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Abstract: Structure organization of the cubic silicate species, SisO2®~ (Sig), by the cationic surfactant, CH3(CH,);sN-
(CHs);%, leads to mesophasic precipitates with layer or rod-based structures depending on the conditions of the
precipitation. Further ordering of the structures of these precipitates has been achieved by acidic vapor treatment
leading to ordered materials with cubic (MCM-48), lamellar, and hexagonal (MCM-41) mesostructures. For the
first time, step-by-step structural transformations have been observed, which follow the sequence given here, during
vapor phase treatment: layered precipitate (L) — cubic (V) — lamellar (L;) — hexagonal (H;). These results
strongly support a mechanism in which, under typical synthetic conditions, silicates and surfactants mutually organize
into mesoscopic assemblies with geometries close to those of discs, rods, or spheres as determined by charge density
matching and then these assemblies further condense into ordered lamellar, hexagonal, or cubic structures depending
on the final reaction conditions. The present results also demonstrate that it is possible to achieve structure-tailoring
and better framework ordering of these mesostructural materials.

Introduction

Since the researchers at Mobil Corp. recently published their
pioneering work on silicate— and aluminosilicate—surfactant
mesostructural materials, designated M41°S,"? considerable
research efforts have been made in this area in the investigation
of the synthesis,>* formation mechanism,’~7 structure,?® and
other aspects'®~'? of the reaction. Potential applications of these
materials as either highly ordered mesoporous solids or as
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organic—inorganic nanocomposites have been discussed includ-
ing applications in the area of biomimetics.2® So far, four
different mesostructures have been reported, namely, a hex-
agonal phase (MCM-41), two types of cubic phase with space
groups Ja3d (MCM-48) and Pm3n, respectively, and a lamellar
phase. Figure 1 schematically shows the structure of three of
these phases. Metal oxides other than silica and alumina, such
as titanium oxide?'~?* and vanadium oxide,?> have also been
incorporated into the hexagonal structures. Different mecha-
nisms for the formation of the hexagonal phase have been
proposed including a liquid crystal templating mechanism,?
tubular silica encapsulation around the external surface of
surfactant micelles followed by spontaneous assembling of these
rod-like species into hexagonal packing?® (hereafter, rod mech-
anism), and a lamellar to hexagonal phase transformation
mechanism’@ (hereafter, layer mechanism).

All the syntheses so far have been carried out under
conventional hydrothermal conditions starting from reaction
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Figure 1. A schematic presentation of three inorganic-surfactant mesostructures: (A) the lamellar phase, (B) the hexagonal phase, and (C) the
“bicontinuous™ cubic (fa3d) phase. Note that only the surfactant parts of the structures are presented for clarity. In real materials, all the empty
spaces in the figures between the surfantant assemblies (rods, layers, etc.) are filled with extended inorganic frameworks. Part C is adapted from

ref 31.

mixtures of surfactants and oxide gels produced from either
inorganic or alkoxide precursors. Due to the complex nature
of gel precursors, which may contain both colloidal particles
and hydrolyzed polymeric species each with many different
structural and compositional features, it is difficult to follow
the evolution of the structure during synthesis and to understand
the mechanistic pathways. As pointed out by Stucky and co-
workers,’ the electrostatic interaction and the matching of charge
density at the inorganic—surfactant interfaces should govern the
cooperative assembly of these mesostructures. Therefore, in
order to achieve controlled structure organization and attain more
control over the structure tailoring of these materials, one has
to manage to control or to adjust the electrostatic interaction
and the charge density matching at the interfaces. For this
purpose, oxide gels may well not be the most appropriate
precursor species. In the present work, we have introduced a
degree of ordering into the materials by starting from well-
characterized polysilicate species and controlling the degree of
condensation by acidic vapor treatment of polysilicate—surfac-
tant mesophasic precipitates.

Experimental Section

The precipitation and structure organization of Sigz anions with
n-hexadecyltrimethylammonium chloride (CsTACI) was carried out
at room temperature (RT) by mixing a solution of [N(Me)s]sS150x65H,0
(TMA-Sig) crystals and a solution of C,,TACI, to which, if needed, a
suitable amount of acid or base was added before mixing. Freshly
prepared and relatively concentrated TMA-Sis solutions were used to
avoid possible condensation of the silicate anions before they were
mixed with the surfactant. Typically, a 20-mL solution containing 2 g
of TMA-Siy crystals and a 100 mL 5% C,,TACI solution were used in
each precipitation experiment. The acid and base used were
N(Me),OH:5H-0 and concentrated (38%) HCI solution, respectively.
The pH values were about 11 for the precipitate mixtures containing
base and in the range 1.5—4.5 for those containing acid. The
precipitates formed immediately and then were aged in their mother
liquor for 3 h at room temperature before being filtered or centrifuged.
There was no structural change during this aging period at high pH,
but it was necessary at lower pH to achieve a reproducible degree of
condensation. TMA-Sig crystals were prepared according to a previ-
ously reported procedure™ by first dissolving Ludox silica in a solution
of N(Me):OH (TMAOH) and then slowly evaporating the solution over
concentrated H,SOy.

Vapor-phase treatments for structure-ordering or structure-transfor-
mation studies of the precipitate phases were performed using a
procedure similar to the vapor phase transport technique described in
the literature for the synthesis of zeolite molecular sieves.”® Briefly,
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our procedure involved the acidic vapor treatments of the precipitates
at 105—130 °C using a steel bomb with Teflon linings and a small
Teflon cup to separate the solid sample from the liquid phase below it.
Details about the reaction vessel are given in ref 29. Typically, 0.3-g
solid samples and 10 mL of 0.44% HCI solution were used in each
experiment. Treated samples were washed with distilled water and
then air-dried before physical measurements were carried out.

Analytical data (sample. % N, % Si0-, XRD): Lq, 3.13. 14.27, Figure
3a: L), 2.18, 38.0, Figure 3c; Hy, 2.83, 30.18, Figure 3d: H,, 2.47, 48.71,
Figure 3e.

X-ray diffraction patterns were obtained on a Rigaku Rotaflex
rotating anode diffractometer using Cu Ka radiation. Solid state *Si
and *"Al MAS NMR spectra were obtained with a spinning rate of
about 3 KHz on a Bruker AM-400 NMR spectrometer using a
homemade MAS probe. The *Si and *’Al chemical shifts were
referenced to TMS using QM as an intermediate reference for **Si
and the Al(H»0),'" resonance of a | M solution of aluminium nitrate
as external reference for >’Al. The *’Si spectra were obtained without
cross polarization, and with long delays and short 307 pulses to ensure
quantitative reliability.

Results and Discussion

Our new approach to the synthesis of mesostructural systems
is based on the Scheme 1. Instead of using heterogeneous gels,
we initiated our syntheses from clear solutions of polysilicate
species, specifically, the well-known cube-like double four-ring
(D4R) silicate, SigO»*~ (Sig), which has been well characterized
in both solution and the crystalline solid state, for example as
its tetramethylammonium (TMA) salt, (TMA);SigO265H:0,%%7
by NMR and X-ray diffraction techniques. First, the strong
electrostatic interactions between the Sig anions and the sur-
factant cations make it possible to easily and cleanly obtain
mesophasic precipitates which show different organized struc-
tures depending on the charge density (charge to volume ratio)
of the inorganic precursors (Step I). Further modification of
the structure through condensation can be achieved by acidic
vapor treatments of the precipitates resulting in highly ordered
mesostructural materials (Step II). Using this procedure, it is
possible to synthesize the lamellar, the cubic-la3d, and the
hexagonal mesostructures (Figure 1) in a simpler, more reliable
and more understandable manner, and it is also possible, for
the first time, to document structural transformations between
these mesophases in a systematic way. For clarity of presenta-
tion these topics will be discussed separately. It should be noted
that since a two-step process is involved in the present work,
these are not true phase transitions and the results cannot be
compared directly to data from “in situ™ solution preparations.
For this reason, we refer to them as structural transformations.

Figure 2 presents the XRD patterns and *°Si MAS NMR
spectra of the SigCsTA precipitates obtained through the above
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procedure with C\¢TACI reagent solutions in which different
amounts of tetramethylammonium hydroxide (TMAOH) or
hydrochloric acid (HCI), as described in the figure caption, were
added before the solutions were combined and precipitation
occurred. The reaction conditions were otherwise identical.
From a comparative examination of these XRD patterns, it is
clear that they are due to two different mesophases. One forms
in basic or neutral surfactant solutions (Figure 2, a and b) and
clearly shows a layer-based structure. Its 2°Si NMR spectrum
has a single, narrow peak at —99 ppm, which is virtually the
same as that of the Sig anions in their crystalline TMA salt,28
indicating the Sig structural units are perfectly intact in this
layered mesophase. We denote this phase as Ly. When acid
is added to the surfactant solutions, another mesophase appears
(Figure 2, ¢ and d) and the 2Si NMR spectrum shows the
expected Q® resonance at —99 ppm, and an additional peak at
about —110 ppm in the Q* Si region indicating that condensation
between Sig cubes has taken place. When a relatively large
amount of acid is used, the second phase is virtually the only
one observable in the precipitates (Figure 2, e and f). The XRD
pattern of this phase is very close to that of MCM-41 but with
less well defined higher order peaks. It is possible that there
has been some decomposition of the Sig cubes during the
condensation process. However, there is no evidence in the
298] MAS spectrum for any Q? sites which would be expected
for linear or monocyclic oligomers. Calcination of this phase
produced a mesoporous material which had a XRD pattern
similar to that of calcined MCM-41 but, again, with poorly
defined higher order peaks. In addition, this phase directly
transformed into highly ordered hexagonal structure (MCM-
41) after treatment with acidic vapor (see below). Therefore,
we believe that this precipitate phase is formed by silicate—
surfactant mesoscopic rods with poorly ordered hexagonal
packing. We denote this phase as Hy. It should be noted
that the degree of silicate condensation as indicated by the 2Si
NMR spectra in this phase can vary considerably depending
on precipitation conditions (Figure 2, ¢ and f). By the
terminology “Hg phase” we refer here to all those rod-based
mesophases which are close to but not as well ordered as
hexagonal MCM-41.

To try to prove the integrity of the Sig system in these phases,
we have investigated the FT IR spectra of the precipitates. In
the case of zeolites, Flanigen and co-workers have shown that
IR spectroscopy is a sensitive tool for the investigation of
structural features of the frameworks,3® Of particular interest,
they identified signals occurring in the region 500—650 cm™"
as being characteristic of double ring systems, the open
frameworks of these systems making it possible to observe the
vibrational modes of these distinct structural units. In the
present work, the IR spectra of Sig, completely siliceous zeolite
A, and QgMj; chosen as reference compounds show strong
absorptions in this range (610 and 555 cm™') considered due
to the D4R moities. By contrast, the CisTABr template shows
no absorption in this region. The layered precipitate (Ly) phase
precipitated at high pH shows a strong

(30) (a) Flanigen, E. M. In Zeolite Chemistry and Catalysis; Rabo, J.
A., Ed.; ACS Monograph No. 171; American Chemical Society: Wash-
ington, DC, 1976; p 80. (b) Flanigen, E. M.; Khatami, H.; Szymanski, H.
A, Adv. Chem. Ser. 1971, 101, 201. .
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Figure 2. (A) XRD patterns and (B) solid state 2°Si MAS NMR spectra
of SigC¢TA precipitates prepared at room temperature by addition of
solutions of (NMe4)sSigO2065H-0 crystals (typically, 2 g in 20 mL of
H,0) into CjsTACI solutions (typically, 100 mL of 5 wt %) which
contain (a) 5 g of TMAOH'5H,O0, (b) no additional reagents, and (c—
) 0.1, 0.2, 0.4, and 0.6 mL of 38% HCI solution, respectively. The
XRD peaks indicated “*” in (a) are due to another layered mesophase.
The NMR peaks indicated “4” are spinning sidebands.

absorption at 593 cm™' suggesting the presence of a high

concentration of D4R in agreement with the 2°Si spectra of
Figure 2B. This absorption persists in the vapor-treated L, phase
(see on). The hexagonal precipitate (Ho) obtained at lower pH
also shows an absorption at 574 cm™' as does the vapor-treated
(H)) material (see on) indicating the presence of a substantial
concentration of D4R units. In contrast, amorphous silica gel
shows no clear absorption in the region. The calcined (H;)
hexagonal phase also shows an absorption at 585 cm™'. The
corresponding hexagonal phases formed from ALsSi4 cubes (see
on) which are the stable species at the pH values of their
formation also show strong absorptions at (584—590) cm™!
again confirming the presence of intact D4R cubes. Although
these observations are only semiquantitative in nature, they
indicate a considerable degree of stability of the D4R units in
these materials and during reactions such as those described in
the present work.

Through the vapor-phase treatment, a cubic-fa3d phase (V)
and a lamellar phase (L;) have been produced from the
precipitate Lo and a hexagonal phase (H;) from the precipitate
Hy. Figure 3 shows the XRD patterns and °Si NMR spectra

- of these highly ordered mesostructures as well as those of the

precursor Ly and Hp phases for comparison. The shorthand
notations used here for these mesophases are mainly based on
the nomenclature used by Tiddy for the corresponding surfactant
liquid crystal (SLC) phases®' with some modifications for the
lamellar phases. The capital letters designate different meso-
structures, L for lamellar, V for cubic-/a3d, etc., and the
subscript 1 designates, in the case of lamellar phases, a structure
with surfactant monolayers between the silicate framework
layers and, in the other cases, a normal structure in which the
silicate part is continuous throughout the structure. We use
subscript O to designate the precipitate phases.

The XRD patterns of the V,, L, and H; phases shown in
Figure 2 exactly match those reported in the literature for the
corresponding mesostructures. The bicontinuous cubic structure
Vi has been extensively studied for SLC phases®'3? and recently

(31) Tiddy, G. J. T. Phys. Rep. 1980, 57, 1—46.



9712 J. Am. Chem. Soc., Vol. 117, No. 38, 1995

] A

a (I..)

b (Vl)

¢ (L) [

d M) d
o

e (H) e

=

10 20 30 & N

2 Theta (Degree) Chenical Shift (ppm)
Figure 3. (A) XRD patterns and (B) solid state 2Si MAS NMR spectra
of the SisCi¢TA mesophases: (a) layered Lo phase obtained by direct
precipitation (see Figure 1 for details), (b) the cubic V, (/a3d) produced
by acidic vapor treatment of Lo at 110 °C for 7 days, (c) the lamellar
L; phase from treating Ly at 128 °C for 8 days, (d) the rod-based
precipitate Hy prepared by precipitation under acidic conditions (see
Figure 1), and (e) the hexagonal H; phase obtained from H, by acidic
vapor treatment at 110 °C for 7 days. The insets in patterns b and e
show the higher order XRD peaks enlarged. The NMR peaks indicated
“}” are spinning sidebands.

180

discovered as one of the inorganic—surfactant mesostructures
(ISM).257 Such a structure may be viewed as two intertwined
and unconnected 3-D networks of self-assembled short surfactant
rods, joined coplanarly 3 by 3, with a single, infinite silicate
network filling the spaces between the surfactant rods.’? The
L, phase obtained here clearly shows a more highly ordered
structure than those reported for a similar lamellar phase as
indicated by the better defined high-order X-ray reflections
which are even observable in the region of 20—30° 26.27 The
298i NMR spectrum (Figure 3) shows that in L; more than 50%
of the Si atoms are in Q* sites indicating condensed silicate
layers. In fact, the XRD pattern of L, is very similar to those
of Ci¢TA* pillared layered silicates such as Kanemite and
Magadiite.>* In this sense, L, is quite different from Ly where
the silicate layers are formed by individual Sig anions although
both phases show comparable interlayer distances (dipn =~ 32
A for L and dioo ~ 29 A for Lo) and both consist of surfactant
monolayers. At this point, both L, and Ly are different from
the bilayer phase (L) commonly observed in SLC systems.>'
Previously, syntheses of the mesostructural materials reported
in the literature commonly involved complex recipes and
procedures until recently Vartuli et al.” reported a simple system
consisting of only TEOS (tetracthylorthosilicate) and C;sTA
hydroxide solution for the synthesis of silica mesostructures.
The two-step synthesis procedure we have used here (Scheme
1) may be preferable to the existing literature methods because
it not only involves a simple recipe and procedure but also
makes the reaction parameters controllable and adjustable. In
addition, it provides one possible way to tailor-make these
mesostructures in terms of both composition and structure.
One of the most important advantages of the vapor phase
procedure is that it allows the direct observation of the structural
transformations between these mesostructures. Figure 4 shows

(32) (a) Seddon, J. M.; Templer, R. H. Phil. Trans. R. Soc. London A
1993, 344, 377—401. (b) Mariani, P.; Luzzati, V.; Delacroix, H, J. Mol.
Biol. 1988, 204, 165—189.

(33) Schwieger, W.; Fyfe, C. A. Unpublished results.
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Figure 4. XRD patterns showing the structural transformations of the
L, precipitate phase during an acidic vapor treatment. (a) The layered
L used for experiments (b—g) under the following conditions: (b—d)
treatment with 0.44% HCI solution, 110 °C, and 1, 5, and 10 days,
respectively; (e—g) treatment with 0.44% HCI solution, 130 °C and 8,
12, and 24 days, respectively. (c), (), and (g) are typical patterns of
the Vy, L), and H; mesophases, respectively.

the XRD patterns of a series of Ly samples (pattern a) treated
with acidic vapor as a function of time under the conditions
given in the figure caption. It can be seen that the patterns ¢,
e, and g in the figure are due to the cubic (V)), the lamellar
(L), and the hexagonal (H,) structures, respectively although
the H, structure here does not show well-defined high-order
peaks. Calcination experiments confirm that this phase is indeed
the hexagonal structure rather than another lamellar phase and
that it is thermally stable. The patterns b, d, and f in the figure
are given to show the intermediate structure (b) or mixtures of
structures (d and f) observed when the structures are transformed
from one to another. Therefore, these mesophases transform
in the following order

L,—V,—L —H,

It is possible to understand these transformation processes by
comparison with the corresponding changes observed for the
SLC systems, where the following typical phase transformation
scheme as a function of surfactant concentration has been well
established in the order of decreasing concentration:?'

lamellar (L) <> cubic (V,) <> hexagonal (H,) <=
cubic (I,) < micelles

It is well-understood that the addition of water (dilution) to a
concentrated system with an L, SLC phase decreases the charge
density of the inorganic (water) region and correspondingly
increases the volume ratio of the surfactant polar heads to apolar
chains, therefore increasing the curvature of the water—
surfactant interfaces. As a result, one sees the transformation
from flat bilayer L, (0 curvature), to the “saddie-splay” curvature
Vi, to circular cylinders H, to sphere-based I, and finally to
spherical micelles (maximum curvature).?' We believe that very
similar processes govern the pathway of the structural trans-
formations of our Sig-Ci6TA systems. During the acidic vapor
treatment, protons neutralize the negative charges of the silicate
anions, and therefore decrease the charge density of the
inorganic (silicate) region and increase the head-to-chain volume
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Figure 5. XRD patterns of the silicate mesostructures calcined by
slowly increasing the temperature to 550 °C in N, atmosphere and then
heating at 550 °C for 5 h in air: (a) precipitate Hy phase; (b) hexagonal
H; phase obtained from Hy by acidic vapor treatment; and (c) cubic V,
phase obtained from the L, phase by acidic vapor treatment.

ratio of the surfactant assembly. As a result, the transformations
which occur are from one structure with a lower head-to-chain
volume ratio to another with a higher ratio. In general, these
silicate mesostructures are stable to calcination and template
removal. Figure 5 shows the XRD patterns of the precipitate
Ho, hexagonal H,, and cubic V; structures. Comparison of the
patterns with those of the uncalcined forms shown in Figures
2e, 2f, and 3b, respectively, shows that the structures are
unchanged, and the ordering may even improve somewhat as
in the case of the H, phase.

There is an important difference between the transformation
processes of the ISM phases and the SLC phases. For the SLC
phases, the charge density change is achieved simply from the
change of the water volume and the number and identities of
the charged species (e.g., C1~ in the CsTACI system) remain
the same during the phase transformation. For the ISM phases,
on the other hand, the charge density decrease is accompanied
by chemical processes such as protonation and, especially,
condensation, while the total volume of the silicate part is not
substantially changed. As a result, some surfactant cations have
to be removed from the structure to maintain charge balance.
Obviously, it is the condensation process that produces an
extended silicate framework which can be stable even after the
subsequent removal of all the surfactants. Since condensation
is involved, the flexibility of a partially condensed framework
to adapt to the geometry required by a mesophase is an important
factor in facilitating the transformation.

It is somewhat surprising that a lamellar phase L; appears
between the cubic V; and the hexagonal H; phases as this is
not observed for the SLC systems. As shown by the 2Si NMR
data in Figure 3, the degree of condensation is slightly higher
for L, than for V,, which means that the charge density of the
silicate part is lower for L,. However, a lamellar structure
should require a higher charge density at the interfaces than a
cubic one with curved interfaces. We believe that the trans-
formation from V; to L, is accompanied by an increase in the
silicate wall thickness so that, even though the charge density
for the whole silicate framework decreases, it increases at the
interfaces. The increase of the basal spacings from Lyto L, as
indicated by the reflections in Figure 3 indicates an increase in
wall thickness although it is hard to estimate the exact wall
thickness of the V, structure. Nevertheless, since in V, the
interface curvature varies continuously throughout the structure
and a positive curvature in one direction is balanced by a
negative one at right angles to it, the average curvature is not
very different from that of a lamellar phase.’'
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Scheme 2 summarizes the results discussed above together
with two additional reaction pathways which we predict may
be possible for similar materials based on these results (indicated
by the box in dashed lines). As can be seen in the scheme,
both the “rod mechanism” (labeled A) and the "layer mecha-
nism" (labeled B) mentioned above are possible, but neither
one completely describes the mechanistic pathways found for
these phases. It is clear that the silicate—surfactant mutual
organization governed by electrostatic interactions is a determin-
ing factor in the formation of the mesophases.” We believe
that this mutual organization process first leads to silicate—
surfactant assemblies with simple geometries, discs, rods, or
spheres, depending on the charge density or the degree of
condensation of the silicates involved, and these assemblies then
further condense into extended structures. In the latter process,
the identities or geometries of the silicate—surfactant assemblies
may be either maintained or transformed depending on the final
reaction parameters (pH, temperature, etc.). This mechanism
is supported by our results as discussed above, particularly by
the fact that we have obtained the Sig-Ci¢TA mesophasic
precipitates (Lo and Hp) with layer and rod-based geometries
by simply mixing two solutions together. Silicate—surfactant
assemblies with more complicated geometries are unlikely to
exist at the very initial stages of structure growth. This is
probably why, as we observed in the precipitation experi-
ments, the disordered analogue of the complicated V; phase
could not be obtained by direct precipitation although its de-
gree of condensation should be between that of Lo and Ho
(Figures 2 and 3).

When the silicate species involved are relatively small and
highly charged as is probably the case at the early stage of a
hydrothermal synthesis at high pH and for the precipitates we
obtained under basic conditions, there are no essential differ-
ences between the general structural characteristics of silicate—
surfactant systems and those of the surfactants themselves with
simple counterions. It is the fact that the Krafft temperature®
is above room temperature for the Sig-CisTA system that makes
it possible for us to isolate the mesophasic precipitates. We
have observed that at elevated temperatures (~50 °C) the
precipitates redissolve. Assuming that the Sis-CisTA system
can be controlled so that further condensation of the Sig
polyanions can be effectively prevented at the temperature above
the Krafft boundary, what we predict is most likely a Sig-Ci¢-
TA micelle solution at low concentration and lyotropic liquid
crystal phases when the concentration is higher. Under normal

(34) The Krafft temperature is a characteristic temperature for surfactant—
water systems at a specific concentration of surfactant, below which the
surfactant precipitates from solution.



9714 J. Am. Chem. Soc., Vol. 117, No. 38, 1995

conditions for the synthesis of mesostructures,2™ such lyotropic
liquid crystal phases are unlikely to exist because not only is
the concentration normally much lower than required for these
phases but also the progressive condensation of the silicates
would make the silicate—surfactant assemblies lose their lyo-
tropic character. However, they may still behave similarly to
thermotropic liquid crystals. It has been known that anhydrous
surfactants form liquid crystal phases in the temperature ranges
between those of the crystalline solid and the amorphous liquid
(melt).3' The formation of these thermotropic phases is the
result of a balance of the strong electrostatic interaction between
counterions and head groups and the week attractive forces
between alkyl chains. The former causes a tendency to form
regular crystals but the latter is a driving force toward the liquid
state. We have observed that vapor phase treatment of the
precipitated Lo phase at around 110 °C changes it to a
transparent material similar to the “waxy” (liquid crystal) phases
reported in surfactant systems.’’ When cooled to room tem-
perature it remains transparent and still shows a high degree of
order. Based on these observations, the formation of the
mesophases may be understood as operating by a liquid crystal
mechanism. The strong similarities between ISM materials and
SLC phases in terms of structure and behavior clearly indicate
that these two systems must be closely related. The tendency
for the silicate—surfactant systems to form mesophases resem-
bling liquid crystals is most likely resposible for the disordered
framework in the ISM materials.

Using the two-step synthetic procedure described above, we
have also prepared a hexagonal aluminosilicate mesostructure
(AS-H,) with a Si/Al ratio close to 1 from the known alumi-
nosilicate analogue of Sig, the AlLsSis(OH)sO12*~ (ALSis) spe-
cies. A detailed description of this new aluminosilicate material
will be given elsewhere. Here we wish only to mention one
interesting aspect of the behavior of the Al4Sis anions observed
in our precipitation experiments. For AlsSiy, when mixed with
Ci6TA, the rod-based precipitate phase (AS-Hp) is always the
dominant product even under basic conditions (pH & 10).
Under these conditions, however, only the layered precipitate
phase (Lo) is formed for Sis (see above). This is understandable
because ALsSi4 (4—) has a lower charge than Sig (8—), and since
all the terminal groups in the Al4Si4 structure are OH (but O~
in Sig), condensation can take place much more easily even
under basic conditions, which further lowers the charge density.
Obviously, such a precursor is unfavorable for an Ly phase
which requires highly charged inorganic layers. This observa-
tion provides additional evidence that the charge density of the
inorganic precursor is one of the important factors that determine
the structure of the mesophase formed from it.

In summary, the synthesis of ISM materials using a two-
step procedure from oligomeric precursors such as cubic Sig
and AlsSis has been clearly demonstrated. In the structure
organization step, either layer-based or rod-based mesophasic
precipitates can be obtained by controlling the charge density
of the silicate precursors. A sphere-based precipitate phase is
also predicted although it has not been obtained in this work

(35) Engelhardt, G.; Hoebbel, D.; Tarmak, M.; Samoson, A.; Lippmaa,
E. Z Anorg. Allg. Chem. 1982, 484, 2232,

(36) Grube, M.; Wiebcke, M.; Felsche, J.; Engelhardt, G. Z. Anorg. Allg.
Chem. 1993, 619, 1098—1104,

Fyfe and Fu

(Scheme 2). In the structure ordering and transformation step,
the vapor phase technique has allowed us to obtain all the
reported highly ordered mesophases (except the I, structure)
and to observe the structural transformations step by step
between these phases. Valuable information about the mecha-
nistic pathways leading to the formation of these mesophases
has also been derived from these results. As demonstrated by
the data on Al4Sis, incorporation of high concentrations of Al
which is very difficult with other methods'®~'2 can be better
achieved in the oligomer stage. Obviously, other metallic
elements could also be incorporated into these silicate mesos-
tructures in a similar fashion.

The synthetic procedure may also be extended to other
inorganic oligomer—surfactant systems. Considering the great
diversity in terms of structure and composition of both inorganic
oligomers (e.g., polyanions and polycations) and surfactants,
the possibilities are endless. The size and charge of an
oligomeric species are among the most important parameters
that need to be considered when one designs a mesostructure
although the ability of the precursor species to condense into
an extended framework is also crucial if a thermally stable
mesoporous framework is to be formed. The modification of
the charge densities of the oligomeric precursors, as we have
done in this work, is a very convenient way to control the charge
density matching at the interfaces to achieve a desired mesos-
tructure but it is certainly not the only way. It could also be
achieved by a modification of the surfactant component. For
example, partial replacement of C,¢TA with similar but shorter
chain surfactants would reduce the chain volume and make
formation of a mesostructure with curved interfaces more
favorable regardless of whether the oligomers are highly
charged. A similar effect is also predicted for multiple-charged
surfactants. On the other hand, double chain surfactants or
mixtures of charged and neutral surfactants with the same chain
lengths would favor structures with low curvatures such as
lamellar phases. It should also be mentioned that, if only typical
M41S materials are desired, the two-step synthesis procedure
reported here may be replaced by a single-step synthesis in
solution from the same precursors if the appropriate conditions
are chosen. Similarly, the well-characterized TMA-Sis precursor
solution used here may be replaced by a NaOH-hydrolyzed
solution which typically contains a broad spectrum of soluble
silicate species.’’” However, we believe that a more easily
controllable procedure and the use of well-characterized oligo-
meric precursors, possibly utilizable as building blocks, could
be advantageous as far as structure tailoring and framework
ordering of the final materials are concerned.
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