3
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The substituents in the aromatic rings of the benzalde-

hyde greatly influenced the conversion and the selectivity

of flavanones, while the substituents at the meta position of

acetophenone affected the conversion less significantly

(Table 4). Over a base catalyst, the reaction mechanism

generally accepted involves the formation of the anion of

acetophenone through the deprotonation of the methyl

group, followed by its attack to the carbonyl group on

benzaldehyde. If the reaction condition and the substituents

present in the aromatic rings are suitable, the chalcone

products can cyclize to form the corresponding flavanone

isomers [29–31]. According to these pathways, the alde-

hydes bearing the electron-withdrawing groups in the

aromatic ring should be more reactive than those with

electron-donating groups. However, the opposite was

observed in our system using amino-functionalized silica

as the catalysts. It suggests that the reaction mechanism

could be different from that over other base catalysts. The

previous studies on the adsorption of benzaldehyde on the

aminopropyl xerogels by Sartori et al. [35] showed that the

C=N imine species were formed as the main component

and on the basis of imine formation a reaction mechanism

for the nitroaldol condensation was proposed. To explain

the present reaction results, the imine species were pro-

posed to be one of the intermediates. The modified reaction

mechanism is shown in Scheme 2. Over the aminopropy-

lated silica catalysts, the benzaldehyde molecules and the

amino groups would form the C=N imine species, which

was then attacked by the anion of acetophenone to produce

the corresponding adduct. The first step of the imine

formation is the attack by the nucleophilic amine on the

carbonyl. A rapid proton transfer results in an unstable

intermediate called a carbinolamine. A carbinolamine then

reacts to form imine by the loss of water. In the homoge-

neous system of imine formation, it was reported that under

slightly acidic conditions, formation of the carbinolamine

intermediate is slow, while under neutral or basic condi-

tions, dehydration of the carbinolamine becomes the slow

step [36]. An electron-withdrawing group on benzaldehyde

would favor the formation of carbinolamine intermediate

but hinder the dehydration process and imine formation,

resulting in a decrease of the conversion. However, the

electron-withdrawing group on benzaldehyde may facili-

tate the subsequent chalcone isomerization and increase

flavanone selectivity. Table 4 also compares the catalytic

performance of SBA-15 functionalized with methylami-

nopropyl groups to that with aminopropyl groups.

Although the former has higher amino loading, the con-

versions of benzaldehyde were all significantly lower than

those over aminopropyl-SBA-15. That seems due to the

steric hindrance of the secondary amine sites from the

imine formation. As to the diamine-functionalized SBA-

15, very low catalytic activities were observed in the

Claisen–Schmidt condensation. According to these results,

the imine formation should be the key step in determining

the conversion. For acetophenone with substituents at the

meta position, the influence on the conversion was less

significant, while the selectivities of flavanone were higher.

The selectivity is likely controlled by the thermodynamic

distribution between products C and D.

Si NH2

O
O
O

Si NH2

O
O
O

C
O

H

Si NH3
+

O
O
O

Si N
O
O
O

OH

O

C-H2C O

OH

C-H2C O

OH

C

O

C

Si NH2

O
O
O

Si NH
O
O
O

H

H

OH

Si NH3
+

O
O
O

Si N
H

O
O
O

C

OH

H

+

-H
2 O

C
CH3

O

OH

+

Scheme 2 Proposed

mechanisms over the

aminopropylated silica for

Claisen–Schmidt condensation
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3.3 Effect of Catalyst Morphology

Recently, a facile synthesis route was developed in our

laboratory to prepare SBA-15 silica of platelet shape and

very short mesochannels (150–350 nm) by introducing a

small amount of Zr(IV) ions in the synthesis solution [37].

The synthesis route can be easily extended to prepare

SBA-15 materials with various organic functional groups

and varied channel lengths in one pot. Figure 3 shows that

aminopropyl-functionalized SBA-15 with narrow distrib-

uted mesopores gave faster rate and much higher conver-

sions in the Claisen–Schmidt condensation than that over

functionalized silica gel. This result demonstrates again the

advantage of ordered large mesopores of SBA-15 in the

proceeding of the liquid phase catalytic reactions. More-

over, the SBA-15 with platelet morphology and short

mesochannels could have the reaction rate further

increased, in comparison to the conventional SBA-15 of

rod or fiber shapes. The platelet SBA-15 is superior to the

conventional SBA-15 in facilitating molecular diffusion

and less possibility of pore blockage when used in the

sorption or reactions of bulky molecules.
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