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Fluorinated surfactants are a special class of surfactants that assemble into aggregates and form novel
intermediate mesophases more easily than hydrocarbon surfactants. Despite their unique properties,
researchers have only recently begun to explore the use of these surfactants as templates for porous
inorganic materials. Here, we report a comprehensive investigation of the use of cationic fluorinated
surfactants as templates for ordered nanoporous silica. A homologous series of perfluoroalkylpyridinium
chloride surfactants with tail lengths between 6 and 12 carbons is synthesized and characterized. Using
these surfactants in aqueous solution, materials are synthesized with pore structures that, as the tail length
of the surfactant increases, include uniform wormhole-like pores, ordered 2-D hexagonal pores, and mesh
phase pores. The smallest pore diameter observed in this series (2.19 nm by the KJS method) is among
the smallest observed for a porous ceramic made with a single chain cationic surfactant. To avoid initial
immiscibility of the silica precursor, a series of materials is also prepared from aqueous ethanol using
the same series of surfactants. The products in this series include spherical particles with wormhole-like
pores, spherical particles with radially oriented close-packed cylindrical pores, flower-like particles with
radially oriented slit pores, and holey sheets of silica. For materials prepared in both water and in aqueous
ethanol we find, as has been observed for hydrocarbon templates, that the pore sizes increase as the tail
length of the surfactant increases, as long as the pore architecture remains the same. Unlike materials
prepared with hydrocarbon surfactants, the pore architecture rapidly evolves toward mesh-phase and
bilayer structures as the chain length increases. These investigations show that cationic fluorinated
surfactants have significant potential not only as templates for controlling the size of familiar pore structures
such as close-packed cylinders but also for developing ceramic materials with novel pore architecture.

Introduction

Mesoporous ceramics have been under increasing inves-
tigation for the past decade as novel materials for applications
such as catalysis, drug delivery, sensors, optical applications,
and fuel cell membranes.1-6 These materials can be synthe-
sized by several methods, but one useful approach is based
on sol-gel hydrolytic polycondensation of alkoxysilanes in
the presence of surfactants near room temperature. In this
method, the surfactants act as pore templates by coassembling
with ceramic precursors due to Coulombic forces or hydrogen
bonding prior to material formation.7-9 Upon surfactant

removal, pores are left behind that mimic the size and
ordering of micelles in lyotropic liquid crystals. By using
different templates and different reaction conditions (such
as pH, temperature, and surfactant/silica molar ratio),
researchers have successfully made materials with controlled
pore sizes and pore structures.10-13

A wide variety of hydrogenated surfactants, acids, and
block copolymers have been investigated as templates to
make mesoporous ceramic materials.14-18 Fluorinated sur-
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factants are intriguing as pore templates because their self-
assembly behavior differs significantly from hydrocarbon
surfactants. Because of weak intermolecular interactions, the
fluorocarbon chains in these surfactants are not only hydro-
phobic but also lipophobic. As a result, fluorinated surfactants
self-assemble much more easily than analogous hydrocarbon
surfactants.19,20They aggregate in water at a critical micelle
concentration generally equal to that of an analogous
hydrocarbon surfactant of 50% greater tail length.21 Also,
fluorinated surfactants interact selectively with low-surface
tension solvents (e.g., pressurized CO2 and fluorocarbons),
which may be used to facilitate extraction, recovery, and
recycling of the fluorinated surfactants. The large van der
Waals radius of fluorine as compared to hydrogen also makes
fluorocarbons stiffer. This results in surfactants that favor
aggregates with low curvature (such as cylinders, disks, and
bilayers) and novel intermediate mesophases including
rectangular and mesh phases.22

Fluorinated surfactants have been used several times to
form ordered mesophase composites through complexation
with hydrocarbon polyelectrolytes, as recently reviewed by
Thünemann.23 However, it is only within the last year that
the association of fluorinated surfactants with inorganic
ceramic precursors for materials synthesis has been inves-
tigated. In the first study to employ a fluorinated surfactant
for ceramic synthesis, it was mixed with a nonionic
hydrocarbon surfactant.24 The surfactant acted as a thermal
stabilizer to allow synthesis to occur at high temperatures.
However, the pore size was too large to have been controlled
by the fluorocarbon chain length. It is unlikely that the
surfactant itself acted as a pore template, and in fact, Han et
al. hypothesized that fluorinated surfactants alone are not
suitable pore templates.24 This hypothesis was almost im-
mediately disproved by several recent reports of the use of
cationic and nonionic fluorinated surfactants as templates for
mesoporous silica.25-27

One of the aims of this work is to investigate the feasibility
of making materials with small pore sizes by using single-
chain cationic fluorinated surfactants. An established method
to control the mesopore size in templated mesoporous
ceramics is by the choice of surfactant tail chain length.15,28,29

Single-chain hydrocarbon cationic surfactants with chains
as short as C8H17 have been used to make materials with

small pore sizes.29-32 However, surfactants with tails this
short do not assemble into ordered structures easily, and all
of the materials made with this surfactant have disordered
pore structures.29-32 Single-chain cationic surfactants with
shorter chains offer limited prospects to be used as templates
for ordered mesoporous ceramics because they do not self-
assemble readily.33 To overcome this limitation, Ryoo et al.
began using double-chain hydrocarbon cationic surfactants.31

The double-chain surfactant with C8H17 tails produced 2-D
hexagonal close packed (HCP) pores with an average
diameter of 2.39 nm, and even smaller double-chained
surfactants could be used.31 An alternative approach is to
use fluorinated surfactants. These surfactants are well-known
for their low cmc (critical micelle concentration) as compared
to analogous hydrocarbon surfactants.20,22 For example, the
eight-carbon fluorinated pyridinium chloride (C6F13C2H4-
NC5H5-Cl) has a cmc of 16.2 mmol/L, which is ap-
proximately equal to that of the C12 hydrocarbon pyridinium
chloride surfactant (15.5 mmol/L).34 The low cmc means that
fluorinated surfactants self-assemble more easily in solution,
which we hypothesize will translate into easy coassembly
with ceramic precursors to make small-pore mesoporous
materials.

The second aim of this work is to demonstrate the potential
to make materials with novel pore structures by using
fluorinated surfactants. Researchers have already shown that
not only pore sizes but also pore structures can be controlled
by the surfactant structure. Different surfactants coassemble
with silicates to generate mesoporous silicas with pore
structures mimicking common lyotropic mesophases.15 Silica
products with wormhole-like,35 2-D hexagonal,14,17 Ia3d
cubic,36 rectangular,37 tetragonal,38 orthorhombic,39 sponge,40

lamellar,41 and vesicle42 pore structures have been made with
hydrocarbon surfactants. The materials with orthorhombic
and tetragonal pore structures have been synthesized in films,
in which stress and shrinkage during drying may contribute
to the formation of the structure.38,39 Despite this variety of
pore structure, there are still several liquid crystal phase
structures that have not been replicated in mesoporous
silica.43 Fluorinated surfactants can help to expand the range
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of structures available in templated mesoporous ceramics
because they easily form novel phases. The ability of
1H,1H,2H,2H-perfluorodecylpyridinium chloride to form
mesh phases leads to the synthesis of a material (UK-2) with
a mesh phase.27 The possibility to make novel pore structures
with these surfactants has not yet been fully investigated,
however.

With these two aims in mind, a comprehensive investiga-
tion on the use of cationic fluorinated surfactants as pore
templates is reported here. The surfactants are members of
a homologous series of perfluoroalkylpyridinium chlorides
with straight and branched chains (CnF2n+1CH2CH2NC5H5‚
Cl wheren ) 4, 6, 8, and 10 and (CF3)2CnF2n-1CH2CH2-
NC5H5‚Cl where n ) 5 and 7). Of this series, the self-
assembly behavior of the F6H2 (where Fi is a perfluoroalkyl
group with i carbons, and Hj is an alkylene spacer withj
carbons attaching the fluoroalkyl group to the pyridinium
headgroup), F8H2, and F10H2 straight-chain surfactants in
aqueous solution was studied with cryo-transmission electron
microscopy (c-TEM).34 The F6H2 surfactant was found to
form globular micelles near the cmc. Both globular micelles
and threadlike micelles were observed for the F8H2 surfactant
at concentrations just above the cmc.34 The F10H2 surfactant
was found to form bilayers at surprisingly low concentrations,
which indicates that this surfactant should be prone to form
lamellar phases or vesicles.34 Small-angle X-ray diffraction
(XRD) showed that at high concentration in aqueous solution,
F8H2 favors intermediate phases with low curvature.44 As
the F8H2 concentration increases, lyotropic mesophases found
included a 2-D HCP phase, a rectangular phase, a trigonal
mesh phase, a random mesh phase, and a lamellar phase.44

Together, these c-TEM and XRD studies show that the
perfluoroalkylpyridinium chlorides exhibit a broader range
of micelle shapes and mesophases as the tail length increases
than is usually observed in hydrocarbon surfactants. As we
will show, a related variation is found in the pore structures
of templated ceramic materials.

Experimental Procedures

Materials. The fluorocarbon surfactants (CnF2n+1CH2CH2NC5H5‚
Cl, n ) 4, 6, 8, and 10; (CF3)2CnF2n-1CH2CH2NC5H5‚Cl, n ) 5
and 7) were synthesized as described previously by alkylation of
anhydrous pyridine with the appropriate 1H,1H,2H,2H-perfluoro-
alkyl iodide followed by anion exchange (see Supporting Informa-
tion for details and characterization).19 Tetraethoxysilane (TEOS,
99+%) was obtained from Gelest. Concentrated aqueous ammonia
(29 wt % NH3, Merck), deionized ultrafiltered water, concentrated
aqueous HCl (Fisher Scientific), and anhydrous ethanol (Aaper
Alcohol) were used for materials synthesis.

Syntheses.Samples were made in aqueous (heterogeneous) and
ethanol-water (homogeneous) solutions based on previously
reported procedures.36,45 For the procedure in aqueous solution,
surfactant, water, and concentrated ammonia were first mixed for
1 h before the slow addition of TEOS. The mole ratios after the
addition of TEOS in the aqueous series were 0.166 surfactant/154
H2O/2.46 NH3/1 TEOS. The mixed solution was aged with mild

stirring at room temperature for 24 h and was then filtered and
dried in air for 2 days. Finally, the surfactant was extracted by the
sample being washed twice with acidic ethanol (5 mL of concen-
trated HCl in 150 mL of ethanol) before characterization. The
products are designated as UKAx-1, wherex is equal to 6, 8, 9b,
10, 11b, or 12 depending on the total number of carbons in the
alkyl chain. A b following the number of carbons indicates a
branched surfactant.

The materials synthesis in the water/ethanol solution followed a
similar procedure except that ethanol was added to the initial
solution before the addition of TEOS, and the aging time before
the initial filtering was only 2 h. Two series were prepared from
aqueous ethanol. In the first (samples UKHx-1 wherex ) 6, 8, 9b,
10, 11b, or 12), the mole ratios after the addition of TEOS were
0.30 surfactant/143 H2O/56.7 C2H5OH/9.8 NH3/1.0 TEOS. In the
second (samples UKHx-2 wherex ) 10 or 12), the ratios were
0.075 surfactant/82.7 H2O/28.3 C2H5OH/9.8 NH3/1.0 TEOS.

Characterization. X-ray diffraction (XRD) patterns were re-
corded on a Siemens 5000 diffractometer using 0.154098 nm CuKR

radiation. Diffraction data were recorded at 2θ values between 1.8
and 10° with a step size of 0.02° and a scanning speed of 0.03
deg/min. For samples UKA10-1, UKH10-2, UKH12-2, a 0.008 deg/
min scanning speed was used to increase the signal-to-noise ratio.
Transmission electron microscope (TEM) images were collected
with a JEOL 2010F electron microscope operating at 200 kV.
Samples were dispersed in an acetone solution and then deposited
on lacey carbon grids. Nitrogen sorption measurements were
performed on a Micromeritics Tristar 3000 system. All samples
were degassed at 150°C for 4 h under flowing nitrogen prior to
measurement.Rs plots were used to estimate the average pore
texture properties (surface areas and pore volumes) relative to a
reference macroporous silica material (LiChrospher Si-1000 silica,
SBET ) 22.1 m2 g-1 for ω ) 0.135 nm2 per molecule).32 The BJH
method46 or the BJH method with a modified statistical film
thickness equation (KJS method)47 was used to calculate the pore
size distributions from the adsorption branch of the isotherms.
Samples were assumed to have cylindrical pore shapes unless a
slit pore shape was indicated. In this case, a modified BJH method
for slit pores was adopted to estimate the pore size distributions.

Results and Discussion

Materials were prepared by room-temperature alkoxysilane
hydrolysis under two sets of conditions leading to precipita-
tion of white or off-white powders. The first set was prepared
in heterogeneous aqueous solutions in which liquid-liquid
phase separation occurred initially because of the immiscibil-
ity of TEOS in water. In the other set of conditions, ethanol
was added to avoid the initial phase separation typically
observed for a heterogeneous solution. In this section, we
present and discuss the results for each series of samples.

Samples Made in Heterogeneous Aqueous Solutions.
XRD patterns of the UKA series are compared in Figure 1.
Thed spacing is indicated for each reflection. Powder XRD
patterns are reported only for the extracted materials because
the as-synthesized materials have low contrast due to the
presence of fluorine.25 Sample UKA6-1 has one strong
reflection and a second weak reflection. This diffraction
pattern is consistent with weakly ordered 2-D hexagonal
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close packed pores or a disordered wormhole-like pore
structure. Thed spacing of the first reflection (2.60 nm) is
among the smallest observed for silica powders made from
single-chain cationic surfactants. Sample UKA8-1 has three
distinct reflections, which are indexed to an ordered 2-D
hexagonal structure.25 Sample UKA9b-1 has two reflections
that can be indexed to a lamellar or weakly ordered 2-D
hexagonal/wormhole-like pore structure. The reflections of
sample UKA10-1 are attributed to a random mesh phase
structure, which is an intermediate phase found for the F8H2

surfactant in aqueous solution.44 The TEM image confirms
this assignment. The first reflection could not be clearly
resolved for this sample, but in a comparable sample reported
previously,27 a similar reflection was indexed to pillars of
silica that are uniformly but randomly spaced between
continuous layers of silica. Because it is at the lower limit
of the angles available on our instrument, we can only place
a lower bound on the actual spacing between the pillars in
this mesh-phase material equal to the highestd spacing that
can be resolved, 5.4 nm. The second and third reflections
are indexed to the (001) and (002) reflections of the mesh
phase. The XRD patterns for samples UKA11b-1 and
UKA12-1 (not shown) do not indicate any long-range
structural order.

Representative TEM images of samples from this series
are shown in Figure 2. UKA6-1 (Figure 2a) has a uniform
wormhole-like pore structure. No evidence was found
through TEM for hexagonal ordering in this sample. Sample
UKA8-1 (Figure 2b) has an ordered 2-D hexagonal structure.
Both hexagonal arrays of pores were observed, as seen in
Figure 2b, as well as stripe patterns from viewing the edge

of the (100) planes of pores. Figure 2b also shows some
indication of disordered bicontinuous pores in the lower half
of the image, but we found that regions that appear to be
disordered sometimes reveal themselves to be ordered upon
the sample being tilted. Both samples UKA6-1 and UKA8-1
have irregular particle morphology. Sample UKA9b-1 (Fig-
ure 2c) consists of spherical particles with wormhole-like
pores within each particle. A low-resolution image is shown,
to emphasize the smooth, spherical particle shape. Uniform
spherical particles have been obtained by room-temperature
synthesis of mesoporous silica in water/alcohol solution,45,48

but this is an unusual morphology for particles synthesized
in an alkaline aqueous solution, where more often particles
are rough and irregular (sometimes faceted or elongated). A
spherical particle shape implies that the surfactant-silica
particles have sufficient time and driving force to reorganize
at the interface and to minimize the surface area of contact
between the particle and the surrounding fluid. This means
either that the particles synthesized with UKA9b-1 remain
fluid for a longer time than the samples prepared with other
surfactants or that the surface tension at the surfactant-silica
aggregate/solution interface is higher.

Sample UKA10-1 (Figure 2d) represents a departure from
the previous three samples because it consists of elongated

(48) Grün, M.; Lauer, I.; Unger, K. K.AdV. Mater. 1997, 9, 254.

Figure 1. XRD patterns of samples UKA6-1, UKA8-1, UKA9b-1, and
UKA10-1. Curves are offset vertically to make them more legible.

Figure 2. TEM images of samples (a) UKA6-1, (b) UKA8-1 with inset
showing FFT of hexagonal region, (c) UKA9b-1, (d) UKA10-1, (e)
UKA11b-1, and (f) UKA12-1.
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particles with a highly ordered layered pore structure oriented
perpendicular to the main axis of the particles. The XRD
pattern and TEM image for this sample are very similar to
those of sample UK2, which was confirmed by extensive
characterization by STEM to have a mesh phase structure,
with silica micropillars holding apart continuous silica
layers.27

UKA11b-1 and UKA12 both lack long-range order by
XRD but have different short-range structures under TEM.
Sample UKA11b-1 (Figure 2e) consists of round, almost
spherical, nanoparticles. The TEM image shows no indication
of pore ordering, but a few of the particles appear to be
broken in the sample, and they may be hollow. There also
are large flat sheetlike structures. Both of these structures
are consistent with a distribution of single-walled vesicle-
like aggregates in this sample. Sample UKA12-1 (Figure 2f)
and appears to be composed of crumpled sheets of silica.
This appearance could be caused by the collapse of a bilayer
structure during extraction. Because of poor electron density
contrast in the sample before extraction, it was not possible
to confirm the formation of a lamellar phase before extrac-
tion. However, if F10H2 was to form bilayer structures (as
the pure surfactant is known to do in water34), the hetero-
geneous density observed in TEM for UKA12-1 would be
consistent with the collapse of such structures.

The isotherms and pore size distributions (PSD) of the
UKA series are compared in Figures 3 and 4, respectively.
Because UKA10-1 has a mesh-phase pore architecture, its
PSD was calculated based on a slit pore shape. The isotherms
of samples UKA6-1, UKA8-1, UKA9b-1, and UKA10-1
have sharp inflections, indicating capillary condensation in
uniform pores. Consistent with this observation, these
materials have narrow pore size distributions (Figure 4).
Sample UKA10-1 has a significant amount of textural
porosity, indicated by the upturn at high relative pressure.
This textural porosity is present due to the voids within
clusters of elongated particles that make up the sample
(observed by low-resolution TEM but not shown). The pore
size distributions for UKA11b-1 and UKA12-1 are very
broad, and the pore volumes are low, which suggests that

either an ordered silica-surfactant aggregate did not form
or that it collapsed during extraction and drying. These two
samples also have a large amount of textural porosity. This
is consistent with the sample being composed of aggregates
of rough particles with little internal porosity.

The pore properties of the UKA series are compared in
Table 1. Because the KJS (modified BJH) method has been
proven to be accurate for uniform cylindrical pores,32 we
take the pore width estimated by this method (wKJS) as the
best estimate of pore size for this series. We also report the
BJH diameter46 for comparison with existing mesoporous
silica literature. Sample UKA6-1 has pores among the
smallest (2.19 nm) reported by the KJS method for meso-
porous silica prepared with a single-chain cationic surfactant.
The pore width increases as the surfactant tail length
increases at first (sample UKA8-1), but it decreases for
sample UKA10-1. This is because both UKA6-1 and
UKA8-1 have cylinder-based pore structures while UKA10-1
has slit pores; therefore, the pore width is calculated by a
different formula. The BJH pore diameters in Table 1
increase monotonically across this series (except for UKA12-
1, which has very little pore volume), but uniform cylindrical
pores are assumed in this model. We know from TEM that
the pores of UKA10-1 are slit-shaped.

The effect of branching is seen for sample UKA9b-1.
Surfactants (CF3)2C5F9CH2CH2NC5H5‚Cl and F6H2 have
eight carbon atoms in the main chains. The difference in
the chain length should be small. Sample UKA9b-1 (2.76
nm) has a slightly larger pore diameter than UKA8-1 (2.62
nm) but weaker ordering (Figure 1). The branching in the
surfactant therefore appears to have expanded the core of
the micelles but made micelles that more easily undergo
fluctuations to create disordered, worm-like pores. Similarly,
comparing samples UKA10-1 and UKA11b-1, the addition
of one branching CF3 group eliminates the long-range mesh
phase ordering observed in sample UKA10-1. This leads to
a sample with no discernible ordering by XRD or TEM and
a relatively low pore volume. UKA11b-1 is more similar to
sample UKA12-1 than to UKA10-1. For both UKA11b-1
and UKA12-1, the total surface area is almost the same as
the external surface area, suggesting that these samples are
composed primarily of macropores. The pore size distribu-
tions for both samples are very broad in the mesopore range,

Figure 3. Nitrogen sorption isotherms for samples in the UKA series. Data
are offset by 100, 200, 400, 650, and 800 cm3 STP/g for UKA8-1, UKA9b-
1, UKA10-1, UKA11b-1, and UKA12-1, respectively.

Figure 4. Pore size distributions for the UKA samples calculated using
the KJS method.47
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which confirms a lack of pore ordering in the extracted
samples.

To summarize the observations of the heterogeneous
samples made with the straight-chain surfactants (UKA
series), as the surfactant chain length increases, the structure
transforms in the sequence of wormhole-like, hexagonal,
random mesh phase, and macroporous. The structural effect
of the chain length of fluorinated surfactants on the pore
structure is stronger than the effect of chain length of
hydrogenated surfactants with similar chain lengths (CnH2n+1,
n ) 8-18).29 While the pore diameter increases in a similar
fashion as the alkyl chain length increases, the materials
produced from hydrogenated cationic surfactants are most
often wormhole-like or 2-D hexagonal cylindrical pores.28,29

Contrasting this, the variety of pore structures in our materials
mimics the sensitivity of micelle and mesophase structure
to fluorocarbon tail length in perfluoroalkylpyridinium
chloride surfactants. Cryo-TEM has shown that the micelle
shape changes from spherical to worm-like to bilayers as
the surfactant tail length increases in the F6H2 to F10H2

surfactant series.34 Our own investigation of the F6H2

surfactant suggests that it forms 2-D hexagonal phases over
a wide range of compositions at room temperature.25 The
F8H2 surfactant forms not only a 2-D hexagonal phase at
low concentration but also intermediate phases including
mesh phases over a large range of composition.44 The pore
structures that we see in the materials are consistent with a
transition in the surfactant aggregate structure from cylindri-
cal micelles (UKA6-1 and UKA8-1) to bilayer fragments or
disk micelles (UKA10-1). The lack of order in UKA12-1
may be due to failure to coassemble or the collapse of a
bilayer structure.

With the addition of the branching perfluoromethyl groups
(CF3) to the surfactants, the pore ordering is disrupted. We
observe the structural transformations toward more disorder
from UKA8-1 to UKA9b-1 and from UKA10-1 to UKA11b-
1. The addition of a CF3 group may reduce ordering either
by preferentially swelling the micellar core or by preventing
the fluorocarbons from organizing into a close-packed
configuration within the micelle cores. For UKA9b-1, either
effect may promote defects in a 2-D HCP cylindrical
structure. For UKA11b-1, branching completely prevents
ordering or may have led to bilayers that are unstable toward
surfactant extraction.

Samples Made in Homogeneous Solution.TEOS and
water are initially immiscible.49 If TEOS is introduced to
water without cosolvent or surfactant, the monomer will

gradually dissolve as it is hydrolyzed and as ethanol is
produced by hydrolysis. The initial immiscibility in an
aqueous solution is more pronounced with fluorinated
surfactant templates than with hydrogenated surfactants
because the fluorinated chains do not emulsify the TEOS.
To avoid the initial phase separation of the reactants, ethanol
was added as a cosolvent for the UKH series. However, the
presence of ethanol has been found to affect both the particle
morphology and the pore structure of surfactant-templated
silica.50 The addition of ethanol helps to form monodisperse
spherical particles both in the presence and in the absence
of cationic surfactants.48,51 At the same time, the presence
of large amounts of ethanol would be expected to decrease
the ordering of hydrocarbon aggregates by acting as a
cosolvent to the surfactant tails.52,53 Our experience with
ethanol has been that it helps to dissolve solid perfluoro-
alkylpyridinium halide surfactants but that it is not as
disruptive to mesophase formation as it has been found to
be for hydrocarbon surfactants such as CTAB.53

With a large amount of ethanol, researchers have found
that spherical particles with radially oriented cylindrical pores
are produced from CTAB/silica mixtures at room tempera-
ture.50 These particles were hypothesized to have MCM-48
(Ia3d cubic) cores. It was suggested that the MCM-48 cores
form early in the synthesis process and act as seeds to
generate a radial structure by growth of hexagonally patterned
silica/surfactant aggregates from the facets of the seeds.54

With this background in mind, we first determined whether
spherical particles are produced under our synthesis condi-
tions for cetyltrimethylammonium bromide (CTAB) and how
the pores are oriented in those particles. A material was
produced with the same mole ratios as the UKHx-1 series
but with CTAB replacing the fluorinated surfactant. The 2-D
hexagonal structure was found by XRD (not shown). The
TEM image (Figure 5) confirms that under our conditions,
CTAB templating leads to spherical particles, but this particle
is one example of many in which the pores are oriented
randomly rather than radially. Next, we will compare the

(49) Šefcı́k, J.; McCormick, A. V.Catal. Today1997, 35, 205.
(50) Liu, S. Q.; Cool, P.; Collart, O.; Van der Voort, P.; Vansant, E. F.;

Lebedev, O. I.; Van Tendeloo, G.; Jiang, M. H.J. Phys. Chem. B
2003, 107, 10405.

(51) Stöber, W.; Fink, A.J. Colloid Interface Sci.1968, 26, 62.
(52) Huang, J.-B.; Mao, M.; Zhu, B.-Y.Colloids Surf., A1999, 155, 339.
(53) Fontell, K.; Khan, A.; Lindstrom, B.; Maciejewska, D.; Puang-Ngern,

S. Colloid Polym. Sci.1991, 269, 727.
(54) Van Tendeloo, G.; Lebedev, O. I.; Collart, O.; Cool, P.; Vansant, E.

F. J. Phys. Cond. Matter2003, 15, S3037.

Table 1. Pore Texture Parameters of the Samples Made in Aqueous Solution

sample surfactant d1
a (nm) wd

b (nm) wKJS
c(nm) wBJH

d (nm) Vp
e(cm3/g) St

f (m2/g) Sex
g (m2/g)

UKA6-1 C4F9(CH2)2NC5H5‚Cl 2.60 2.20 2.19 0.9 0.43 884.2 23.7
UKA8-1 C6F13(CH2)2NC5H5‚Cl 2.83 2.60 2.62 1.3 0.61 981.5 40.0
UKA9b-1 (CF3)2C5F9(CH2)2NC5H5‚C l 2.81 2.62 2.76 1.4 0.66 943.0 76.2
UKA10-1h C8F15(CH2)2NC5H5‚Cl 3.20 1.80 1.95 1.8 0.58 850.7 150.5
UKA11b-1 (CF3)2C7F13(CH2)2NC5H5‚ Cl 3.34 2.0 0.08 590.2 348.8
UKA12-1 C10F21(CH2)2NC5H5‚Cl 2.89 1.6 0.08 512.4 470.3

a d1: d spacings of most prominent XRD reflections. For hexagonal structure, this is the (100) reflection, and for a mesh phase, it is the (001) reflection.
b wd: primary mesopores size calculated fromwd ) 1.213d1(FVp/(1+ FVp))1/2 for cylinder pore shapes andwd ) d1(FVp/(1+ FVp)) for slit pore shapes with
F ) 2.2 g cm-3. c wKJS: pore size at the maximum in the pore size distribution calculated with KJS modified BJH method.30 For sample UKA10-1, the
modified BJH method for slit pores was used.27 d wBJH: pore size at the maximum in the pore size distribution calculated with the BJH method.e Vp:
primary mesopores volume fromRs plot. f St: total surface area fromRs plot. g Sex: external particle surface area fromRs plot. h Calculations based on slit
pore geometry assumption rather than cylindrical pores.
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morphology and pore orientation of the fluorinated surfac-
tant-templated materials to this product.

The XRD patterns for five of the UKH materials are shown
in Figure 6. UKH6-1 has two broad reflections. Thed spacing
from the first reflection is (unexpectedly) larger than the first
reflection for sample UKH8-1. This trend is similar to what
was observed for the sample with double-chain hydrocarbon
C6 surfactant, which also has an unexpectedly larged
spacing.31 The XRD patterns suggest that, similar to UKA6-
1, samples UKH6-1, UKH8-1, and UKH9b-1 may have
wormhole-like pore structures. This trend is inferred from
the breadth of the XRD reflections for these samples and
the lack of clearly resolved (110) and (200) reflections. The
XRD pattern of UKH10-1, on the other hand, shows that it
has a highly ordered 2-D hexagonal pore structure. No long-
range ordering was found by XRD for UKH11b-1. The XRD

pattern of UKH12- 1 has two reflections with ad spacing
ratio of 1:1/4. This ratio can be interpreted as either a
disordered lamellar structure (with reflections indexed as
(001) and (004)) or as coming from a mixture of uniform
pores of different sizes.

The TEM images of samples UKH6-1, UKH8-1, and
UKH9b-1 (not shown) show that they have disordered
wormhole-like pore structures, similar to that observed in
sample UKA6-1, but all were found within spherical
particles. On the other hand, sample UKH10-1 (Figure 7a)
has well-ordered radially oriented pores within spherical
particles. At the center of Figure 7a, one can see the 2-D
hexagonal close packed cylindrical pores making up the
radial structures in these particles. Both the XRD pattern
and the TEM image show that this sample has the same
structure as the spherical silica particle with radial pores
prepared with a large amount of ethanol by van Tendeloo et
al.54 However, unlike the CTAB-templated samples,54

UKH10-1 has a very small core region. We see no evidence
for an Ia3d cubic core in the particles either, which is
consistent with the absence of the gyroid phase from the
phase diagram of the F8C2 surfactant.44 The observation of
good radial ordering of the pores of UKH10-1 brings into
doubt the hypothesis thatIa3d cubic cores are responsible
for radial pore formation in spherical silica particles. We
propose instead that radial pores are formed by preferential
orientation of the surfactant micelles normal to the particle
interface. The promised “future study” was reviewed, ac-
cepted and published while the current manuscript was under
consideration.55

(55) Tan, B.; Rankin, S. E.J. Phys. Chem. B.2004, 108, 20122.

Figure 5. TEM image of the reference spherical MCM-41 sample prepared
in aqueous ethanol.

Figure 6. XRD patterns of samples UKH6-1, UKH8-1, UKH9b-1, UKH10-
1, UKH11b-1, and UKH12-1. Curves are offset to make them more legible.

Figure 7. TEM images of the samples (a) UKH10-1 and (b) UKH12-1.

922 Chem. Mater., Vol. 17, No. 4, 2005 Tan et al.



Sample UKH11b-1 (not shown) consists of spherical
particles without any ordered pore structure. Sample UKH12-1
contains a mixture of irregular rough particles and spherical
particles. Some of the particles appear to be organized as
sheets of silica, as shown in Figure 7b. A mottled striped
pattern with inter-stripe spacing of 3.0 nm is observed in
the irregular particles, suggesting that the sheet that makes
up this sample may contain cylindrical or disklike micelles.
It is unusual to find irregular particles in materials synthe-
sized under the high ethanol and ammonia conditions of the
Stöber process. This process is an established method of
forming perfectly spherical, uniform particles of silica which
are either nonporous51 (in ammonia solution) or mesoporous
(with surfactant templates).45,48,50,54The reason may be that
the micellar aggregates formed from the F10H2 surfactant are
so rigid that they cannot be incorporated into spherical
particles under these conditions.

The isotherms and pore size distributions of the UKH
series of samples are shown in Figures 8 and 9. Most of the
samples have large surface areas and narrow pore size
distributions. The pore texture properties calculated byRs-
plot are shown in Table 2. UKH6-1 has the same pore
diameter (2.19 nm) as UKA6-1. UKH8-1 (2.42 nm) has a
smaller pore size than UKA8-1 (2.62 nm). Similar to
UKA9b-1 and UKA8-1, UKH9b-1 (2.56 nm) has a larger
pore size than UKH8-1. UKH10-1 has an ordered hexagonal
structure, which is different than UKA10-1. Because the pore
structure is similar in the series from UKA6-1 to UKA10-1,
the pore size increases monotonically in this series.

Because significant internal pore volume is observed for
sample UKH12-1, it seems that the templating process
worked better than for UKA12-1. The inconsistency between
the pore diameter calculated from the pore texture charac-
teristics (wd) and from the KJS method (wKJS) of UKH12-1
may be because assumptions in the method of evaluating
wd. The former is calculated by assuming uniform cylindrical
pores, for whichwd ) 1.213d1(FVp/(1 + FVp))0.5 with F )
2.2 g/cm3 for the density of amorphous SiO2. We have found,
for a series of F6H2 templated particles prepared with varying
surfactant/Si ratio, that when the mesopores are not perfectly
ordered, the pore width is underestimated by this equation.
Another explanation for the unexpected smallwd value for
sample UKH-12 is that it indicates that this sample may have
a structure other than HCP. If it had a HCP structure similar
to UKH10-1, the pore size of this sample should be larger
since a template with a longer tail was used. Similar to the
UKA heterogeneous series, as the fluorocarbon chain length
increases in the UKH series, the pore structures transform
from wormhole-like to hexagonal (with F8H2). However, a
stable mesh phase structure is not observed, and instead for
the F9H2 and F10H2 surfactants, no stable porous structure
was obtained after extraction.

Second Series of Samples Made in Homogeneous
Solutions.The samples UKA12-1 and UKH12-1, made with
the F10H2 fluorinated surfactant as the template, did not show
very good long-range ordering, even when ethanol was added
to the synthesis solution. This suggests that cationic surfac-
tants with fluorinated chains that are too long may be difficult
to use as pore templates. The reason may be that the
surfactant/silica ratio is too large and leads to lamellar
composites. To explore this issue further, one more sample
(UKH12-2) was made with this surfactant with a lower
surfactant/silica ratio. For comparison, the F8H2 fluorinated
surfactant was also used to make a sample, UKH10-2, under
the same conditions. The mole ratios are given in the
Experimental Procedures, and the synthesis procedure is the
same as was described for the UKHx-1 series.

Figure 8. Nitrogen sorption isotherms for UKH series. Data are offset by
100, 200, 600, and 800 cm3 STP/g for UKH9b-1, UKH10-1, UKH11b-1,
and UKH12-1, respectively.

Figure 9. Pore size distributions for the UKH samples calculated using
the KJS method.47

Table 2. Pore Texture Parameters of the Samples Made in Ethanol-Water Solutiona

sample surfactant d1 (nm) wd (nm) wKJS (nm) wBJH (nm) Vp (cm3/g) St (m2/g) Sex (m2/g)

UKH6-1 C4F9(CH2)2NC5H5‚Cl 2.85 2.18 2.19 0.9 0.27 576.7 22.9
UKH8-1 C6F13(CH2)2NC5H5‚Cl 2.66 2.36 2.42 1.1 0.52 875.0 23.6
UKH9b-1 (CF3)2C5F9(CH2)2NC5H5‚Cl 2.81 2.56 2.56 1.2 0.59 897.0 28.1
UKH10-1 C8F15(CH2)2NC5H5‚Cl 2.96 2.76 2.72 1.5 0.66 977.1 25.4
UKH11b-1 (CF3)2C7F13(CH2)2NC5H5‚Cl 0.14 320.9 15.5
UKH12-1 C10F21(CH2)2NC5H5‚Cl 4.00 2.22 3.32 2.1 0.12 215.8 40.1

a All of the variables have the same meanings as in Table 1.
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The XRD pattern of UKH10-2 (Figure 10a) has two broad
reflections, with ad spacing ratio of 2.1. While this ratio
would ordinarily be indexed to a lamellar structure, particles
with cylindrical, radially oriented mesopores have also been
found to give broad, lamellar-like XRD patterns, due a lack
of large aligned hexagonal domains. Compared to the TEM
image of UKH10-1 (Figure 7a), the pores in UKH10-2
appear to be less ordered relative to each other, and so the
XRD reflections are broader and less intense. The XRD
pattern for sample UKH12-2 has three weak reflections. The
higher-angle reflections can be indexed to (001) and (002)
reflections of a lamellar structure, but the low-angle reflection
cannot be indexed to this structure. This reflection may come
from a minority of disordered pores or pillars of a mesh phase
or may be an as-yet unexplained consequence of the radial
structure observed in TEM. The relative intensities of these
reflections are much lower than those for UKH10-2, which
indicates that this sample has a less ordered structure.

The TEM images of the two samples are shown in Figure
11. Both of the samples are spherical particles with radially
oriented pores. For the sample UKH10-2 (Figure 11a),
ordered cylindrical radial pores are observed. An electron
diffraction pattern indicating hexagonal ordering was found
for this sample, similar to what was observed for sample
UKH10-1. However, the ordering is less than in UKH10-1,
causing broader and weaker diffraction peaks.

Sample UKH12-2 (Figure 11b) has radial pores even
though they do not appear to be close-packed cylinders. Pores
arranged in layers (not shown) are observed in broken
fragments of this sample, which is consistent with the
lamellar or mesh phase XRD interpretation. The pore
arrangement can be understood by looking at the center of
the TEM image of a representative particle (inset of Figure
11b), where we should be looking straight into the edge of
the particle. While the other particles with ordered pores in
the UKH series show close-packed circles indicating a 2-D
hexagonal structure, thin linear pore segments are seen even
near the very center of the particles of sample UKH12-2
(Figure 11b). Figure 11b also shows an image near the edge
of the particles with higher transmission intensity and
suggests that there are many layers of material near the edge
of the particles, giving them a rough appearance. The

structure thus appears to be made up of silica layers arranged
radially, somewhat like flower petals. This structure is
consistent with the lamellar or mesh phase structure indicated
by XRD.

The isotherms of and PSDs of the UKH10-2 and UKH12-2
samples are compared in Figures 12 and 13. Sample
UKH10-2 has a larger surface area and bigger pore volume
than UKH12-2. This is similar to the decrease in pore volume
of mesh-phase sample UKA10-1 as compared to a close-
packed cylindrical sample made from a smaller chain
(UKA8-1). However, both samples UKH10-2 and UKH12-2
have type IV isotherms indicating that they have uniform
mesopores, as indicated by the pore size distributions in
Figure 13.

From this comparison and the results from the UKAx-1
and UKHx-1 series, we can draw the conclusion that even a

Figure 10. XRD patterns of samples UKH10-2 and UKH12-2.

Figure 11. TEM image of the samples (a) UKH10-2 and (b) UKH12-2.

Figure 12. Isotherms of samples UKH10-2 and UKH12-2.
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surfactant such as F10H2 can be coaxed into forming an
ordered porous silica particle structure, although it does so
with difficulty. This may be the reason that fluorinated
surfactants were disparaged as templates before.24 Longer
chains tend to promote bilayer and mesh phases, which can
create materials with small pore volumes or which collapse
upon surfactant extraction. In addition, the solubility of
cationic fluorinated surfactants is more limited when the
chains are too long. Despite the difficulty presented by the
F10H2 surfactant, we were able to form ordered mesoporous
structures using it and the F6H2 and F8H2 surfactants. The
F4H2 and branched F7H2 and F9H2 surfactants could be used
to precipitate silica particles with uniform, disordered
mesopores.

Conclusion

A homologous series of cationic fluorinated surfactants
has been used as templates to make silica powders with
ordered mesopores. The smallest pore size (2.19 nm) of a
material in this series was found in a sample with wormhole-
like pores synthesized from the shortest surfactant (F4H2).
The pore size of sample UKA6-1 was found to be as small
or smaller than the pore sizes of wormhole-like particles
formed from short-chain alkylammonium bromides.32 As the

tail length increased, larger pores were observed. However,
there were inconsistencies in this trend as changes in the
pore architecture occurred from wormhole-like to hexagonal
to layered. This order of pore structure appearance was found
as the chain length increased for both aqueous and ethanol/
water synthesis solutions. The difference was the tail length
at which the transitions occurred. For example, the F8H2

surfactant first formed a stable layered (mesh phase) structure
in the aqueous samples, while only the F10H2 surfactant
formed stable layered (radial) pores in aqueous ethanol.
These results show greater sensitivity of pore structure to
surfactant length for fluorinated surfactants than is observed
in hydrocarbon surfactants. In addition, as was recently
observed for hydrocarbon surfactants, particle synthesis in
solutions with a large ethanol concentration leads to spherical,
uniform particles with radially oriented pores, including an
unusual radially oriented slit-shaped pore structure for sample
UKH12-2.

Overall, we find that the unusual self-assembly properties
of fluorinated surfactants carry over into pore templating.
Because of facile self-assembly, the F4H2 surfactant produced
particles with small, uniform pores. Because fluorinated
surfactants prefer low-curvature aggregates and unusual
intermediate phases, we were able to isolate both standard
(wormhole-like, 2-D hexagonal) and novel (random mesh
phase, radial slit) pore structures. The other advantage of
these surfactants (the ability to interact selectively with low-
surface tension solvents) will be explored in future contribu-
tions, as will be investigating methods for recycling these
surfactants.
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Figure 13. Pore size distributions of samples UKH10-2 and UKH12-2
calculated by the KJS method.47
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