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the expansion: we find that L;x~ 10" m 2. This is a conservative
estimate in that the experimental error leads to an upper bound
that is larger by several orders of magnitude, and a lower bound
of 5x10'°m™. Although more accurate values of L; will be
obtained when the sensitivity of the electronics to mechanical
shock has been reduced, it is already clear that the density of
vortices generated is very large. To put these figures into perspec-
tive, note that the production of a line density of ~10'' m™ by

rotation® of a vessel of liquid “He would require an angular
velocity of ~4,000 rad s !, an enormous value.

This copious production of vortices created, as predicted™”,
by passage through the A-transition implies, by analogy, that
cosmic strings were generated in the mathematically similar
second-order phase transition of the early Universe, and that
they would therefore have been avilable to play the role in galaxy
formation proposed by Kibble'. O
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THE recent synthesis of silica-based mesoporous materials' by the
cooperative assembly of periodic inorganic and surfactant-based
structures has attracted great interest because it extends the range
of molecular-sieve materials into the very-large-pore regime. If the
synthetic approach can be generalized to transition-metal oxide
mesostructures, the resulting nanocomposite materials might find
applications in electrochromic or solid-electrolyte devices™*, as
high-surface-area redox catalysts® and as substrates for biochem-
ical separations. We have proposed recently® that the matching of
charge density at the surfactant/inorganic interfaces governs the
assembly process; such co-organization of organic and inorganic
phases is thought to be a key aspect of biomineralization’. Here
we report a generalized approach to the synthesis of periodic
mesophases of metal oxides and cationic or anionic surfactants
under a range of pH conditions. We suggest that the assembly
process is controlled by electrostatic complementarity between the
inorganic ions in solution, the charged surfactant head groups
and—when these charges both have the same sign—inorganic
counterions. We identify a number of different general strategies
for obtaining a variety of ordered composite materials.

Four pathways to the synthesis of mesostructured surfactant-
inorganic biphase arrays are depicted in Fig. 1. Route 1 involves
the direct co-condensation of anionic inorganic species with a
cationic surfactant (S*17); the syntheses of MCM-41 and MCM-
48 (refs 1,2) are prototypic examples. We have now found a
similar route to periodic tubular non-silica structures, but involv-

§ To whom correspondence shouid be addressed.
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ing cooperative condensation of a cationic inorganic species with
an anionic surfactant (S71"), (route 2) a possibility predicted in
ref. 6. By contrast, routes 3 and 4 involve condensation of ionic
inorganic species in the presence of similarly charged surfactant
molecules. These pathways are mediated by counterions of
opposite charge to that of the surfactant head group (solution
species (S*XI") where X =Cl™, Br; or, (SM'I") where
M*=Na", K").

Lamellar, MCM-41 and MCM-48 periodic porous silicates
(S'17) are obtained under basic conditions by the self-assembly
of anionic silicates and cationic surfactant molecules'>%%. We
suggested in ref. 6 that this mechanism should work for other
oxides as well, if the pH is varied to adjust the charge density
of the metal oxide polyanions. Thus, we were able to synthesize
lamellar tungsten (vi) oxide (dioo =31 A, where dq is the first X-
ray diffraction line) at pH above 8, and lamellar and hexagonal
tungsten (vi) oxide phases (d00=40 A) at pH 4-8 (Fig. 2) using
cationic surfactants. As another example, both cubic (/a3d,
pH 6.5-7.0) and hexagonal (pH 6.0-6.5) antimony (v) oxide
mesostructures were synthesized in lower-pH windows for the
anionic inorganic phase. By choosing inorganic species (for
example, antimony or tungsten oxides) that are more acidic than
silicic acid, the cooperative biphase templating can be carried
out at neutral and lower pH values to obtain a match of the
charge density of the oxide to that of the respective surfactant
phase.

A similar approach was taken in a charge-reversed situation,
where an anionic surfactant was used to direct the condensation
of cationic oxide species (S717). C,sH338O;H was used in the
synthesis of iron and lead oxides, giving a hexagonal phase
(dioo=145.8 A for Pb) and different lamellar phases (for example,
38.5 A for Pb and 41.0 A for Fe). Lamellar phases were obtained
depending on the synthesis conditions (pH 1-5), using oxides of
Mg, Al, Mn, Fe, Co, Ni and Zn with C,,H,sPO,H, as the surfac-
tant. An interesting example is aluminium oxide with sodium
dodecylbenzenesulphonate at 70 °C and pH 3.5, which slowly
rearranges to increase the layer spacing (28.9 to 32.1 A in 8 hours
to 9 days). It should be noted that the anionic polar head group
can be a part of the inorganic framework in these materials.

Surprisingly, the formation of mesophases was possible by the
cooperative assembly of cationic inorganic species with cationic
surfactants. Generally lamellar, hexagonal and Pm3n cubic
phases (Fig. 1) were prepared by addition of tetraethyl-ortho-
silicate (TEOS) at room temperature to an acidic (for example,
HCl) solution of surfactant. After stirring for 30 min or longer,
the solid product was recovered by filtration and studied by X-
ray diffraction and high-resolution transmission electron micros-
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copy (Figs 2, 3). High-quality samples of the three phases can
be formed in a wide range of strongly acidic conditions (1-7 M
HCI or HBr). We found that HCI favours the formation of all
three phases, whereas HBr favours the formation of the hex-
agonal and not the cubic phase. In contrast to the synthesis
conditions used previously'>® for M41S silicate mesophases,
extremely acidic media, low temperatures, short synthesis times
and low concentrations of surfactant were employed. Zwit-
terionic and lipid-like surfactants were successfully used in this
synthesis. Silica polymerization proceeds in this pH range
through the condensation of cationic intermediates™'®.

The new cubic silica phase, first reported here (Figs 1-3), was
prepared using surfactants with larger head groups (for example,
alkyltriethylammonium, cetylethylpiperidinium) as the template.
This was done to decrease the value of the surfactant packing
parameter to generate maximum surface curvature'""'>, The X-
ray diffraction data closely matches (intensities and indexing)
that for the I, (Pm3n) phase of cetyltrimethylammonium
chloride and cetylpyridinium chloride in formamide'®. This
phase consists of a packing of two types of discrete micellar
aggregates'>'” in globular-like cages, with one large cage of
~30 A diameter giving a clathrasil-like structure. Removal of
the C,,TEA™ (tricthylammonium) template by calcination at
500 °C resulted in a reduction of the unit cell parameter from
89.9 to 78.2 A.

The surfactant-silica mesophases exhibit different unit cell
parameters when surfactants with differing alkyl chain lengths
were used (Fig. 5). Moreover, the X-ray diffraction data (Fig.
5), show clearly that similar surfactants at pH <0 produce meso-
structures with similar, but slightly larger d-spacings than those
obtained by basic (pH > 9) medium synthesis. For the C;sTMA™

FIG. 1 A general scheme
for the self-assembly
reaction of different sur-

(trimethylammonium) hexagonal phase product formed in
acidic media, chemical analysis gave (wt%): SiO., 39.7;
CisTMA™, 46.38; Cl, 5.75. The product surfactant/Cl ratio is
therefore 1.0:1.0, a feature that distinguishes these mesostruc-
ture phases from hexagonal phase MCM-41 formed in alkaline
solution which has no significant halide content using the same
surfactant halide starting materials. Because in the acid meso-
phase product the template cationic charge is exactly balanced
by a halide anion, the template should be removable without
providing an exchangeable cation, as required for the anionic
frameworks of MCM-41 (ref. 18). Indeed, it was found that
>85% of the template could be removed from the material as-
synthesized by stirring in pure ethanol at room temperature or
by overnight reflux. The removal of the template was also pos-
sible by calcination. The calcined hexagonal phases (at 500 °C)
had surface areas greater than 1,000m”g~' and average pore
diameters of 18.6, 26.5 and 33.2 A for Cy4, Ci and C;s TMA™,
respectively, as determined by N, BET (Brunauer-Emmett—
Teller) measurements.

*Si MAS (magic angle spinning) NMR data (Fig. 4) were
used to determine the degree of polymerization and the concen-
tration of silanol, as measured by the ratio of the two major
peaks (denoted Q° and Q%). At long reaction times, for the hex-
agonal phase, /0" decreases due to increased polymerization,
but for a given reaction time, Q°/Q" is approximately the same
(0.55) as for the hexagonal material precipitated from basic
medium.

As proposed for the co-condensation of oligomeric polysili-
cate and cationic surfactant molecules in alkaline solution
(pH>9)"*° we believe that the main driving force for self-
assembly in strong acid media is electrostatic. We postulate that

factant and inorganic
species. The mesostruc-
tured phases can be syn-
thesized by either direct
pathways or mediated
pathways, using different
charged surfactant mol-
ecules and inorganic
solution species in certain
pH conditions. Some sur-
factants other than alkyl-
trimethylammonium ions
are also good templates
for mesoporous materials
syntheses. Each surfac-
tant can act as a template
for the formation of one or
more mesostructures in
different reaction condi-
tions. The topology of the
composite mesostruc-
tures reflects the final
geometry adopted by the
organized organic array S0
that regardless of the
inorganic framework
composition, liquid-crystal
morphologies have been
observed and can be
expected. The dimension-
less effective surfactant
packing parameter g=V/
aol determines the pro-
duct structure®**223,
where V is the chain vol-
ume, [ is the chain length
and a, is the optimum
head-group area of a sur-
factant molecule.
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the interactions between cationic silica species and halide-
cationic surfactant headgroups are mediated by the halide ions,
which form hydrogen bonds to protonated silanols such as
=Si(OH,)" (ref. 10). At high concentrations of hydrogen halide
solutions, the cationic surfactant hydrophilic region is sur-
rounded by halide ions forming an electrical double layer (S7X™)
with the periphery negatively charged. As cooperative assembly
and precipitation proceeds, the protons associated with the silica
species along with associated excess halide ions are excluded
until a neutral inorganic framework remains.

This model is supported by: (1) the fact that cationic silica
species are present at pH<2 (refs 9,10) and the fact that the
solution [H'] does not change during synthesis; (2) the 1:1
surfactant to chlorine ratio in the hexagonal product; (3) the
easy removal of the template with ethanol; (4) the observation

FIG. 2 Transmission electron micrographs of: a, acid phase hexagonal
silica (left is scanning electron micrographs); b, hexagonal tungsten
oxide, periodicity 40 A; ¢, lamellar tungsten oxide, periodicity 36 A, and
d, direction [210] of the cubic Pm3n silica, v=78 A, w=35 A,

NATURE - VOL 368 - 24 MARCH 1994

that TEOS and SiCl, hydrolyse and form mesophase products,
whereas Cab-O-Sil (SiO,) which does not dissociatively hydro-
lyse in acidic conditions, forms no mesophase products. Clearly
the template mechanism for (S*X717) synthesis is not the same
as that for (S*I7) synthesis.

We have applied the above approach to the synthesis of organ-
ized Zn-containing phosphate mesostructured materials. At least
four lamellar (C,TMA)"X [HZnPQ,] (X is Cl, Br™) phases
with different d-spacings and surfactant packing, including
monolayer and bilayer geometries, can be generated by control-
ling composition and pH. One of them was formed from solu-
tions containing [H,ZnPO,]" (pH ~2.5) (Figs 3, 5), and like the
acid silica phases contains one halide ion per surfactant
molecule. In this structure there is three-dimensional ordering
and excellent lateral ordering of layers. Comparison with the
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determined structures of the layered MH(ZnPOy), (where M is
Na, Cs) (ref. 19) strongly supports a template model similar
to that for the acid synthesized silica phases, with the cationic
surfactant indirectly coordinated to the HZnPO, walls by hyd-
rogen bonding to the anion (C1™ or Br™).

Finally, we have explored the possibility of synthesizing peri-
odic biphase arrays from negatively charged surfactants and
inorganic species (S 17). For instance, Zn(OH);, Zn(OH);~
and Zn,(OH):z~ are the predominant species in a 0.1 M solution
of ZnO (pH 10-14) (ref. 20). The anionic surfactant
CH1(CH,),,COO M™ gives a lamellar zinc oxide phase (doo1 =
488 A, 50.3 A; M*=Na", K”, respectively) above pH 12.5
(TMA-OH without surfactant under the same reaction condi-
tions gives only ZnO), consistent with a mediated templating
(S"M™I") pathway. Anionic surfactants compete with oxide/
hydroxide groups for framework metal atom coordination sites
and under similar conditions phosphates such as
C;-H,s0P0O;Na, H, (x=0-1) appear to coordinate directly to
the zinc atom, thus becoming part of the framework with no
sodium ions present in the final product. In another example, at
pH >8 using an anionic aluminate species in solution lamellar
(doo1 =33.6 A) [C,H>s0PO;NaH];-AI(OH);-4H,O (observed
and calculated Al (2.5%, 2.5%); P (8.6%,8.6%); C
(40.2%, 39.7%); H (7.7%, 8.9%); Na (5.56%, 6.35%)) is formed
in contrast to lamellar [C;,H,s0PO;]-Al(OH)-2H,O (observed
and calculated Al (7.9%, 8.2%); P (9.3%, 9.5%); C (44.4%,
44.2%); H (8.6%, 8.6%)) which forms at pH <5. The former is
consistent with a (S”M*17) solution pathway and no framework
phosphate, whereas in the latter the (S7T") chemistry prevails
with surfactant framework participation.

The results presented here confirm the feasibility of using the
synergistic interface chemistry of inorganic and organic species
to create periodic mesostructures with cationic or anionic inor-
ganic species including transition-metal oxides and cationic or
anionic surfactants. A variety of surfactants including lipids and
zwitterionic types were used so that this chemistry becomes
directly applicable to biomimetics. Our periodic biphasic arrays
are to be contrasted with the tubules of silica® and iron oxide™
grown on a charged lipid template. Charge matching of the
biphasic arrays can be accomplished through the four pathways
shown in Fig. 1. but even these may not be exclusive as charge
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FIG. 3 Powder X-ray diffraction (XRD) patterns of silica and zinc phos-
phate mesostructures precipitated from acidic medium. From bottom
to top, the patterns are: (a) lamellar silica, ao=39.8 A; (b) hexagonal
silica (MCM-41), a,=47.6 A; (c) cubic Pm3n silica, a;=89.9 A; (d)
lamellar zinc phosphate, with the high-26 region shown in the inset.
These peaks (d) could be indexed in an orthorombic cell having a=
6.49A, b=6.57 A and ¢=28.08 A. Typical preparation of the silica
mesophases from acidic medium was carried out with the following
molar ratios: (a) lamellar: 0.12 C,TMA-Br:1TEQS:4.9 HCI:130 H,0;
(b) hexagonal: 0.12 C36TMA-Br:1 TEOS:9.2 HCI:130 H,0 and (¢)
cubic: 0.13 C,6TEA-Br:1 TEOCS:10.4 HCI:130 H,0. The lamellar zinc
phosphate phase shown here (d) was synthesized by crystallization of
a reaction mixture with molar composition of 3.0Zn(NOj),:
3.5 H3P0,:5.0 C,4TMA-Br: 4.5 TMA-OH: 1,000 H,0 at 4°C for 18d
(pH 2) to give a final composition of [(C15Ha3)N(CH3)s"Br ]-HZnPO,,
[observed, calculated: Zn (12.4%, 12.5%); Br (15.4%, 15.2%); N (2.9%,
2.7%); and P (5.5%, 5.9%)]. By varying pH and dilution, other lamellar
structures can be obtained with spacings of 63, 37.3 and 29.7 A and
surfactant chain length to lattice spacing variation which suggests a
surfactant bilayer configuration for the first of these. In these lamellar
phases, the residue obtained after thermal analysis to 900 °C is
Zn,P,0;.

!
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FIG. 4 2°Si MAS NMR of the as-synthesized silica mesophases. For all
four of the materials the two major peaks shown are Q® (at —101 to
—102 p.p.m.) and Q* (at —110 to —111 p.p.m.) (ref. 26). %Q* measures
the number of 2°Si of the type (Si0);=Si-OH and %Q* measures the

number of 2°Si of the type (Si0)3=Si-O-Si=. The estimated error in
the values of Q° and Q% are +5% of their value. Hexagonal phase A
was run at short reaction time (30 min) and hexagonal phase B was
run under the same synthesis conditions except for long reaction time
(2 h). The Qa/Q4 ratio measures the extent of silanol condensation indi-
cating for material B a more condensed framework than material A.
0°/0Q* for the hexagonal phase and for the lamellar phase in acidic
media is similar to that found for materials precipitated from basic
media, which are 0.55 and 1.2 respectively. Chemical shifts were
measured with respect to tetramethylsilane.
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FIG. 5 The relationship between unit cell parameter and number of
carbon atoms in surfactant chain. Silica (Pm3n) phase was synthesized
by using alkyltriethylammonium as template at room temperature for
1 h. Hexagonal silica and silicate phases were obtained in the presence
of alkyltrimethylammonium at room temperature in acidic and basic
media respectively. Only Cao 2,TMA™ led to the formation of lameliar
silica in acidic medium at room temperature. Lamellar ZnPQO, was pre-
pared by using alkyltrimethylammonium as template from acidic
medium (pH 2.5). Estimated error is 1 A in d-spacing of highest peak
(d210 for Pm3n phase and d,o for hexagonal and lamellar phases).

matching also might be accomplished through a combination of
both direct and mediated linkages. Ultimately, temporal and
spatial control of the relative rates of the biphase and interface
assembly processes in cooperative templating might be used to
impose microscopic long-range modulation of the periodic com-
positive array morphology in a manner directly relevant to bio-
material synthesis™*, |
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Titanium silicalite is an effective molecular-sieve catalyst for the
selective oxidation of alkanes, the hydroxylation of phenol and the
epoxidation of alkenes in the presence of H,O, (refs 1-3). The
range of organic compounds that can be oxidized is greatly limited,
however, by the relatively small pore size (about 0.6 nm) of the
host framework®. Large-pore (mesoporous) silica-based molecular
sieves have been prepared recently by Kresge et al.>”’ and Kuroda
et al.?; the former used a templating approach in which the forma-
tion of an inorganic mesoporous structure is assisted by self-organ-
ization of surfactants, and the latter involved topochemical
rearrangement of a layered silica precursor. Here we describe the
use of the templating approach to synthesize mesoporous silica-
based molecular sieves partly substituted with titanium—Ilarge-
pore analogues of titanium silicalite. We find that these materials
show selective catalytic activity towards the oxidation of 2,6-di-
tert-butyl phenol to the corresponding quinone and the conversion
of benzene to phenol.

We have prepared hexagonal mesoporous silica (designated
HMS) and its titanium-substituted derivative (Ti-HMS) by acid
hydrolysis of Si(OC,Hs;), or of Ti(iso-OC;H),: Si{OC,Hs), mix-
tures in alcoholic solutions using dodecylamine (DDA) as a
template. This preparative strategy differs from all previously
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FIG. 1 X-ray powder diffraction patterns of mesoporous molecular
sieves. The diffraction patterns were recorded on a Rigaku Rotaflex
diffractometer equipped with a rotating anode and using CuKa
radiation (1=0.15418 nm). The hkl and d spacing given apply to Ti-
MCM-41.
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