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structure observed in Fig. 2B. The ripple phase has
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Oil-Water Interface Templating of Mesoporous
Macroscale Structures

S. Schacht, Q. Huo, I. G. Voigt-Martin, G. D. Stucky, F. Schiith*

Ordered mesostructured porous silicas that are also macroscopically structured were
created by control of the interface on two different length scales simultaneously. Micellar
arrays controlled the nanometer-scale assembly, and at the static boundary between an
aqueous phase and an organic phase, control was achieved on the micrometer to
centimeter scale. Acid-prepared mesostructures of silica were made with the p6, Pm3n,
and the P6,/mmc structures in the form of porous fibers 50 to 1000 micrometers in length,
hollow spheres with diameters of 1 to 100 micrometers, and thin sheets up to 10
centimeters in diameter and about 10 to 500 micrometers in thickness. These results
might have implications for technical applications, such as slow drug-release systems
or membranes, and in biomineralization, where many processes are also interface-

controlled.

As noted by Israelachvili (1), microemul-
sions and emulsions occupy a special place
in the hierarchy of structures, in that their
formation involves long-range forces with
an energy of assembly, including shape fluc-
tuations and interaggregate interactions,
approximately equal to the thermal energy
kT. Hydrodynamic long-range forces can
therefore be used to define emulsion mor-
phology and the configuration of the emul-
sion oil-water interface. If an oil-in-water
interface is used as an inorganic growth
medium with the growth direction into the
aqueous phase, morphological control of
the resulting inorganic-organic composite
assembly can be achieved at micrometer
and longer length scales.

At a somewhat smaller length scale, me-
soscale patterned silica-organic composite
phases with organic domain dimensions of
up to 0.01 wm and periodic repeats of as
much as 0.02 pm (2) can now be created in
a variety of two- and three-dimensional (2D
and 3D) periodic arrays (3—7). These or-
dered organic-inorganic composite precur-
sors of porous oxide structures form in a
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cooperative way under the influence of sur-
factants (4-10), with the nanophase di-
mensions and the overall 3D periodic ge-
ometries determined primarily by the sur-
factant molecular shape and geometry.

We combined long-range oil-in-water
emulsion and oil-water interface physics
with the shorter range cooperative assembly
of silica and surfactants at the oil-water
interface to create ordered composite meso-
structured phases that are also macroscopi-
cally structured. The organic “oil” and sur-
factant can be removed from the silica
phase to give mesoporous structures. Here
the emulsion or the interface, or both, ex-
erts morphological control during the for-
mation of the inorganic gel or crystals.

With self-assembly energies approaching
kT, emulsions are often close to the limit of
stability. Qil-in-water emulsions are stabi-
lized by short-range (10~7 m) and relatively
weak van der Waals interactions between
the hydrophobic tails of amphiphilic surfac-
tants and the emulsion organic phase. The
M41S silicate mesostructures first described
by the Mobil group were synthesized with
surfactants under alkaline conditions (pH
11 to 12). Under these basic conditions,
composite formation is dominated by
strong, direct interactions between positive-
ly charged surfactant (S*) with negative
inorganic silica solution species (I7) and
the consequent intermolecular interactions
among the resulting molecular ion pairs
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VOL. 273+ 9 AUGUST 1996

24. J. A. N. Zasadzinski, J. Schneir, J. Gurley, V. Elings,
P. K. Hansma, Science 239, 1013 (1988); D. C.
Wack and W. W. Webb, Phys. Rev. Lett. 61, 1210
(1988).

25. R. E. Brown, W. H. Anderson, V. S. Kulkarni, Bio-
phys. J. 68, 1396 (1995).

26. Supported by the National Science Council of Tai-
wan (NSC 85-2113-M-002-032cc). We thank S.
Cheng and M.-P. Chen for valuable discussions.

2 April 1996; accepted 13 June 1996

(S*I7) (9). This interaction is energetically
disadvantageous for the creation of silica
composite macroscale structures by the pro-
cess of “coating” surfactant molecules that
are weakly coordinated to an organic sur-
face through van der Waals interactions
because if the surfactant molecules are ab-
stracted from the organic media, macro-
scopic control of the product by the organic
phase is lost.

An alternative synthetic approach is to
use acid-prepared mesostructures (APMs)
synthesized from very acidic solutions below
the pH of the isoelectric point of silica (5).
Under these conditions, halide ions (X™)
mediate the interaction between the surfac-
tant and positively charged inorganic spe-
cies (S*X7I") through weak hydrogen
bonding forces so that the identity of the
surfactant-coated organic surface is main-
tained (11). Silica mesostructured phases
synthesized in this fashion have different
composition, pore structure, and absorption
properties compared with samples synthe-
sized under alkaline conditions (12).

With this in mind, we exploited the
biphase control in the synthesis of APMs
on two different length scales simultaneous-
ly: synthesis at one scale forms the surfac-
tant inorganic nanocomposite, and the oth-
er controls the secondary particle morphol-
ogy on the micrometer to centimeter scale,
with the large-scale control being similar to
the approach of Walsh et al. (13). We used
auxiliary organics to create an oil-in-water
emulsion. In the acidic synthesis, tetra-
ethoxysilane (TEOS) was the silica source.
It hydrolyzes under acidic conditions and
then condenses to form the APM. If auxil-
fary organics, such as n-hexane, benzene,
toluene, mesitylene, or others are used, the
oil-in-water emulsion is formed where the
TEOS is dissolved in the oil droplets that
are surrounded by an acidic aqueous solu-
tion with surfactant concentrated in the
interface. The TEOS is hydrolyzed just at
the oil-water interface, and there forms the
mesostructure, which reflects on a larger
length scale the size and shape of the oil
spheres because the inorganic material so-
lidifies around them.

A typical synthesis was carried out as
follows: The surfactant [4.74 g of Ciq

H;;N(CH,;);Br or similar molar amounts of



other surfactants] was dissolved in 250 ml of
water. Then 34 ml of aqueous HCI (37
weight %) was added. To this solution a
mixture of 7 g of the auxiliary organic (typ-
ically mesitylene) and 4 g of TEQS was
added slowly over 30 min while stirring at
room temperature. During this time an
emulsion forms. Stirring is one mechanism
for controlling emulsion properties through
modification of long-range hydrodynamic
forces and is crucial in the formation of the
secondary morphology (14, 15) (Fig. 1).
Under slow stirring, predominantly fiber-
type morphologies are observed. The rope-
like fibers consist of several smaller strands
that intertwine during the process of silica
condensation.

However, the first transmission electron
micrographs (TEMs) and preliminary data
from pulsed-field gradient nuclear magnetic
resonance experiments (16) suggest that the
channels preferentially orient parallel to the

Fig. 1. Dependence of the morphology of the APM
materials on the stirring rate, as seen with a SEM.
At low stirring rates {(A) 120 revolutions per minute
(rom)), fibrous particles are formed, whereas at
higher rates [(B) 220 rpm and {(C) 400 rpm)j, the
particles are spherical. The sizes of the spheres
decrease with increasing stirring speed. The parti-
cles in (B) were made under dilute conditions.

fiber axis. With increasing stirring rate, more
and more spherelike particles are formed un-
til the fiber morphology disappears com-
pletely. The size of the spherical particles
decreases with increasing stirring rate.

By carefully tuning the synthesis condi-
tions, especially at low concentrations of
TEQOS, we prepared samples that consisted
entirely of rather spherical particles with a
relatively narrow size distribution (Fig. 1B).
However, the particles had agglomerated into
lumps. This aggregation was probably due to
condensation of uncondensed surface groups
of different spheres when they came into
contact with each other in a later stage of the
synthesis. This agglomeration can be avoided
if the synthesis mixture is diluted, after the
spheres have developed, by pouring the mix-
ture (300 ml) into 2 liters of water and then
slowly filtering the resulting suspension. Us-
ing such a procedure, we produced almost
exclusively isolated particles; however, the
total solids yield was only about 20%.

These particles are in fact hollow after
the organic phase has been removed. Parti-
cles from the same batch as depicted in Fig.
1B were treated with a spatula on the sample
holder of the scanning electron microscope

Fig. 2. {A) Particles from Fig. 1B after crushing
with a spatula. (B) Shell fragments of larger parti-
cles. The larger spheres are refatively unstable
mechanically and collapse either during process-
ing after synthesis or during introduction into the
high vacuum of the sample chamber of the SEM.

Intensity

1 3 5 7 9. 1

20 (degrees)
Fig. 3. X-ray diffraction pattern of the sample from
Fig. 2 in the (A) as-made, {B) dried (at 90°C), and
(C) calcined (at 500°C) form. (Inset) Three peaks
corresponding to a p6 structure can be discerned.
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(SEM). Most of the particles were crushed,
and the void inside of each particle was open
to the eye (Fig. 2ZA). The SEM image of a
sample that consisted of thin-walled larger
spheres, most of which popped open during
the drying and calcination steps after prep-
aration or during introduction into the high
vacuum of the SEM, is shown in Fig. 2B.
These samples, consisting entirely of such
spherical particles, have all of the features of
the regular APMs (17). For example, Fig. 3
shows the x-ray diffraction pattern of a phase
exhibiting three peaks that can be indexed
in a pém hexagonal unit cell. The sorption
isotherm for such APMs is different from
that of MCM-41 synthesized from alkaline
media (12). The capillary condensation step
is not as steep, a high BET (Brunaer-Em-
mett-Teller) surface area is calculated
(which suggests microporosity), and the step
in the isotherm is normally shifted to lower
values of normalized pressure pfp,, which
corresponds to a secondary micropore filling
process rather than real capillary condensa-
tion. Another difference compared with
MCM-41 is observed in thermogravimetric
experiments. The samples lose about 60% of
their weight between 200° and 600°C, first
in an endothermal and then in two distinct
exothermal processes. A weight loss of
~4.5% before this stage is probably due to
water. The unusually high weight loss can be
attributed to the air-dried samples having

Fig. 4. SEM images of (A) a hollow sphere con-
sisting of the generated intergrowth of platelike
particles with the P8s/mmc structure and (B) the
same sphere after being crushed.
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appreciable amounts of organics occluded in
the internal voids of the particles, in addi-
tion to the surfactant molecules in the pores,
that volatilize during the thermogravimetric
experiment.

These structures can also be synthesized
as P6;/mmc and Pm3n phases. For such
preparations, large head-group surfactants
must be used as described by Huo et al. (6).
Dissolving 1 g of gemini surfactant (18-6-1)
in 56 g of 1.5 M HCl and then adding 4 g
of TEOS in 1.2 g of mesitylene over 40 min
while stirring at room temperature results in
the formation of a white, solid product after
3 hours of stirring. This product contains
hollow spheres (Fig. 4) ~50 pm in diameter
and consists of intergrown platelike parti-
cles that are characteristic of the P6,/mmc
phase. The diffraction pattern is identical to
reported patterns for the P6,/mmc phase
(lattice constants a = 5.02 nm, ¢ = 8.84
nm, and c/a = 1.63 after calcination at

500°C).

The formation of the particles can actu- .

ally be followed in real time under an opti-
cal microscope. If a liquid sample is taken
from the reaction mixture ~15 min after
the complete addition of the TEOS and
immediately placed on a glass slide and
viewed through an optical microscope, one
can detect oil droplets that are in the pro-
cess of being covered with a silica skin. A
series of micrographs taken of an individual
sphere during the formation of the silica
skin (Fig. 5) show that the oil droplet is first
completely transparent and then becomes
gradually covered by a skin that somewhat
scatters light. The situation in the optical
microscope is certainly not identical to the

Fig. 5. Evolution of the spherical particles as seen
in an optical microscope. Fifteen minutes after all
of the TEOS was added, a drop of the reaction
mixture was placed on a slide and a sphere was
selected. (A) The pure mesitylene sphere. (B) After
10, afirst APM layer formed. (C) After ~30 s, this
layer grew as more TEOS was hydrolyzed at the
interface. (D) A growing sphere (left bottom) and a
completely formed sphere (left top). The spheres in
the center are partially closed.
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situation in the stirred bulk solution, but we
believe that a similar process is occurring
there to form the hollow APM particles.

We suggest a model for the formation of
such materials according the process
sketched in Fig. 6: Addition of TEOS dis-
solved in an organic solvent to the acidic
solution containing the surfactant while
stirring creates an oil-in-water emulsion.
Surfactant is enriched at the oil-water in-
terface and contributes to the stabilization
of this emulsion. Then TEOS is hydrolyzed
under acidic conditions at the interface,
and there forms the mesostructure under
the influence of the surfactant. There are
TEM indications that the major parts of the
APM pores are oriented radially in the shell
of the hollow particles.

After the successful preparation of the
hollow-sphere materials, we used the two-
level biphase control on a larger scale, to
fabricate self-supporting membranes at a
static interface between an aqueous and an
organic phase. The chemical compositions
of the two phases were the same as those
used in the preparation of the sphere mor-
phology. The addition of the organic phase
to the aqueous phase, however, was carried
out very carefully in a crystallization dish to
top the aqueous phase with the organic
phase with as little mixing as possible. Al-
ternatively, tribromomethane was used to
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Fig. 6. Schematic drawing of the suggested for-
mation process of the spheres. (A) The mesitylene
drops in the mesitylene—aqueous HCI emulsion
contain the dissolved TEOS; the emulsion is sta-
bilized by the surfactant in the interface. (B) At the
interface [area in (A} expanded}, TEOS is hydro-
lyzed and solidifies there to an APM under the
influence of the surfactant at the interface, medi-
ated by chloride ions (not shown). The morpholo-
gy of the final product is more or less molded on
the original mesitylene dropiet.
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reverse the order of the aqueous and the
organic phases. About 5 min after addition
of the organic phase, the formation of a thin
film, which is at first patchy but later gives
a coherent solid sheet, could be observed
with the naked eye. The largest diameter for
such films achieved so far is ~10 cm with a
thickness of ~0.5 um. The film quality
varied, depending on the conditions used,
such as the concentration of TEOS in the
organic phase and the organic solvent. For
the TEM, a piece of a film formed at a
decane-water interface auxiliary was re-
moved from the interface with a copper-
carbon grid and calcined at 300°C. The
TEM shows that pores are predominantly
hexagonally ordered and perpendicular to
the film; the rest are probably less ordered
but also appear to be perpendicular to the
film (Fig. 7). The films can be isolated by
evaporating the solvent and directly drying
them in the crystallization dish, or even
with pincers.

Usually only one to two low-angle
peaks can be detected in the film. A SEM
image (Fig. 8) shows thin sheets on the
copper-carbon grid of the TEM in Fig. 7.
The cracks are formed by handling of the
thin sheets. Thicker films consist of ag-
glomerated particles but are relatively
crack-free. Whether these films have
pores only in the size range of APM ma-
terials or also have larger pores is not

" clear. The film in Fig. 8 was prepared at a

higher TEOS concentration than was the

Fig. 7. TEM of an APM film with decane as organ-
ic auxiliary. This film was removed with a copper-
carbon grid and calcined at 300°C. The pores are
predominantly hexagonally ordered and oriented
perpendicular to the film. Scale bar, 50 nm. Tilting
experiments proved that the hexagonal structures
are not a Moiré pattern.

100 pm

Fig. 8. SEM image of the sheets on the copper-
carbon grid in Fig. 7.
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film in Fig. 7, to grow it thicker and make
it easier to handle.

These materials may have technological
as well as fundamental implications. The
hollow spheres, for instance, could be used
as controlled drug-delivery systems. The
membranes might be developed further for
separation processes, where nanometer-
scale pores are needed. From a more funda-
mental point of view, the process described
here for structuring inorganic material
might in a modified form be applicable to
the formation of structured inorganic seg-
ments in living organisms. It is by now
almost certain that interfaces play a crucial
role in biomineralization (18), and the in-
terplay of control on different length scales
is certainly necessary to develop intricate
structures such as diatoms.
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Mongolian Tree Rings and 20th-Century
Warming

Gordon C. Jacoby,* Rosanne D. D’Arrigo, Tsevegyn Davaajamts

A 450-year tree-ring width chronology of Siberian pine (Pinus sibirica Du Tour) growing
at timberline (2450 meters) in the Tarvagatay Mountains in west central Mongolia shows
wide annual growth rings for the recent century. Ecological site observations and com-
parisons with instrumental temperature records indicate that the ring widths of these
trees are sensitive to annual temperature variations. Low-frequency variations in the
Tarvagatay tree-ring record are similar to those in a reconstruction of Arctic annual
temperatures, which is based on 20 tree-ring width series from northern North America,
Scandinavia, and western Russia. The results indicate that recent warming is unusual
relative to temperatures of the past 450 years.

Records covering a longer period of time
than those that are available from instru-
mental measurements are essential to eval-
uation of the causes of climatic change,
including possible anthropogenic influences
on climate. Three-hundred-year annual
temperature reconstructions for the Arctic
(I) and Northern Hemisphere (2) based on
high-latitude tree-ring data indicate that
the warming during the past century seen in
instrumental data (3) is unprecedented.
However, tree rings usually reflect temper-
atures during the warm season, and recon-
struction of annual temperatures is contro-
versial (4). Records from other areas can
complement the high-latitude data. The
most appropriate locations are high-eleva-
tion tree-line sites where growth is also
limited by temperature. During a field in-
vestigation in the summer of 1995, we sam-
pled trees growing at timberline in the Tar-
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vagatay Mountains of western central Mon-
golia (Fig. 1). Many trees in Mongolia’s
forests are old (300 to 500 years) and are
undisturbed by human activity.

Mongolia’s climate is characterized by
extreme continentality (5). It is dominated
by the influence of the Siberian (Mongo-
lian) high-pressure cell during the winter
(Fig. 1). Rainfall occurs mainly in summer.
Mean monthly temperatures in northern
Mongolia are —=30°C in January to 20°C in
July. Daily temperatures range from -50°C
to 40°C and can vary by as much as 30°C in
1 day (6).

The northern third of Mongolia is a mon-
tane forest-steppe zone (7). At lower eleva-
tions, the forests give way to grasslands or to
the margins of the Gobi Desert in the south.
Forests are most dense on northern shady
slopes. In the high western Altai Mountains
(Fig. 1), there are permanent snowfields
and ice. The tree line is variously formed
by Siberian pine (Pinus sibirica Du Tour),
Siberian larch (Larix sibirica Ledebour), or
mixed stands of these species. The most
prevalent tree species is Siberian larch,
with lesser amounts of spruce (Picea), pine
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