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A mixture of cationic and anionic surfactants has been used as structure-directing agents
in the synthesis of mesoscopically ordered silica in the presence of toluene. The preferred
interfacial curvature was adjusted by varying the anionic/cationic surfactant molar ratio,
which allowed for better control of the solubilization of toluene by the silicate-surfactant
mesophase. A pronounced increase in the toluene solubilization capacity was observed at
anionic/cationic surfactant molar ratios close to that where the lamellar phase starts to
appear in the absence of added toluene. TEM measurements reveal the presence of long,
vesicular structures in the materials synthesized in the presence of anionic/cationic surfactant
and toluene. Apart from TEM measurements, the materials were characterized by SAXS,
N2 sorption, and 29Si NMR.

Introduction

The solubilization of a hydrophobic agent inside the
hydrophobic portion of ordered anionic silicate-cationic
surfactant mesophases has been widely used to increase
the pore size of the final material.1-4 Usually aromatic
hydrocarbons, like trimethylbenzene, TMB, have been
used for this purpose. In situ studies reveal that the
surfactant-silicate mesophase is able to solubilize large
amounts of swelling agent after it has formed, stressing
the nonequilibrium nature of the solubilization process.5
However, the silicate condensation sets a limit for the
solubilization capacity, and at higher degrees of silicate
condensation the solubilization capacity is completely
lost.2,3,5 The solubilization of a swelling agent inside the
core of the supramolecular surfactant assembly leads
to a decrease in the interfacial curvature of the ag-
gregate.

To clarify the influence of the interfacial curvature
of the surfactant aggregates on the solubilization be-
havior of the silicate-surfactant mesophase, we have
recently studied the solubilization of toluene by a silicate
mesophase where a mixture of cationic (CTAB) and
anionic (decanoic acid) surfactants was used as the
structure-directing agent.6 In the alkaline conditions of

the synthesis the decanoic acid will completely dissoci-
ate into the decanoate form. The motivation for the use
of a mixture of oppositely charged surfactants was to
decrease the preferred interfacial curvature of the mixed
supramolecular aggregates in a controlled way,7-9 to
enhance the solubilization capacity. Indeed, the lower
preferred interfacial curvature of mixed decanoate/
hexadecyltrimethylammonium bromide (CTAB) com-
plexes compared to that of CTAB alone lead to an
increased TEOS/toluene solubilization capacity. Again,
a pronounced uptake of toluene by the mesophase
occurred after the formation of the hexagonal phase.
However, the d spacing of the initially formed hexagonal
phase increased with increasing decanoic acid/CTAB
ratio, suggesting that some toluene has already been
solubilized by the silicate-surfactant micellar entities
before the assembly of the mesophase. Furthermore,
smaller silicate-surfactant particles are formed, com-
pared to those observed in the absence of anionic
cosurfactant, most probably due to the fact that more
nucleation sites are being produced in the highly
dispersed catanionic system.6 This article is concerned
with the characterization of the thus-synthesized pow-
derous porous solids.

Experimental Section
Materials. The following chemicals were used in the

synthesis: hexadecyltrimethylammonium bromide (CTAB)
and tetraethyl orthosilicate (TEOS) were obtained from Ald-
rich. Decanoic acid and toluene were supplied by Fluka and
ammonia (25%) by J. T. Baker. All chemicals were used as
received. The water was purified by distillation and deioniza-
tion.
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Synthesis. CTAB (m ) 2.4 g) and decanoic acid were
dissolved in water (m ) 120 g) by stirring (500 rpm) at 30 °C.
After complete dissolution of the CTAB and the decanoic acid,
10 mL of 25% NH3 was added and the solution stirred for about
5 min. The pH was adjusted by addition of NaOH ([Na+] ,
[NH4

+]). Toluene was then added to the synthesis mixture,
which was stirred for another 5 min. TEOS (m ) 9.4 g) was
rapidly added to the solution, which was stirred for 1 h. The
final molar composition was 157/3/0.15/1/x/y H2O/NH3/CTAB/
TEOS/decanoic acid/toluene. In standard synthesis, with no
decanoic acid added, the pH before addition of TEOS is 11.8.
When decanoic acid was added to the synthesis, the pH was
adjusted to 11.8 by addition of 1 M NaOH before addition of
TEOS, if not otherwise mentioned. After addition of TEOS the
pH decreased to 10.7 in all cases. The material was aged in
the mother liquid at pH 8 in 90 °C for 6 days, to be stable for
calcination. The pH was adjusted by addition of acetic acid.
After aging, the material was isolated by filtration and dried
overnight at 90 °C. Calcination was performed under air at
550 °C for 5 h with a heating ramp of 1 °C/min.

X-ray Analysis. Small-angle X-ray scattering (SAXS) mea-
surements were performed on a Kratky compact small-angle
system. A Seifert ID-3003 X-ray generator, operating at a
maximum intensity of 50 kV and 40 mA, provided the Cu KR
radiation of wavelength 1.542 Å. A Ni filter was used to remove
the Kâ radiation, and a W filter was used to protect the
detector from the primary beam. The system was equipped
with a position-sensitive detector measuring up to 9° 2θ with
a sensitivity of 0.01°. The sample-to-detector distance was 277
mm. To minimize the background scattering from air, the
camera volume was kept under vacuum during the measure-
ments.

N2 Sorption Analysis. The N2 isotherms were determined
at 77 K using a Micromeritics ASAP 2010 sorptometer. The
aged and calcined samples were outgassed at 423 K before
measurements.

29Si MAS NMR. The 29Si magic-angle spinning (MAS) NMR
experiments were carried out using a 270-MHz Chemagnetics
CMX Infinity spectrometer using a home-built 10-mm NMR
probe. The spectra were acquired using a 30° excitation pulse,
a 300-s recycle delay, about 400 transients, and a MAS speed
of about 4 kHz. The chemical shifts were referenced to
trimethylsilane (TMS) using a secondary reference of 3-(tri-
methylsilyl)propanesulfonic acid sodium salt (+1.6 ppm).

Transmission Electron Microscopy. A Hitachi HF 2000
transmission electron microscope operated at 200 keV was
used, which was equipped with a cold field emission source.
Samples were mounted on carbon films that were fixed on
copper grids.

Results

SAXS Measurements. The transparent, isotropic
micellar solution of low viscosity containing CTAB,
water, and ammonia turned increasingly more viscous
upon addition of decanoic acid, before the addition of
TEOS. This is to be expected for micellar solutions that
undergo a sphere-to-rod transition. A white precipitate
formed within the first minutes after addition of TEOS
to the micellar solution. For the pure CTAB solutions a
well-ordered hexagonal phase was formed with a d100
spacing of the as-synthesized, wet sample of 4.3 nm.
Increasing the decanoic acid/CTAB molar ratio, m, leads
to a gradual increase in the d spacing of the hexagonal
phase to 4.7 nm at m ) 0.53. A hexagonal-to-lamellar
phase transition was observed with increasing m through
a compositional region where the two phases coexist,
as shown in Figure 1. The lamellar phase starts to
appear in the XRD diffractogram at m ) 0.35. As for
the hexagonal phase, the d spacing of the lamellar phase
also increased slightly with increasing m. The solubi-

lization of toluene by the decanoate/CTAB-silica com-
posite was studied as a function of toluene/CTAB molar
ratio, o, and the decanoic acid/CTAB molar ratio, m,
respectively. Solubilization of toluene led to a swelling
of both the hexagonal and the lamellar phase, and the
degree of swelling increased with increasing toluene
concentration, as shown in Figure 2. At a constant
CTAB/toluene molar ratio, an almost linear dependence
of the d spacing of the hexagonal phase on m was
observed up to m ) 0.35. However, at m > 0.35 a
transition to another linear region was observed for o
) 9.9 with a higher degree of swelling compared to that
observed at m values below 0.35, as shown in Figure 3,
in line with our recently published in situ SAXS study
on the same system.6 This breaking point is less obvious
for samples with o ) 6.6. It is interesting to note,
however, that the m value of 0.35 is very closely
corresponding to that needed for the lamellar phase to
appear in the SAXS diffractograms of samples synthe-
sized in the absence of toluene.

Figure 1. XRD patterns of decanoic acid/CTAB templated
mesoscopic silica as a function of decanoic acid/CTAB molar
ratio, m.

Figure 2. XRD patterns of decanoic acid/CTAB templated
mesoscopic silica as a function of toluene/CTAB molar ratio,
o, at a constant decanoic acid/CTAB molar ratio, m, of 0.35.
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It has previously been shown that the solubilization
of a hydrophobic agent by a developing silicate-surfac-
tant mesophase is suppressed by an increase in the
degree of silicate condensation.2,3,5,6 Therefore, solubi-
lization experiments were also carried out at higher pHs
since it is well-known that the silicate condensation rate
is lowered with increasing pH under alkaline condi-
tions.10,11 Increasing the pH led to an increase in the
fraction of lamellar phase, as shown in Figure 4.
However, increasing the pH above 11.8 also led to a
pronounced swelling of the coexisting hexagonal phase,
as shown in Figure 5. At a higher toluene concentration,
the d spacing of the lamellar phase decreased when
increasing the synthesis pH, whereas the fraction of
swollen hexagonal phase increased. At a lower toluene
concentration, however, increasing the pH gives a
swelling of the lamellar phase. However, it is clear that
the extent at which the swollen hexagonal phase and
the lamellar phase, respectively, appear in the diffrac-
togram is connected to both hydrodynamic effects as

well as to the rate of silicate condensation since, under
the experimental conditions applied, the higher the
stirring rate and the lower the pH, the larger is the
fraction of swollen hexagonal phase in the diffracto-
grams. Furthermore, it has previously been shown that
a increased oil solubilization capacity of anionic poly-
electrolyte and cationic surfactant complexes can be
achieved by increasing the charge density of the poly-
electrolyte.12 Therefore, charge density effects can also
have an influence on the observed swelling of the
hexagonal silicate-surfactant phase when going toward
higher pH values. Increasing the pH above 12 will lead
to a higher charge density of the anionic polysilicate
species.

The materials obtained from the synthesis described
above lost their mesoscopic order upon calcination,
which is attributable to the thin pore walls in combina-
tion with a large pore diameter. The as-synthesized
materials were therefore aged at pH ) 8 and 90 °C for
6 days to increase the degree of silicate condensation
and thus the thermal stability of the mesophase. The
corresponding Q4/Q3 ratios, as determined by 29Si NMR,
are summarized in Table 1. The Q4/Q3 ratios measured
for the as-synthesized, dried materials ranged between
1.6 and 2.0, regardless of the synthesis composition.
Similar values have been observed for as-synthesized
mesostructured silica in other studies.13 However, the
Q4/Q3 ratios for the aged samples were substantially
higher, around 5. Despite the pronounced increase in
the degree of condensation, no change in the d spacing
of the hexagonal phase was observed, even after removal
of the organic portion by calcination, as illustrated in
Figure 6. However, the d001 reflection of the lamellar
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Figure 3. Observed d100 spacings of the hexagonal phase of
decanoic acid/CTAB templated mesoscopic silica as a function
of decanoic acid/toluene molar ratio, m/o, and toluene/CTAB
molar ratio, o.

Figure 4. XRD patterns of decanoic acid/CTAB templated
mesoscopic silica at a constant decanoic acid/CTAB molar ratio
m ) 0.35 and toluene/CTAB molar ratio o ) 9.9 as a function
of synthesis pH.

Figure 5. Observed d100 spacings of the hexagonal phase of
decanoic acid/CTAB templated mesoscopic silica as a function
of synthesis pH and toluene/CTAB molar ratio, o, at a constant
decanoic acid/CTAB molar ratio m ) 0.35.

Table 1. 29Si NMR Data for Dried, Both As-Synthesized
and Aged Material, Studied for Different Decanoic

Acid/CTAB Molar Ratios, m, and Toluene/CTAB Molar
Ratios, o

m o Q2 Q3 Q4 Q4/Q3

0 0 as-synthesized 5.6 35.9 58.5 1.6
0.35 0 as-synthesized 5.4 34.8 59.8 1.7
0.35 9.9 as-synthesized 6.6 31.3 62.0 2.0
0.35 9.9 aged 2.7 16.9 80.3 4.8
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phase present for materials synthesized at higher
decanoic acid/CTAB molar ratios disappeared after
aging of the materials.

Transmission Electron Microscopy. Aged and
calcined samples were investigated by TEM. A repre-
sentative image of a material synthesized at m ) 0 and
o ) 9.9 is shown in Figure 7a. The material is very well
ordered with a hexagonal packing close to hexagonally
shaped pores. The repeat distance correlates very well
with that observed in the XRD, as expected. The
seemingly lamellar structures seen in Figure 7a origi-
nate from a side view of the silica tubes building up the
hexagonal mesophase.

The material structure, as seen under the TEM, was
changed quite remarkably as the decanoic acid/CTAB
ratio was increased, especially at m values exceeding
0.35. In Figure 7b a picture of a material synthesized
at m ) 0.40 and o ) 9.9 is shown as an example. Well-
ordered regions possessing a hexagonal symmetry were
still observed, with d spacings in nice agreement with
those observed in the XRD. However, extended, thin,
and highly curved, vesicle-like structures, several mi-
crometers in length, were also observed, the occurrence
of which generally increased with increasing value of
m. However, fractions of a vesicle-like structure were
also observed to a limited extent in the TEM images
for the material synthesized at o ) 9.9 and m ) 0.

N2 Sorption. The materials synthesized can be
divided into three main groups, depending on their
toluene solubilization capacity during the synthesis and
the N2 sorptive properties of the calcined materials,
respectively. The BET surface area was 580 ( 50 m2/g,
which is lower than that for standard MCM-41 material,
as can be expected for materials with larger pores. An
estimation of the pore volume is difficult to make since
none of the isotherms terminate in a plateau at high
relative pressures. Typical isotherms representative of
the main groups A, B, and C are shown in Figure 8.
(See figure captions for details on the synthesis com-
position.) The isotherm representative of each group will
be discussed separately below.

A. An isotherm typical for this group was obtained
for materials synthesized in the absence of decanoic acid
at o ) 6.6 and o ) 9.9. This isotherm shows a marked
uptake between p/p0 ) 0.3 and p/p0 ) 0.45, indicative
of mesopores with a narrow pore size distribution
around 3.5 nm, as calculated according to the commonly
applied BJH method. The second marked uptake ob-
served at high relative pressures can be attributed to
textural porosity. The hysteresis seen above p/p0 ) 0.5
could indicate the presence of larger pores connected
via smaller openings, and interparticle voids, which
could be understandable if the solubilization of toluene
would lead to pore wall corrugation.14 However, the
hysteresis observed at relative pressures >0.5 could
imply that there is a swelling of the material with
increasing relative pressure due to nonrigid textural
porosity.

B. An isotherm typical for materials synthesized at o
) 6.6 and m ) 0.35 for different synthesis pH, and at o
) 9.9 and m < 0.35, shows a less steep uptake in the
adsorption at about p/p0 ) 0.4-0.7 together with a
hysteresis loop. The BJH-pore diameter estimated from
the desorption branch was 2.5-5 nm, depending on the
degree of swelling of the mesophase. Again, a marked
textural porosity was observed, as evidenced by the
pronounced uptake at high relative pressures.

(14) Desplantier-Giscard, D.; Galarneau, A.; Di Renzo, F.; Fajula,
F. Stud. Surf. Sci. Catal. 2001, 135, 205.

Figure 6. XRD patterns of decanoic acid/CTAB templated
mesoscopic silica at a constant decanoic acid/CTAB molar ratio
m ) 0.35 and toluene/CTAB molar ratio o ) 9.9. (a) As-
synthesized, wet sample; (b) aged, wet sample; (c) aged,
calcined sample.

Figure 7. TEM image of material synthesized at (a) decanoic
acid/CTAB molar ratio 0 and toluene/CTAB molar ratio 9.9
and (b) decanoic acid/CTAB molar ratio 0.40 and toluene/CTAB
molar ratio 9.9.
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C. Samples with o ) 9.9 and m g 0.35 at different
synthesis pH give an isotherm typical for this group.
This isotherm was not well defined, it had a hysteresis
loop starting at the lower limiting relative pressure of
p/p0 ) 0.42, and it did not close until the saturation
pressure was reached. This effect most probably origi-
nates from the nonrigidity of the vesicle-like structure
observed under TEM. However, there was a clear
inflection point in the isotherm and at least a bimodal
porosity with pore sizes in the range of 3-4.5 and 5-11
nm, respectively, was observed.

Discussion

Phase Behavior of the Decanoic Acid/CTAB
Templated Silica. For dilute solutions where interag-
gregate interactions are of minor importance, a model
has been developed to correlate the molecular geometry
of the individual surfactant monomer to the observed
aggregate structures.15,16 The packing parameter, P, is
defined as P ) v/a0lc, where v is the volume of the
hydrophobic tail, l is the effective length of the surfac-
tant, normally 80-90% of the fully extended hydrocar-
bon chain, and a0 is the effective area of the hydrophilic
headgroup. For P values of 0.33, 0.5, and 1.0, spherical,
rodlike, and lamellar geometries are expected to form,

respectively. For ionic surfactants, a0 is strongly de-
pendent on the degree of dissociation of the headgroups
and the ionic strength of the solution. A sphere-to-rod
transition in micellar solutions has been observed
previously for mixtures of cationic and anionic surfac-
tants with asymmetrical hydrocarbon chain lengths,17

in agreement with the expected accompanying decrease
in the value of the packing parameter.

When using a mixture of CTAB and decanoic acid,
the strong electrostatic attraction between the positively
charged CTA+ and the negatively charged decanoate
will favor a close packing of the surfactants and
therefore lead to a decrease in the area of the hydro-
philic headgroup. This leads to an increase in the
average packing parameter favoring threadlike over
globular micellar geometries. The continuous increase
in the d100 spacing with increasing decanoic acid/CTAB
molar ratio also originates from this effect. Eventually,
the increase in the packing parameter results in the
hexagonal-to-lamellar phase transition observed at
higher decanoic acid/CTAB molar ratios. The stabiliza-
tion of surfactant assemblies with lower curvature is
also seen in the increase in toluene solubilization
capacity of the catanionic surfactant templated me-
sophase. This has previously been observed for solubi-
lization of dodecane in catanionic micellar solutions.18

Furthermore, Kunieda et al.19 has described two pos-
sibilities for oil solubilization into micelles for nonionic
surfactant systems. If the oil is preferentially solubilized
in the palisade layer of the micelle, the effective area of
the hydrophilic headgroup will increase without in-
creasing the volume of the aggregate. If the oil, on the
other hand, is solubilized into the core of the surfactant
aggregates, the volume of the aggregates will increase
without affecting the headgroup area. Toluene will be
solubilized both in the core of the surfactant aggregate
and in the palisade layer,20,21 and therefore both effects
must be considered in our case. Furthermore, we have
strongly adsorbing anionic polysilicate species present
in our system, which can induce changes in the com-
position of the catanionic surfactant aggregates22 and
therefore destabilize the decanoate/CTAB complex.
Therefore, direct quantification of the combined influ-
ence of toluene and varying cationic/anionic surfactant
ratios on the effective surfactant packing parameter of
surfactant-silicate mesophases is difficult, and the
comparisons should be considered qualitative in nature.
In any case, the effects observed are similar in both
cases, why such comparisons are justified.

Although the concept presented for easy adjustment
of the packing parameter is a general one, it should be
noted that decanoic acid has a pKa value of about 4.7
and will consequently behave as a nonionic cosurfactant
if the synthesis is carried out under acidic conditions.
However, other anionic surfactants, like sodium dode-
cylsulfate (SDS), could be used as well. The value of
being able to tune the preferential interfacial curvature
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Figure 8. N2 sorption isotherms representing the three
groups: (A) decanoic acid/CTAB molar ratio 0 and toluene/
CTAB molar ratio 6.6; (B) decanoic acid/CTAB molar ratio 0.35
and toluene/CTAB molar ratio 6.6; (C) decanoic acid/CTAB
molar ratio 0.40 and toluene/CTAB molar ratio 9.9.

Vesicle-like, Mesoscopically Ordered Silica Chem. Mater., Vol. 15, No. 3, 2003 817



of the surfactant assembly is not limited to silica, but
can easily be extended to the synthesis of non-siliceous
materials as well. This has been demonstrated for
cationic-nonionic surfactant templated titania,23 where
the swelling of the hydrophobic portion of the inorganic-
mixed surfactant 2D-hexagonal mesophase upon solu-
bilization of trimethylbenzene could be fine-tuned by
adjusting the ratio between the cationic and the non-
ionic surfactant.

Effect of Aging. The fact that the lamellar phase
disappears during the aging process could be due to a
lamellar-to-hexagonal phase transition induced by the
condensation of the inorganic framework, which has
been observed previously for both silica/CTAB24 and
zirconia/CTAB25 mesophases. However, in both these
studies the syntheses were carried out in the absence
of swelling agent. In the present case, the transforma-
tion of the lamellar phase to a swollen hexagonal phase,
owing exactly the same d spacing as the swollen
hexagonal phase observed for the as-synthesized mate-
rial, seems highly unlikely. Therefore, two possibilities
for the disappearance of the d001 reflection upon aging
remain: (i) the lamellar phase transforms into a com-
pletely disordered phase as a result of silicate condensa-
tion or (less plausible) (ii) the lamellar phase is frag-
mented into a structure with a correlation length
shorter than what is needed for a reflection to appear
in the XRD. Even though the latter effect could be
thought to be responsible for the appearance of the
vesicular structures in the TEM image shown in Figure
7b, we believe that this is not the case, as discussed in
the following.

Vesicular Structures. Surfactant-inorganic struc-
tures with a vesicular architecture have been observed
previously for aluminophosphates and silica13,26-28 and
calcium phosphate.29 In the latter case, the vesicular
structure was induced by electron irradiation and was
probably not formed during the synthesis. However, the
formation of vesicles in mixtures of cationic and anionic
surfactants is well-documented. Raghavan et al.30 have
studied the phase behavior of a mixed catanionic sur-
factant system, with the C18-tailed anionic surfactant
sodium oleate and the cationic surfactant CnTAB of
different chain lengths. It was shown that, for CnTAB
with chain lengths n ) 10 or 12, wormlike micelles and
bilayer structures (vesicles or lamellae) form. This is
very close to our system, with C16TAB and C10-tailed
decanoate instead of the C18-tailed sodium oleate and
C12TAB, which could give support for a possible forma-
tion of vesicles in our system. However, we observed no
vesicles in the completely transparent and homogeneous
starting solution before addition of TEOS. It has been

shown that vesicles can be stabilized in mixtures of
cationic and anionic surfactants at a 64/36 ratio if a
strongly adsorbing counterion is used, due to an en-
hanced charge screening.31 The bromide counterions are
replaced by anionic polysilicate species during the
formation of the mesophase32,33 and therefore the for-
mation of vesicular structures can be explained in our
case.

The fact that fractions of a vesicle-like structure were
also observed in a limited extent in the TEM images
for the material synthesized at o ) 9.9 and m ) 0
indicates that the formation of the vesicular structure
is not solely driven by the formation of the silicate-
mixed catanionic surfactant mesophase. However, tem-
plating by emulsion droplets have been observed for
surfactant-silicate mesophases synthesized under acidic
conditions,34 but has never been reported to occur under
alkaline conditions. Despite the differences in hydrolysis
and condensation kinetics under acidic and alkaline
conditions, respectively, we cannot fully exclude the
possibility of such an effect in our case as well, although
we consider it to be fairly unlikely. However, this effect
is under intense study and will be the focus of a
forthcoming paper.35

Summary

In conclusion, we have studied the properties of
porous silica synthesized in the presence of a mixture
of cationic and anionic surfactants as structure-directing
agents and toluene as the swelling agent. The lower
interfacial charge density of the mixed surfactant ag-
gregates stabilizes structures of lower interfacial cur-
vature and therefore facilitates a more controlled sol-
ubilization of toluene. It was shown that the pore size
of the hexagonal phase could be controlled by changing
the decanoic acid/CTAB and the toluene/CTAB molar
ratios. Increasing the amounts of decanoic acid and
toluene resulted in a hexagonal-to-lamellar phase tran-
sition over an intermediate region where the two phases
coexist, which was observed by SAXS measurements.
Extended, thin, and highly curved vesicular silica
structures were observed in the TEM pictures, the
occurrence of which is attributed to the use of catanionic
surfactant mixtures as structure-directing agents in the
synthesis.
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ted.
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