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MCM-41 type mesoporous silica material is synthesized, under mild conditions, in the
presence of cetylpyridinium chloride as the templating species. Seven reflections become
observable in the powder X-ray diffraction pattern of this material that can be indexed on
the basis of a hexagonal close-packed unit cell with ao ) 47.62 Å. Synthesis of mesoporous
silica materials is also demonstrated using self-assembling micellar aggregates of a mixture
of two surfactants: cetylpyridinium chloride (CPCl) and cetyltrimethylammonium chloride
(CTACl). As the CPCl:CTACl molar ratio between the two amphiphilic molecules decreases,
a gradual increase in the d100-spacing is observed starting at ca. 41 Å and in subangstrom
increments reaching to that of ca. 43 Å. The materials were also characterized by DTGA,
TEM, and Ar adsorption studies. A model is presented that simultaneously accounts for
the higher degree of structural order of the mesoporous silica templated with CPCl and the
ability to fine-tune d spacings on a subangstrom length scale using CPCl/CTACl mixtures.

Introduction

The discovery of the MCM41S family of mesoporous
silicas1,2 has led to a host of studies aimed at incorpora-
tion of transition metals into the structure of these
materials for the purpose of tailoring catalytic activity3,4
and creating novel composite materials by inclusion of
a variety of guest species into the channels of the
mesoporous silica host.5,6

Other studies have been carried out in an attempt to
determine the mechanism of formation of these meso-
porous siliceous materials7-9 and to explore possibilities
for fine-tuning the size of their pores. Controlling the
mesopore size is of importance because of the potential
applications of these materials as catalysts, molecular
sieves, and hosts for quantum size effect electronic
materials. Thus far, three ways have been demon-
strated to tailor the pore sizes effectively. One has

involved increasing the length of the alkyl chain of the
surfactant molecule which leads to a larger diameter
of templating micelles.1 Another involves adding aux-
iliary organic molecules to the synthesis mixture.1,10
Additives such as 1,3,5-trimethylbenzene dissolve in the
hydrophobic region of the micelles causing their swelling
which leads to larger pore sizes of the final products.
The third technique involves the restructuring of the
mesopores under mild aqueous conditions.11 In essence,
the aperture of the mesoporous channels can be en-
larged in a controlled manner without any appreciable
solubilization of the structure and loss of morphology
of the starting materials.
We report here a new synthetic route for the prepara-

tion of mesoporous silica using cetylpyridinium chloride
surfactant. Employing this surfactant in combination
with cetyltrimethylammonium chloride in the synthesis
mixture allows for the self-assembly of mixed micellar
templates which give rise to materials with d-spacings
tunable on a subangstrom length scale. The incentives
for the use of CPCl in the synthesis of mesoporous silicas
were that it is cationic, has a relatively similar aggrega-
tion number and cmc value as CTACl, yet allows for
variation in the charge density at the headgroup. It is
believed that interaction at the inorganic/organic inter-
face is the most important factor in the formation of
mesoporous silicas. The use of mixed micellar templates
allows the possibility to gain a better understanding of
how to control this interaction.
It was discovered that depending on the molar ratios

of the two surfactants, tuning of the d spacings can be
achieved in subangstrom increments, as observed
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through powder X-ray diffraction (PXRD) studies. The
synthesis products display PXRD patterns exhibiting up
to seven reflections that can be indexed on the basis of
a hexagonal symmetry unit cell. This implies an
improved degree of order of the mesopores. The PXRD
reflections are found to be better resolved with a smaller
full width at half-height (fwhh) than other patterns so
far cited in the literature. As described below, these
materials are characterized by DTGA, TEM, and Ar
adsorption studies.

Experimental Section

Reagents used for the synthesis included TEOS (tetraethyl-
orthosilicate, Aldrich, 98.99%), NH4OH (Aldrich, 30 wt %),
CPCl (Aldrich, used as supplied), and CTACl (29 wt % solution,
Pflatz & Bauer, used as supplied). The synthesis of the silica-
based mesoporous material was performed using the following
reaction composition: 1 TEOS:9.2 NH4OH:X CPCl:0.5 - X
CTACl:130 H20, where X varies as 0, 0.1, 0.2, 0.25, 0.3, 0.4,
and 0.5. The resultant gel was treated at 80 °C for 3 days in
polypropylene containers. The products were filtered, washed
with deionized water, and then dried under ambient condi-
tions. The as-synthesized materials were calcined in air at a
rate of 1 °C/min reaching to a maximum of 540 °C. The
synthesis mentioned above was repeated several times and
all the data presented in this article have been consistently
reproduced.
Powder diffraction data were obtained on a Siemens D5000

X-ray diffractometer using Ni-filtered Cu KR radiation (λ )
1.541 78 Å). The PXRD patterns obtained with repeated
synthesis show a variation in the d100 spacing of ca. 0.3 Å for
a given reaction compostion. TEM images were obtained on
a Phillips 430 microscope operating at 100 kV for which the
samples were epoxy embedded, microtomed, and cut into 100-
300 Å thin sections. DTGA experiments were performed on a
Perkin-Elmer 7 Series Analyzer in which the samples were
heated under N2 at a rate of 5 °C/min. Argon adsorption at
liquid argon temperature was performed on an Omnisorb sys-
tem. BET surface area and pore volume for the samples were
calculated subsequently from the entire argon adsorption data.

Results

The powder X-ray diffraction patterns of the as-
synthesized and calcined mesoporous silica materials
are shown in Figures 1 and 2. As-synthesized siliceous
mesoporous materials have been known to have limited
long-term structural stability. Basically, over a period
of days to weeks, the materials show a gradual loss in
intensity and a decrease in the d100 spacing as observed
through PXRD. This can mainly be attributed to the
fact that the siliceous framework is incompletely po-
lymerized and undergoes a degradative process over
time. For the as-synthesized materials, stored under
ambient conditions, reported in this study, the PXRD
patterns do not show any loss in intensity or shift in
the d100 spacing over a period of 3 months.
The variations in the peak positions and fwhh in the

PXRD patterns with the changes in the CPCl/CTACl
ratio are shown in Figure 3. It can be seen that upon
decrease of the CPCl/CTACl ratio in the reaction
mixture the following changes in PXRD patterns occur.
The d spacings and the peak intensities decrease and
the fwhh of the observable peaks increases. The lowest
angle peak (d100) is observed at ca. 41 Å and gradually
shifts to ca. 43 Å. These changes occur in a linear
fashion. Additionally, the number of observable peaks
also decreases from seven to five. Interestingly, the
values of d spacings and the size of the composite

CTACl-CPCL micellar template (that correlates with
the effective length and relative concentrations of
CTACl and CPCl in the synthesis mixture) are inversely
proportional. The length of a CPCl molecule is ca. 23.7
Å and CTACl is 21.3 Å (see below).
Figure 4 displays the TEM micrographs of the cal-

cined pure CTACl and CPCl templated mesoporous
silicas. The SEM images of the as-synthesized materi-
als display an average particle size of ca. 1 µm. The
general trend suggested by PXRD is supported by the
TEM study in that an increase in “order” of the pores
is revealed with increasing the CPCl/CTACl ratio, CPCl-
templated materials being the most ordered.
In Figure 5, the traces of the differential thermo-

gravimetric analyses (DTGA) for three as-synthesized
samples are shown. At 100% CPCl concentration in the
reaction mixture, there is a diagnostic sharp peak at
ca. 360 °C that can be assigned to loss of the cetylpy-
ridinium surfactant (assignments were made using
mass spectroscopy and DTGA control tests with pure
surfactants). This peak is not present in the sample
containing 100% CTACl whose diagnostic cetyltrim-
ethylammonium surfactant loss occurs around 270 °C.
In addition, it can be seen that the 270 °C peak is much
broader at 100% CTACl concentration. Upon increasing
the CPCl/CTACl ratio, the width of the peak appears
to decrease. Furthermore, an interesting trend is
observed at ca. 500°C. The broad band apparent in this
region has been assigned to the loss of silanol groups
present on the framework.11 This band is only observed
when CPCl is present in the reaction mixture and has
an intensity that is proportional to the concentration
of the surfactant. The corresponding peak for the
sample synthesized only with CTACl is very sharp and
occurs at ca. 340 °C.
Argon adsorption studies were performed using Oliv-

ier and Conklin’s density functional theoretical analy-
sis.12 This method is based on the statistical thermo-
dynamics of a single inhomogeneous liquid phase having
a density gradient near the pore surface. It is generally
applicable to pore sizes covering the entire micro- to
mesoporous size regime (3-500 Å). Primarily, the
adsorption isotherms obtained for the calcined materials
synthesized with different CPCl/CTACl ratios are all of
type IV,13 (Figure 6). In addition, the variation in pore
volume as a function of pore width is shown in Figure
7. For the sample synthesized with 100% CPCl, the
total pore area and pore volume were determined to be
962.7 m2 g-1 and 0.940 cm3 g-1 respectively.

Discussion

Upon increasing the stoichiometric mole fraction of
cetylpyridinium chloride in the synthesis mixture, the
synthesis products display PXRD patterns exhibiting up
to seven reflections that can be indexed on a hexagonal
symmetry unit cell (Figure 1). There is a corresponding
improvement in uniformity of the pore structure of these
mesoporous silicas as detected by TEM (Figure 4), and
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determined by Ar adsorption that shows a gradual
decrease in the width of pore size distribution with
increasing fraction of CPCl in the mixture (Figure 7).
This enhancement can be rationalized by a combination
of factors, including the increased rigidity of CPCl
micellar aggregates and stronger interaction between
CPCl and silica. A key consideration is the smaller
effective size of CPCl compared to CTACl micellar
assemblies. This is purported to arise from the “folding-
over” of the hydrophilic pyridyl-ring headgroup relative
to the hydrophobic alkyl tail and the preferred tangen-
tial orientation of the pyridyl headgroup with respect
to the micellar surface.14 Consequently, the cationic

quaternary nitrogen is more exposed to its polar sur-
roundings and the resulting arrangement of surface
pyridyl headgroups likely yields a more rigid and
geometrically better-defined micellar template. It is
also well documented that the preferred folded-over
conformation of the pyridyl headgroup of CPCl favors
a strong interaction between the quaternary nitro-
gen of the pyridyl ring and the surface of SiO2.14-16

Together, these effects likely result in a more well-
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Figure 1. (a, top) PXRD pattern of mesoporous silica synthesized with a surfactant composition of 100 mol % CPCl. (b, bottom)
PXRD pattern of calcined form of silica shown in (a).
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ordered co-assembly of the silica building-blocks and
CPCl micellar template. Ultimately, this translates
into an enhanced degree of long-range order of the
mesopores.
For mixed micellar systems, several possibilities can

be envisaged for their organization. Depending on the
individual structure and charge of the amphiphilic
molecules, the mixed micellar model can involve either
ideal miscibility, total immiscibility or microscopic de-
mixing.17 In the ideal miscibility case, the mixed

micellar composition is expected to be in accordance
with the overall mixing ratio. In the case of complete
immiscibility, repulsive interactions between the two
surfactant structures should cause the presence of two
different types of micellar structures (i.e., each corre-
sponding to the two separate components). In micro-
scopic de-mixing, a transition is expected to be present
between the two extreme alternatives mentioned above.
There exists the possibility that there is a simultaneous
presence of micelles with different compositions. In

(16) Paradies, H. H.; Habben, F. Acta Crystallogr. 1993, C49, 744.
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W.; Lindner, P.; Ulbreicht, W. J. Phys. Chem. 1993, 97, 2745.

Figure 2. (a, top) PXRD pattern of mesoporous silica synthesized with a surfactant composition of 100 mol % CTACl. (b, bottom)
PXRD pattern of calcined mesoporous silica shown in (a).
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addition, the formation of the above structures is
dependent on the temperature, pH, concentration, mix-

ing ratio, ionic strength, and the presence of other
cosolvents.17-19

For the mixed CPCl/CTACl surfactant system being
studied in this work, it has been shown by Nguyen et
al.19 that large deviations from ideal solution theory are
not exhibited. This can be attributed to the similarity
in counteranion, cationic headgroup charge, and hydro-
phobic chain length of CTACl and CPCl. Hence syner-
gistic interactions between the two surfactant moieties
can be assumed to control their mixing properties. The
result of these interactions therefore suggests that the
composition of the micelle in the mixed system is
directly related to the concentration of the two am-
phiphilic structures in the solution. This is implied in
the PXRD and DTGA data obtained in this study.
On the basis of the DTGA data, (Figure 5), there is a

linear correlation between the area under the peak at
ca. 360 °C (which solely results from loss of the cetylpy-
ridinium surfactant) and the concentration of this
surfactant used in the starting mixture. This suggests
that in fact the amount of the two surfactants imbibed
in the mesoporous materials correlates directly with
their concentration in the starting mixture. In addition,
it can be seen that the peak at ca. 270 °C decreases in

(18) Hoffmann, G.; Pössnecker, G. Langmuir 1994, 10, 381.
(19) Nguyen, C. M.; Rathman, J. F.; Scamehorn, F. J. J. Colloid

Interface.Sci. 1986, 112, 438.

Figure 3. Variations in (a) d100 spacings and (b) fwhh versus
the CPCl/CTACl ratio as determined by PXRD.

Figure 4. Representative TEM image of a calcined mesopo-
rous silica templated with (a) 100 mol % CPCl and (b) 100
mol % CTACl. Scale bar ) 10 nm.

Figure 5. DTGA traces of as-synthesized samples of meso-
porous silicas using (a) 100 mol % CPCl, (b) 50:50 ratio of CPCl:
CTACl and (c) 100 mol % CTACl.

Figure 6. Argon adsorption isotherm for mesoporous silica
sample synthesized with (a) 100% CPCl and (b) 100% CTACl.
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both area and width upon increasing the CPCl/CTACl
ratio. This implies that upon incorporation of CPCl, the
resultant micellar structure is ideally mixed and inter-
actions between the silica and surfactant and within the
surfactant phase become more uniform, thereby pro-
moting a sharper thermal transition at 270 °C.
In the PXRD patterns of this study, there is an

absence of two separate d100 peaks for samples involving
the mixed surfactant templates. These peaks would be
associated with the presence of separate domains in the
structure of mesoporous silica products arising from the
presence of two distinct micelle types in the synthesis

mixture. The absence of such peaks suggests that in
fact two separate micellar templates are not present.
In addition, the observed decrease of the fwhh of the
d100-reflection (PXRD) with increasing CPCl/CTACl
ratio has a linear rather than a nonlinear dependence.
This implies that a singular-kind of micellar aggregate,
whose composition is determined by the overall surfac-
tant mixing ratio, is likely to be the templating moiety.
The linear trend in the d-spacings of the synthesized

mesoporous silica materials with changes in the CPCl/
CTACl ratio can therefore be rationalized according to
the variation of the size of mixed micelles with respect
to the CPCl/CTACl ratio. As mentioned above, it is
believed that the pyridyl ring is folded-over relative to
the hydrophobic alkyl chain in order to maximize the
interaction of the cationic quaternary nitrogen with the
anionic silica present. Upon increasing the concentra-
tion of CPCl in the synthesis mixture, the size of the
resulting mixed micellar assembly decreases by becom-
ing more “compact”. This is consistent with the ob-
served linear decrease in the d spacing with increasing
CPCl/CTACl ratio (Figure 3).
It should be noted that due to the limited resolution

of the argon adsorption and TEM studies, it is difficult
to make a definitive statement regarding trends in pore
sizes with CPCl/CTACl ratio. Angstrom resolution
transmission electron microscopy and adsorption studies
need to be performed that will allow one to clarify
whether the pore sizes are actually expanding.

Conclusions

The synthesis of mesoporous silicas with the CPCl
surfactant has been demonstrated. It is believed that
increased cooperative interactions between the pyri-
dinium headgroup of the CPCl surfactant and silica
building blocks is an essential factor for yielding ma-
terials that display an enhanced degree of order of the
mesopores. In addition, this attribute together with the
ideal miscibility of cetylpyridinium chloride and cetyl-
trimethylammonium chloride is usefully exploited to
provide binary CPCl/CTACl micellar templates for the
synthesis of mesoporous silicas having subangstrom
precision tunable d spacing.
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Figure 7. Pore volume values (as obtained from argon
adsorption isotherms) as a function of pore width for calcined
mesoporous silicas synthesized using (a) 100 mol % CPCl and
(b) 100 mol % CTACl.

Synthesis of Mesoporous Silicas Chem. Mater., Vol. 8, No. 8, 1996 2193


