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Abstract
Circular mesoporous materials with diﬀerent geometries have been prepared by surfactant-templated sol–gel synthesis involving the
condensation of tetraethylortosilicate (TEOS) under basic conditions. In this study, cetyltrimethylamonium bromide (CTAB) has been
used as a surfactant and controlled amounts of L-a-phosphatidylcholine (lecithin) as a co-surfactant. For small concentrations of lecithin,
the obtained materials retain the hexagonal pore ordering characteristic of MCM-41, as evidenced by X-ray diﬀraction and electron
microscopy. However, the channels are no longer straight and parallel but circular and concentric. At higher concentrations of lecithin,
vesicular silica was produced.
 2006 Elsevier Inc. All rights reserved.
Keywords: Mesostructured materials; Mesoporous materials; Vesicular; MCM-41; Lecithin

1. Introduction
The precise control of pore size, shape, and order is the
main aim of many research eﬀorts because it can lead to
signiﬁcant beneﬁts in relevant ﬁelds such as catalysis,
adsorption, and separation [1–3]. By the judicious selection
of the precursors, surfactants, and synthesis conditions, a
myriad of new mesostructures have been produced in
recent years [4–7]. Some of the most successful strategies
have been based on the use of various surfactants, co-surfactants and swelling agents [8–13].
Among the various mesostructured materials produced
using this technology, vesicular mesoporous silicas was ﬁrst
prepared by Pinnavaia and Tanev [14] by using bolaamphiphile amines to condense silica in the interlayer regions of
multilamellar vesicles to form nearly spherical particles
with stable lamellar mesostructures. In a subsequent
attempt [15,16], neutral gemini surfactants were used as
structure-directing agent to generate silica vesicles with
good thermal and hydrothermal stability. Alternatively,
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Schacht et al. [17] demonstrated that mesoporous ordered
hollow spheres could also be prepared by interfacial reactions conducted in oil/water emulsions. Using a spray-drying method, Bruinsma et al. [18] prepared hollow spherical
particles with mesoporous shells. However, upon calcination the material lost its morphology resulting in collapsed
irregular shaped particles. Hubert et al. [19] studied the use
of dioctadecyl dimethylammonium bromide surfactant vesicles to produce silica-coated vesicles [20].
Mesoporous silica with highly curved structures have
been studied by Stucky [21,22] and Ozin [23]. These curved
structures are the result of the appearance of some kind
of dislocation or disclination eﬀects in the liquid crystal
formation stage. The energy required for stabilizing these
defects in liquid crystals is far less than in crystalline solids,
thereby enabling the formation of defects with large dimensions and strong distortion of the director ﬁelds. Most of
the simple morphologies like discoids and ﬂat toroids could
arise from disclination defects.
The use of lecithin as a co-surfactant in the production
of mesoporous silica has been previously explored. John
et al. [24,25] used a mesophase containing lecithin as a template obtaining amorphous microporous silica. Coradin
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et al. [26] used lecithin onion-like phases as a template to
grow silica nanoparticles obtaining multilamellar vesicular
mesoporous silica.
Herein we report a lecithin modiﬁed MCM-41 synthesis
which results into the production of materials which maintains the hexagonal pore organization of MCM-41. However, these pores are no longer straight and parallel
channels but circular and concentric. When high concentrations of lecithin are used, vesicular mesoporous silica
is obtained.
2. Experimental
2.1. Synthesis of circular mesoporous silica (CMS)
In a typical synthesis (Hex-CMS-2), 0.30 g lecithin (0.5 g
of L-a-phosphatidylcholine from egg yolk, 60% (TLC))
was dissolved in a solution containing 4.77 g of ammonia
(33 wt.%), 1.39 g of CTAB and 80 ml of deionized water.
The presence of CTAB facilitated the dissolution of the
phospholipid yielding a yellow solution. The addition of
7 g of TEOS produced a gel after a few minutes. The molar
composition of the synthesis mixture was as follows:
132.06 H2O:1.33 NH4OH:1 SiO2:0.11 CTAB:0.007 lecithin.
Increasing amounts of lecithin allowed for the preparation
of lamellar circular (vesicular) (lecithin/CTAB = 0.095),
lamellar tortuous (lecithin/CTAB = 0.125), and tortuous
mesoporous silica (lecithin/CTAB = 0.300). The solids were
ﬁltered out after 24 h of stirring at room temperature,
washed, and dried. The ﬁnal material was calcined by heat
treatment in nitrogen ﬂow until 823 K (5 K/min), 4 h at this
temperature in nitrogen, and ﬁnally 12 h also at 823 K in air.
2.2. Ultrasonic treatment
Circular mesoporous silica (CMS), 100 mg, were suspended in 10 ml of methanol and sonicated for half an

hour. The suspension was then displayed on a TEM grid
and observed under the microscope.
2.3. Characterization
Porous texture was characterized by N2 adsorption at 77
and 273 K in an AUTOSORB-6 apparatus. The samples
were previously degassed for 4 h at 523 K at 5 · 10 5 bars.
The Barrer–Joyner–Halenda (BJH) method was used on
the adsorption branch of the isotherm to produce the
pore size distribution plot. The structure of these materials
was characterized by X-ray powder diﬀraction (SEIFERT
2002) using a CuKa (1.54 Å) radiation. The scanning
velocity was 0.02 /min from 1.7 to 8 2h (). The morphology of the materials, previously covered with gold, was
studied by scanning electron microscopy (SEM, JEOL
model JSM-840). Transmission electron microscopy
(TEM) studies were carried out on a JEOL JEM-2010
instrument. The digital analysis of the TEM Micrographs was done using DigitalMicrographTM 3.6.1. by
Gatan. The Fourier Transform of the TEM images was
obtained to estimate the pore-to-pore distance and mesopore size.
3. Results and discussion
Table 1 summarizes the structural properties of the different CMS materials prepared with diﬀerent lecithin/
CTAB ratios. The control experiment, in which no lecithin
was added, produced high quality MCM-41, shown in
Fig. 1(a). The addition of lecithin to the synthesis solution
resulted in a pore shape transformation from parallel and
straight into circular and concentric. Low concentrations
of lecithin (lecithin/CTAB molar ratio of 0.020–0.125) produced well-formed, fully circular mesostructures (Fig. 1(b)–
(d)). In the innermost part of this novel mesostructure,
there are circular channels only a few nanometers in diam-

Table 1
Structural data of materials prepared with increasing amounts of lecithin
Sample

Lecithin/CTAB

Mesostructurea

Surface areab
(m2/g)

Mesopore
volumec (cc/g)

Total pore
volumed (cc/g)

Pore diametere
(nm)

Pore-to-pore
distancef, a0 (nm)

MCM-41

0

940

0.27

0.70

2.8

4.7

Hex-CMS-1

0.020

1123

0.52

1.07

3.4

5.1

Hex-CMS-2

0.060

846

0.35

0.77

3.2

5.3

Lam-CMS

0.095

772

0.36

0.74

3.2

5.0

LTS

0.125

817

0.41

0.81

3.2

–

TS

0.300

Hexagonal
straight
Hexagonal
circular
Hexagonal
circular
Lamellar
circular
Lamellar
tortuous
Tortuous

700

0.38

0.73

3.4

–

a
b
c
d
e
f

Deduced from the TEM.
Estimated using the BET method.
Obtained subtracting the pore volume at P/P0 = 0.3 to the pore volume at P/P0 = 0.9.
Pore volume at P/P0 = 0.9.
Estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
Estimated from the X-ray diﬀraction pattern.
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eter. Fig. 1(e) and (f) show representative scanning electron
micrographs of these materials with spherical external
morphology.
The evolution of the porosity in solids prepared with
increasing amounts of this phospholipid was characterized
by nitrogen physisorption at 77 K. The control experiment
in which no lecithin was added produced a type IV isotherm, typical of MCM-41 materials, with a sharp uptake
at 0.3–0.4 partial pressure (see Fig. 2(a)), corresponding
to a pore size of 2.8 nm (see Table 1), and no hysteresis
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loop. Low levels of lecithin in the synthesis solution
resulted in an increase in both the mesopore volume and
the pore size. Because the similarity between the isotherms
of the MCM-41 and the silicas prepared with small
amounts of lecithin (CTAB/lecithin = 0.020 and 0.060), a
similar mesopore morphology is suggested, namely uniform cylindrical mesopores. The increase in mesopore size
indicates that the lecithin, which is larger than CTAB, is
incorporated in the CTAB micelles. Higher amounts of lecithin did not result in further enlargement of the mesopore

Fig. 1. Transmission electron micrographs of mesoporous materials prepared with increasing concentrations of lecithin. The corresponding FFT images
(Fast Fourier transform), are inset. (a) MCM-41 (control experiment). (b) Hex-CMS (0.020). (c) Hex-CMS (0.060). (d) Lam-CMS (0.095). (e) and (f)
scanning electron micrographs of Hex-CMS (0.020) at two diﬀerent magniﬁcations.
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Fig. 2. (a) Nitrogen adsorption/desorption isotherms at 77 K of samples (from the bottom to the top) MCM-41 (black), Hex-CMS (0.020) (blue), HexCMS (0.060) (red), Lam-CMS (0.095) (green), lamellar tortuous silica LTS (0.125) (yellow) and tortuous silica TS (0.300) (purple). Isotherms have been
oﬀset 220 cc/g for clarity. (b) Their corresponding pore size distributions calculated from the adsorption branch using the BJH method. PDS have been
oﬀset 3 cc/g for clarity. (c) X-ray diﬀraction patterns of samples (from the bottom to the top) MCM-41 (black), Hex-CMS (0.020) (blue), Hex-CMS (0.060)
(red), Lam-CMS (0.095) (green), LTS (0.125) (yellow). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

size, which remained constant at 3.3 nm, even at high lecithin concentrations (see Fig. 2(b)). Moderate amounts of
lecithin (CTAB/lecithin = 0.095–0.125) produce a type
H4 hysteresis loop and a reduction in mesopore volume
which is characteristic of multilamellar solids [16,27]. Interestingly, despite the circular mesoporous structure of these
materials (Figs. 1 and 3), nitrogen could access the mesoporosity of the material, as revealed by physisorption measurements (Fig. 2), and previously observed for other
vesicular silica materials [15,16,28] which suggests that
the amorphous pore walls of these materials are permeable
to nitrogen at 77 K [28–33].
The products prepared with increasing concentrations of
lecithin were also characterized by X-ray power diﬀraction
(XRD). No diﬀraction peaks were observed at higher
angles as expected for the amorphous nature of the pore
walls of these materials. However, XRD peaks were
obtained in the low angle region of 1.7–5.0 2h, as shown
in Fig. 2(c). These peaks are characteristic of periodic
nanostructured materials [4]. Samples prepared with lecithin/CTAB ratios lower than 0.095 show three peaks that
can be indexed as (1 0 0), (1 1 0), and (2 0 0) reﬂections of a
hexagonal arrangement of their mesopores. For moderate
amounts of lecithin (CTAB/lecithin = 0.095) two broad
peaks at 2h = 2 and 4 can be tentatively indexed as
(0 0 1) and (0 0 2) reﬂections of a lamellar structure.
Although a deﬁnitive determination is diﬃcult, a lamellar
mesostructure is suggested for these materials because of
the H4 type hysterisis loop in their nitrogen isotherm
(Fig. 2(a)).
The calculated unit cell size, that for hexagonally
ordered mesopores corresponds to the pore-to-pore distance, expands from 4.7 nm for the control material (no

lecithin) to 5.1 nm for the material with a lecithin/CTAB
ratio of 0.020 (Hex-CMS-1) (see Fig. 3(b)). This increase
is likely to be due to the pore diameter enlargement from
2.8 nm to 3.3 nm observed by nitrogen adsorption when
lecithin is incorporated in the synthesis solution. Higher
amounts of lecithin do not produce further expansion of
the pore-to-pore distance; neither of the pore size, suggesting that the phospholipid, which is larger than CTAB, is
eﬀectively incorporated into the micelles, even at low concentrations, to produce the mesoporosity of the ﬁnal material (see Table 1). The single mesopore size (Fig. 2(b)) and
‘pore-to-pore’ distance obtained (Fig. 2(c)) for various
concentrations of lecithin further supports that the
addition of lecithin does not produce the formation of a
physical mixture (MCM-41 + vesicular) but a single
new structure that incorporates the lecithin in the CTAB
micelle. This is in agreement with the observation
that the presence of CTAB in the synthesis solution helps
to dissolve the lecithin producing in all cases a clear
solution.
Interestingly, these Hex-CMS materials have hexagonal
organization as well as possessing concentric circular mesopores, as previously described (see Fig. 1(b) and (c)).
Therefore, the structure of these novel materials is threefold: (i) the mesopores are circularly shaped, (ii) concentrically assembled and (iii) hexagonally ordered. Tentatively,
a simple model of this novel structure is presented in
Fig. 3(a).
The pore-to-pore distance of 4.7 nm of the HexCMS(0.020) material, as determined using both the ring
of the fast Fourier transformation (FFT) and the cross-sectional scattering intensity distribution of the TEM micrograph, was smaller than the value of 5.3 nm obtained
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Fig. 3. (a) Scheme of a section of a spherical hexagonal mesoporous silica (Hex-CMS) and its projection on a plane. (b) Scheme of the pore-to-pore
distance and mesopore size of a hexagonal mesoporous silica (Hex-CMS). (c) Scheme of a slice of the spherical hexagonal mesoporous silica (Hex-CMS).
(d) Scheme of a lamellar circular mesoporous silica (Lam-CMS) and its projection on a plane.

from XRD for a p6mm symmetry. This discrepancy conﬁrms the hexagonal order of the mesopores, because the
distance determined by TEM corresponds to two consecutive rings that are not in the same plane, but from the projection on a plane, as schematically shown in Fig. 3(a).
Considering an hexagonal arrangement of the pores, this
projection is equivalent to a0 * cos (30), resulting in a0 =
5.4 nm, in relative good agreement with the value from
XRD. The curvature of the mesopores observed
when lecithin is added to a CTAB-templated MCM-41 synthesis is likely to be due to the higher packing parameter,
g = V/a * l, (where V is the surfactant chain volume, a
the optimal head group area, and l the critical chain length)
of the lecithin compared to the CTAB.
This hexagonal pore structure is lost and a new lamellar
material, Lam-CMS, is obtained when the lecithin/CTAB
ratio reaches 0.095 [34]. This new phase is also circular
shaped and concentrically assembled, as revealed by TEM
(see Fig. 1(d)). In this case the pore-to-pore distance determined by TEM is similar to the one obtained by XRD,
5.0 nm, as expected for a lamellar porosity (see Fig. 3(d)).
At even higher concentrations of lecithin (lecithin/
CTAB P 0.125), both the circular and concentrical archi-

tecture is lost and a lamellar (indicated by the H4 type hysteresis) and tortuous pore structure is obtained (LTS). The
materials prepared with the highest concentrations of lecithin, TS (0.300), did not show the hysteresis loop in their
nitrogen isotherm at 77 K, consistent with a disordered
and tortuous (non-lamellar) pore structure, still maintaining a narrow size distribution and a high surface area
(see Table 1).
An interesting feature of these novel concentrical
mesoporous materials, is that they can disassembled by
sonication obtaining hollow silica spheres of diﬀerent
shapes. Fig. 4 shows TEM images of sonicated LamCMS (0.095) at diﬀerent magniﬁcations. These structures,
despite their potential fragility, were stable under the
TEM beam, so a detailed study can now be carried out.
The darker grey core compared to the background suggests a spherical morphology. Interestingly, the sphere wall
is formed by two silica layers separated by 5.0 nm, which
corresponds to the mesopore size of the original material.
This wall structure may be related to the bilayer organization of the lecithin micelles. Hollow silica spheres with
nanostructured (hexagonal) walls have been reported in
the past [35,36].
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Fig. 4. (a) Transmission electron micrograph at low magniﬁcation of Single-CMS prepared by sonication of a Lam-CMS, (b), (c) and (d) micrographs of
the same sample at increasingly higher magniﬁcations.

4. Conclusions
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