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Abstract

Cubic and hexagonal ordered porous silicas can be synthesized under acidic or alkaline conditions at room temperature by using
symmetric (10-2-10 and 12-2-12) and dissymmetric (8-2—16) gemini surfactants as templates. Among others, high-quality MCM-41
and MCM-48 materials were obtained. These materials exhibited high specific surface areas and pores with sizes in between the
micro and meso ranges. The results obtained have been related to the structural features of the surfactants as well as to the synthesis

conditions.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of mesoporous solids has aroused vast
interest because of their potential applications as cata-
lysts [1], optical and conducting materials [2], etc. These
solids are synthesized using surfactant assemblies as
templates, thus ensuring the formation of ordered meso-
structured materials [3-5]. These processes were initially
conducted with cationic [3] and later with anionic [6]
and neutral [7] surfactants.

Gemini surfactants [C,Hjy, 1 N(CH3),(CH,)(CHj3),-
NC,,Hy,,,1]Br; are two-chain dicationic surfactants,
which are denoted as n—s—m, where n and m refer to the
length of the alkyl tails and s is the number of methylene
units of the alkyl spacer. Some of them have been used
for the synthesis of molecular sieve materials [6].
Assemblies of divalent quaternary ammonium surfac-
tant n—s—1 resulted in the formation of a regular caged
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mesoporous silicate with hexagonal symmetry, SBA-2,
under both acid and basic conditions, whereas 12-12-12
and 16-12-16 gave hexagonal (MCM-41) and cubic
(MCM-48) phases, respectively [8]. Under basic condi-
tions, surfactants 16—s—16 (s = 2—-12) yielded a variety of
phases. Thus, a small s favoured the formation of a
lamellar phase (MCM-50), whereas larger s provided
MCM-41 [9]. The hexagonal phase SBA-3 was obtained
with the same surfactants in acidic media.

The drawbacks and poor reproducibility in the syn-
thesis of MCM-48, which possesses a high potential as
adsorbent and catalytic support, have favoured the use
of some of these gemini surfactants in order to obtain
good-quality materials [10-12]. Also, gemini surfactants
n-3-1 (particularly, those with s =16, 18) have been
shown to be suitable templates for the synthesis of the
three-dimensional hexagonal (SBA-2) and cubic (SBA-
1) mesoporous silicas [13-16].

Recently, it has been reported that gemini surfactants
with s =2 display a great variety of phases in water
depending both on chain length and chain length dif-
ference (dissymmetry) [17,18]. New applications of these
compounds are being envisaged, such as low molecu-
lar weight gelators [19] or as templates (with chiral
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counterions) for the synthesis of double helical silica
fibrils by sol-gel transcription [20].

This paper reports the synthesis of ordered porous
silicas under acidic or basic conditions by use of three
surfactants of the n—2-m series as structure-directing
agents: two symmetric (12-2-12 and 10-2-10) and one
dissymmetric (8-2-16) gemini surfactants possessing the
same overall hydrocarbon content as 12-2-12 (same
m+ n).

2. Experimental

Gemini surfactants were synthesized as previously
described [18]. The critical micelle concentrations (cmc)
for n—2-m gemini surfactants are close to a linear func-
tion of chain length, being very similar for surfactants
with the same n + m. The cmc for surfactants 12-2-12
and 8-2-16 are 9.5x 10~* and 7.8 x 10~* M, respectively,
whereas for surfactant 10-2-10 should be around
4x 1073 M.

All silicas were prepared following a similar proce-
dure. Thus, a surfactant solution, under stirring, was
supplied with the acid (HCIl) or base (NaOH). Then,
tetraecthoxysilane (TEOS) was added and stirring was
continued for a further 30 min at room temperature. The
mole proportions of the different components in the ini-
tial mixtures are indicated in Tables 1 and 2. The
resulting suspension was allowed to stand for either 1 or
24 h and the precipitate was filtered, washed with dis-
tilled water and air-dried. Finally, the solid was heated in
the air at 1 °Cmin~! up to 600 °C, which was held for 3 h.

X-ray diffractions patterns were recorded on a Sie-
mens D5000 diffractometer using CuKa radiation. N

isotherms were determined on a Micromeritics ASAP
2000 analyzer. The specific surface area of each solid
was determined using the BET method.

3. Results and discussion

Mesoporous silicates are synthesized by following
different synthesis routes, which depend on the various
types of inorganic-surfactant head group interactions
[21]. In our case, the formation of the different materials
is based on the electrostatic interaction between an
inorganic precursor (/) and the cationic head group of
the gemini surfactants (S*). Two charge-interaction
pathways are possible: ST/~ and STX 1T (X~ being a
counteranion), under basic and acidic conditions,
respectively.

Under acidic conditions, XRD patterns indicated
that all surfactants gave hexagonal ordered silicas after
24 h (Table 1). Those materials synthesized in the
presence of symmetric surfactants, 12-2-12 (2) and 10—
2-10 (3), exhibited a low angle peak (100), with a d-
spacing of 33.0 and 30.8 A, respectively. However, the
second-order peaks obtained at higher incidence angles
were broad and short. The material templated by the
surfactant 8-2-16 (4) displayed the (100) and (110)
reflections at 34.2 and 19.8 A, respectively (Fig. 1).
According to the surfactant used, the unit cell dimension
a (2djp0/+/3) decreased in the order 8-2-16>12-2-
12>10-2-10. A unit cell contraction was observed upon
calcination (Table 1). Thermal treatment also produced
a reduction of the order of the structure, losing the
definition of the weaker XRD peaks. It should be noted
that the higher quality of the 8-2—-16 templated materials

Table 1
Physicochemical properties of the materials obtained under acidic conditions (surfactant/HC/TEOS/H,O molar ratio =0.06/4.8/1/130)
Solid Surfactant Synthesis Phase a (as-syn- ao(calcined) Surface area Pore vol- Pore diangle- Pore wall
time (h) thesized) (A) S) (m>g™") ume (V) ter (d) (A)  thickness
(A) (mlg™") (A)
1 12-2-12 1 Amorphous - - 696 1.08 55 (45) -
2 12-2-12 24 Hexagonal 38.1 30.8 1340 0.63 20 (15) 11
3 10-2-10 24 Hexagonal 35.5 25.9 876 0.43 20 (12) 6
4 8-2-16 24 Hexagonal 39.5 33.9 1365 0.70 23 (17) 11

#The diameter of cylindrical pores was calculated as d = 47 /S. Values in brackets correspond to those determined by the BJH method.

Table 2
Physicochemical properties of the materials obtained under basic conditions (surfactant/NaOH/TEOS/H,O molar ratio = 0.06/0.65/1/150)
Solid Surfactant Synthesis Phase a (as-syn- a (calcined)  Surface area Pore vol- Pore diame-  Pore wall
time (h) thesized) (A) () m?>g™")  ume (V) ter (d) (A)  thickness
A) (mlg™) A
5 12-2-12 1 Lamellar - - 412 0.21 39 (18) -
6 12-2-12 24 Cubic 80.7 59.2 803 0.39 20 (13) 9
7 10-2-10 1 Hexagonal 33.1 27.1 569 0.29 20 (12) 7
8 8-2-16 1 Hexagonal 41.7 28.8 1022 0.50 19 (13) 10
9 8-2-16 24 Hexagonal 42.6 29.8 1023 0.50 19 (13) 11

#The diameter of cylindrical pores was calculated as d = 47 /S. Values in brackets correspond to those determined by the BJH method.
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Fig. 1. Powder XRD patterns for some as-synthesized ordered silicas
templated with gemini surfactants. Numbers in brackets correspond to
those found in Tables 1 and 2.

(4) was also present after calcination and that of 3 was
the poorest, with a rather broad low angle peak. Hex-
agonal mesophases (p6m), denoted as SBA-3, were also
obtained by Huo et al. [9] from acidic synthesis media
with gemini surfactants of the type 16—s—16 (s = 3-12).

The templated synthesis of silicas with these surfac-
tants under basic conditions led to more ordered mate-
rials (Figs. 1 and 2). The alkalinity of the synthesis gel
greatly influences the degree of silicate species conden-
sation and so it leads to an improvement in the quality
of the final material [22]. Interestingly, hexagonal phases
were obtained with surfactants 10-2—-10 and 8-2-16, but
not with surfactant 12-2-12 (Table 2). The latter gave
rise to a lamellar phase (5) after a synthesis time of 1 h.
It displayed (00 1) and (0 02) reflections at 29.7 and 14.7
A, respectively (Fig. 1). This phase collapsed upon cal-
cination into an amorphous material. Increasing the
synthesis time to 24 h, a highly ordered cubic phase was
obtained (6). Its XRD pattern showed two intense peaks
in the region 20 = 2-4 corresponding to (211) and
(220) reflections as well as a diffuse region resulting
from (420), (332), (422) and (43 1) reflections, among
others (Fig. 1), which is typical for MCM-48 (Ia3d).
After calcination, only the (211) and (220) reflections
were observed although the second one quite weak. The
cubic unit cell parameter a = dyy - (B2 + k> + )2 is
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Fig. 2. Powder XRD patterns for solids 8 and 10 showing an MCM-41
mesophase. See Table 2 for captions. Material 10 was synthesized by
an analogous procedure to that carried out for 9 but using a surfactant
to silica ratio of 0.012 instead of 0.06.

given in Table 2. On the other hand, surfactant 10-2-10
yielded a hexagonal phase (7) with the (100) and (110)
reflections. After heating, only a broad peak corre-
sponding to the (100) reflection remained. Also, dis-
symmetric surfactant 8-2-16 produced a hexagonal
phase (8 and 9) but in this case of a high-quality, which
exhibited the typical (100), (110), (200) and (210)
reflections of MCM-41 (Figs. 1 and 2).

The structure-directing effect of dissymmetric sur-
factant 8-2-16 for the hexagonal phase is so strong that,
even when using a surfactant to silica ratio of 0.012
(with all other components in the same proportions
relative to silica), materials of a similar quality to 4 and
9 were obtained in acidic and basic media, the latter one
denoted as 10 (Fig. 2), respectively. A comparison re-
vealed that the materials synthesized with a surfactant to
silica ratio of 0.012 show a slightly lower distance be-
tween pore centers () than 4 and 9 (in acid: 36.6 com-
pared to 39.5 A for 4 and in base: 40.2 for 10 compared
to 42.6 A for 9). Moreover, a 1:1 mixture of surfactants
12-2-12 and 8-2-16 (total surfactant to silica ratio of
0.06) in a basic medium gave MCM-41 with a = 39.1 A.
However, when using the surfactant 12-2-12 alone in a
ratio of 0.012, the XRD pattern exhibited several over-
lapped low angle peaks with d-spacing between 34 and
29A, revealing the mixture of different phases. MCM-41
materials synthesized in the presence of dissymmetric
gemini surfactant 8-2-16 under basic conditions, such
as 8, 9 and 10 (Figs. 1 and 2), exhibited very intense
higher order reflections, particularly at higher surfactant
to silica ratios, which could be ascribed to preferential
orientations during the crystal growth.

Israclachvili et al. [23] and Stucky et al. [24] intro-
duced the packing parameter, g = V' /a,! (where V is the
total volume occupied by the surfactant chain, a, is the
effective headgroup area at the micelle surface, and / is
the kinetic length of the alkyl chain) to describe the
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tendency of an amphiphile to aggregate into a particular
morphology. The packing parameter determines whe-
ther the amphiphile will form spherical micelles
(g < 1/3), cylindrical micelles (1/3 < g < 1/2), vesicles
or bilayers (1/2 < g < 1) or inverted structures (g > 1).
At the surfactant concentrations used for the synthesis
(1.2-1.5%), surfactants 8-2-16 and 10-2-10 mainly
form spherical micelles, whereas surfactant 12-2-12
aggregates into entangled worm-like micelles. Both
decreasing the chain length and dissymmetry cause an
increase of the spontaneous curvature and therefore a
decrease of the packing parameter [17].

The presence of a preorganized liquid crystal struc-
ture cannot be proposed under the synthesis conditions
used. At present, it is accepted that the formation of the
silica mesophases occurs via the cooperative charge
density model [25,26]. In it, the surfactant is in equilib-
rium between spherical and cylindrical micelles on the
one hand and isolated molecules on the other. Upon
addition of the silica precursor, multicharged silicate
species interact with charged surfactant molecules to
form ion-pairs that associate in a new mesophase. The
last step of the process would involve the polymerization
and condensation of inorganic species.

The silicate-surfactant organization, which is gov-
erned by electrostatic interactions, is a determining factor
in the formation of the different mesophases. These can
be qualitatively predicted by the value of the surfactant
packing parameter (g). The hexagonal mesophase forms
for g-values below 0.5, the cubic mesophase (Ia3d) for g-
values in the interval 0.5-0.65 and the lamellar phase for
g-values above 0.65 [27,28]. When the silicate species
involved are relatively small and highly charged, as for
materials obtained under basic conditions, there are no
essential differences between the general structural
characteristics of silicate-surfactant systems and those of
the surfactants themselves with simple counterions [28].
As a consequence, under basic conditions, surfactants
10-2-10 and 8-2-16 gave rise to hexagonal mesophases
(solids 7-10), whereas surfactant 12-2-12 yielded a cubic
mesophase (solid 6), as expected according to their g-
values. The lamellar structure should require a higher
charge density at the interfaces than a cubic one, which
could explain the formation of solid 5 at a short synthesis
time. On the other hand, at a low pH value (acidic con-
ditions), the ion pairing interaction between the silicate
and the surfactant head groups is changed due to a de-
crease in charge density of the inorganic region, thereby
decreasing the surfactant packing parameter, even for
surfactant 12-2-12, and redirecting the structure to a
hexagonal mesophase (solids 2-4).

All solids possess a high specific surface area, par-
ticularly those synthesized in an acidic medium (Tables 1
and 2). Surfactant 10-2-10 yielded materials with lower
surface area, thus corroborating their poorer quality.
The N, adsorption—desorption isotherms are of the type
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Fig. 3. N, adsorption (A) and desorption (O) isotherms for some or-
dered silicas templated with gemini surfactants calcined at 600 °C. See
Tables 1 and 2 for captions.

I (or intermediate between type I and type 1V) with the
step at a relative pressure around 0.2 for most of the
solids (Fig. 3). These isotherms are typical of pores of
sizes between the micro and meso ranges [29]. An in-
creased pore volume and a step shifted toward higher
relative pressure are observed for solids 2 and 4. The
large uptake at low partial pressures, particularly for 4 is
due to the monolayer coverage of the mesopores and the
increase in the adsorbed volume up to relative pressures
of about 0.4 is accounted for by the filling of the mes-
opores [30]. The average pore diameter and the pore size
distribution (Tables 1 and 2) confirmed the presence of
pores in the upper limit micropore range. Fig. 4 depictes
the pore size distributions of some materials determined
by the BJH method. Although the applicability of the
BJH method to this pore range is questionable, at least it
can provide values for comparative purposes among the
different materials. Moreover, it should be considered
that the application of the BJH method can lead to an
underestimation of the pore diameter [31]. As can be
seen, all solids exhibited a narrow range of pore sizes.
The pore size distributions of those materials synthe-
sized in presence of gemini surfactant 10-2-10 (3 and 7)
are even shifted to smaller pore sizes. Thus, the pore
sizes for materials with similar structures, such as 2, 3
and 4, are directly related to the chain lengths of the
gemini surfactants used as templates, which increase in
the order: 8-2-16>12-2-12>10-2-10. On the other
hand, the higher specific surface area and larger pore
diameter and pore volume of those materials synthesized
under acidic conditions (e.g., 4 vs. 9 or 2 vs. 6) could be
explained in terms of their synthesis mechanism,
StX~I", involving the mediation of halide countera-
nions X, which form an electrical double layer (STX ™)
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Fig. 4. Pore size distribution for some calcined ordered silicas: 2 (- - -), 4
(-=-), 6 (—) and 9 (---). See Tables 1 and 2 for captions.

and serve to buffer the repulsion between [=Si(OH,)"]
(I'") species and ST by means of weak hydrogen-bonding
interactions [32,33].

The range of pore sizes estimated for all these mate-
rials is corroborated by those found in the literature for
structurally similar materials. Thus, the cubic lattice
parameter of an MCM-48 material with d =26 A is 77
A [11], whereas that of the cubic faujasite (FAU) with
d=174 A is 24.59 A [30]. In the case of hexagonal
structures, an MCM-41 mesophase with a = 31.2 A has

d=18 A [3], being the unit cell for the hexagonal
faujasite (EMT) of 17.35 A, with elliptical pores of
7.4x6.9 A [30].

The wall thickness of the hexagonal ordered silicas
was determined as the difference between the a para-
meter and the pore diameter (Tables 1 and 2). It was
found to be in the range of 6-11 A, irrespective of the
synthesis conditions used. It should be noted the smaller
pore wall thickness of those materials obtained by using
surfactant 10-2-10 as template, which also accounts for
the lower quality of these materials. For the cubic
structure (6) (Table 2), it was calculated according to the
formula given by Ravikovitch and coworkers [34]: pore
wall thickness = (a/3.092) — (d/2). These values are
similar to those found for similar materials synthesized
under very different conditions [15,32,33], thus con-
firming the range of pore sizes previously discussed.

4. Conclusion

Our results suggest that ordered porous silicas with
pores in the micro-meso range can be synthesized by

using assemblies of gemini surfactants as templates.
Depending on the surfactant and reaction conditions, a
variety of phases can be obtained. Under acidic condi-
tions, only hexagonal phases resulted. However, under
basic conditions, surfactant 12-2-12 produced an
MCM-48 material, whereas surfactant 8-2-16 yielded
MCM-41, both of a high quality. These results also
illustrate that not only the overall hydrocarbon content
but also the dissymmetry of the surfactants determine
their mesophases in the presence of silica, and conse-
quently the inorganic structures obtained. The mecha-
nisms of formation of the different mesophases have
been discussed in terms of the surfactant packing
parameter and synthesis conditions.
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