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The influence of the silica source on the morphology and the internal architecture of
mesoporous fibers was investigated. It was found in all cases studied that the hexagonally
packed pores are oriented in a circular manner around the fiber axis. However, the kinetics
of fiber formation and the product distribution vary, being strongly dependent on the silica
source and the amount of an additional oil. Electron microscopy and XRD investigations
were carried out to elucidate the morphological and structural features of the mesoporous
silica materials. The properties of the materials on the nanometer and micrometer scale
are shown to depend on the silica precursor hydrolysis rate and micelle swelling effects.
The experiments also revealed that gravity plays no essential role in the growth of the fibers.

Introduction

Mesoporous materials of the MCM-41,1 FSM,2 and
SBA-type3 families have been widely studied with
respect to their structure and morphology, which have
been reviewed several times recently.4 The nature of the
inorganic precursors and the variations in the synthe-
sis conditions are crucial factors for the efficient design
of materials with desired architectures. Recently, much
work has focused on developing new classes of inor-
ganic materials with hierarchical structure and well-
defined macroscopic forms. Mesoporous thin films,5-12

spheres,13,14 curved-shaped solids,15 tubes,16,17 rods,18

fibers,19-22 membranes,23 and other monoliths24,25 were
prepared. To achieve this, simultaneous control of the
structural parameters on the nanometer scale and the
morphology on the micrometer scale are required. This
can be of particular interest for optical devices,26-28 for
which the organization of the materials on different
length scales is decisive.

As described in a previous paper,28 dye-doped meso-
porous fibers present such an organization, owing to the
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Schüth F.; Stucky, G. D. Chem. Mater. 1994, 6, 1176-1160. (c) Huo,
Q.; Leon, R.; Petroff, P. M.; Stucky, G. D. Science 1995, 268, 1324-
1327. (d) Huo, Q.; Margolese, D. I.; Stucky, G. D. Chem. Mater. 1996,
8, 1147-1160. (e) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson,
G. H.; Chmelka, B. F.; Stucky, G. D. Science 1998, 279, 548-552.

(4) (a) Lindén, M.; Schacht, S.; Schüth, F.; Steel, A.; Unger, K. K.
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presence of a molecular dye within the hexagonally
ordered mesophase and the homogeneous cylindrical
morphology of the fibers. Therefore, they could be used
as high surface area optical waveguides29 or as a new
type of laser material.28

The spontaneous growth of high-quality, hexagonal
phase mesoporous silica fibers was originally reported
in 1997.29 The fibers were obtained from a static two-
phase acidic system, allowing a slow growth of the silica
mesophase. At this time it was stated that the fibers
consist of hexagonally organized channels oriented
parallel to the fiber axis, as is suggested for SBA-15-
based fibers21,30 and other fibers.19,22 However, further
investigations suggested that this hypothesis could be
incorrect. Fibers synthesized with tetrabutoxysilane in
absence of additional oil were shown to have a circular
inner architecture, consisting of hexagonally organized
channels running circularly around the fibers axis.31,32

The acidic fiber synthesis is highly flexible. It is
possible to use various silicon sources, surfactants, and
additional oils. Moreover, the temperature, the pH, and
the solution ionic strength have an influence on the
growth of the solids. Different morphologies and shapes
can be obtained. Fibers with various thickness, length,
and surface roughness have been found, but the precise
function of all the parameters mentioned is still unclear.
Up to now, it is also an open question whether all the
mesoporous silica fibers obtained from a two-phase
acidic system have the same circular internal pore
arrangement that has been evidenced for the TBOS-
based synthesis. Since changes in silica source and the
addition of oil are expected to affect the kinetics of the
reaction and the nucleation process, the materials
obtained could present diverse hierarchical structures.

The aim of the present work is to investigate whether
the circular structure is observed for a larger range of
synthesis conditions. Therefore, we have systematically
changed the nature of the silicon alkoxides and the type
of organics used as additional oil. We show that the
fibers obtained from acidic syntheses using either TEOS
or TPOS in various oils, which change the reaction rates
over orders of magnitude, always have the same char-
acteristics with the channels whirling around the center
of the fiber. Therefore, we can now regard the circular
internal structure as a general property of mesostruc-
tured fibers obtained in static system under acidic
conditions. This corrects previous statements concerning
the fibers architecture.

Experimental Section

Synthesis. The synthesis of the fibers was based on the
procedure described previously.28 The molar composition of the
initial aqueous synthesis mixture was 100 H2O:0.0246 alkyt-
rimethylammonium halide:2.92 HCl, which was prepared with
stirring. CH3(CH2)15N(CH3)3Br (CTAB), CH3(CH2)13N(CH3)3-
Br (C14TAB), or CH3(CH2)15N(CH3)3Cl (CTAC) was used as
cationic surfactant. Typically, 0.375 mmol of a silicon source
reagent was added to 15 g of the aqueous surfactant solution

in a closed 20 mL glass vessel without stirring. The syntheses
were performed at room temperature.

Different silicon alkoxides were studied as silica precursors.
If additional oil was used, the silicon source was dissolved in
the oil before the addition to the aqueous solution. We used
(C4H9O)4Si (TBOS) without any additional oil, and the spon-
taneous growth of the fibers was typically observed in the
water phase after 2 days. (C2H5O)4Si (TEOS) was mixed with
either n-hexane, CCl4, mesitylene, or toluene. The same
amount of TEOS (0.375 mmol) was dissolved in 3.75, 1.5, 0.750,
and 0.375 mL of oil. The mixture was then added to the
aqueous solution and left under quiescent conditions. In the
case of CCl4, the aqueous solution was added dropwise to the
silicon precursor solution, since here the aqueous phase is at
the top. In all syntheses, spontaneous growth of fibers was
observed in the water phase within 24 h. A solid thin layer
forms at the interface between the two phases (Figure 1). In
the present work, we will refer to it as “solid film”. The fibers
obtained from the TEOS-based systems were removed from
the synthesis batch after 7 days and dried at room temperature
for 4 days.

Alternatively, (C3H7O)4Si (TPOS) (0.375 mmol), either with-
out or in n-hexane (0.375, 0.75, 1.5 mL) or in CCl4 (0.075, 0.375,
0.75, 1.5 mL), was used as silica precursor. Generally, solid
products were observed in the aqueous phase and at the
interface within times ranging from 3 days to several weeks.
The fibers obtained from a TPOS/hexane mixture were usually
removed after 15 days and dried at room temperature for 4
days. In the case of CCl4, the fibers were removed after 6
weeks.

Template-free samples were obtained by calcination in a box
furnace in air at 500 °C for 8 h. The XRD measurements and
nitrogen adsorption data are in agreement with the previous
works.29

X-ray Powder Diffraction. The samples were analyzed
with a STOE STADI P diffractometer equipped with a linear
position-sensitive detector in transmission geometry using Cu
KR1 radiation and allowing to measure 2θ angles down to 1.0°.
XRD patterns were recorded in 2θ ranges of 1-7° with step of
0.01° and time per step of 1560 s.

Samples obtained from the TPOS/CCl4 system were ad-
ditionally analyzed on a GADDS diffractometer (Bruker axs)
using Cu KR1 radiation in transmission geometry. The setup
(Göbel mirrors, HI-STAR area detector, collimator aperture
0.8 mm, measurement time 600 s) allowed to measure 2θ
angles down to 0.5°.

Scanning Electron Microscopy. A Hitachi S-3500N
scanning electron microscope was used. The microscope was
operated at 5 or 25 keV. The samples were coated by a 10 nm
layer of gold.
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Figure 1. Schematic representation of the synthesis for static
two-phase acidic systems. (a) TEOS in hexane, (b) TEOS in
CCl4.

3588 Chem. Mater., Vol. 13, No. 10, 2001 Kleitz et al.



Transmission Electron Microscopy. A Hitachi HF 2000
transmission electron microscope operated at 200 keV was
used which was equipped with a cold field emission source.
Calcined samples have been used which were mounted on
carbon films which were fixed on copper grids.

Product Statistics. The percentage of fibers and small
particles in the sample were estimated statistically from
overview SEM pictures. A grid (16 columns × 12 lines) was
overlaid on each representative SEM micrograph, and the
shape of the each solid particle observed at the grid line
intersections was registered.

Kinetics Studies. The solid products form a stable layer
in the solution with a thickness which can be directly mea-
sured with a ruler. Alternatively, the mass of solid products
has been determined. For this, a synthesis batch was filtered
and rinsed with 10 mL of heptane. After this, the filter paper
together with the solid products was calcined. The product
consists of SiO2 which was weighted. The main reason for the
scatter of data points results from the use of different batches
which have slightly different growth kinetics. The thickness
measurements do not disturb the synthesis and can be applied
for one single batch.

Results

Synthesis Products. Synthesis studies have been
carried out with tetraethoxysilane (TEOS), tetra-
propoxysilane (TPOS), and tetrabutoxysilane (TBOS) as
silica sources in the presence of hexane and CCl4. These
systems separate into two phases as schematically
shown in Figure 1. The presence of oil allows the growth
of fibers in systems with silicon sources such as TEOS,
which hydrolyze quickly in an aqueous environment.
The more slowly reacting TBOS forms fibers without
additional oil. As intermediate situation, pure TPOS and
diluted with different oils have been investigated as
well.

In all systems studied, the fiber growth starts in the
region close to the interface of the aqueous and organic
phases. Depending on the conditions, highly transparent
fibers with thicknesses ranging from submicrons to 40
µm were obtained in the aqueous phase, within times
ranging from some hours to several weeks. Examples
of the products collected from various systems are
shown in Figure 2. Generally, one can observe among
the synthesis products different proportions of long
homogeneous fibers, shorter fibers with variable thick-
ness, flat elongated solids, and small circular particles.
Fibers with a length ranging from a few microns up to
several millimeters can be found. We note that the
syntheses performed in the presence of CCl4 produce
very similar products. As this oil has a higher density
than water, these experiments make a decisive role of
gravity in the fiber growth mechanism very unlikely
(Figure 1).

The formation of hollow fibers is also possible. Ex-
amples of hollow fibers are shown in Figure 3. In the
syntheses described in the present work, only small
fractions of hollow solids were formed. The highest
proportions of hollow fibers were observed in syntheses
based on dilute TEOS with either hexane or CCl4.

Depending on the amount and the nature of oil, the
ratio of fibers toward other morphologies varies (Table
1). A general trend is that the syntheses with additional
oil lead to thin fibers and a relatively high content of
small circular particles (sometimes called gyroids). A
solid film at the phase boundary was always observed.
The average fiber thickness was found to be in the range

from 2 to 10 µm for TEOS in hexane and from 1 to 6
µm for TEOS in CCl4. The fiber synthesis carried out
with pure TEOS as precursor leads to a very low total
yield of mesostructured products (most of the silica
formed is amorphous), with 50% of the mesostructured
products consisting of fibers. By adding hexane to
TEOS, the proportion of long homogeneous fibers in-
creases as already observed in previous reports.29 In a
sample where only 0.375 mL of hexane was added to
TEOS (Figure 2a), about 55% of the product is composed
of fibers, whereas in a sample with 3.75 mL of hexane
(Figure 2b), the amount of fibers increases to about 80%.

Also, CCl4 as oil allows the synthesis of fibers.
However, the dependence of the fiber fraction on the
oil content was found to be opposite (see Table 1). The
percentage of fibers in the samples where only 0.375
mL of CCl4 was added is about 80% (Figure 2c). This
percentage drops down to about 45% with addition of
3.75 mL of CCl4 (Figure 2d). In addition, the products
with CCl4 as oil showed separated regions containing
large quantities of small particles mixed with other
domains containing primarily fibers.

In the case of TPOS, the quantity of fibers collected
increases with the concentration of the silica source.
Scanning electron micrographs of fibers obtained from
TPOS in hexane and CCl4 are shown in Figure 2e-h.
Here, only very concentrated TPOS or pure TPOS lead
to the formation of long homogeneous silica fibers. At
high oil contents, small circular particles are predomi-
nantly formed. The average fiber thickness ranges from
5 up to 40 µm for syntheses using hexane or pure TPOS;
the fibers obtained with the TPOS/CCl4 silicon source
show diameters between 2 and 10 µm.

Growth Kinetics. The addition of CCl4 to TEOS
leads to an interesting system with respect to the
arrangement of the phases, and it is also very suitable
for kinetic analysis since one can easily observe various
stages of the fiber growth directly by eye. Figure 4
describes the macroscopic evolution of the TEOS in CCl4
system which is very similar also for the other systems.
In all cases, an induction period occurs before a visible
layer of solid products is formed. The more concentrated
the silicon source, the shorter the induction time. In the
case of addition of 0.375 mL of oil, the induction time is
about 15 min. If 3.75 mL is added, the induction time
reaches 2 h (Table 2). The second stage is the growth of
a dense layer of solid products above the organic phase.
This layer consists preferentially of small particles with
some very small fibers present among them. The layer
reaches a maximum thickness of about 4 mm where it
is stable in a third stage before becoming irregular. In
the meantime, a solid film appears at the phase bound-
ary. Figure 5a shows the thickness of the layer of solid
products as a function of time. It can be seen that the
more oil is added, the longer the layer remains stable.
In the thickness growth period, the growth velocity
seems to be constant. However, since many factors could
influence this velocity, this is very difficult to interpret.
Nevertheless, extrapolation of the growth curve to a
thickness of zero allows to determine the induction time
which was found to increase with increasing dilution.
Alternatively, the total mass of solid products can be
measured. This reveals that the reaction rate of solid
formation rm ) dm/dt increases with TEOS concentra-
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Figure 2. Typical SEM images of synthesis products: (a, b) TEOS in hexane (0.375 mL/3.75 mL); (c, d) TEOS in CCl4 (0.375
mL/3.75 mL); (e, f) TPOS in hexane (no oil/1.5 mL); (g, h) TPOS in CCl4 (0.075 mL/1.5 mL). Left pictures: low additional oil
volume; right pictures: high oil volume as indicated.
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tion in stage II of the growth process, as can be see in
Figure 5b.

The fourth stage of the fiber growth is a period during
which the aqueous phase slowly turns turbid, leading
to the final stage where visible long fibrous objects
appear. The same observations are made when TEOS
is mixed with hexane. However, the processes are faster
in the TEOS/hexane system and thus more difficult to
analyze.

The use of TPOS slows down all processes. Very long
homogeneous fibers are also found in this system. When
TPOS in hexane is used as silicon reagent, reaction
times up to 2 weeks are needed. Addition of CCl4 slows
down the reaction rate even more drastically. In this
latter case, the presence of CCl4 delays the fiber growth

to a time scale ranging from 2 to 4 weeks. However, the
same stages in the fibers growth as in the TEOS case
are again observed, with very long induction times
(several days) and the subsequent presence of a dense
layer of solid products during a much longer time (2
weeks).

Internal Structure. The XRD diffraction patterns
(Figure 6a-d) show, in all cases, typical hexagonal
mesophases with up to four reflections. The intensity
ratio of the (110) reflection to the (200) reflection is
unusually high in comparison with MCM-41.1 We as-
sume that this effect is caused by a different wall
thickness in comparison with MCM-41.

For the TEOS-based systems (Figure 6a,b), the d
spacing is not strongly affected by the increasing
amount of oil added to the system. The d(100) value is
observed in the ranges of 4.25-4.3 and 4.26-4.37 nm
when hexane and CCl4 are used, respectively, which is
within the experimental error (Figure 7). These values
recorded for the TEOS systems are slightly higher than
the d spacings measured for fibers obtained with TBOS
as silicon source (4.1 nm). Furthermore, it should be
noted that the structural ordering for products obtained
with TEOS in hexane is substantially increased with
increasing amount of additional oil. A high-quality
hexagonal structure is observed with 3.75 mL of hexane.
This fact suggests that longer reaction times lead to
more perfectly ordered structures.

The XRD measurements performed on materials
obtained from the TPOS-based system show the op-
posite effect (Figure 6c,d). The well-resolved hexagonal
mesophases are observed only at very low oil content.
When larger amounts of oil are added to the TPOS
reagent, the XRD patterns recorded are different. In the
case of hexane addition, the signal-to-noise ratio de-
creases, suggesting the presence of amorphous products.
Also, an increase of the d spacing is observed with
increasing amount of hexane. The d(100) value in-
creases from 4.15 up to 4.4 nm with an oil volume of
1.5 mL (Figure 7). The swelling effect is even more
pronounced for the CCl4 system. Figure 6d shows the
XRD diffractograms recorded for fibers from the TPOS/
CCl4 system after 6 weeks of reaction. The hexagonal

Figure 3. (a) TEM picture of a hollow fiber from TEOS in
1.5 mL of CCl4. (b) TEM picture of a hollow fiber obtained with
TPOS in 0.75 mL of CCl4.

Table 1. Percentage of Fibers Obtained in the Different
Systemsa

systems no oil 0.375 mLb 0.75 mLb 1.5 mLb 3.75 mLb

TEOS/hexane 52 56 65 65 80
TEOS/CCl4 76c 78 59 54 47
TPOS/hexane 90 90 45 25
TPOS/CCl4 65c 30 30 10

a The whole synthesis product consists of fibers and small
particles. The ratios of both products have been determined from
SEM pictures taken after 7 days of synthesis for the TEOS-based
systems, after 15 days for the TPOS/hexane systems, and after 6
weeks for TPOS/CCl4 systems. We estimate the error of the ratio
determination to (10%. b Amount of additional oil. c Synthesis
performed with 0.075 mL of CCl4.

Figure 4. Temporal evolution of a static two-phase acidic
system using TEOS in CCl4 as silica source.
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mesophase observed is substantially swollen with CCl4
and has d(100) values up to 5.15 nm. However, a well-
ordered mesophase is formed only at low CCl4 concen-
trations. At high CCl4 volumes (1.5 mL of CCl4 and
higher), the growth of solids is very slow, and the XRD
patterns recorded do not show the well-resolved hex-
agonal phase. No mesostructured fibers have been found
among the synthesis products.

The powder XRD measurements show only the local
hexagonal pore arrangement, but they cannot reveal the
internal architecture of the fibers as micrometer scale
objects. TEM investigations give insight into this ar-
chitecture if a clear correlation exists between the

viewing direction in TEM and the macroscopic fiber
shape, as was recently demonstrated.31 Therefore, we
correlated our TEM pictures with TEM overview pic-
tures. The TEM pictures (Figure 8) show the presence
of a hexagonal array of channels. Since the viewing
direction is clearly perpendicular to the fiber axis, as
shown in the overview, the channels must be running
perpendicularly to the fiber axis. This observation is
fully reproducible along the whole fiber. It allows two
interpretations: the channels can be closed-off rings or
helices. Since the channels can be seen on both edges
of the fiber simultaneously (Figure 8d), only a very small
pitch angle of a helix is possible, if the structure is
helical instead of consisting of closed-off rings.

The circular internal structure is observed for all
fibers synthesized in this work. These observations are

Table 2. Growth Kinetics for the System Based on TEOS in CCl4
a

systems
induction time

tind (min)
half layer growth

time t1/2 (min) vD (mm/h) rm (mg/h)
yield in solution +

film (mg/g)

TEOS in 0.375 mL of CCl4 10 ( 5 25 ( 5 2.3-4.5 2.2 0.10 + 2.15
TEOS in 0.75 mL of CCl4 30 ( 5 50 ( 5 2.4-4.0 1.5 0.43 + 1.96
TEOS in 1.5 mL of CCl4 50 ( 5 85 ( 5 2.6 ( 0.4 0.72 0.86 + 1.57
TEOS in 3.75 mL of CCl4 110 ( 5 160 ( 5 2.4 ( 0.4 0.21 0.74 + 1.40
a The phenomenological layer growth velocity vD was determined via the equation vD ) 0.5Dmax/(t1/2 - tind), where Dmax is the maximum

thickness of the product layer obtained from Figure 5a. The growth rate of the mass of products rm has been determined from the fitted
straight lines in Figure 5b. The yield (mass of products divided by the mass of synthesis solution) was measured after 7 days of synthesis.
It has an error of about 0.05 mg/g due to the product removal procedure.

Figure 5. (a) Thickness of the dense layer of solid products
observed in stage II and III of the synthesis for the TEOS/
CCl4 systems as a function of time. (b) Mass of solid products
obtained after calcination for the same systems as a function
of time. The arrow indicates the appearance of the solid film
at the interface. Two straight lines were fitted to the data
points: a horizontal line averaging the data points before the
appearance of visible solid products and a linear rise fitting
the data points after the appearance of solid products until
the appearance of the solid film disturbing the mass determi-
nation.

Figure 6. XRD recorded for dried mesostructured fibers: (a)
materials obtained from TEOS in hexane, (b) from TEOS in
CCl4, (c) from TPOS in hexane, and (d) from TPOS in CCl4.
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in agreement with the detailed study of the internal
fiber structure for the TBOS system.31,32

Additional Modifications. One can also replace
hexane and CCl4 by other additional oils, such as
mesitylene or toluene. The addition of these oils to either
TEOS or TPOS leads also to mesoporous silica fibers
having the same structural properties.

Mesostrutured silica fibers were also synthesized with
other surfactants. Fibers were obtained, with TEOS,
TPOS, or TBOS as silicon sources, by using the equiva-
lent amount of C14TAB and CTACl. Addition of oils was
performed in the same manners as before. The fibers
exhibit the same XRD characteristics as those synthe-
sized with CTAB and present the same internal archi-
tecture. The use of a shorter chain surfactant leads to
materials with smaller d spacing values (3.7 nm for the
example of fibers based on TBOS) and generally leads
to the recovery of a lower amount of solid products (0.9
mg per g of solution for the TBOS-based synthesis). On
the other hand, the reaction conducted with CTACl as
surfactant and TBOS as silicon source yields a similar
amount of solid products as with CTAB (1.75 ( 0.10 mg
per g of solution).

Furthermore, in all syntheses described so far the
fibers were prepared from a surfactant solution at pH
) 0. We have also synthesized mesoporous fibers using
the same silicon sources at a higher pH of 0.5. The fibers
present the same properties as the ones synthesized at
lower pH. No substantial change in the structure and
morphology could be observed; however, the growth
process is slower, and the yield is slightly lower (1.1 mg
per g of solution for the TBOS-based synthesis).

Discussion

Circular Architecture. On the basis of X-ray dif-
fraction and electron microscopy, all the fibers were
shown to have a hexagonally ordered mesostructure.
The internal architecture of the fibers obtained in strong
acidic medium is independent of the silica source: the
addition of oil to either TEOS or TPOS does not change
the internal ordering of the channels running perpen-
dicular to the fibers axis. One can, therefore, conclude
that fibers obtained from TEOS and TPOS with various
additional oils have the same internal circular structure
observed previously for TBOS as silicon reagent. This
fact corrects the former statement of a paper with two
of us as coauthors29 given for fibers from a TEOS-in-oil

system, where the channels were described as running
parallel to the fibers axis. In this paper the assignment
of the TEM pictures to the viewing direction was
probably incorrect. Because of the surprising circular
architecture which seems to appear generally, former
ideas on fiber formation mechanisms have to be recon-
sidered again.

Despite the identical internal architecture, the dif-
ferent systems described lead to different fractions of
the various morphologies. The coexistence of different
macroscopic shapes and their very similar internal
architecture point to a strongly related formation mech-
anism.

Possible Formation Mechanism. The processes by
which curved shapes and fibers form have attracted
much interest.33-36 It has been recently proposed that
the well-defined shapes could be initiated by topological
defects33,34 and that the shape and length of the meso-
porous silica products depend strongly on the silica
supply and on the self-assembly of the silica and
surfactant at the two-phase interface.37 These sugges-
tions are of a general nature and a good starting point
for experiments aimed at a better insight into the
nucleation processes on a molecular level, but they are
not directed toward an explanation of the circular
architecture of the fibers. We therefore proposed a
hypothesis for a mechanism that could help to under-
stand the fiber growth processes.38 We suggested that
the basis for the fiber formation is a hypothetical
circular seed. The origin of the circular seeds could be
explained by the following multistep formation pro-
cess: (1) formation of a low number of long micelles by
a slow aggregation process, (2) spontaneous bending of
the rod-shaped micelles leading to loops, and (3) re-
structuring of the loops to tight coils by lowering of the
surface energy. These nanoscopic coils will further grow
by addition of new micelles. Finally, elongated circular
solids will precipitate in the aqueous phase. As the well-
shaped small particles accompanying the fibers have
probably a similar internal structure, they are likely
formed by a related formation mechanism, where less
perfect seeds lead to these shapes instead of fibers.

The formation of hollow fibers has been investigated
in a separate paper,39 showing that the longitudinal
growth process of solid fibers can lead to hollow ones.
A solid fiber forms a hole in the center during its
longitudinal growth if the helical extension process of
the fiber center does not proceed completely perfectly.
Then, a hollow fiber connected to a solid fiber is formed
which are indeed observed among the products.39

Swelling Effects. When TEOS or TPOS is used
without any additional oil, the lattice parameter is

(33) Yang, H.; Ozin, G. A.; Kresge, C. T. Adv. Mater. 1998, 10, 883-
887.

(34) Sokolov, I.; Yang, H.; Ozin, G. A.; Kresge, C. T. Adv. Mater.
1999, 11, 636-642.

(35) Yang, S. M.; Sokolov, I.; Coombs, N.; Kresge, C. T.; Ozin, G.
A. Adv. Mater. 1999, 11, 1427-1431.

(36) Lin, H.-P.; Cheng, Y.-R.; Lin, C.-R.; Li, F.-Y.; Chen, C.-L.; Wong,
S.-T.; Cheng, S.; Liu, S.-B.; Wan, B.-Z.; Mou, C.-Y.; Tang, C.-Y.; Lin,
C. Y. J. Chin. Chem. Soc. 1999, 46, 495-507.

(37) Yang, S. M.; Yang, H.; Coombs, N.; Sokolov, I.; Kresge C. T.;
Ozin, G. A. Adv. Mater. 1999, 11, 52-55.

(38) Marlow, F.; Kleitz, F. Microporous Mesoporous Mater. 2001,
44-45, 671-677.

(39) Kleitz, F.; Wilczok, U.; Schüth, F.; Marlow, F. Phys. Chem.
Chem. Phys. 2001, 3, 3486-3489.

Figure 7. d(100) spacing for the different systems investi-
gated as a function of volume of added oil. The d spacing of
the sample synthesized with pure TBOS is around 4.1 nm.
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comparable to that observed with TBOS, with a d(100)
spacing of 4.1-4.2 nm. However, the lattice parameters
of hexagonal mesophases obtained from TEOS and
TPOS in the presence of oil are substantially larger than
the lattice parameters measured with fibers from syn-
theses performed without additional oil. The TEOS-
based system is only slightly swollen compared to the
pure systems with no significant dependence on the oil
concentration. On the other hand, the addition of either
hexane or CCl4 to TPOS leads to a large increase of the
d spacing values, and a clear dependence on the amount
used can be observed.

The influence of oil addition to MCM-41-type materi-
als has already been described in the first publications1a,b

and has recently been investigated in detail under
alkaline conditions.40 Swelling can be induced even after
assembly of the mesophase, as long as the silicate
framework is sufficiently flexible due to incomplete
condensation. This could be one factor that helps to
explain the swelling effects observed in this study: the
more hydrophobic and bulky the substituents of the
silicon precursor, the slower the hydrolysis rate. There-
fore, TEOS forms a rigid framework more rapidly than
TPOS and TBOS. The mesophase obtained with TEOS
has thus less time to incorporate sufficient amounts of
oil to result in a detectable lattice expansion. Since oil
is supplied from the interface, it is released slowly to
the aqueous phase and thus gradually incorporated in
the micelles. Structures formed early, such as the
products from the TEOS system, will therefore be
swollen to a much lower extent than structures formed
after several days.

Morphology. The formation of a high fraction of well-
developed fibers seems to require a delicate balance of
a sufficiently low rate of hydrolysis and silica condensa-
tion and a sufficient flexibility of the micelles to adapt

to a homogeneous fiber. Pure TEOS forms silica too
rapidly, and the available time is too short for the
formation of well-developed homogeneous macroscale
structures. Pure TBOS forms the most perfect fibers,
and the synthesis time is the longest. The more rapidly
reacting silicon sources can be slowed by dilution, but
at the expense of oil incorporation (swelling), which
makes the initial micelles less flexible. In addition,
micelle size will vary over the course of the synthesis
due to increasing amounts of oil solubilized in the
aqueous phase. Both factors lead to a more error prone
assembly of the micelles to larger scale objects, resulting
in a higher fraction of small particles. The higher
irregularity of the structures formed under such condi-
tions is also apparent in the noisier and less resolved
diffraction patterns for the TPOS system with increas-
ing oil concentration. The addition of oil to the different
systems has the tendency to inhibit the longitudinal
growth of homogeneous fibers and to favor the occur-
rence of new morphologies among the synthesis prod-
ucts, such as very compressed short fibers, thinner
circular units, or hollow solids.

Conclusions

Fibers with the same internal structure have been
formed from several different two-phase systems. The
fibers are always formed in the aqueous phase, irrespec-
tive whether CCl4, hexane, or other organics are used
as the additional oil. This means that the fibers can be
formed either above the phase boundary or below. It can
therefore be concluded that gravity is not the key factor
in controlling fiber growth.

For all fibers collected, the high degree of order is
confirmed by transmission electron microscopy, and the
hexagonally ordered channels are found to run perpen-
dicularly to the fiber length axis, whirling around the
fiber center. This suggests that all the fibers obtained
from the two-phase acidic system under static conditions
follow the same mechanism of formation.

(40) Lindén, M.; Agren, P.; Karlsson, S.; Bussian, P.; Amenitsch,
H. Langmuir 2000, 16, 5831-5836.

Figure 8. TEM pictures of the edge of mesoporous fiber synthesized with different silica sources: (a) TEOS in CCl4, (b) TEOS
in hexane, (c) TPOS in CCl4, (d) TPOS in hexane. The hexagonal ordering is visible near the fiber edges for all samples. The
arrows indicate the direction of the fiber axis. In the TPOS/hexane case, pictures obtained simultaneously on both sides of a fiber
are shown.
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By changing the amount of additional oil and by
varying the type of precursors, the ratios of different
shapes can be tuned and the kinetics of the fiber growth
can be influenced. The fiber growth process can be
divided into five experimentally well-separated stages
with tunable kinetics, starting with an induction period
followed by different growth stages of visible solid
products.
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