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In this paper, we report a clever approach permitting, in one step, the synthesis of ordered

(hexagonal phase) mesoporous silica functionalized with iodopropyl groups [I(CH2)3] located in

the pore channels. This material was obtained by the hydrolysis and co-condensation of

tetraethylorthosilicate (TEOS) and iodopropyltriethoxysilane (I(CH2)3Si(OEt)3) in the presence of

P123 as a non-ionic structure-directing agent and hydrogen iodide as an acid catalyst. All

materials were characterised by X-ray diffraction measurements, transmission electron

spectroscopy, nitrogen adsorption analyses, elemental analyses, and solid-state 13C and 29Si NMR

spectroscopy. The accessibility and reactivity of this functional group was investigated, showing

the advantage of the iodo group for the introduction of bulky or hydrophilic groups.

Introduction

Ordered mesoporous organosilicas constitute a very interesting

class of materials due to their potential applications,1 such as

in separation,2 catalysis,3 encapsulation4 and chemical sen-

sing.5 Such materials have often been prepared by post-

synthetic grafting of an organotrialkoxysilane, RSi(OR 0)3,

onto the pore surface of ordered mesoporous silica.5a,6a,b This

post-synthetic process has allowed the anchoring of a large

number of organic groups, including bulky ones.6c–e However,

this very practical method does not allow control of the

loading, and has led to inhomogeneous distributions of the

functional groups on the inner pore surfaces.7 One alternative

approach consisted of the introduction of organic groups

during the synthesis of the material by the co-condensation

of tetraethylorthosilicate (TEOS) and an organotriethoxysi-

lane RSi(OEt)3 in the presence of a structure-directing agent.8

In this case, the functional groups of the resulting materials

were regularly distributed on the pore surfaces.9

Though this method overcomes the main drawbacks of the

grafting method, it has, however, its own limitations. Indeed,

this method requires that the R-group be sufficiently hydro-

phobic to enter the core of the micelle and not be too bulky so

as to avoid perturbation.10 This means that the introduction of

bulky or hydrophilic groups cannot be achieved by this route.

Therefore, post-modification of the functionalized mesopor-

ous materials by direct synthesis could be an alternative to

obtaining ordered mesoporous materials with large and/or

hydrophilic functional groups regularly distributed. Indeed,

use of the post-modification method could avoid the design

and synthesis of new organosilane precursors and reduce the

difficulty in obtaining ordered mesoporous materials contain-

ing large and/or hydrophilic functional groups.

The iodopropyl pendant group could be a particularly

useful candidate for subsequent modification since iodo is a

very good leaving group in nucleophilic displacement and a

much better one than chloro, which was previously introduced

into SBA-15 mesoporous silica.11

In the present paper, we report a direct synthesis of ordered

mesoporous silicas containing iodopropyl groups located in

the pore channels. The ability of these materials to immobilise

various species is shown and compared to that of ordered

mesoporous silicas containing chloropropyl groups.

Experimental

General procedures

Triblock copolymer (EO20PO70EO20 with PEO = poly(ethy-

lene oxide) and PPO = poly(propylene oxide)) Pluronic P123,

3-chloropropyltriethoxysilane, tetraethylorthosilicate (TEOS),

sodium fluoride (NaF), hydrogen iodide (HI), triethylpho-

sphite, ethylenediamine, dipropylenetriamine and ephedrin

were purchased from Sigma-Aldrich and used as supplied.

Tris(2-cyanoethyl)phosphine was purchased from Sterm Che-

micals. 1,4,8,11-tetraazacyclotetradecane (cyclam) was pur-

chased from Chematech. 3-Iodopropyltriethoxysilane was

prepared by a halogen exchange reaction between 3-chloro-

propyltriethoxysilane and NaI according to a previously

described procedure.12

CP-MAS 29Si and 13C solid-state NMR spectra were re-

corded on a BRUKER FTAM 300, in the latter case using the

TOSS technique. The repetition time was 5 s for 13C and 10 s

for 29Si, with contact times of 3 ms for 13C and 5 ms for 29Si.

The duration of the 1H pulse was 4.2 ms for 13C and 4.5 ms for
29Si, and the MAS rate was 10 kHz for 13C and 5 kHz for 29Si.

Chemical shifts (d/ppm) were referenced to Me4Si (13C

and 29Si).

Specific surface areas were determined by the Brunauer

–Emmett–Teller (BET) method on a Micromeritics ASAP

2010 analyser (using 74 points and starting from 0.01 as the
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value for the relative pressure). The average pore diameters

were calculated by the BJH method.

Powder X-ray diffraction experiments were carried out

using a high resolution Bonse–Hart camera with two germa-

nium channel cuts for very small q values. The wavelength

used was 1.542 Å (Cu-Ka radiation).

Transmission Electron Microscopy (TEM) images were

gathered at 100 kV on a JEOL 1200 EXII microscope.

Samples for TEM measurements were prepared using ultra-

microtomy techniques and then deposited on copper grids.

Yields of substitution were determined by the elemental

analyses of introduced N and P atoms, and the residual Cl and

I atoms. Elemental analyses of Si, C, N, P, Cl and I were

performed by the Service Central d’Analyse (CNRS, Vernai-

son, France).

Syntheses

Preparation of SBAx-Cl (x = 19 and 30). SBAx-Cl was

prepared according to the procedure previously described.11

Preparation of SBAx-I (x = 19 and 30). SBAx-I was

prepared according to the same procedure. The preparation

of SBA19-I is given as an example.

SBA19-I. 4.0 g of P123 (EO20PO70EO20) was dissolved in an

aqueous HI solution (160 mL, pH E 1.5). This solution was

poured into a mixture of TEOS (8.85 g, 42.56 mmol) and 3-

iodopropyltriethoxysilane (1) (0.74 g, 2.24 mmol) at ambient

temperature. The mixture was stirred for 90 min, giving rise to

a microemulsion. After heating this perfectly transparent

solution at 60 1C, a small amount of NaF (80 mg) was added

with stirring to induce polycondensation. The molar compo-

sition of the reaction mixture was 0.04 F� : 1 TEOS : 0.05

1 : 0.02 P123 : 0.12 HI : 220 H2O. The mixture was left for

72 h at 60 1C with stirring. The resulting solid was filtered

and washed with acetone. The surfactant was removed by

hot ethanol extraction in a Soxhlet apparatus over 24 h.

After filtration and drying at 120 1C under vacuum, 2.75 g

(2.02 mmol, 90%) of SBA19-I was obtained as a white solid.

Modification of SBA19-I

SBA19-cyc. To a solution of cyclam (0.45 g, 2.20 mmol) in

acetonitrile (90 mL) and triethylamine (0.48 g, 4.74 mmol) as

base was added 2.15 g of SBA19-I (1.58 mmol) at room

temperature. The resulting mixture was stirred and heated

under reflux for 1 h. The solid was recovered by filtration and

washed 3 times with hot chloroform and 3 times with hot

ethanol to remove the excess cyclam. After drying at 120 1C

overnight under vacuum, 2.05 g (91%) of SBA19-cyc was

obtained as a white powder.

SBA19-tria. To a solution of dipropylenetriamine (0.11 g,

0.84 mmol) in toluene (15 mL) and triethylamine (0.13 g, 1.32

mmol) as base was added 0.60 g of SBA19-I (0.44 mmol) at

room temperature. The resulting mixture was stirred and

heated under reflux for 4 h. The solid was recovered by

filtration and washed twice with toluene. After drying at

120 1C overnight under vacuum, 0.58 g (97%) of SBA19-tria

was obtained as a white powder.

SBA19-dia. To a solution of ethylenediamine (50.1 mg, 0.84

mmol) in toluene (15 mL) and triethylamine (0.13 g, 1.32

mmol) as base was added 0.60 g of SBA19-I (0.44 mmol) at

room temperature. The resulting mixture was stirred and

heated under reflux for 8 h. The solid was recovered by

filtration and washed twice with toluene. After drying at

120 1C overnight under vacuum, 0.61 g (98%) of SBA19-dia

was obtained as a white powder.

SBA19-eph. To a solution of ephedrine (90.8 mg, 0.55 mmol)

in toluene (20 mL) and triethylamine (86 mg, 0.87 mmol) as

base was added 0.40 g of SBA19-I (0.29 mmol) at room

temperature. The resulting mixture was stirred and heated

under reflux for 24 h. The solid was recovered by filtration and

washed twice with toluene. After drying at 120 1C overnight

under vacuum, 0.38 g (93%) of SBA19-eph was obtained as a

white powder.

SBA19-Pho. A mixture of triethylphosphite (20 mL) and

0.30 g of SBA19-I (0.22 mmol) was stirred and heated under

reflux for 4 h. The solid was recovered by filtration and washed

twice with acetone. After drying at 120 1C overnight under

vacuum, 0.30 g (97%) of SBAx-Pho was obtained as a white

powder.

SBA19-P
+. To a solution of tris(2-cyanoethyl)phosphine

(0.64 g, 0.84 mmol) in acetonitrile (50 mL) was added 0.60 g

of SBA19-I (0.44 mmol) at room temperature. The resulting

mixture was stirred and heated under reflux for 4 h. The solid

was recovered by filtration and washed twice with acetonitrile.

After drying at 120 1C overnight under vacuum, 0.56 g (58%)

of SBAx-P
+ was obtained as a white powder.

Results and discussion

Preparation and characterization of ordered

iodopropyl-functionalized mesoporous silica

Ordered mesoporous silicas containing variable quantities of

iodopropyl groups were synthesized by the co-condensation of

a mixture of iodopropyltriethoxysilane (I(CH2)3Si(OEt)3) and

tetraethylorthosilicate (TEOS), in the presence of P123 as a

structure-directing agent in a low acidity (HI) medium (see the

Experimental section). The functionalized materials obtained

after removal of the surfactant were named SBAx-I, x indicat-

ing the number of molar equivalents of TEOS per iodopropyl

group in the initial mixture.

The key step in the synthetic procedure was the use of HI

instead of HCl as the catalyst. Indeed, when HCl was used, the

co-condensation of 3-iodopropyltriethoxysilane and TEOS, in

the presence of P123, gave rise to an ordered mesoporous silica

containing mostly chloropropyl groups (70%), in addition to

some iodopropyl groups. Furthermore, it is worth noting that

no exchange reaction occurred when ordered mesoporous

silica containing chloropropyl groups11 was treated with NaI

in excess (Scheme 1).

Table 1 summarizes the physicochemical and textural pro-

perties of materials SBAx-I and SBAx-Cl. The composition

of the final materials was inferred from the results of Si,

C, I and Cl elemental analyses. These were found to be close
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to those for the original mixtures, thus showing that the

chloro and iodo groups survived under the experimental

conditions.

Powder X-ray diffraction patterns of the samples exhibited

an intense diffraction peak corresponding to the d100 spacing.

The XRD pattern of sample SBA19-I is reported as an example

in Fig. 1. Although no reflections higher than d100 have been

clearly resolved, Pinnavaia et al. have shown that similar single

reflection materials can still exhibit local hexagonal symme-

try.13 The identification of the first Bragg peak as a reflection

on the (100) scattering planes of the hexagonal structure

allows the determination of the hexagonal lattice parameter

a0 (see Table 1).

The transmission electron microscopy (TEM) micrograph

shown in Fig. 2 confirms that the material exhibits local

hexagonal symmetry.

The N2 adsorption–desorption isotherm of material

SBA19-I is of type IV, characteristic of mesoporous materials

with a narrow pore size distribution (Fig. 3). Numerical data

for these materials is given in Table 1. It is worth noting that

the SBET of these materials are high (800 to 900 m2 g�1) with

large pore volumes (0.8 to 1 cm3 g�1).

The incorporation of iodopropyl groups into the meso-

porous materials and the removal of the surfactant were

confirmed by solid-state NMR spectroscopy. 13C CP-MAS

NMR spectra of SBAx-I revealed that the organic groups

remained intact, as shown by the signals at 27.1 (CH2–I),

16.4 (CH2–CH2–CH2) and 8.1 ppm (CH2–Si). A typical 29Si

CP-MAS NMR spectrum displayed signals at �92.2, �101.0
and �110.1 ppm, attributed to Q2, Q3 and Q4 substruc-

tures, respectively, denoting high cross-linking of the species.

An additional signal at �65.5 ppm, assigned to a T3 sub-

structure, revealed fully cross-linked organosilsesquioxane

species.

Reactivity of iodopropyl groups immobilized on SBA-15

mesoporous silica

We studied the accessibility and reactivity of iodo groups

located within the channel pores of materials SBA19-I and

compared them to those of chloro groups within SBA19-Cl. All

the results are reported in Table 2 and Scheme 2.

Firstly, the nucleophilic displacement of iodo groups by

cyclam moieties was investigated. Indeed, we have previously

shown that cyclam moieties located within the pore channels

of mesoporous silica allow the chelation of different transition

metal ions11 and even europium ions.14 This post-modification

was achieved by treating SBA19-I with 1.4 equiv. of cyclam in

acetonitrile under reflux. 95% iodo substitution was obtained

after 1 h under reflux while, using the same experimental

conditions, 32 h were necessary to obtain 90% chloro sub-

stitution within SBA19-Cl. As shown previously,11 textural

properties are maintained after chemical modification. Thus,

the N2 adsorption–desorption isotherm of SBA19-cyc (Fig. 3)

is type IV, characteristic of mesoporous materials, and very

similar to that of SBA19-I. In addition, the powder X-ray

diffraction pattern of SBA19-cyc is also very similar to that of

SBA19-I, indicating that the structure was maintained even

after post-modification of the material.

Mesoporous silicas have often been successfully employed

as supports for various chiral catalysts. For that purpose,

chloropropyl groups grafted onto mesoporous silica were one

of the linkers used for the subsequent introduction of chiral

ligands.15 We show here that ephedrine can be easily intro-

duced into ordered mesoporous silica thanks to the iodopropyl

group, and with a much better yield than via the chloropropyl

linker. The incorporation of ephedrine in the resulting

Scheme 1 Preparation of SBAx-I materials.

Table 1 Physicochemical characteristics of functionalized mesoporous silicaa

SBA19-I SBA30-I SBA19-Cl SBA30-Cl

SBET/m
2 g�1 908 811 866 919

Vp/cm
3 g�1 1.00 0.77 0.96 1.02

Dp
b/nm 5.8 5.6 6.1 6.2

a0/nm 11.2 11.8 11.9 12.1
Wall thicknessc/nm 5.3 6.2 5.8 5.9

Organic groups contentd/
mmol g�1

0.65
(0.73)

0.47
(0.49)

0.72
(0.78)

0.50
(0.52)

a SBET = BET surface area; Vp = pore volume; Dp = pore diameter. b Estimated from the BET surface area. c From a0 � Dp with a0 = 2d100/

30.5. d Calculated from the elemental analysis; theoretical values are in parentheses.

Fig. 1 XRD pattern of SBA19-I.
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material was confirmed by solid-state NMR spectroscopy. The
13C CP-MAS spectrum of SBA19-eph displayed three signals at

141.3, 125.9 and 115.2 ppm, attributed to the aromatic group,

and two additional signals at 74.3 and 57.4 ppm, assigned,

respectively, to CH–O and CH–N carbon atoms. It also

exhibited a broad signal between 11.3 and 18.7 ppm, attri-

buted to CH2 and CH3 groups.

As ethylenediamine and dipropylenetriamine are considered

very efficient for the chelation of transition metal salts,16 their

anchoring within SBA19-I was attempted. We found that

100% displacement of iodo groups was achieved after 8 and

4 h of treatment with ethylenediamine and dipropylenetria-

mine, respectively (see the Experimental section). In contrast,

a 48 h reaction was necessary under the same experimental

conditions for the quantitative substitution of chloro groups

within SBA19-Cl by dipropylenetriamine. Furthermore, from

N, I and Cl elemental analyses, it can be concluded that the

anchoring of diamine and triamine occurs essentially by

monosubstitution. It is worth noting that neither hydrophilic

group can be introduced into the channel pores of mesoporous

silica by direct synthesis, especially in acidic media.16c

The Arbuzov reaction can be achieved by the treatment of

SBA19-I with triethylphosphite, giving rise to SBA19-pho func-

tionalized with phosphonate groups (Scheme 2, Table 2). After

4 h under reflux, the reaction was found to be quantitative.

The solid-state 31P NMR spectrum of SBA19-pho displayed a

single resonance at 31.6 ppm, characteristic of phosphonate

groups. In contrast, treatment of SBA19-Cl under the same

conditions afforded only 7% SBA19-pho and about 20%

conversion after 72 h (Table 2). It is worth noting that it is

the first time that such a chemical transformation has been

achieved within such a material, thus avoiding the tedious

preparation of a trialkoxysilylalkyldiethylphosphonate. Phos-

phonate groups can be useful for many purposes, including the

stabilization of metal or metal oxide nanoparticles within

functionalized ordered mesoporous silica.17

Finally, the attachment of tris(2-cyanoethyl)phosphine,

thanks to the iodopropyl group, was also realized, giving rise

to SBA19-P
+ in 58% yield after 24 h (Scheme 2). The

moderate yield obtained in this case could be due to steric

hindrance of the ligand. The solid-state 31P NMR spectrum of

SBA19-P
+ displayed a single resonance at 36.5 ppm, charac-

teristic of a phosphonium salt. It is worth noting that no more

than 8% attachment of this same phosphine was achieved

starting from SBA19-Cl. This ligand is of great interest to us.

Indeed, it can be easily hydrolysed to the tris(2-carboxyethyl)

phosphonium salt, becoming a very efficient multidentate

complexing ligand for transition metal salts18 or lanthanides,

similar to the corresponding nitrilotriacetic salt.19

Conclusions

We have described an adapted route allowing the direct

synthesis of ordered mesoporous silica containing iodopropyl

pendant groups. By comparison with the chloropropyl group,

we have shown that the iodo group allows easier and faster

chemical transformations, giving rise quantitatively to a vari-

ety of mesoporous materials with large and/or hydrophilic

Fig. 3 Nitrogen adsorption–desorption isotherms of (a) SBA19-I and

(b) SBA19-cyc.

Table 2 Chemical modifications of SBA19-I and SBA19-Cl

Reagents

SBA19-I SBA19-Cl

Yield (%)a Time/h Yield (%)a Time/h

Cyclam 95 1 90 32
Ephedrine 91 24 62 48
Diamine 100 8 — —
Triamine 100 4 100 48
Triethylphosphite 100 4 20 72
Phosphine 58 24 8 48

a Substitution yields calculated by elemental analysis.

Scheme 2 Post-modification of SBA19-I.

Fig. 2 TEM micrograph of SBA19-I. Scale bar = 100 nm.
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functional groups located within the channel pores that are

difficult or impossible to obtain by other routes.
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Reyé, B. Chaudret and R. J. P. Corriu, New J. Chem., 2003, 7,
1029.

18 A. Krezel, R. Latajka, G. D. Bujacz and W. Bal, Inorg. Chem.,
2003, 42, 1994.

19 W. Li, R. Wang, S. Si and Y. Li, J. Mol. Struct., 2004, 27, 694.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007 New J. Chem., 2007, 31, 911–915 | 915

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
1 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

00
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
70

31
55

F

View Article Online

http://dx.doi.org/10.1039/b703155f

