itive total dissipation € = €, — €, (13).

In the limit B >> 1, the speed of energy
change is so high that switching may take
place only at W > 0, but within a much
larger interval of energies: AW ~ BY2k,T.
The average energy dissipation for this (ir-
reversible) process is of the same order, that
is, much greater than kgT and independent
of T: € = (wB/2)VkyT = (mea/2G)Y2.
The results of numerical calculation of € for
intermediate values of B are represented by
the solid line in Fig. 3. Taking into account
that at p << 1 the parameter T = A/a may
be considered as the duration of the switch-
ing process (Fig. 1C), we find that all our
asymptotic results can be summarized as
follows:

#
GRq

0.67 In(1/p) for 3, << 1

1.97 B~ In(1/p) for d << 1 << B

ér =

(7)

2.78[ln for 1 << 3,8

1 1/2
2p 1n(1/p)]
where R, = whif2e* ~ 6.45 kilohms is the
quantum unit of resistance. Because the
orthodox theory is valid only at GR, << 1,
within this theory €t >> # for any switch-
ing speed.

Our results demonstrate that reversible
computation for which the energy dissipa-
tion € per bit is much less than kT may
be implemented in a physical system with
discrete states. However, the quantum
bound for the product €t obtained within
our concrete model is much greater than
that obtained earlier for a system with a

-
o
|

E/kgTIn2

0.1 Py
0.1 1 10
B = ae¥/G(ksT)?

Fig. 3. Components of the energy exchange be-
tween the parametron and the heat bath as func-
tions of the process speed a = dW/dt. Short-
dashed lines represent the average energy flow €
from the heat bath to the parametron during the
first half of the process (W = 0) and the average
flow €, from the device back into the heat bath
during its second half (W = Q), respectively. The
solid line denotes the net energy dissipation € =
€, — €,. The long-dashed line segments show
the low-speed (adiabatic) and high-speed (dia-
batic) asymptotes of the function é(«) (see equa-
tions in the text).
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continuous degree of freedom (9). It is
possible that the # limit for €1 may be
overcome in the case of islands with dis-
crete spectra of electron energies (14).
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“Tubules-Within-a-Tubule’ Hierarchical Order of
Mesoporous Molecular Sieves in MCM-41

Hong-Ping Lin and Chung-Yuan Mou*

The recently discovered mesoporous aluminosilicate MCM-41 consists of hexagonal
arrays of nanometer-sized cylindrical pores. It is shown that this material can be syn-
thesized by cooperative condensation of silicate and cylindrical cationic micelles. Careful
control of the surfactant-water content and the rate of condensation of silica at high
alkalinity resulted in hollow tubules 0.3 to 3 micrometers in diameter. The wall of the
tubules consisted of coaxial cylindrical pores, nanometers in size, that are characteristic
of those of MCM-41. The formation of this higher order structure may take place through
a liquid crystal phase transformation mechanism involving an anisotropic membrane-
to-tubule phase change. The hierarchical organization of this ““tubules-within-a-tubule”
particle texture is similar to that of the frustules of marine diatoms.

In the formation of mesoporous M41S
family molecular sieves (1, 2), cooperative
formation of the surfactant phase is criti-
cal in determining the mesostructure (2,
3). By varying the surfactant/silicate ratio,
one can form hexagonal, cubic, or lamellar
structures as the surfactant/silicate ratio
increases (2, 4). This is parallel to the
known phase behavior in simple water/
surfactant systems for cationic (5) and
anionic (6) surfactants, where increasing
surfactant concentration will usually make
the following transformation: micellar so-
lution L1 — hexagonal H1 — intermedi-
ate | — lamellar La (5). According to the
balance of free energy between hydrophil-
ic and hydrophobic groups, this transfor-
mation can also be brought about by de-
creasing the repulsion in the head group of
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*To whom correspondence should be addressed.

SCIENCE e« VOL.273 + 9 AUGUST 1996

the surfactant molecule (6).

For a complex mixture of surfactant
and silicates, the liquid crystal structures
formed are highly sensitive to the condi-
tions of the solution. Various controllable
factors, such as temperature, alkalinity,
and the addition of counterions and alco-
hols, can induce mesoscopic structural
change by modifying the rigidity and cur-
vature of the interfaces (7-11). For the
synthesis of MCM-41, when the structure
is soft and before extensive polymerization
of silicates, higher order organization may
be thus controlled and formed. Here we
report that solvent-separated multilayers
of periodic hexagonal MCM-41 silicates
can be formed and further bent into hol-
low microtubules (micrometer size) with
the nanochannels forming the walls of
these tubules. The resulting cylindrical sil-
ica has a hierarchical order of tubules
within a tubule.

Surfactant and silicate were mixed in
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high alkalinity. Acidification was then ac-
complished by the slow addition of
H,SO,. Thermally stable MCM-41 zeo-
lites can be synthesized at room tempera-
ture in such a simple process (12). To
prepare the aluminosilicate MCM-41, we
dissolved 0.060 g of sodium aluminate
(54% AlO;; Riede-de Haén, Germany)
in 3.0 g of water and mixed this with
30.0gofa12% C,,TMAB (cetyltrimeth-
ylammonium bromide, 99%; Merck) aque-
ous solution. Then 5.3 g of sodium silicate
(27% SiO, and 14% NaOH; Aldrich) was
added to the above solution. After the
resulting mixture was stirred for 10 min at
room temperature, 6.0 g of 1.1 M H,SO,
solution was added by pipette very slowly
(total time ~30 min). (A fast rate of
acidification results in the usual MCM-41
microparticles instead of the hollow tu-
bule morphology reported here.) The pH
of the final mixture was ~10.0. The gel
mixture formed after this acidification was
allowed to stand for 20 min and then was
heated at 100°C for 48 hours in an auto-
clave. The solid product recovered by fil-
tration was washed with deionized water,
dried at ambient conditions, and calcined
at 540°C in air for 6 hours to remove the
template. The same experiment was also
petformed with pure silica (that is, with-
out addition of sodium aluminate).

To investigate the process of morpho-
logical change of this MCM-41 material,
we examined the products at various stag-

X-ray intensity

20 (degree}

Fig. 1. Powder XRD patterns of mesostructure
precipitated from the same mixture with the fol-
lowing mole ratio at various stages of synthesis: 1
AlL,O,:75 Si0,:30 Na,0:35 CTAB:6244 H,0. (A)
Sample A, as synthesized at room temperature
with H,SO,/Al,O0, = 5.7. (B) Sample B, as-syn-
thesized at room temperature with H,SO,/Al,O,
= 17.0. {C) Sample C, after complete addition of
acid (H,S0,/Al,O, = 21.6) and hydrothermal re-
action. (D) Sample D, after calcination of sample
C. The patterns were measured on a Scintag X1
diffractometer with Cu Ka radiation (wavelength =
0.154 nm). The upper trace of each sample is five
times that of the fower trace.
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es of the acidification by x-ray diffraction
(XRD) pattern and scanning electron mi-
croscopy (SEM). Before addition of the
H,SO,, the surfactant-aluminate-silicate
mixture appeared to be an opaque white
suspension. In the early stage of acidifica-
tion, the mixture underwent a phase sep-
aration to form a surfactant-rich viscous
gel phase and a clear aqueous solution.
Further addition of acid led to a sudden
dispersion and precipitation of the upper
surfactant-rich layer. The XRD pattern of
the as-synthesized material (sample A) at
this early stage of neutralization (Fig. 1A)
is typical for hexagonal MCM-41, with
digo = 4.0 nm (where d is the center-to-
center distance of micelles in hexagonal
packing). An SEM micrograph of sample
A (Fig. 2A) shows, however, a layered
lamellar-type structure, where at least six
layers can be discerned. Subsequent addi-
tion of acid to the mixture resulted in
another as-synthesized sample (sample B),
in which the XRD pattern maintained the
same hexagonal arrangement of MCM-41
with more distinct (110) and (200) peaks
(Fig. 1B). The SEM micrograph of sample
B shows that the layers in sample A broke
up into microtubules (Fig. 2B). After com-
plete addition of acid, the sample com-

Fig. 2. Scanning electron micrographs showing
the morphology at various stages of synthesis of
aluminosilicate MCM-41 under the same condi-
tions as in Fig. 1. (A) Sample A. (B) Sample B. (C)
Sample C. The micrographs were taken on a Hi-
tachi S-2400 microscope with an accelerating
voltage of 20 kV.
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pletely transformed into tubules with a
rather uniform diameter (~0.3 wm) and
average length (~5 pum).

After its hydrothermal reaction at
100°C, we obtained an XRD pattern and
micrograph of the filtered sample C (Figs.
1C and 2C, respectively). The d spacing of
sample C increased slightly to 4.16 nm, and
the tubular structure was maintained. En-
largement of the image, showing some of
the broken ends of the tubule, revealed that
it is hollow. Calcination of sample C result-
ed in sample D, in which the SEM showed
almost the same pattern as in sample C.
Examining many of the SEM micrographs,
we found that the tubular form represents
>95% of the solid material. Its XRD pat-
tern (Fig. 1D) indicates that it has a well-
developed hexagonal MCM-41 structure
with some shrinkage of d spacing to 3.96
nm. This very slight shrinkage after calci-
nation indicates that the nanostructure is
strong.

Transmission  electron  microscopy
(TEM) of sample C (Fig. 3A) shows equi-
distant parallel lines, along the tubular axis,
with an apparent average spacing at ~3.70
nm, which gives a distance of 4.27 nm after
multiplication by the 2/V/3 geometry factor
(13). This value is in reasonable agreement
with the XRD result. From Fig. 3A, it is also

Fig. 3. {A) Transmission electron micrograph of
the as-synthesized tubular aluminosilicate
MCM-41 material before calcination to obtain
sample C. The micrographs were taken on a
Hitachi H-7100 microscope with an accelerating
voltage of 100 kV. {B) Scanning electron micro-
graph of calcined product of tubular pure silica
MCM-41. The micrograph was taken on a JEOL
JSM-6300 microscope with an accelerating volt-
age of 20 kV.



apparent that the darkness of the parallel
lines is not uniform, a defect that is proba-
bly due to broken channels.

The calcined product was further charac-
terized by a N, adsorption-desorption iso-
therm, which gave a Brunaer-Emmett-Teller
surface area of 1066 m? g~ !. The pore size
distribution shows an average pore size of
about 2.6 nm and half-height width of 0.2 nm.
In addition to the sharp increase of volume
adsorbed at P/P, =~ 0.34 (where P is pressure),
there is a substantial hysteresis in the isotherm
at P/P; > 0.45. This effect may be due to a
packing defect in the formation of the tubules.
The bending and closing-up process in a
membrane-to-tubule translation will unavoid-
ably create some stress, and thus packing de-
fects, between the cylindrical micelles. 27Al
nuclear magnetic resonance (NMR) spectros-
copy of the as-synthesized material showed a
peak only at 52 parts per million (ppm),
which indicates that all of the aluminum re-
sides in the skeleton.

We have also performed the same syn-
thesis procedure to prepare pure silica
MCM-41 without any addition of alumina
source. The calcined product also revealed a
microtubular morphology, as shown by
SEM (Fig. 3B), with a much larger outer
diameter {(~3 pwm) and length (>20 pwm).
The microtubule is hollow, with a wall
thickness ~0.6 wm; however, unlike the
uniformity of aluminosilicate microtubules
in Fig. 2, the size of the hollow tubules of
pure silica MCM-41 is nonuniform and the
material is a mixture of the tubular and
microparticle forms of MCM-41.

Two experimental factors are crucial to
the formation of hollow microtubules: the
ratio of surfactant to water in the reactant
and the delayed slow neutralization proce-
dure. Although there is a large range of
surfactant/water ratios that permits the for-
mation of periodical hexagonal-phase
MCM-41, the corresponding range of ratios

A B
- A=Y
e é : /C =7
1
D c

Fig. 4. Proposed mechanism for the formation
of the microtubular morphology of MCM-41. (A)
Mixed lamellar-hexagonal membrane phase.
(B) Acidification leads to membrane curvature. (C)
Neutralization bends the membrane into tu-
bules. (D) The membrane consists of a hexago-
nal array of cylindrical micelles.

for the formation of hollow microtubules is
relatively small. If the C,;TMAB/water ratio
is too low, the product has the usual micro-
particle morphology. The neutralization step
should also be slow. The hollow tubule struc-
ture can thus be formed at high pH, before
the substantial polymerization of silicates re-
sults in rigid, unbending structures.

Given the almost complete transforma-
tion of the aluminosilicate at mild reaction
conditions into the uniform size of hollow
tubules, we propose a liquid crystal phase
transformation mechanism for the formation
of the new structure. In the beginning, under
high pH, the silicate-surfactant system is
close to the lamellar-hexagonal phase
boundary. A little acidification results in a
mixed lamellar-hexagonal phase in which
layers of hexagonally arranged rod micelles
are separated by bilayers of surfactants and
water (Fig. 4A). This phase probably corre-
sponds to the intermediate phase reported in
the surfactant phase diagram (5). The lay-
ered structure can be stabilized by the elec-
trostatic and entropic undulation repulsion
force between the membrane layers (14).

Because the membrane layers are intrin-
sically anisotropic, further acidification lead-
ing to the condensation of silicates and
charge imbalance on the membrane surface
should favor the curvature of the membrane
along only one direction (Fig. 4B), the trans-
rod direction. Neutralization would then
bend the membrane completely into tubules
(Fig. 4C). A “natural wavelength” of desta-
bilization can thus be expected and, as we
observed, results in the formation of tubules
with uniform diameters. The transformation
of the lamellar — ripple — tubular phase is
similar to the process in the formation of
lipid tubules (15). Recently, multilamellar
lipid tubules were observed through a first-
order phase transition (16). It has been pre-
dicted that fluctuating tethered membranes
with any intrinsic anisotropy unavoidably
transform into “new” tubules (17), given
enough driving force. In our case, the driving
force arises from the charge imbalance at the
surface, which is associated with the conden-
sation reaction of the silicate-oxygen bond as
the pH is lowered (18).

In the case of pure silica tubules, the
membrane would be more thick and rigid
and a ripple with a longer wavelength should
be expected, as observed (19). As shown in
Fig. 4A, we started with a mixed lamellar-
hexagonal layer system, but a short-lived
pure lamellar phase could also exist, as ob-
served by Monnier et al. (3). In an experi-
ment with the longer hydrocarbon chain
octadecyltrimethylammonium bromide
(C,sTMAB) replacing C,;,;TMAB, we cap-
tured an intermediate structure (from XRD)
that is lamellar before it is transformed into
the hexagonal phase (20). Therefore, the
SCIENCE »
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nanostructure of MCM-41 could also initial-
ly follow the lamellar mechanism proposed
by Monnier (3) before forming the hexago-
nal phase and then follow the ripple —
tubule transformation to form tubules.

The higher order hierarchical silica struc-
tures we synthesized have been extensively
documented in the ultrastructure of the sili-
ceous skeletons of marine diatoms and Radio-
laria (21). In fact, the hollow tubular valve,
with a large central area absent, of the diatom
species Annellus californicus (21) looks similar
to the hollow tubular structure we report here
(22). The elaborate organization patterns in
diatoms and Radiolaria are usually on the
order of micrometers. Synthetic chemistry, in
contrast, normally achieves self-organization
patterns in the nanometer range. We have
demonstrated that such higher order biomi-
metic self-organization can be accomplished
in the laboratory. The liquid crystal phase
transformation mechanism that we propose
could provide a paradigm for understanding
higher order biomineralization (23).

We have designed a strategy for pro-
ducing hollow tubular forms of MCM-41
based on the sequential separation of self-
organization of template silicates and the
polymerization of silicates. By delaying the
formation of the rigid structure, one can
build the more complex tubules-within-a-
tubule structure through a phase transfor-
mation of liquid crystal. This in turn may
provide a way to explore the many com-
plex structures that are possible in surfac-
tant systems and to form zeolite structures.
The ability to synthetically control the
intricate hollow tubular form of the alu-
minosilicate MCM-41 could have applica-
tions in catalysis, separation technology,
and opticoelectronics.
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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
SCIENCE »
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(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





