
Mesoporous Silica Nanoparticles

Generalized Fluorocarbon-Surfactant-Mediated
Synthesis of Nanoparticles with Various
Mesoporous Structures**

Yu Han and Jackie Y. Ying*

Research on the synthesis of mesoporous materials has
mainly focused on mesostructural diversity,[1–4] compositional
flexibility,[5–8] and morphological control.[9–12] The ability to
obtain mesoporous particles with a controlled particle size
would be important for many practical applications. For
example, ultrafine mesoporous particles would be very useful
in catalysis and gas adsorption, since they would provide
greater pore accessibility and facilitate molecular diffusion.
They could also act as the host matrix for the synthesis of
quantum dots and magnetic nanoparticles in functional
materials and bio-imaging applications.[13] Ultrafine mesopo-
rous particles could also act as carriers for drugs, genes, and
proteins for novel biomedical applications.[14, 15] Some exam-
ples of ultrafine mesoporous particles have been sporadically
reported,[16–23] but the type of mes-
ostructure, the degree of structural
ordering, and the range of pore
sizes are limited. Herein we
describe a simple wet-chemical
method that enables the synthesis
of nanometer-sized particles (50–
300 nm) with tunable pore sizes in
the range 5–30 nm. This fluorocar-
bon-surfactant-mediated synthesis
can be generalized to achieve var-
ious pore structures, including 3D
cubic Im3̄m, 3D cubic Fm3̄m, 2D
hexagonal p6m, foamlike, and dis-
ordered pores, as well as different material compositions.

Our syntheses were carried out in a weakly acidic medium
(pH 1.6–1.8), in which a homogeneous solution was formed by
mixing a soluble silica precursor, a nonionic triblock copoly-
mer surfactant EOxPOyEOx (EO = ethylene oxide, PO =

propylene oxide), and the cationic fluorocarbon surfactant
FC-4 (C3F7O(CFCF3CF2O)2CFCF3CONH(CH2)3N

+(C2H5)2�
CH3I

�). In some cases, the organic swelling agent 1,3,5-

trimethylbenzene (TMB) was also added to adjust the pore
size or vary the mesostructure. Fluorocarbon surfactants have
much higher surface activity than common surfactants. More-
over, unlike the hydrocarbon chains of common surfactants,
which are hydrophobic but lipophilic, fluorocarbon chains are
hydrophobic and lipophobic. Therefore, hydrocarbon and
fluorocarbon surfactants are either immiscible or only
partially miscible under most conditions.[24]

In our synthetic strategy, the triblock copolymer surfac-
tant would act as the supramolecular template for the periodic
mesostructure, whereas the fluorocarbon surfactant would be
used to control the growth of mesoporous particles. The
process could be described as follows: The weakly acidic
conditions would promote a slow hydrolysis of silica pre-
cursors, and the hydrolyzed silica species would co-assemble
with triblock copolymer surfactants to form well-defined
mesophases, whose structures and pore sizes would depend on
the type of copolymer and the amount of organic additives.
Simultaneously, fluorocarbon surfactants would surround the
silica particles through S+X�I+ interactions, thereby limiting
the growth of silica particles. By this approach, five different
mesoporous structures were successfully obtained with nano-
meter particle sizes (denoted IBN-1 to IBN-5 in Table 1).

Figure 1a shows an SEM image of calcined IBN-1 that
was prepared with Pluronic F127 triblock copolymer
(EO106PO70EO106) and fluorocarbon surfactant FC-4 by
using the synthetic approach described above (see Exper-
imental Section for details). IBN-1 was composed of rela-
tively uniform particles of 100–300 nm. A TEM image
(Figure 1a, inset) revealed that these particles are well
dispersed with little aggregation. The XRD pattern of
calcined IBN-1 (Figure 1e) showed two well-resolved peaks
with d spacings of 116 and 82 �, which could respectively be
indexed as the 110 and 200 diffractions of cubic symmetry
with a lattice constant of a = 164 �. The high-resolution TEM
(HRTEM) images of this material taken at [100], [110], and
[111] incidences and the corresponding Fourier transforms
(FT) are shown in Figure 1b–d, respectively. IBN-1 particles
displayed morphologies that were in good accordance with
their cubic symmetry (for example, square and hexagonal
particle morphologies were observed in [100] and [111]
directions, respectively). The highly ordered arrangement of
mesopores that could be observed over the entire particle in
all cases indicated the high quality of the sample. The
reflections in the FT patterns could be indexed as 110, 200,

Table 1: Mesoporous nanoparticles obtained with the fluorocarbon-surfactant-mediated synthesis.[a]

Sample Mesostructure Template BET surface area
[m2 g�1]

Pore volume
[cm3 g�1]

Pore size
[nm][b]

IBN-1 3D cubic (Im3̄m) F127 779 0.73 5.8
IBN-2 3D cubic (Fm3̄m) F127+ TMB 804 0.65 9.5
IBN-3 mesocellular foam P65+ TMB 821 0.72 19.5
IBN-4 2D hexagonal (p6m) P123 709 0.88 6.4
IBN-5 disordered F108 575 0.54 5.2

[a] Fluorocarbon surfactant FC-4 was used in all syntheses to limit the particle size. [b] Calculated from
the adsorption branch of the N2 sorption isotherm by using the BJH method.
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211, and 220 of a cubic phase (Im3̄m space group) with a large
lattice constant of a = 165 �, consistent with the XRD
findings. IBN-1 has a type IV N2 adsorption/desorption
isotherm with a type-H2 hysteresis loop (Figure 1 f), which
suggests that the mesopores are cagelike. The average pore
diameter was calculated to be 5.8 nm from the adsorption
branch of the isotherm by using the Barrett–Joyner–Halenda
(BJH) method. Besides the well-defined mesopores, this
material showed interparticle (textural) porosity (as evi-
denced by the adsorption step at high relative pressures of
> 0.9), which constituted a quarter of the total pore volume of
0.73 cm3 g�1. IBN-1 has a high BET surface area of 779 m2 g�1.

IBN-2 was synthesized under conditions similar to those
for IBN-1, except that a large amount of TMB was added (see
Table 1). It is composed of well-dispersed particles of 50–
300 nm (Figure 2a). The N2 sorption isotherm (Figure 2a,
inset) showed that IBN-2 has cage-type pores averaging
9.5 nm in size, which are much larger than those of IBN-1 due
to the addition of TMB as swelling agent. High-resolution
TEM images taken at various incidences (Figure 2b–d)
showed well-ordered large pores in IBN-2. The spots in the

FT patterns (Figure 2b–d, insets) were indexed as 111, 200,
220, 311, and 222 reflections of a cubic system with a large
lattice constant of a = 220 �. According to extinction rules
and previous studies,[25, 26] IBN-2 could be assigned to a face-
centered cubic structure (Fm3̄m). Notably, the FT pattern for
[110] incidence showed strong diffuse streaks along the [11̄1]
direction, which suggest the presence of mixed phases. This
was confirmed by the corresponding TEM image (Figure 2d),
which illustrated narrow cubic close-packed (ccp,
ABCABC…) bands with periodicity in twin relation. In
addition, some 3D hexagonal domains with the cages
arranged in hexagonal close-packed (hcp, ABAB…) mode
were also observed between the cubic twins as a transitional
phase (see Supporting Information). This is the first report of
an intergrowth of cubic and 3D hexagonal phases in such a
small particle; similar intergrowth has been observed in bulk
mesoporous silicas such as FDU-1[25] and SBA-12.[26]

Mesocellular foam (MCF) is a novel mesostructured silica
material templated by oil-in-water microemulsions.[27,28] The
ultralarge mesopores (25–40 nm) have made MCF particu-
larly useful as catalyst support and separation medium for
processes involving large substrates. Conventional MCF has a
cauliflower-type morphology with a particle size of tens of
micrometers.[27] Using our fluorocarbon-surfactant-mediated
synthesis, we obtained spherical MCF nanoparticles (50–
300 nm), denoted IBN-3 (Figure 3a). In this synthesis,
Pluronic P65 (EO20PO30EO20) and TMB were used as the
surfactant and oil, respectively, for the formation of a
microemulsion template. The ultralarge foamlike pores in
the particles obtained could be easily seen by TEM, even at

Figure 1. Calcined IBN-1. a) SEM image (inset: TEM image).
b)–d) HRTEM images taken at [100], [110], and [111] incidences
(insets: the corresponding FT patterns). e) XRD pattern. f) N2 adsorp-
tion/desorption isotherm.

Figure 2. Calcined IBN-2. a) SEM image (inset: N2 adsorption/desorp-
tion isotherm). b)–d) HRTEM images taken at [100], [211], and [110]
incidences (inset: corresponding FT patterns).
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relatively low magnification (Figure 3a, inset). The HRTEM
image showed that the pores are about 20 nm in diameter
(Figure 3b), consistent with the average adsorption BJH pore
size (19.5 nm; Table 1). The pore diameter of IBN-3 could be
tailored in the range 15–30 nm, without changing the particle
size and morphology, by varying the amount of TMB added in
the synthesis.

IBN-1, IBN-2, and IBN-3 all have cage-type mesopores, as
evidenced by the type-H2 hysteresis loops in their sorption
isotherms. The fluorocarbon-surfactant-mediated synthesis
could also be used to obtain nanoparticles with channel-like
mesopores. For example, IBN-4, which was templated by
Pluronic P123 (EO20PO70EO20), exhibited a mesostructure
typical of a 2D hexagonal phase (p6m) with a lattice constant
of a = 105 � (Figure 4b and c). IBN-4 showed channel-type
mesopores with a uniform diameter of 6.4 nm, as calculated
from the N2 sorption isotherm, which has a type-H1 hysteresis
loop (Figure 4d). Most of the IBN-4 particles have a rodlike
morphology (200–400 nm long and 50–150 nm wide; Fig-
ure 4a), in good accordance with their 2D hexagonal meso-
structure.

Periodic mesoporous organosilicas (PMOs) were reported
independently in 1999 by three groups.[29–31] We employed 1,2-
bis(trimethoxysilyl)ethane and F108 (EO132PO50EO132) as
precursor and surfactant template, respectively, in our
fluorocarbon-surfactant-mediated synthesis to prepare nano-
particles of PMO (IBN-5). The 29Si MAS and 13C CP/MAS
NMR spectra (Figure 5d and e) showed that all of the Si
atoms in the material are bonded covalently to C atoms and

the framework consists of SiO1.5CH2CH2SiO1.5 structural
units. Both SEM and TEM images (Figure 5a and inset)
showed that IBN-5 consisted of fairly uniform particles of
about 100 nm in size. However, unlike the pure silica
materials discussed above, IBN-5 nanoparticles are not well-
dispersed. The mesopores in IBN-5 could be observed by
TEM, but the contrast was relatively weak (Figure 5a, inset)
due to the disordered pore arrangement. Only one peak
appeared in the XRD pattern (Figure 5b), a further indica-
tion of the lack of long-range order in IBN-5. Nevertheless,
the pore size distribution in IBN-5 (centered at ca. 5.2 nm)
was still narrow, as illustrated by the sharp step (at P/P0 ~ 0.6)
in the adsorption isotherm (Figure 5c). The presence of
substantial textural porosity, as judged from the isotherm,
revealed that the interparticle voids were still accessible
despite the particle agglomeration.

Fluorocarbon surfactant FC-4 was used in all syntheses
described above, without which large, irregular mesoporous
particles were obtained instead of well-defined nanoparticles.
On the other hand, no precipitates were formed if only FC-4
was used without copolymer surfactant. These results illus-
trate that the use of fluorocarbon surfactant is essential for
forming ultrafine particles, while the mesostructures are
templated by copolymer surfactant. The function of fluoro-
carbon surfactant in controlling the particle size is believed to
be associated with its special surface activity and immiscibility
with copolymer surfactant, which allows them to be enriched
at the particle periphery during the particle formation which
consequently limits the particle growth. This mechanism is
supported by a recent publication which reported the use of a

Figure 3. Calcined IBN-3. a) SEM image (inset: TEM image).
b) HRTEM image. c) N2 adsorption/desorption isotherm.

Figure 4. Calcined IBN-4. a) SEM image (inset: TEM image).
b) HRTEM image. c) XRD pattern. d) N2 adsorption/desorption
isotherm.

Zuschriften

294 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2005, 117, 292 –296

http://www.angewandte.de


mixture of copolymer F127 and cationic fluorocarbon surfac-
tant IC-11 to obtain a new core–shell structure in silica
particles.[22] In that study, IC-11 and F127 gave rise to the
mesoporosity in the shell and the mesoporosity in the core,
respectively, due to the phase separation of fluorocarbon
surfactant from copolymer surfactant, with ordered packing
of fluorocarbon surfactant around the silica particles. In our
case, however, the FC-4 micelles were most likely packed
around the silica particles in a disordered manner, since no
ordered pattern was observed at the edge of the particles.

The optimal ratio of FC-4 to copolymer surfactant for
nanoparticle synthesis depends on the nature of the copoly-
mer. For example, when the concentration of FC-4 was kept
within 2.0–2.5 wt%, as used in our syntheses, the triblock
copolymers with relatively long hydrophilic EO segments
[for example, F127 (EO106PO70EO106) and F108
(EO132PO50EO132)] could be used over a wide range of
concentrations (0.5–3 wt %) to produce IBN-1 and IBN-5,
respectively. In contrast, the triblock copolymer with low EO/

PO ratio [for example, Pluronic P123 (EO20PO70EO20)] had to
be used at low concentrations (0.5–1 wt %) in the synthesis of
IBN-4, or large particles with an irregular morphology were
obtained. This was possibly because different copolymers
have different miscibilities with FC-4.[32–34] In general, the
longer its hydrophobic PO segment, the more solubilizing
power the triblock copolymer has, and therefore the more
likely it would form mixed micelles with fluorocarbon
surfactant.[32] Thus, a copolymer surfactant with a large
hydrophobic volume (for example, P123), would involve
most of the FC-4 molecules in forming mixed micelles at
relatively high concentrations, but when its concentration was
kept low, excess FC-4 molecules would still contribute to
controlling particle growth.[34] For cases that involve TMB
addition (for example, IBN-2 and IBN-3), low concentrations
of copolymer should be used, since TMB will increase the
hydrophobic volume of the copolymer micelles, and con-
sequently increase the tendency to form mixed micelles with
FC-4.

Moreover, mildly acidic conditions (pH 1.6–1.8) and a
moderate reaction temperature (25–30 8C) were necessary for
the syntheses. Stronger acidity or higher temperature would
promote a rapid, uncontrolled hydrolysis/condensation of
silica species which would not lead to the formation of
ultrafine particles with a regular morphology. Weaker acidity
with a pH value above 2.0 would not promote the co-assembly
of surfactant and silica species, and lower reaction temper-
ature would result in materials with poorly ordered meso-
structures.

Experimental Section
IBN-1: 0.65 g of Pluronic F127 and 0.8 g of FC-4 were dissolved in
40 mL of aqueous HCl solution (0.02m), and 2.2 g of tetraethyl
orthosilicate (TEOS) was added. The solution was stirred at 30 8C for
20 h, and then transferred to an autoclave for further condensation at
100 8C for 1 d. The product was collected by centrifugation, dried in
air, and calcined at 550 8C for 5 h for surfactant removal. Details on
the syntheses of other mesoporous nanoparticles are described in the
Supporting Information.

XRD patterns were obtained with a Siemens D5005 diffracto-
meter by using CuKa radiation. SEM images were obtained on a JEOL
JSM-6700F electron microscope. TEM experiments were performed
on a JEOL JEM-3010 electron microscope with an acceleration
voltage of 300 kV. The nitrogen sorption isotherms were obtained
with a Micromeritics ASAP 2020M system; the samples were
degassed for 10 h at 150 8C before the measurements. 29Si and 13C
CP/MAS NMR spectra were recorded with a Bruker AV500WB
system with a 4 mm DVT CP/MAS probe; chemical shifts for both
spectra were referenced to tetramethylsilane (TMS) at 0 ppm.
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