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In this paper, we report the synthesis in one step of ordered (hexagonal phase) mesoporous silicas

functionalized with two different organic groups [HS(CH2)3– and acac(CH2)3–] located in the pore

channels. These materials were characterized by X-ray diffraction measurements, transmission

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

spectroscopies. The bifunctionalization of the internal pore’s surface by the organic groups was

clearly evidenced by elemental analyses and chemical reactivity. In addition, we have shown that

the organic groups were regularly distributed on the pore’s surface.

Introduction

Since the discovery of ordered mesoporous silica,1 many

research efforts have been directed towards the modification

of the inner pore surface of mesoporous materials. To this end,

post-synthesis grafting of an organotrialkoxysilane RSi(OR0)3
onto the pore surface of the silica was often used.2 However,

this method does not allow control of the loading or the

distribution of the functional groups.3 A one step alternative

approach, overcoming the main restrictions of the post-synth-

esis method, has been developed.4–8 It consists of the copoly-

merisation of tetraethylorthosilicate (TEOS) and an

organotrialkoxysilane RSi(OR0)3 in the presence of a struc-

ture-directing agent. This method requires that the R group be

sufficiently hydrophobic to enter the core of the micelle and

not too bulky to avoid its perturbation. A large variety of

functional groups have been incorporated into mesoporous

materials by this route. The introduction of two distinct

organic groups into the channel pores was also considered

but gave rise to a number of much more limited studies. Mann

et al.9 reported the first direct synthesis of bifunctional meso-

porous materials using mercaptopropyltriethoxysilane

(MPTES) and 3-aminopropyltriethoxysilane (APTES) as pre-

cursors and cetyl trimethyl ammonium bromide (CTAB) as

surfactant. The same year, Macquarrie10 synthesized a bifunc-

tional material with APTES and phenyl groups and showed

the positive effect of the incorporation of the non-polar phenyl

groups on the catalytic activity of the material. Stucky et al.11

reported the preparation of an ordered functionalized meso-

porous silica containing sulfonic acid groups and non-polar

organic moieties (methyl or benzyl) using Pluronic 123 (P123)

as surfactant. They examined whether the presence of the

second functional group influenced the strength of the sulfonic

acid centers or not by 31P MAS-NMR spectroscopy. However,

the changes observed in the 31P NMR spectra did not give any

evidence on the distribution of the two functional groups

(segregation or uniform distribution). Recently, Lin et al.12

described a new method allowing not only the introduction of

two organic groups in mesoporous silica but also the control

of the particle size and shape of the resulting material. Finally,

bifunctionalization of the channel pores in two steps, that is

introduction of the first function by direct synthesis followed

by a post-synthesis reaction to introduce the second one, have

been exploited by several research groups.13–15 However, in all

cases, the question on segregation or regular distribution of

the functional groups on the pore surface remained unsolved.

This important question prompted us to investigate the acces-

sibility and distribution of two distinct organic groups incor-

porated within the channel pores of mesoporous silica. The

following groups were selected for that purpose: acetylaceto-

nato (acac) propyl (precursor 1) and 3-mercaptopropyl

(precursor 2).

In this paper, we report the preparation and characteriza-

tion of mesoporous silicas with mono and bifunctionalized

pores. The ability of the acac groups to complex lanthanides

and the ion-exchange capacity of the SO3H groups have been

exploited to elucidate the distribution of these functions on the

pore surface, first on monofunctional materials (using either 1

or 2), then on bifunctional materials (using both 1 and 2). We

show that both functional groups were regularly distributed

on the pore surface of the bifunctional materials.

Experimental

General procedures

Triblock copolymer (EO20PO70EO20 with PEO = poly(ethy-

lene oxide) and PPO = poly(propylene oxide)), Pluronic 123,

3-mercaptopropyltriethoxysilane (2), tetraethylorthosilicate

(TEOS), acetylacetone, potassium tert-butoxide, sodium
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fluoride (NaF) and EuCl3 � 6H2O salt were purchased from

Aldrich and used as supplied. 3-Iodopropyltriethoxysilane was

prepared by halogen exchange reaction between 3-chloropro-

pyltriethoxysilane and NaI according to the procedure pre-

viously described.16 The 29Si CP-MAS solid state NMR

spectra and 13C CP-MAS solid state NMR spectra were

recorded on a BRUKER FTAM 300, in the latter case by

using the TOSS technique. In both cases, the repetition time

was 5 and 10 s with contact times of 5 and 2 ms. 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 value for the

relative pressure) and the average pore diameters were calcu-

lated by the BJH method. Powder X-ray diffraction patterns

were measured on a Bruker D5000 diffractometer equipped

with a rotating anode (Institut Européen des Membranes,

UMR ENSCM-UMII-CNRS 5625, Montpellier, France).

Transmission electron microscopy (TEM) observations were

carried out at 100 kV on a JEOL 1200 EXII microscope.

Samples for TEM measurements were prepared using ultra-

microtomy techniques and were then deposited on copper

grids. Elemental analyses were performed by the Service

Central d’Analyse (CNRS, Vernaison, France).

Syntheses

[CH3C(O)]2CH(CH2)3Si(OCH2CH3)3, 1. 1 was obtained

with 70% yield according to the procedure previously de-

scribed.17

SBA-xR (x = 5, 10 and 14). All the materials SBA-xS were

prepared according to the same procedure. The preparation of

SBA-10acac is given as an example.

SBA-10acac. 4.0 g of P123 (EO20PO70EO20) were dissolved

in an aqueous HCl solution (160 mL, pHE 1.5). This solution

was poured on a mixture of TEOS (8.41 g, 40.4 mmol) and 1

(1.33 g, 4.4 mmol) at ambient temperature. The molar com-

position of the reaction mixture was: 0.04F� : 1TEOS : 0.111 :

0.02P123 : 0.12HCl : 220H2O. The mixture was stirred for 30

min giving rise to a microemulsion. After heating this perfectly

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

was added under stirring to induce polycondensation. The

mixture was left at 60 1C under stirring for 48 h. The resulting

solid was filtered and washed with ethanol. The surfactant was

removed by hot ethanol extraction in a Soxhlet apparatus over

24 h. After filtration and drying at 50 1C under vacuum, 2.9 g

(3.9 mmol, 87%) of SBA-10acac were obtained as a white solid.

SBA-5acac. Starting from TEOS (8.86 g, 42.6 mmol) and 1

(0.66 g, 2.2 mmol). 2.69 g (92%) of SBA-5acac were obtained

as a white powder.

SBA-14acac. Starting from TEOS (7.99 g, 38.4 mmol) and 1

(1.96 g, 6.4 mmol). 2.94 g (83%) of SBA-14acac were obtained

as a white powder.

SBA-5SH. Starting from TEOS (8.86 g, 42.6 mmol) and 2

(0.52 g, 2.2 mmol). 2.67 g (96%) of SBA-5SH were obtained as

a white powder.

SBA-10SH. Starting from TEOS (8.41 g, 40.4 mmol) and 2

(1.04 g, 4.4 mmol). 2.64 g (96%) of SBA-10SH were obtained

as a white powder.

SBA-14SH. Starting from TEOS (7.99 g, 38.4 mmol) and 2

(1.51 g, 6.4 mmol). 2.70 g (87%) of SBA-14SH were obtained

as a white powder.

SBA-14acac,SH. Starting from TEOS (8.41 g, 40.4 mmol), 1

(0.98 g, 3.2 mmol) and 2 (0.75 g, 3.2 mmol). 2.82 g (85%) of

SBA-14acac,SH were obtained as a white powder.

Results and discussion

Preparation and characterization of ordered monofunctional

mesoporous silica

Firstly, we prepared SBA-15 mesoporous silicas containing a

variable amount of thiol (SH) or acetylacetonate (acac) units.

The synthesis of these monofunctional silicas was achieved by

copolymerisation of acetylacetonatopropyltriethoxysilane17 1

or 3-mercaptopropyltriethoxysilane 2 and TEOS in the pre-

sence of P123 as structure-directing agent (Scheme 1). The

surfactant was removed from the as-synthesized material by

Soxhlet extraction with refluxing ethanol for 24 h to give the

functionalized materials denoted SBA-xS [SBA recalls here the

surfactant used (P123), S specifies the presence of functional

groups (SH or acac) inside the pore channels and x indicates

the molar% of organic group in the initial mixture (5, 10 and

14%)]. The composition of the final materials was inferred

from the results of Si, C and S elemental analysis. They were

found to be close to those for the original mixtures as indicated

in Table 1.

Powder X-ray diffraction patterns of different samples (Fig.

1) exhibited an intense diffraction peak corresponding to the

d100 spacing. 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

symmetry.18 The identification of the first Bragg peak as the

reflection from the (100) scattering planes of the hexagonal

structure allows determination of the hexagonal lattice para-

meter a0 (see Table 1).

Further evidence for a highly ordered hexagonal structure

was provided by transmission electron microscopy (TEM)

micrographs, as shown in Fig. 2.

Scheme 1 Preparation of SBA-xacac and SBA-xSH materials.
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The N2 adsorption–desorption isotherms of materials

SBA-xS are type IV, characteristic of mesoporous materials

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

of the materials are given in Table 1. It is worth noting that the

surface area (SBET), pore volumes (Vp) and mean pore dia-

meters (Dp) of these materials are large, the mean pore

diameters increasing as the loading of organic groups de-

creased.

The incorporation of organic groups in the mesoporous

materials and the removal of surfactant were confirmed by

solid state NMR spectroscopies. 13C CP-MAS NMR spectra

of SBA-10acac and SBA-10SH revealed that the organic groups

remained intact as shown by the signals at 26.5 ppm (reso-

nance of SH–CH2), 205.4 ppm (carbonyl resonances) and the

three additional signals (14.0, 20.9 and 28.7 ppm) attributed to

the propyl spacer. A typical 29Si CP-MAS NMR spectrum

displayed signals at �101.89 ppm and �111.60 ppm, attrib-

uted to Q3 and Q4 substructures respectively, denoting high

cross-linking of the species. An additional signal at �66.75
ppm assigned to T3 substructure revealed fully cross-linked

organosilsesquioxane species.

Oxidation of SH group into SO3H was achieved by treating

samples SBA-xSH with a H2O2 solution (300 equivalents) at

room temperature for 2 h, followed by a diluted sulfuric acid

solution for 30 min. The quantitative transformation of SH

group into SO3H in the resulting SBA-xSO3H materials was

evidenced by X-ray photoelectron spectroscopy (XPS).

Powder X-ray diffraction patterns of different samples

SBA-xSO3H were very similar to those of the starting materi-

als. They exhibited a diffraction peak corresponding to the d100
spacing, indicating that the hexagonal structure was main-

tained.

Complexation of EuIII by acetylacetonate moieties within the

materials SBA-xacac

The complexation of EuCl3 by the acac moieties located inside

the pore channels of materials SBA-xacac was investigated in

order to study the accessibility and distribution of these

groups. The materials SBA-xacac were treated with an excess

of EuCl3 � 6H2O (2 equiv. of EuIII per acac moiety) in ethanol

heated under reflux for 12 h (Scheme 2). The resulting solids,

named SBA-xacac,Eu, were copiously washed with hot etha-

nol in order to eliminate any non-complexed salt. The filtrate

containing the excess of EuCl3 salt was titrated by complexo-

metry measurements. The uptake of EuIII ions per g of

material was inferred from the titration measurements. It

was found to be highly dependent on the composition of the

materials, that is on the molar% of acac groups present in the

Fig. 1 XRD patterns of SBA-10acac, SBA-10SH and SBA-14acac,SH.
Fig. 2 TEM microgaphs of SBA-10acac (a), SBA-10SH (b) and

SBA-14acac,SH (c). Scale bars = 100 nm.

Table 1 Physicochemical characteristics of functionalized mesoporous silica

SBA-5acac SBA-10acac SBA-14acac SBA-5SH SBA-10SH SBA-14SH SBA-14acac,SH

SBET/m
2 g�1 763 675 600 669 583 569 792

Vp/cm
3 g�1 1.28 1.04 0.7 0.9 0.58 0.44 092

Dp
a/Å 74.4 68.7 62.5 52.6 38.5 32 45.8

d100/Å 129 115 80 119 95 88 103
a0/Å 149 133 92 138 109 102
Wall thickness/Å 74.6 64.3 29.5 85.4 70.5 70 73.2
Organic group contentb/mmol g�1 0.71 (0.75) 1.30 (1.36) 1.70 (1.80) 0.74 (0.79) 1.30 (1.49) 1.92 (2.0) 1.76c (1.90)

a Calculated from the desorption branch by using the BJH method. b Calculated from elemental analysis (theoretical values). c 0.9 acac and

0.86 SH.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1077–1082 | 1079
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pore channels. The ratio of Eu : acac moieties was then

deduced from both the titration and the materials’ composi-

tions (Table 2). Results of elemental analyses of Eu, Cl and C

gave rise to exactly the same Eu : acac ratio as the ones found

by titration (Table 2). In the case of SBA-14acac,Eu, the Eu :

acac ratio was found to be exactly 0.5, indicating that at this

concentration, two acac groups are sufficient to coordinate one

europium ion. Thus, in this material, all the acac units are

accessible and used in the complexation reaction. It is worth

noting that the EuIII uptake due to only two acac moieties in

the pore channels is a particularly remarkable result, consider-

ing that lanthanide complexes exhibit coordination numbers

ranging from six to twelve (in the solid state and in solution),

with eight and nine being the most commonly observed.19

When the concentration of acac groups decreases, the

Eu : acac ratio decreases dramatically. It was found to be

0.035 for SBA-10acac,Eu and 0 for SBA-5acac,Eu. This drop is

believed to result from the increasing distance between the

acac units, as the acac concentration decreases (in SBA-10acac

and SBA-5acac) thus forbidding additional EuIII uptake

(Scheme 3). The number of functional groups per nm2 can

be deduced from the results of elemental analyses and the

values of the BET surface area. It was found to be 1.70, 1.16

and 0.56 acac/nm2 for x= 14, 10 and 5, respectively (Table 2).

Finally, the dramatic drop in EuIII uptake as the number of

acac groups decreases is a good indicator of their regular

distribution in the pore channels.

Ion-exchange capacities of the sulfonic acid moieties within the

materials SBA-xSO3H

In order to elucidate the distribution of the sulfonic acid

groups on the surface of the pore channels, we used the

ion-exchange reaction between the sulfonic acid groups of

SBA-xSO3H samples and NaCl. Indeed, it is known that acidic

or basic moieties confined to a surface may exhibit a reactivity

significantly different from the one they possess in dilute

solution.20 The ion-exchange reaction was achieved by treating

SBA-xSO3H with an aqueous solution of sodium chloride

(NaCl, 2 M) at room temperature for 1 h (Scheme 4). The

resulting solids, named SBA-xSO3Na, were washed with

water. The filtrate containing the generated HCl was color-

imetrically titrated by sodium hydroxide solution (NaOH, 0.01

N). The ion-exchange capacity of SO3H groups was calculated

from the titration measurements (Table 2). It was found to be

incomplete for the SBA-14SO3H (57%). The ion-exchange

capacity increased to become 65% for SBA-10SO3H while it

was quantitative for SBA-5SO3H. The changes in the acid

character of the SO3H groups in our materials can be ex-

plained by the corresponding changes in the proximity of the

SO3H moieties on the pore’s surface. In the SBA-14SO3H

Fig. 3 Nitrogen adsorption–desorption isotherms of SBA-10acac (a),

SBA-10SH (b) and SBA-14acac,SH (c).

Table 2 Physicochemical characteristics of functionalized mesoporous silica

Materials Organic unitsa per nm2 Eu : acac ratiod Complexatione (%) Exchangef (%)

SBA-5acac,Eu 0.56b 0 (0) 0 —
SBA-10acac,Eu 1.16b 0.035 (0.04) 10 —
SBA-14acac,Eu 1.70b 0.50 (0.52) 100 —
SBA-5SO3H 0.66c — — 100
SBA-10SO3H 1.34c — — 65
SBA-14SO3H 2.03c — — 57
SBA-14acac,Eu,SH 0.68b and 0.65c 0 (0) 0 —
SBA-14acac,SO3H 0.68b and 0.65c — — 100

a Estimated from the elemental analysis and the BET surface area. b Values for acac units. c Values for SH or SO3H units. d Calculated from the

elemental analysis (complexometry measurements). e Considering that 2 acac are needed for 1 Eu. f From titration measurements.

Scheme 3 Schematic representation of the organic groups on the pore
surface in SBA-14acac,Eu (A) and SBA-5acac,Eu (B).

Scheme 2 Complexation of europium chloride by acetylacetone
units.
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material, the observed partial exchange is attributed to the

stabilization of non-ionized groups by adjacent ionized groups

(Scheme 5A), which prevents the ion-exchange reaction from

occurring. This should be due to the high number of sulfonic

acid groups (2.03 SO3H per nm2) on the pore’s surface, which

should be in close proximity20 to each other in this material. In

contrast, in SBA-5SO3H, the SO3H groups react as strong

acids, as in a dilute solution situation. This means that the

SO3H groups must be sufficiently isolated (0.66 SO3H per

nm2) (Scheme 5B) to behave independently from each other.

Therefore, the exchange reaction becomes complete.

The situation for SBA-10SO3H is just in between that of

SBA-14SO3H and SBA-5SO3H.

Here again, it is worth noting that the dramatic increase in

the rate of ion-exchange as the concentration of SO3H de-

creases is a good indicator of the regular distribution of SO3H

groups on the pore’s surface.

Distribution of functional groups within the pores of

bifunctionalized materials

For this study, we synthesised a material containing both acac

and SH groups by the one-pot method. The synthesis of this

bifunctional material was achieved by copolymerisation of a

ternary mixture containing precursors 1 and 2 and TEOS in

the presence of P123 as structure-directing agent (Scheme 6).

An equimolar content of 1 (7%) and 2 (7%) was introduced in

the original mixture, the total organic content being 14

molar%. The composition of the resulting material, which

was named SBA-14acac,SH was inferred from the results of

elemental analysis of Si, C and S. It was found to be close to

that of the original mixture, as indicated in Table 1, with a

molar content of SH groups almost equal to that of acac

groups.

The powder X-ray diffraction pattern for SBA-14acac,SH

(Fig. 1) exhibited an intense diffraction peak corresponding to

the d100 spacing (Table 1). The TEM micrograph of an

SBA-14acac,SH sample presented in Fig. 2 clearly shows a

highly ordered hexagonal structure.

The N2 adsorption–desorption isotherm of SBA-14acac,SH

is type IV, characteristic of mesoporous materials with a

narrow pore size distribution (Fig. 3). The textural data for

SBA-14acac,SH are given also in Table 1.

Oxidation of the SH group into SO3H was achieved as

previously described (vide supra) resulting in the correspond-

ing SBA-14acac,SO3H material. The XPS data revealed a

quantitative transformation of SH groups into SO3H.

In order to elucidate the distribution of the organic units in

SBA-14acac,SO3H, we studied both the EuCl3 salt uptake and

the ion-exchange reaction with NaCl.

SBA-14acac,SO3H was treated with an excess of EuCl3,

6H2O (2 equiv. of EuIII per acac moiety) in ethanol heated

under reflux for 12 h (Scheme 6). The resulting solid, named

SBA-14acac,Eu,SO3H, was copiously washed with hot ethanol

in order to eliminate any excess of salt. The filtrate was titrated

by complexometry measurements. It was found that there was

no EuIII uptake within this material (Table 2). This result

Scheme 4 Exchange reaction between NaCl and sulfonic acid groups.

Scheme 7 Schematic representations of the bifunctionalized surface
in SBA-14acac,SO3H. With regular distribution (A) or segregation (B)
of organic units.

Scheme 5 Schematic representation of the sulfonic salt groups on the
pore surface in SBA-14SO3Na (A) and SBA-5SO3Na (B).

Scheme 6 Preparation and chemical transformation of SBA-14acac,
SH material containing acac and SH groups on the pore surface.
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indicates that in SBA-14acac,SO3H the acac units are not in

close proximity to each other, thus preventing the EuIII uptake

from occurring. In another experiment, treatment of SBA-
14acac,SO3H with an aqueous solution of sodium chloride

(NaCl, 2 M) at room temperature for 1 h (Scheme 6) and

filtration gave rise to a material named SBA-14acac,SO3Na.

The colorimetric titration revealed that the ion-exchange

capacity of SO3H groups in this sample was total (Table 2).

This indicates that the SO3H groups were sufficiently isolated

from each other to behave as strong acids in the material.

These two results are very similar to those obtained for

SBA-5SO3H and SBA-5acac and are in agreement with a

uniform distribution of SO3H and acac groups in the pore

channels at this concentration (Scheme 7A). Indeed, if the

groups had been introduced with segregation (Scheme 7B), the

ion-exchange capability of the SO3H groups would have been

only partial as in SBA-14SO3H and the EuIII uptake would

have been quantitative as observed for SBA-14acac.

Conclusions

We have demonstrated that the one-pot synthesis of a meso-

porous silica with equal amounts of acetylacetonate and

mercapto groups in the pore channels gave rise to a material

which exhibited the same hexagonal symmetry phase as those

observed for the corresponding monofunctionalized materials.

By using their respective reactivities, coordination abilities and

ion-exchange, we have been able to conclude unambiguously

that these groups were regularly distributed on the surface of

the pore channels of the resulting bifunctional material. Both

groups can be considered as moderately polar. This interesting

result incites us to study the distribution of other binary

mixtures in order to clear some rules.
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