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In this paper we describe how pore-structure modification can be achieved in a highly
ordered fashion through the use of bolaform surfactants containing a rigid unit in the
hydrophobic chain. The silicate mesophase, SBA-8, synthesized using bolaform surfactants
at room temperature, is a two-dimensional (2-D) pore structure with a centered rectangular
lattice (space group cmm, 1 < a/b < +/3), which has no reported lyotropic liquid crystal
analogue. SBA-8 is thermally stable in air, and the surfactant can be removed by calcination
to yield a mesoporous material with a high surface area (>1000 m?/g). The unit cell parameter
of the silicate mesostructure can be varied by adding gemini surfactants or by changing
reaction temperature; a 2-D silicate mesophase (Mo, a/b > +/3) and high quality hexagonal
MCM-41 (p6mm, a/b = +/3) can be obtained. Hydrothermal transformation of SBA-8 into

MCM-41 takes place, confirming the intermediate nature of the SBA-8 mesophase.

Introduction

The low-temperature formation of liquid crystal-like
arrays made up of molecular assemblies of inorganic
species and amphiphilic organic molecules is a conve-
nient approach for the synthesis of mesostructured
materials.1712 The pore and symmetry properties of
these materials are largely determined by the organic
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group structure and polarity. However, enhanced long-
range order introduced by the use of charged surfactants
along with kinetically controlled polymerization of the
inorganic phase makes it possible to identify and
characterize periodic structures not previously reported
for conventional liquid crystal phases.!! This is also
evident for liquid crystal-like phases in general since
the same relatively small collection of space-group
symmetries are obtained for conventional amphiphilic
and polymer systems even though the underlying
compositions, molecular structures, and chemical and
physical properties differ substantially.13-21

At the same time, it is becoming increasingly clear
that the apparent limitation in the number of structural
types is in reality a reflection of experimental difficulty
in the characterization of less stable intermediate
phases?? and of shorter range order. The latter difficulty
should be noted with respect to the comparatively small
structural variations in modulated structures?? that on
the basis of conventional X-ray data are collectively
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assigned as isomorphous structures belonging to the
collection of space-group symmetries noted above. Par-
ticularly for lyotropic mesophases of surfactants and
lipids, it is very difficult to obtain clear conclusions
about the exact nature of structures since the quality
of the X-ray diffraction data is inadequate and high-
quality electron microscopy data are difficult to obtain.
In reality, the pore or cage shapes, wall thicknesses, and
geometries of mesophases are highly tunable with
almost an infinite variability. Inorganic mesophases
with better long-range ordering and excellent stability
are helpful in characterizing both new liquid crystal-
like structures and structure modulations.

Within the range of liquid crystal phases!®1® that can
form in surfactant lyotropic systems, the name “inter-
mediate phase” has been used for those noncubic phases
occurring at compositions between hexagonal and lamel-
lar phases.1617 Ribbon phases are the intermediate
phases that appear closest to the normal hexagonal
phase.124 These phases are most easily described as a
2-D array of elongated noncircular tubes that are packed
on 2-D lattices.?5 Experimentally, intermediate phases
in charged surfactant systems are observed whenever
the hydrophobic chain is rather long?%2” and/or re-
stricted in flexibility.2®6 However, it is not clear why
increasing the chain length or rigidity should favor the
formation of these phases over the bicontinuous cubic
structure.

Bolaform amphiphiles are closely related to gemini
surfactants CmHzm+1N(CH3)2CsH2sN(CH3)2CpH2p+1Br2
(assigned Cm—s—p)** with two hydrophilic moieties con-
nected by a hydrophobic chain (of length s), but without
the hydrophobic tails (m = p =1). Doubling the chain
length seems to have a larger influence on the aggrega-
tion behavior than doubling the number of head-
groups.?°—31 It has been predicted by theory and shown
by experiments that surfactants containing rigid units
have more specific aggregation behavior than conven-
tional surfactants with a flexible hydrophobic chain.®?
In addition, introducing oxygen atoms into the bridging
chain increases the solubility and makes it possible to
substantially increase the bridging chain length. The
unusual properties that result from these substitutions
can be expected to introduce pore-channel size and
shape anisotropy to the inorganic mesophase. For these
reasons, the bolaform surfactants with rigid chain,
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(designated as Rn, n = 4, 6, 8, 10, 12), were used as
structure-directing agents in this study.33

HQC\+ +/O"3
HaC— N ~(CHp)n-0~D)~O0-(CHa)n~N= CHz [2Br 7]
HaC s

Experimental Section

Chemicals. Tetraethyl orthosilicate (TEOS) (Aldrich), NaOH
(Aldrich), and 1,3,5-trimethylbenzene (TMB) (99%, ACROS)
were used as received. Bolaform surfactants Ry, ([(CH3)sN*CnHan-
OCgH4CsH4,OCHnNH(CH3)3] [2Br], n = 4, 6, 8, 10, 12) were
prepared and purified as described in the literature.3* Gemini
surfactant Cor-15-2» (C22H45N(CH3)2C12H25N(CH3)2C22H45) was
synthesized and purified as described previously.3®

Syntheses. 1. SBA-8 Mesophase. A typical synthesis of
SBA-8 is as follows. First, 0.6 g of bolaform surfactant R;, was
mixed with 29 g of water and 3.6 g of (2 M) NaOH. To this
solution was added 3.0 g of TEOS at room temperature, and
the solution was stirred for 5 h or longer. The solid product
was recovered by filtration on a Buchner funnel and dried in
air at ambient temperature.

2. Mo Mesophase. A total of 0.25 g of Ry, bolaform surfactant
and 0.25 g of gemini surfactant C,,-12-2, were dissolved in 35.6
g of water and 3.6 g of (2 M) NaOH. To this solution was added
3.0 g of TEOS at room temperature, and the solution was
stirred for 24 h. The solid product was recovered by filtration
on a Buchner funnel and dried in air at ambient temperature.

3. MCM-41. A total of 0.6 g of Ri, bolaform surfactant and
0.6 g of TMB were mixed with 36 g of water and 3.6 g of (2 M)
NaOH, and then 3.0 g of TEOS was added at room tempera-
ture and stirred for 5 h. The solution with solid was transferred
into a Teflon bottle and heated at 100 °C for 3 days.

Analyses. X-ray powder diffraction patterns were taken on
a Scintag PADX diffractometer using Cu Ka radiation. The
nitrogen adsorption and desorption isotherms at 77 K were
measured using a Micromeritics ASAP 2000 system. The data
were analyzed by the BJH (Barrett—Joyner—Halenda) method
using the Halsey equation for multilayer thickness. The pore-
size distribution curve was calculated from the analysis of the
adsorption branch of the isotherm. The pore volume was taken
at P/Po, = 0.985 single point. Transmission electron micro-
graphs (TEM) were taken on a 2000 JEOL electron microscope
operating at 200 kV. The samples for TEM were prepared by
dispersing a large number of particles of the products through
a slurry in acetone onto a holey carbon film on a Cu grid.

Results and Discussion

The powder X-ray diffraction (XRD) patterns of as-
synthesized and calcined silicate mesostructure SBA-8
prepared using a bolaform surfactant with rigid chain,
such as Rjp, at room temperature, are shown in Figure
1. The XRD pattern of as-made SBA-8 shows two
reflection peaks with d spacing of 41.3 and 37.9 A, in
the 26 range of 2—2.5°, and several well-resolved
diffraction peaks in the 20 range of 3—10°. The XRD
pattern can be indexed as a 2-D centered rectangular
(space group cmm) lattice with cell parameters a = 75.7,
b =49.2 A, a/b = 1.53 (Table 1). The bolaform surfactant
in SBA-8 can be removed by calcination at high tem-
peratures (500—600 °C). The XRD pattern of calcined
SBA-8 at 500 °C in air shows that the (11) and (20)
reflections shift to higher angles and some XRD peaks
observed for as-made SBA-8 are too broad to be resolved.
Four additional diffraction peaks are observed in the
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Figure 1. XRD patterns of (a) as-made SBA-8 and (b) calcined
SBA-8.

Table 1. Rectangular Cell Parameters for SBA-8, Silicate
Mesophase Ma, MCM-41, and Relative Lyotropic Liquid
Crystal Phase?

mesophase a(A) b (A) alb

MCM-41 (p6mm) 79.2-80  45.7-46.4 /3
SBA-3 (p6mm) 77.6-77.9 448-45 /3

SBA-8 (cmm) 73.8—75.3 49.0-49.8 ~1.5
silicate Ma 91.1 44.2 2.06
SDS in water (p6mm) 76.8 443 V3

SDS in water (cmm) 87.4—101.8 39.6—37.2 2.2-238
SDS in water + NMF (p6mm) 74.4 43.0 V3

SDS in water + NMF (cmm) 83.2—90.8 38.6—36.7 2.1-25
CTAB in water (p6mm) 84.6 48.7 V3
CTAB in water (cmm) 95.2 43.4 2.2

aThe p6 hexagonal phase is indexed with rectangular sym-
metry, b = a, (hexagonal cell) and a = v/3a,. MCM-41 samples
are the result of a phase transition from SBA-8 at 100 °C in water.
SBA-3 is synthesized using same surfactant Ri, at room temper-
ature in acid medium. The cells for SDS mesophases are after ref
37 and for CTAB from ref 42.

26 range of 4—6.5 °, which can be indexed as (02), (31),
(22), and (40) of centered rectangular cmm with cell
parameters a = 60.0, b = 39.6 A, a/b = 1.51. The
relatively large cell contraction (20%) is due to uncom-
pleted condensation of the siloxane framework resulting
from low-temperature (room temperature) synthesis.

Transmission electron microscopy (TEM) images and
electron diffraction patterns (Figure 2a,b) of calcined
SBA-8 show a cylinder array along the [11] zone plane
and a distorted hexagonal array along the [10] zone
plane, confirming that calcined SBA-8 has a highly
ordered 2-D mesostructure with centered rectangular
symmetry. The cell parameters from TEM measure-
ments are consistent with those from XRD measure-
ments, indicating that SBA-8 is a thermally stable 2-D
(cmm) mesostructure.

The N, adsorption—desorption isotherms of calcined
SBA-8 prepared using Ri> at room temperature are
type-1V curves without hysteresis®® (Figure 3), which
is similar to that of small-pore MCM-41.37 The analysis
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Figure 2. Lattice image and electron diffraction patterns
(inset) of transmission electron micrographs for SBA-8 (a)
perpendicular to channels and (b) parallel to channels.
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Figure 3. Nitrogen adsorption—desorption isotherm plots of
calcined SBA-8. The inset is the corresponding pore-size
distribution curve.

of surface areas of pores in this size range has been the
subject of considerable discussion; however, the adsorp-
tion/desorption isotherm confirms excellent quality, high
surface area pores. N, BET analysis, which is qualita-
tive at best, suggests a surface area of 1020 m? g1,
The cell parameters of the silicate mesostructures can
be varied by adding gemini surfactant or by changing
reaction temperature. For example, 2-D silicate me-
sophase Mo (a/b > +/3) can be synthesized in the
presence of gemini Cy-12—22 and bolaform R, surfac-
tants at room temperature. The XRD pattern (Figure
4a) of this material shows two strong reflection peaks
in the 20 range of 1.5—2.5 °, with four additional peaks

(36) Sing, K. S. W.; et al. Pure Appl. Chem. 1985, 57, 603.
(37) Branton, P. J.; et al. Faraday Trans. 1994, 90, 2965.



Novel Mesoporous Silicates

—
—

20

s nm-!

10

Intensity

20 (degree)

Figure 4. XRD patterns of (a) as-made silicate mesostructure
Ma and (b) high-quality as-made MCM-41. Inset is XRD
pattern obtained in SDS surfactant/water binary system from
ref 31.

in the 260 range of 3—6°. The well-resolved XRD pattern
can be indexed as a 2-D centered rectangular (cmm, Ma)
lattice with cell parametersa=91.1, b =442 A, alb =
2.06 > /3. This is in close agreement with that of the
mesophase Ma formed in a sodium dodecylsulfate (SDS)
surfactant/water binary system (Figure 4 inset).3® On
the other hand, high-quality 2-D hexagonal (p6mm)
mesostructure (MCM-41) can be synthesized using the
same bolaform surfactant at high temperature (100 °C).
The XRD pattern (Figure 4b) of as-made MCM-41 shows
seven well-resolved diffraction peaks with d(100) spac-
ing of 41.8 A.

In the SBA-8 cmm structure (a/b < /3, Figure 5a),
the elongation of the hexagonal channels (Figure 5b)
takes place along the b direction and shrinkage takes
place along the a direction (Figure 5a), while in the Ma.
structure the elongation is along the a direction and
shrinkage is along the b direction (Figure 5c). A
comparison of the cell parameters known for the cmm
phases is given in Table 1. The relative intensities of
the XRD reflections are similar to those3?4° of the
lyotropic mesophase Mo (a/b > +/3) of surfactant
systems, e.g., SDS and cetyltrimethylammonium bro-

(38) Auvray, X.; Petipas, C.; Rico, I.; Lattes, A. Lig. Cryst. 1994,
17, 109.
(39) Auvray, X.; Petipas, C.; Anthore, R.; Rico-Lattes, I.; Lattes, A.
Langmuir 1995, 11, 433.
(40) Auvray, X.; Perche, T.; Anthore, R.; Petipas, C.; Rico, I.; Lattes,
A. Langmuir 1991, 7, 2385.
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Figure 5. A scheme for deformation of 2-D hexagonal me-
sophase into 2-D centered rectangular mesophase.
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mide (CTAB), although their relative positions (d val-
ues) do not match due to the different cell parameter
a/b ratios. TEM studies of SBA-8 further support this
result. There is, to the best of our knowledge, no
reported evidence for the existence of a cmm lyotropic
liquid crystal mesophase with a/b < +/3, that is, of an
analogue of SBA-8.

Transforming the normal 2-D hexagonal unit cell into
the corresponding lower-symmetry centered rectangular
cell (Figure 5) gives a unit cell ratio of a/b < v/3 or a/b>
V3. Ribbon-phase cmm structures can be generated
from the hexagonal p6mm phase by stretching out and
contracting the hexagonal lattice along either the a or
b direction of the rectangularly indexed unit cell of the
hexagonal phase (Figures 5a and 5c). By convention a
is chosen as the long direction of the resulting rectan-
gular cell.17:2441 1n the known examples of cmm struc-
tures of conventional liquid crystal phases, the defor-
mation is as shown in Figure 5c, giving the Ma
phase3842 with a/b > +/3. These two symmetries are not
readily distinguished due to the relatively small number
of diffraction peaks observed in experiments with
conventional lyotropic phases. Data for the Ma. phase

(41) Hendrikx, Y.; Charvolin, J. J. Phys. 1981, 42, 1427.

(42) The centered rectangular (cmm) or monoclinic (p2) symmetries
have been proposed for the Ma phase. Rendall, K.; Tiddy, G. J. T,;
Trevethan, M. A. J. Chem. Soc., Faraday Trans. 1 1983, 79, 637. Wood,
R. M.; McDonald, M. P. J. Chem. Soc., Faraday Trans. 1 1985, 81,
273. Kekicheff, P.; Cabane, B. J. Phys., Paris 1987, 48, 1571.

(43) Auvray, X.; Petipas, C.; Anthore, R.; Rico, I.; Lattes, A. J. Phys.
Chem. 1989, 93, 7458.

(44) Clerc, M. J. Phys. 11 1996, 6, 961.
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Figure 6. XRD patterns of observed mesophases in phase
transitions (from SBA-8 to MCM-41): (A) SBA-8 obtained from
a mixture with composition of 0.04 R12:0.5 NaOH:1 SiO,:150
H,O at room temperature for 8 h. (B—J) SBA-8 was treated
hydrothermally: (B) at 70 °C for 8.5 h, (C) at 70 °C for 16 h,
(D) at 70 °C for 29 h, (E) at 70 °C for 3 days, (F) at 70 °C for
15 days, (G) at 70 °C for 42 days, (H) at 70 °C for 16 h then at
100 °C for 6 h, (I) at 70 °C for 8.5 h and then at 100 °C for 6
h, and (J) at 100 °C for 15 h.

can be fitted with a centered rectangular lattice and
there is no convincing experimental evidence to favor
the existence of a monoclinic (p2) ribbon phase.17:24.43

Under basic synthesis conditions, the same type of
surfactants R, (n = 10, 8, 6, 4) lead to the formation of
MCM-41, and only the long-spacer surfactant R;; yields
SBA-8. This result is in agreement with the lyotropic
behavior of long-rigid-chain surfactants.?62? On the
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other hand, bolaform surfactants such as Rj, give SBA-
3, the p6mm hexagonal phase, in acidic (HCI) solutions
below the aqueous silica isoelectric point.4

A phase transition from SBA-8 to MCM-41 is found
(Figure 6), confirming the intermediate nature of this
phase. SBA-8 (cmm) can be induced to transform to
MCM-41 (p6mm) in the mother synthesis solution or
by treatment of as-made samples in water at 70—100
°C (pH = 7-10). Thus, SBA-8 synthesized at room
temperature transforms readily into MCM-41 through
postsynthesis treatment. When the as-made SBA-8 is
treated in water at 100 °C, the phase transition to
MCM-41 is completed within 2 h. The gradual transition
can be controlled by varying treatment temperature and
time. Existence of the intermediate product confirms
that the transition occurs in the solid phase and not
through dissolution to the liquid phase.

In summary, a novel silicate mesophase and trans-
formation behavior of the silicate mesostructure has
been found. The structure-directing role of rigid chain
bolaform surfactants has been shown to result in
excellent long-range order. SBA-8 is the second example
of novel silica mesophases that we have found. The 3-D
hexagonal silicate mesophase!! SBA-2 has symmetry
P6s/mmc, did not have a previously reported lyotropic
liquid crystal structured analogue, and only subse-
quently was its lyotropic mesophase analogue found.**
Inorganic mesophases with good long-range ordering
and excellent stability are very helpful in the charac-
terization of one of the less-studied intermediate sym-
metry phases and for further understanding of micelle
and lyotropic liquid crystal phases of surfactant/molec-
ular inorganic ion pairs. The discovery of SBA-2 and
SBA-8 strongly suggests that other intermediate struc-
tured mesoporous phases with different wall structure
and long-range symmetry synthesized by surfactant—
inorganic self-assembly are accessible.
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