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Using a simple route for preparing uniform spherical mesoporous MCM-41 materials based on a one-step
synthesis in an all-water medium, we have investigated the effects of changes of the surfactant composition.
The morphology, texture and structure of five samples with different compositions reveal that both, the external
organization and internal pore structure, are governed by the silicate:surfactant ratio. The intake of fluids into
the poressan important issue for the use of this material in biotechnology such as localized drug delivery,
vectorization of drugs, biosensing applications, and biochemical separationsswas checked and confirmed.

1. Introduction

Following the discovery of mesoporous materials, the syn-
thesis of hierarchically ordered structures has generated a great
deal of effort to control simultaneously morphology and texture.
Reaction parameters such as solvent, temperature, aging, drying,
stirring rates, pH, silica precursor, surfactant type, and the ratio
of surfactant to silica play an important role in tailoring the
final shape and size of the internal structure for specific
applications.1–13 In the particular case of the MCM-41 type
material,14–17 different chemical mechanisms have been proposed
to explain the formation of the various mesostructures: (i) the
liquid crystal templating,18 (ii) the self-assembly,8,19,20 and (iii)
the cooperative self-assembly 8,19–21 mechanisms. Some subtle
variations of the reaction parameters and/or the chemical
pathways yield different morphologies such as nanospheres,
nanorods, tubes, films, fibers, or monoliths.10,17 The nanospheres
are of particular interest due to their potential applications in
biochemical separations,22–24 localized drug delivery,25–28 and
biotechnologies.17,29,30

The first spherical mesoporous silica particles were pro-
duced via a modification of the Stöber process31 developed
by Grün et al.32 in which micrometer and submicrometer-
size mesoporous spheres were synthesized by adding a freshly
distilled silica precursor in an alcoholic solution of diluted
surfactant under basic conditions. Since, various chemical
synthetical routes have been proposed essentially based on
variations of silica sources (e.g., alkoxysilane), of surfactant
molecules or templates (e.g., ionic or nonionic molecules,
block copolymers,...), of solvents (e.g., alcohol and/or water)
and of catalyst (NaOH, NH4OH,...).17,33–40

Marble-like spheres of ∼1 nm were produced by Huo et al.41

using tetrabutyl orthosilicate based on an emulsion biphase route
which usually yields hollow mesoporous silica microspheres.
Cai et al.42 synthesized nanoparticles (∼100 nm) with an
irregular shape in a very dilute solution using NaOH as catalyst,
the alkaline solution apparently favoring the formation of shorter
micelles compared to an NH4OH medium. More recently,
nanospheres (<200 nm) were obtained by replacing the classical
catalysts NaOH and NH4OH by the polyalcohol triethanola-
mine.43 Alcohol was found to have an important influence on
both the pore ordering and the spherical morphology of the
particles.44,45 Thus, increasing the ethanol concentration leads
to the formation of a succession of mesophases in the order
MCM-41, MCM-48, MCM-50 and finally a radial hexagonally
ordered phase. The resulting spheres (<1 µm) display a cubic
arrangement of the pores in the central region while a hexagonal
arrangement is favored in the periphery.46,47 Another example
of the tailoring of morphology and texture by the addition of
ethanol has been given by Zhang et al.,48 who synthesized
homogeneous nanospheres (<100 nm) with a radial orientation
of the mesopores but without a cubic arrangement in their core.
An accurate control of the diameter of the silica spheres can
also be achieved by varying the alcohol:water ratio or the type
of alkoxysilane.49 To be complete, mesoporous spheres can also
be obtained in an acidic medium by substituting HCl for
ammonia,50–52 with mixtures of surfactant51,52 or a polymer as
template,53 or by using a spray-drying route.54–57

In spite of the large number of studies made on mesoporous
materials, complete control of the final spherical morphology
and the texture has not yet been fully achieved. It remains crucial
to examine in detail the role of the different reaction parameters
on the final products. Here we report a detailed study of the
effects of the surfactant concentration on the morphology and
texture of MCM-41 silica spheres prepared in a water medium
without any cosolvent at very low surfactant concentrations.

2. Experimental Details

2.1. Materials. Cetyltrimethylammonium bromide (CT-
MABr) 99+% as surfactant, tetraethyl orthosilicate (TEOS) 98%
as source of silica and aqueous ammonia (reagent grade 30 wt
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%) purchased from Acros Organics, Merck, and Carlo Erba,
respectively, were used as received; the water was purified by
distillation and deionization.

2.2. Synthesis. Typical one-step synthesis of ordered MCM-
41 silica materials, described by Grün et al.,58 was used without
any alcohol as cosolvent. Five different samples were prepared
with the following starting molar compositions: 1TEOS:
xCTMABr:2.8NH3:141.2H2O, where x ) 0.37, 0.15, 0.07, 0.035
and 0.007. These molar ratios can also be expressed in weight
percentages of surfactant qCTAMBr ) 0.1%, 0.5%, 1%, 2.3% and
5% respectively, taking into account only the weights of water
and CTMABr. (see Table 1). To produce the 0.1% composition,
0.025 g of CTMABr was dissolved into 25 mL of deionized
water and the solution was stirred (∼400 rpm) at 60 °C until it
became transparent. The pH of the solution was increased to
11.6 by adding 1.56 g of aqueous ammonia. The solution was
then heated to 80 °C and 2.08 g of TEOS was added, drop by
drop. A white precipitate appeared instantaneously and the
solution was then vigorously stirred for 1 h, and placed in an
autoclave at 100 °C overnight. The resulting material was
recovered by filtration, washed with deionized water, oven-dried
at 100 °C for 24 h and finally calcined at 550 °C for 4 h under
air flow to remove the template. The same procedure was
followed for all compositions.

2.3. Characterization. Transmission electron microscopy
(TEM) (Philips-CM20) and powder X-Ray diffraction (XRD)
(Philips PW1830) with Cu KR radiation (λ ) 0.154 nm) were
used to determine the texture, morphology and structure. In order
to determine the molar ratio Si:CTMABr before calcination,
thermo-gravimetric analysis (TG) were performed with a
Setaram TG-DTA 92-18 instrument. The samples were heated
up to 700 °C at 10 °C/min in an argon atmosphere.

Nitrogen adsorption/desorption isotherms were recorded at
liquid nitrogen temperature (77 K) on a Micromeritics ASAP
2010 M gas adsorption system. The samples were outgassed at
473 K for 48 h before measurements. The N2 isotherms were
used to calculate the specific surface area SBET, total pore volume
VT, and pore size distributions.

For the small-angle neutron scattering (SANS) experiments,
the 2 mm thick samples were sandwiched between two quartz
windows. The measurements were performed at room temper-
ature on the NG-3 and NG-7 30 m SANS instruments59 at the
NIST Center for Neutron Research (Gaithersburg, MD) at an
incident wavelength λ ) 6 Å. Detector distances of 1.3, 4, and
13 m were used sequentially to cover a large range of the
scattering vector Q ) 0.0035-0.47 Å-1.

Quasi-elastic neutron scattering (QENS) experiments were
performed on the backscattering spectrometer IN16 of the
Institute Laue-Langevin (Grenoble, France) at λ ) 6.27 Å with
an energy resolution of ≈ 0.9 µeV and covering a Q range of
0.4 to 2 Å-1. The sample contained in a standard flat aluminum
holder was impregnated by D2O, cooled to 10 K for 30 min
and heated to 180 K at a rate of 1.4 K.min-1, and to 300 K at
a rate of 0.4 K.min-1 to ensure full equilibration. While the
SANS technique provides a complementary determination of

the texture, morphology and organization of the mesoporous
samples, the QENS technique enables us to check whether water
penetrates into the pores and provides a quantitative information
about the confined water dynamics.

3. Experimental Results and Discussion

The evolution of morphology and texture of the final product
as a function of the initial concentration in CTMABr is shown
in Figure 1. The TEM images show clearly that the non-
organized worm-like type porosity observed at 5% concentration
is progressively replaced by hexagonal packing of cylindrical
pores. This textural modification is also accompanied by
significant morphological changes. At a surfactant concentration
of 2.3%, corresponding to the procedure described by Grün,58

large domains of channels organized into honeycomb structure
are obtained. The pores slightly curved can reach several
hundreds nm in length. By decreasing the surfactant concentra-
tion to 1%, the wide domains disappear gradually to form
smaller particles with a more rounded shape. Nevertheless, the
pores, which still show a slight bending along their length, keep
their cylindrical shape and their 2D packing. Near 0.5%, the
sample is composed essentially of spheres with irregular
diameter in the range 80-200 nm. The particle size dispersion
obtained by TEM can be fitted by a Gaussian function
characterized by a full width at half-maximum (fwhm) of 35
nm and a mean diameter centered on 139 nm. (Figure 2) The
presence of a thin layer of amorphous silica on the surface of
the particles is detected by the high-resolution TEM micro-
graphs. For the 0.1% concentration close to the critical micellar
concentration (CMC), the spherical particles become more
homogeneous in size with a smaller mean diameter (∼125 nm)
and a narrower Gaussian size dispersion fwhm ∼ 20 nm. (Figure
2) The internal structure of the spheres, composed of straight
or slightly bent cylindrical pores is arranged in a remarkable
honeycomb structure. The length of the pores is now dictated
by the diameter of the sphere. Our TEM measurements show
also that a decrease in the CTMABr concentration leads to an
increase in the sphericity.

At low angles, the XRD patterns exhibit three to five Bragg
peaks depending on the surfactant concentrations. These peaks
correspond to the (100), (110), (200), (210) and (300) reticular
planes of an hexagonal packing of the pores, and are typical of
MCM-41 type materials. (Figure 3) Three Bragg peaks are
obtained for MCM-0.1% due to the limited long-range order
of the pores imposed by the relatively small size of the particles
while five peaks are present for the MCM-0.5% and MCM-
2.3% samples. Above 2.3%, the MCM-41 structure is gradually
lost as shown by the disappearance of the Bragg peaks. To be
noted is the general decrease of the inter-reticular distance d
with increasing surfactant concentration (See Table 2).

The variations of the inter-reticular distance corresponding
to the (100) Bragg peak position d100 vs surfactant concentration
are rather linear indicating a continuous evolution of the internal
structure. (Figure 4) In the particular case of a MCM-41

TABLE 1: MCM-41 Samples: Composition of the Starting Materials and Description of the Products

composition

samples product

MCM-5% 141.2 (H2O) 2.8 (NH3) 0.37 (CTMABr) 1 (TEOS) mesoporous silica with wormlike pores
MCM-2.3% 141.2 (H2O) 2.8 (NH3) 0.15 (CTMABr) 1 (TEOS) µm-scale MCM-41 domains
MCM-1% 141.2 (H2O) 2.8 (NH3) 0.07 (CTMABr) 1 (TEOS) irregular nm-scale MCM-41 particles
MCM-0.5% 141.2 (H2O) 2.8 (NH3) 0.035 (CTMABr) 1 (TEOS) heterogeneous nm-scale MCM-41 spheres
MCM-0.1% 141.2 (H2O) 2.8 (NH3) 0.007 (CTMABr) 1 (TEOS) homogeneous nm-scale MCM-41 spheres
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structure, the distance between two neighboring pores a0 can
be determined from the relation: a0 ) (2/�3)d1. Values of a0

of 4.21, 4.49, 4.57, and 4.69 nm were obtained for surfactant
concentrations of 2.3, 1, 0.5, and 0.1% respectively. Thus, the
trend to more perfect spherical shape is accompanied by an
increase of the distance between pores possibly due to an
increase of the pore wall thickness.

To check the latter possibility, N2 sorption isotherms of
spherical samples of MCM-0.1% and MCM-0.5% were mea-
sured. The obtained adsorption/desorption isotherms show a type
IV isotherm according to the IUPAC nomenclature (Figure 5).60

A linear increase of absorbed volume at low pressures is
followed by a capillary condensation step in N2 uptake at a
relative pressure of 0.25 < P/P0 < 0.35 for MCM-0.1% and
0.22 < P/P0 < 0.32 for MCM-0.5%, due to the presence of
mesopores. For 0.4 < P/P0 < 0.9, the two samples show
different behavior:

(i) The isotherm for MCM-0.1% is relatively linear up to
P/P0 ) 0.7, indicating that the pore size distribution is narrow
and unimodal. Above P/P0 ) 0.9, a second capillary condensa-
tion occurs caused by N2 adsorption into the empty space formed
between the spherical particles.

(ii) In the isotherm for MCM-0.5%, a slight increase of N2

uptake is visible after the first capillary condensation followed
by a small loop for 0.6 < P/P0 < 0.8, indicating a bimodal
pore distribution.

The parameters obtained listed in Table 3 show that MCM-0.1%
presents a mean pore diameter of 3.2 nm with a narrow size
dispersion, while MCM-0.5% has two distributions of pores: a
narrow one centered on 2.9 nm and a broad one around 7.5 nm.

Figure 1. TEM micrographs showing the evolution of the morphology
and texture of the mesoporous silica with decreasing CTMABr
concentration. The tube like images come from the carbon supporting
grids.

Figure 2. Size dispersion of the MCM-0.1% and MCM-0.5% samples.
The lines represent the Gaussian functions centered respectively at 125
and 139 nm.

Figure 3. X-ray diffraction patterns of the MCM samples obtained
after calcination at 550 °C.

Figure 4. Distance d100 calculated from the (100) peak position vs
the surfactant concentration. The solid line represents a linear fit.

10676 J. Phys. Chem. C, Vol. 112, No. 29, 2008 Lelong et al.



Taking into account the experimental uncertainties, the diameter
of the pores appears to be unaffected by the initial amount of
surfactant molecules. These results coupled with those from the
XRD give an estimation of the pore wall thicknesses around 1.6
nm for MCM-0.1% and MCM-0.5%, which is about 50% higher
than those found in the conventional MCM-41 materials (∼1 nm),5

confirming that the pore wall thickness increases with decreasing
surfactant concentration. Such behavior can be explained by the
change in the Si:CTMABr molar ratio before calcination: at low
concentration, rods surrounded by several layers of silica form and
aggregate into organic-inorganic cylinders yielding a 2D structure.
At higher concentrations, the corresponding amount of silica
precursor per surfactant molecule falls down drastically, going from
53 to 10, and condenses around the cylindrical micelles formed
by the organic molecules leading to a decrease in the thickness of
the silica pore walls. This interpretation is further supported by
the observed decrease in the specific surface area from 900-1000

m2/g for conventional MCM-414,58 to 350-570 m2/g for the
spherical nanoparticles.

The morphology and the texture can alternatively be probed by
SANS,61–63 which gives the average structure over a macroscopic
region. The scattering intensities for three samples (Figure 6) exhibit
features that corroborate the TEM and XRD results. In the low-Q
region up to 0.08 Å-1, the scattering intensity of the MCM-0.1%
sample shows two dips near Q ) 0.0075 and 0.012 Å-1, indicating
the presence of spheres with a narrow size dispersion. In the
relatively high-Q region, three Bragg peaks are clearly visible at
Q ) 0.15, 0.26 and 0.3 Å-1, corresponding to 2θ angles of 2.17°,
3.77° and 4.35° respectively, which are consistent with our XRD
results. Also the oscillations observed in MCM-0.1% for Q < 0.02
Å-1 shift gradually with increasing percentages to smaller Q values
indicating an increase of the sphere diameter, before completely
disappearing for MCM-2.3%. In the high-Q region, the Bragg peaks
shift gradually to larger Q values, indicating a decrease of the
distance a0 and supporting the XRD and BET measurements.

In view of the different particle shapes, length scales and the
three-dimensional organization of the pores, a global fit of the
scattering function over a large Q range is very difficult to
achieve. Nevertheless, morphological and structural information
can be deduced from the scattering profile by using appropriate
form and structure factors. The form factor of an ideal sphere64

with a radius r is given by:

Pspheres(Q)) 9(∆F)2Vsphere
2(sin(Qr)-Qr cos(Qr)

(Qr)3 )2
(1)

and the form factor of a cylinder64 with a radius r and a length
2H is:

Pcylinder(Q)) 1
Vcyl

∫0

π ⁄ 2

(2(∆F)Vcyl j0(QH cosR)
J1(Qr sinR)

(Qr sinR) )2

sinR dR (2)

where Vsphere and Vcyl are the volume of the sphere and cylinder
respectively, V2(∆F)2 is the contrast, J1(x) is the first order Bessel
function, and R is the angle between the cylinder and the
scattering vector Q. The Bragg peaks have been simulated by
a Gaussian function G(Q,σ). The SANS intensity of the MCM-

TABLE 2: Values of the dhkl Distances Calculated from the
XRD Bragg Peaks of the Calcined MCM Samples

dhkl (nm)

hkl 0.1% 0.5% 2.3% 5%

100 4.07 3.96 3.89 3.65
110 2.34 2.32 2.26
200 2.03 2.01 1.97
210 1.52 1.49
300 1.34 1.32

Figure 5. Nitrogen sorption isotherms and the corresponding pore size
distributions (insets) measured at 77 K of the MCM-0.1% and MCM-
0.5% samples.

Figure 6. SANS spectra of the MCM-0.1%, MCM-0.5% and MCM-
2.3% samples. With increasing surfactant concentration, the oscillations
observed in the small-Q region disappear gradually while the Bragg
peaks shift to higher Q values. The inset shows an enlargement of the
high-Q region for MCM-0.1% showing Bragg peaks corresponding to
an hexagonal packing of pores characteristic of the MCM-41 materials.
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0.1% sample, the form factors of spheres (r ) 60 nm) and
cylinders (r ) 1.7 nm, length ) 120 nm) as well as three
Gaussian functions centered on 0.15, 0.26 and 0.3 Å-1, are
shown in Figure 7(a). As expected from our previous observa-
tions, the two first minima of Pspheres(Q) match the dips of the
experimental curve. The oscillations in the low-Q region
correspond to spheres with a diameter of 120 nm, which is in
perfect agreement with our previous results. Pcyl(Q) affects
essentially the scattering in the range 0.03 Å-1 < Q < 0.3 Å-1.
In our simulations, the cylinders have a uniform length of 120
nm, which is not exact but the approximation is reasonable
because the cylinder length has a small contribution to the form
factor Pcyl(Q). Finally, the three Gaussian functions centered at
0.15, 0.26 and 0.3 Å-1, coincide well with the XRD data. Since
Pcyl(Q) plays a role only in the Porod region of Pspheres(Q), it is
reasonable to approximate the expression of the scattering
intensity by the product of a sum of form factors and a sum of
structure factors:

I(Q) ≈ [Pspheres(Q)+Pcylinders(Q)][1+G(Q1, σ1)+

G(Q2, σ2)+G(Q3, σ3)] (3)

Parts b-d of Figure 7 show this function together with the
experimental intensities. The agreement is reasonable over the
whole Q range, except for 0.1 < Q < 0.3 Å-1. To account for

the fact that the surface area of the spheres is slightly
underestimated, one could introduce a small polydispersity. The
low-Q region of the MCM-2.3% sample was fitted by the form
factor of polydisperse spheres with a mean diameter of 1 µm,
since the ideal case does not apply here. The diameters of the
spheres, the size of the cylinders, as well as the position of the
Bragg peaks deduced from the simulated I(Q) are presented in
Table 4. As expected, we observe a decrease of the sphere
diameter, a shift of the Bragg peaks to the higher values of 2θ
and a conservation of the pore diameter for decreasing CTMABr
concentration. It appears that the diameter of the cylindrical
micelles is not affected by changes in the Si:CTMABr ratio
corroborating the fact that the dimensions of the micelles are
mainly affected by the length of the alkyl chain.

In order to check the intake of aqueous solvent into the pores,
QENS measurements were performed on the MCM-0.5%
sample filled with D2O as described in section 2.3. The elastic
intensity is proportional to the number of scatterers that are
stationary in the time window corresponding to the resolution
of the spectrometer, about 2 ns. The temperature scan (Figure
8) shows two well-defined transitions: the first transition around
235 K is due to the confined D2O 65,66 while the second one
around 276 K is due to the melting of bulk deuterated ice. Once
we are in the liquid regime, the large mobility of water

TABLE 3: Physico-Chemical Properties of MCM-41 Materials

N2 adsorption/desorption

samples Si/CTMABr
TEM sphere

diameter (nm)
XRD a0

(nm)
specific surface

area (m2/g)
specific pore

volume (cm3/g)
pore

diameter (nm)
wall

thickness (nm)

MCM-0.1% 53 125 4.69 350 0.36 3.2 1.5
MCM-0.5% 32 139 4.57 570 0.58 2.9 1.7
MCM-1% 21 4.49 3.2
MCM-2.3% 10 4.21 1070a 0.85a 3.2a 1.0a

a Reference 32.

Figure 7. (a) SANS intensity from the MCM-0.1% sample together with the form factors of a cylinder Pcyl(Q) and a sphere Psphere(Q). Measured
and simulated SANS intensities for the (b) MCM-0.1%, (c) MCM-0.5%, and (d) MCM-2.3% samples.
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molecules causes the elastic signal to disappear almost com-
pletely, apart from a small contribution due to the silica matrix.
These results confirm that water, and therefore aqueous solu-
tions, can penetrate into the pores of the MCM-41 nanospheres
despite the external amorphous silica shell, leading the way to
a multitude of applications, especially in catalysis and biotech-
nology.

Very few papers have reported the formation of nonradial
mesoporous nanospheres (∼100 nm) in a basic medium in the
absence of cosolvents. The most extensive work has been done
by Cai et al.42 who devoted special attention to the role played
by the catalyst (NaOH or NH4OH) role. According to their
results, in dilute solution of NaOH, short self-assembled silicate
micelles (SSMs) are favored leading to the formation of MCM-
41 nanospheres while in the NH4OH medium, longer SSMs
assemble into various nanoforms such as urchin-like agglomer-
ates, submicrometer-sized silica rods, and micrometer-sized
oblate silica in terms of the concentration of TEOS or CTMABr.
Here, we have formed small spherical mesoporous materials in
a NH4OH medium and confirmed that the concentration of the
surfactant molecules and the Si:CTMABr ratio play a major
role in controlling the resulting shape and morphology.

4. Concluding Remarks

We propose the following mechanism for the evolution of
the nanospheres with the surfactant concentration. For the
smallest surfactant concentration (0.1%), the internal hexagonal
arrangements of pores are quite pronounced and near to the
CMC, the surfactant molecules remain free or poorly organized
into dynamic nm-sized spheres or cylinders. In this two-phase
system, the positively charged free surfactant molecules present
in the water phase become electrostatically adsorbed by the
negatively charged silicate oligomers present in the TEOS phase
and a water-in-oil type microemulsion occurs.50 The nucleation
and growth of the particles will then fully occur following an
order-disorder phase transition as previously reported.67,68 The
small amount of ethyl alcohol generated by the hydrolysis of
TEOS acting as a cosurfactant lead to the formation of spherical

objects in order to minimize the surface energy. The silicic acid
in large excess in the medium will then condense around the
mesoporous core leading to the formation of an amorphous silica
shell. When the Si:CTMABr ratio is lowered, the mean length
of the cylindrical pores and the size of the bundle increase
correspondingly. While the amount of TEOS is fixed for all
the samples, the ethanol, which is the product of its hydrolysis
by water, becomes then less and less efficient as cosurfactant.
Consequently, the mesoporous particles will be larger with less
rounded shapes, which is consistent with our observations.

In conclusion, we have been able to synthesize mesoporous
spherical silica particles with well-defined MCM-41 structures
using a very low concentration of surfactant. We also showed
the key role that the Si:CTMABr ratio plays on both the texture
and the morphology. The resulting size and shape uniformity
should prove potentially useful for multiple applications espe-
cially in biotechnology and catalysis, or as a template to grow
well-aligned nanostructures.69
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