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Abstract: Two kinds of highly ordered mesoporous silica materials (FDU-11, FDU-13) with novel three-
dimensional (3-D) tetragonal and orthorhombic structures were synthesized by using tetra-headgroup rigid
bolaform quaternary ammonium surfactant [(CH3)3NCH2CH2CH2N(CH3)2CH2(CH2)11OC6H4C6H4O(CH2)11-
CH2N(CH3)2CH2CH2CH2N(CH3)3‚4Br] (C3-12-12-3) as a template under alkaline conditions. High-resolution
transmission electron microscopy (HRTEM), small-angle X-ray scattering (SAXS), and X-ray diffraction
(XRD) show that mesoporous silica FDU-11 has primitive tetragonal P4/mmm structure with cell parameters
a ) b ) 8.46 nm, c ) 5.22 nm, and c/a ratio ) 0.617. N2 sorption isotherms show that calcined FDU-11
has a high BET surface area of ∼1490 m2/g, a uniform pore size of ∼2.72 nm, and a pore volume of ∼1.88
cm3/g. Mesoporous silica FDU-13 has primitive orthorhombic Pmmm structure. The cell parameters are a
) 9.81, b ) 5.67, and c ) 3.66 nm. N2 sorption isotherms show that calcined FDU-13 has a high BET
surface area of 1210 m2/g, a uniform mesopore size of ∼1.76 nm, and a large pore volume of ∼1.83
cm3/g. Such low symmetries for 3-D mesostructures (tetragonal and orthorhombic system) have not been
observed before even in amphiphilic liquid crystals, which maybe resulted from an oblate aggregation of
the bolaform surfactant and its strong electrostatic interaction with inorganic precursor. A probable
mechanism has been proposed for the formation of such a 3-D low symmetrical mesostructure. These
results will further extend the synthesis of mesoporous materials and may open up new opportunities for
their new applications in catalysis, separation, and nanoscience.

1. Introduction

Ordered mesoporous materials1-8 prepared from soft chem-
istry9-13 by using surfactants and block copolymers as the

structure-directing agents or templates have received a great deal
of attention because of their large surface area (up to 1500 m2/
g), uniform pore size distribution (∼1.5-40 nm), and their
potential applications in catalysis,14-19 separation technology,20-24

nanoscience,25,26and biomaterials engineering.27-31 Great efforts† Fudan University.
‡ Unilever Research China.
§ Stockholm University.
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have been performed toward the synthesis of mesoporous
materials with different mesostructures, compositions, as well
as morphologies through several approaches such as hydrother-
mal process under acidic and basic media, sol-gel process, and
evaporation-induce self-assembly (EISA). Among these efforts,
the synthesis of mesoporous materials with novel mesostructures
is the most challenging and somewhat difficult, and only a few
new mesostructures have been reported during the past a few
years.30,32-41 However, it is very important for both fundamental
research and applications to develop new catalysts, adsorbents,
delivery hosts, microdevices, and nanoreactors. Surfactants, the
structure-directing agents of the mesoporous materials, play a
key role for the self-assembly of the ordered mesostructure
because they can be aggregated in aqueous solution42-45 and
give rise to a wide range of mesophases with different structure
upon interacting with the inorganic precursor species in the
presence of acid or base catalysts.46 For example, MCM-41,1

SBA-15,32,47 FSM-16,3,4 SBA-346 (2-D hexagonalp6mm),
MCM-48,2 FDU-5,48 KIT-649 (cubicIa3hd), SBA-1, SBA-650,51,33

(cubicPm3hn), SBA-16,32,33FDU-134,36,52-56 (cubic Im3hm), and
FDU-1230,57 (cubic Fm3hm), FDU-2,35 AMS-837,39,41 (cubic
Fd3hm), SBA-258-61 and SBA-1232,62(intergrowth 3-D hexagonal

P63/mmc and cubicFm3hm), and SBA-863 (2-D rectangular
centeredc2mm) have been synthesized via electrostatic Cou-
lombic interaction and double layer hydrogen bond interaction
through S+I-, S-I+, S+X-I+, and S°H+X-I+ pathways (where
S+ is cationic surfactant, I is inorganic precursor species, and
X is counterion).64 It is surprising to note that the symmetries
for all the above mesostructures are high in cubic and hexagonal
systems except the 2-D SBA-8 mesostructure, which is derived
from 2-D hexagonal structure by “pushing or drawing” along
the [100] direction. This is not difficult to understand since the
self-assembly of surfactant molecules and/or cooperative as-
sembly of surfactant-inorganic precursor composites are driven
by weak Coulombic or van der Waals forces; therefore, close-
packing mesostructures of cubic or hexagonal symmetries can
be easily formed. If the driving force between silicates and
surfactant assembly is stronger, the low symmetrical mesos-
tructure could be formed. Recently, Falcaro et al. and Besson
et al. found that during the formation of mesoporous silica films
by EISA, the low symmetrical mesostructure such as orthor-
hombic face-centered (space group,Fmmm) structure may be
formed in the presence of triblock copolymer templates65,66due
to the strong interface tension. However, because of the lack of
convincing evidence from transmission electron microscopy
(TEM) images, this mesostructure could not be confirmed as a
distorted cubicIm3hm structure induced by ethanol evaporation
during the EISA.67-69 To the best of our knowledge, a highly
ordered silica mesostructure with relatively low symmetry such
as tetragonal or orthorhombic system has not been reported yet.

In general, the formation of mesostructure depends exces-
sively on the nature of the surfactants, such as the volume of
hydrophilic headgroup, the molecular shape (flexible or rigid)
and the charge density distribution.14,58,59,64Therefore, a rational
design of the surfactant provides a direct and efficient pathway
to synthesize mesoporous materials with desired structures.

Tetra-headgroup rigid bolaform surfactants (denoted as
Cn-m-m-n), refer to a kind of multicharged cationic surfactants,
are related to gemini surfactants, in which four hydrophilic
headgroups separated by different methylene chains are attached
by one variable-length hydrophobic linker with a rigid biphenol
group.35,52,57,58,69,70Their formula is shown below:

The high charge density, rigid biphenol rodlike unit, and flexible
hydrophobic coil segment in the tetra-headgroup bolaform
surfactant (Cn-m-m-n) can increase the interaction between
inorganic silicate precursors and organic surfactant molecules
and the aggregation force of the surfactant molecules viaπ-π
interaction, it may facilitate formation of low symmetrical

(28) Zhao, J.; Gao, F.; Fu, Y.; Jin, W.; Yang, P.; Zhao, D.Chem. Commun.
2002, 752.

(29) Han, Y. J.; Stucky, G. D.; Butler, A.J. Am. Chem. Soc.1999, 121, 9897.
(30) Fan, J.; Yu, C.; Gao, T.; Lei, J.; Tian, B.; Wang, L.; Luo, Q.; Tu, B.;

Zhou, W.; Zhao, D.Angew. Chem., Int. Ed.2003, 42, 3146.
(31) Fan, J.; Lei, J.; Wang, L.; Yu, C.; Tu, B.; Zhao, D.Chem. Commun.2003,

2140.
(32) Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D.J. Am. Chem.

Soc.1998, 120, 6024.
(33) Sakamoto, Y.; Kaneda, M.; Terasaki, O.; Zhao, D. Y.; Kim, J. M.; Stucky,

G. D.; Shin, H. J.; Ryoo, R.Nature2000, 408, 449.
(34) Yu, C.; Yu, Y.; Zhao, D.Chem. Commun.2000, 575.
(35) Shen, S.; Li, Y.; Zhang, Z.; Fan, J.; Tu, B.; Zhou, W.; Zhao, D.Chem.

Commun.2002, 1213.
(36) Matos, J. R.; Kruk, M.; Mercuri, L. P.; Jaroniec, M.; Zhao, L.; Kamiyama,

T.; Terasaki, O.; Pinnavaia, T. J.; Liu, Y.J. Am. Chem. Soc.2003, 125,
821.

(37) Che, S.; Garcia-Bennett, A. E.; Yokoi, T.; Sakamoto, K.; Kunieda, H.;
Terasaki, O.; Tatsumi, T.Nat. Mater.2003, 2, 801.

(38) El-Safty, S. A.; Hanalka, T.AdV. Mater. 2003, 15, 1893.
(39) Garcia-Bennett, A. E.; Miyasaka, K.; Terasaki, O.; Che, S.Chem. Mater.

2004, 16, 3597.
(40) Che, S.; Liu, Z.; Ohsuna, T.; Sakamoto, K.; Terasaki, O.; Tatsumi, T.Nature

2004, 429, 281.
(41) Garcia-Bennett, A. E.; Terasaki, O.; Che, S.; Tatsumi, T. Chem. Mater.

2004,16, 813.
(42) Israelachvili, J.Colloids Surf., A1994, 91, 1.
(43) Davis, H. T.Colloids Surf., A1994, 91, 9.
(44) Pindzala, B. A.; Jin, J.; Gin, D. L.J. Am. Chem. Soc.2003, 125, 2490.
(45) Zana, R.AdV. Colloid Interface Sci.2002, 97, 205.
(46) Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger, P.;

Leon, R.; Petroff, P. M.; Schuth, F.; Stucky, G. D.Nature1994, 368, 317.
(47) Zhao, D. Y.; Feng, J. L.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H.;

Chmelka, B. F.; Stucky, G. D.Science1998, 279, 548.
(48) Liu, X.; Tian, B.; Yu, C.; Gao, F.; Xie, S.; Tu, B.; Che, R.; Peng, L. M.;

Zhao, D.Angew. Chem., Int. Ed.2002, 41, 3876.
(49) Kleitz, F.; Choi, S. C.; Ryoo, R.Chem. Commun., 2003, 17, 2136.
(50) Che, S.; Sakamoto, Y.; Terasaki, O.; Tatsumi, T.Chem. Mater.2001, 13,

2237.
(51) Kim, M. J.; Ryoo, R.Chem. Mater.1999, 11, 487.
(52) Matos, J. R.; Mercuri, L. P.; Kruk, M.; Jaroniec, M.Langmuir2002, 18,

884.
(53) Kruk, M.; Antochshuk, V.; Matos, J. R.; Mercuri, L. P.; Jaroniec, M.J.

Am. Chem. Soc.2002, 124, 768.
(54) Yu, C.; Yu, Y.; Miao, L.; Zhao, D.Microporous Mesoporous Mater.2001,

44-45, 65.
(55) Tian, B.; Liu, X.; Yu, C.; Gao, F.; Luo, Q.; Xie, S.; Tu, B.; Zhao, D.Chem.

Commun.2002, 1186.
(56) Kruk, M.; Celer, E. B.; Jaroniec, M.Chem. Mater.2004, 16, 698.
(57) Kleitz, F.; Liu, D.; Anilkumar, G. M.; Park, I.-S.; Solovyov, L. A.; Shmakov,

A. N.; Ryoo, R.J. Phys. Chem. B.2003, 107, 14296.
(58) Huo, Q.; Leon, R.; Petroff, P. M.; Stucky, G. D.Science1995, 268, 1324.
(59) Huo, Q.; Margolese, D. I.; Stucky, G. D.Chem. Mater.1996, 8, 1147.
(60) Zhou, W.; Hunter, H. M. A.; Wright, P. A.; Ge, Q.; Thomas, J. M.J. Phys.

Chem. B1998, 102, 6933.
(61) Hunter, H. M. A.; Garcia-Bennett, A. E.; Shannon, I. J.; Zhou, W.; Wright,

P. A. J. Mater. Chem.2002, 12, 20.

(62) Sakamoto, Y.; Diaz, I.; Terasaki, O.; Zhao, D.; Perez-Pariente, J.; Kim, J.
M.; Stucky, G. D.J. Phys. Chem. B2002, 106, 3118.

(63) Zhao, D.; Huo, Q.; Feng, J.; Kim, J.; Han, Y.; Stucky, G. D.Chem. Mater.
1999, 11, 2668.

(64) Zhao, D.; Yang, P.; Huo, Q.; Chmelka, B. F.; Stucky, G. D.Curr. Opin.
Solid State Mater. Sci.1998, 3, 111.

(65) Falcaro, P.; Grosso, D.; Amenitsch, H.; Innocenzi, P.J. Phys. Chem. B
2004, 108, 10942.

(66) Besson, S.; Ricolleau, C.; Gacoin, T.; Jacquiod, C.; Boilot, J.-P.Microporous
Mesoporous Mater.2003, 60, 43.

(67) Crepaldi, E. L.; Soler-Illia, G. J. de A. A.; Grosso, D.; Cagnol, F.; Ribot,
F.; Sanchez, C.J. Am. Chem. Soc.2003, 125, 9770.

(68) Crepaldi, E. L.; Soler-Illia, G. J. de A. A.; Bouchara, A.; Grosso, D.; Durand,
D.; Sanchez, C.Angew. Chem., Int. Ed.2003, 42, 347.

(69) Yu, K.; Wu, X.; Brinker, C. J.; Ripmeester, J.Langmuir2003, 19, 7282.

Silica Structures Templated from Ammonium Surfactant A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 18, 2005 6781



mesostructure, and creation of a new kind of highly ordered
mesoporous silica materials can be expected.70

Here, we report the synthesis of two new 3-D highly ordered
mesoporous silica with low symmetrical structures (tetragonal
P4/mmmand orthorhombicPmmmstructure) (denoted as FDU-
11 and FDU-13, respectively) by using multicharged rigid
bolaform surfactant (C3-12-12-3) as a structure-directing agent
under base condition. X-ray diffraction (XRD), small-angle
X-ray scattering (SAXS), high-resolution transmission electron
microscopy (HRTEM), and N2 sorption measurements show that
the obtained mesoporous silica materials with low symmetrical
structure possess highly ordered regularity, high surface area
(up to 1490 m2/g), large pore volume (up to 1.88 cm3/g), and a
narrow pore size distribution (∼1.76-2.1 nm). A formation
mechanism has been proposed for the synthesis of these
mesoporous silica with low symmetrical structure based on the
cooperative-assemble interaction between the organic surfactant
and inorganic precursor species.

2. Experimental Section

Materials. The chemicals used for the synthesisstetraethyl ortho-
silicate (TEOS), 1,12-dibromododecane [Br(CH2)12Br], and (3-bro-
mopropyl) trimethylammonium bromideswere bought from Aldrich,
and 4, 4′-biphenol (97%) was purchased from Acros. Other reagents
were obtained from China Chemical Reagent Corporation. All chemicals
mentioned here were used without further purification.

Synthesis of Tetra-Headgroup Rigid Bolaform Surfactant.The
synthesis of tetra-headgroup rigid bolaform quaternary ammonium
surfactant C3-12-12-3 was carried out as in previous reports70-75 and
was performed as outlined in Scheme 1. Detailed synthesis of surfactant
C3-12-12-3 is as follows.

A mixture of 4,4′-biphenol (5.00 g, 26.9 mmol) in 200 mL of ethanol,
3.20 g (57.1 mmol) of KOH, and 44.0 g (134 mmol) of 1,12-
dibromododecane was refluxed under N2 environment for 20 h. After
cooling to room temperature, the reaction mixture was filtered and
washed repeatedly with hot C2H5OH several times to obtain intermediate
1, BrCH2(CH2)10CH2OC6H4C6H4OCH2(CH2)10CH2N(CH3)2 (mp 114.6
°C). 1H NMR (400M, CDCl3), δ (ppm): 7.48 (d, 4H, Ar-H), 6.94 (d,
4H, H-Ar-O), 3.99 (t, 4H, OCH2), 3.42 (t, CH2Br), 1.83 (m, 8H,
OCH2CH2, CH2CH2Br), 1.41 (m, 8H,CH2(CH2) 6CH2), 1.29 (m, 24H,
(CH2) 6). EI-MSm/z for C36H56O2Br2 found: (186, 100%); (678, 3.23%);
(680, 6.23%); (682, 3.32%); (55, 12.91%); (69.92, 9.2%); (157, 7.56%);
(434, 2.08%). Calculated: 680.

A quantity of 10.0 g (14.7 mmol) of intermediate1 in 100 mL of
benzene was allowed to react with 13.0 g (295 mmol) of ethanolic
HN(CH3)2 in an ampule at 80°C for 20 h. After the solvent was
removed, the residue was treated with KOH and recrystallized from
C2H5OH three times to obtain intermediate2, (CH3)2NCH2(CH2)10CH2-
OC6H4C6H4OCH2(CH2)10 CH2N(CH3)2 (mp 100.7°C). 1H NMR (400M,
CDCl3), δ (ppm): 7.48 (d, 4H, Ar-H), 6.96 (d, 4H, H-Ar-O), 3.99
(t, 4H, OCH2), 2.29 (t, 16H,CH2N(CH3)2), 1.80 (m, 4H,CH2CH2

N(CH3)2), 1.47 (m, 8H, OCH2CH2(CH2)7CH2CH2CH2N(CH3)2), 1.29
(m, 28H, (CH2)7). ESI-MS m/z for C40H68O2N2 ([M + H]+) found:
609.5. Calculated: 609.

A quantity of 2.50 g (4.01 mmol) of the intermediate2 was further
dissolved in 100 mL of C2H5OH, and 2.68 g (10.3 mmol) of
(3-bromopropyl)trimethylammonium bromide was added to this solu-
tion. The resulting mixture was heated while being stirred at 78°C for
5 days under refluxing condition. The solvent was evaporated by using
a rotary evaporator until a white viscous liquid was obtained. The
viscous liquid was cooled in a refrigerator (5°C) to enhance the
precipitation. The resulting precipitate was filtered, washed with cool
ethyl acetate, and dried in a vacuum desiccator. The white precipitate
was further purified by column chromatography (Sephadex LH-20)
using methanol as an eluent and identified as final product C3-12-12-3

(hygroscopic) by1H NMR spectra after dissolution in CH3OD. 1H NMR
(400M, CH3OD), δ (ppm): 7.45 (m, 4H, Ar-H), 6.91 (m, 4H, H-Ar-
O), 3.94 (t, 4H, OCH2), 3.49 (m, 12H, N(CH3)2), 3.26 (s, 18H, N(CH3)3),
3.19 (s, 12H, CH2N), 2.38 (m, 4H, N(CH3)2CH2CH2CH2N(CH3)3), 1.75
(m, 8H, CH2(CH2)8CH2), 1.33 (m, 32H, (CH2)8). ESI-MS m/z for
C52H98O2N4Br4 ([M - Br]+) found: 1051.5. Calculated: 1051.5.

Synthesis of Mesoporous Silica.Mesoporous silica materials (FDU-
11) were hydrothermally prepared under base condition at room
temperature with the composition of C3-12-12-3/TEOS/NaOH/H2O )
1:21.7:13:5070 (molar ratio). In a typical preparation, 0.520 g of
bolaform surfactant C3-12-12-3 was dissolved in 30.0 g of distilled water,
and to this mixture, 12.0 g of NaOH (0.5 M) was added under stirring.
After complete dissolution of the surfactant, 2.08 g TEOS (10.0 mmol)
was added to the solution, and the mixture was further stirred for 12 h.
The resultant product was filtered, washed with distilled water, and
dried at ambient temperature. Template free sample was obtained after
calcination for 6 h at 550°C in air.

The synthesis procedure of mesoporous silica, FDU-13, was carried
out by a procedure similar to that described for FDU-11 except for the
molar ratio of TEOS to the surfactant. Typical synthesis of FDU-13
was as follows: 0.500 g of tetra-headgroup rigid bolaform surfactant
C3-12-12-3 was dissolved in 30.0 g of distilled water, and to this mixture,
12.0 g of NaOH (0.5 M) was added under stirring. The obtained solution
of a template was homogenized for 30 min under vigorous stirring,
and 1.62 g of TEOS was added to obtain a reaction mixture with the
following molar composition: C3-12-12-3/TEOS/NaOH/H2O ) 1:17.6:
13.6:5273 (molar ratio). The mixture was vigorously stirred for 12 h,
and the resultant product was filtered, washed with distilled water, and
dried at ambient temperature. The calcination was carried out in air
for 6 h at 550°C to remove the organic surfactant.

Measurements. SAXS profiles were recorded on a homemade
camera with imaging plate at transmission mode under vacuum at 40
kV and 35 mA. Cu KR X-ray with a wavelength of (I) 1.5418 Å was
used. The 2-D isotropic diffraction patterns were transformed into a
1-D radial average of the scattering intensity. Powder XRD patterns
were recorded with Bruker D4 powder X-ray diffractometer using Cu
KR radiation. TEM images were taken with a JEM-3010 at 300 kV,
and electron diffraction (ED) patterns were recorded with a slow-scan
CCD using low-dose conditions. Nitrogen adsorption measurements
were carried out on a Tristar 3000 volumetric adsorption analyzer.
Before the adsorption measurements, the samples were outgassed at
200 °C in the port of the adsorption analyzer. The surface area of the
samples was calculated by using the Barrett-Emmett-Teller (BET)
method at low relative pressure (P0/P < 0.2), and the pore volume
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Scheme 1. Synthesis of Tetra-Headgroup Rigid Bolaform
Quaternary Ammonium Surfactant
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was calculated from the adsorption volume at relative pressure (P0/P
) 0.998). The pore size distribution was calculated from the adsorption
branch of the isotherms by using the Barrett-Joyner-Halenda (BJH)
method. Although it has recently been found that the BJH model has
been somewhat problematic to calculate the pore size, the model has
been widely adopted in the mesostructured materials community for
the comparison. Scanning electron micrographs (SEM) were taken on
a XL 30 Philips 25 kV.

3. Results and Discussion

Mesoporous Silica FDU-11 with 3-D Tetragonal Struc-
ture. As-synthesized mesoporous silica FDU-11 prepared by
using rigid bolaform tetra-headgroup amphiphile (C3-12-12-3)
as a structure-directing agent shows well-resolved XRD peaks
(Figure 1) at 2θ of ∼1-7° which are quite different from those
for the mesoporous silica structures reported previously. Two
intense and well-resolved diffraction peaks are observed at
2θ of ∼1-2°. The ratio ford-spacing of the two adjacent in-
tense XRD peaks is closed tox5:x8. Several weak poorly
resolved diffraction peaks and one intense diffraction peak
can be observed at 2θ of ∼2-3.5° and ∼3.6°, respectively.
The ratio ford-spacing of three intense XRD peaks is about
x5:x8:x17. If we suppose that the mesostructure is cubic or
hexagonal phase, the corresponding cell parameter could not
index the other XRD peaks, and thus cubic and hexagonal
mesophases are ruled out and 3-D low-symmetrical mesostruc-
ture is suggested. After calcination at 550°C for 6 h inair, the
XRD pattern becomes more resolved and the diffraction peaks
shift to higher angles, suggesting that the shrinkage has occurred
during the calcination. These XRD peaks can be indexed to
110, 001, 210, 220, 002, 320, 400, and 302 Bragg reflections
(see Supporting Information (SI) Table S1), respectively,
suggesting that mesoporous silica FDU-11 has a 3-D tetragonal
mesostructure. The cell parameters calculated area ) 8.51,c
) 5.26 nm, andc/a ) 0.618 (see SI Table S1).

To more accurately obtain the diffraction indexation, the
SAXS pattern of the calcined FDU-11 prepared by using
rigid bolaform tetra-headgroup amphiphile (C3-12-12-3) as a
structure-directing agent was measured. As shown in Figure 2,
more resolved pattern and more diffraction peaks can be
observed compared with the XRD case of calcined FDU-11.
Five obvious intense diffraction peaks withd-spacings of 8.622,
5.999, 5.224, 3.784, and 3.241 nm were measured in the range
of q ) ∼0.5-2 nm-1. In addition, several relatively weak
diffraction peaks are also resolved in the range ofq )
∼2-3.5 nm-1, corresponding to d-spacings of 2.951,
2.607, 2.390, 2.080, 2.043, 1.938, and 1.869 nm. The value
of d1, d2, d4, d6, d9, and d10 shows systematichkl re-
flection conditions, where 1/d1:1/d2:1/d4:1/d6:1/d9:1/d10 )
x1:x2:x5:x8:x16:x17. Combined with the fact that three-
fold symmetry has not been observed in both ED and HRTEM
images FDU-11therefore does not belong to a cubic or
hexagonal system and is supposed to be tetragonal symmetry.
The reflection conditions are consistent with tetragonal structure
(where 1/d2 ) (h2 + k2)/a2 + l2/c2) according to the principle
of crystallography. All these reflection peaks observed in the
calcined FDU-11 can be indexed to 100, 110, 001, 210, 201,
220, 002, 112, 400, 410, 302, and 312 Bragg reflections (see
SI Table S2), respectively.P4, P4h, P4/m, P422,P4mm, P4h2m
(P4hm2), andP4/mmmare possible space groups, andP4/mmm

is warily chosen as the highest space group for the calcined
FDU-11. The obtained lattice constants,a andc, are 8.46 and
5.22 nm, respectively, which is similar to the values obtained
from XRD, further suggesting a 3-D tetragonal mesostructure.
In addition, the corresponding cell parameter ratioc/a is 0.617,
which is in good agreement with that obtained from XRD
measurement.

The SEM image (Figure 3A) shows that the calcined
mesoporous silica FDU-11 products have uniform short rodlike
square morphology with the size of about∼0.5-1.0 µm,
implying that FDU-11 products have a tetragonal mesostructure.

TEM images and corresponding selected area electron dif-
fraction (SAED) patterns (Figure 4) further confirm that
mesoporous silica FDU-11 prepared by using tetra-headgroup
rigid bolaform surfactant C3-12-12-3 has 3-D tetragonal structure.
The electron diffraction pattern in Figure 4A shows a fourfold
symmetry that belongs to the crystal system of either cubic or
tetragonal symmetry. This is a critical character of the tetragonal
system distinguished from the hexagonal or orthorhombic
system. A threefold axis from all the TEM measurements is
not observed for the calcined FDU-11 samples. Therefore, the
cubic system is excluded, and the tetragonal system can be
considered. Taking account of the cell parameter ratio (c/a )
0.617), we can index representative TEM images and corre-
sponding SAED (Figure 4B,C) that exhibit highly ordered
regularity in large domain by tetragonal system taken along the

Figure 1. XRD patterns for the mesoporous silica products FDU-11
prepared from bolaform surfactant C3-12-12-3 under base condition.

Figure 2. SAXS pattern for calcined mesoporous silica FDU-11 templated
by tetra-headgroup rigid bolaform surfactant C3-12-12-3.
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[232] and [-12-1] zone axes. The corresponding ED patterns
(insets in Figure 4B,C) can be indexed according to the
tetragonal system. Similar to the solution from the SAXS pattern,
P4, P4h, P4/m, P422, P4mm, P4h2m (P4hm2), andP4/mmmare
possible solutions based on the indexation from ED. We choose
space groups ofP4/mmmas a possible solution because of the
highest space group for the calcined FDU-11.

N2 adsorption and desorption isotherm curves of the calcined
FDU-11 (Figure 5a) show a typical type IV isotherm with a
small H1 hysteresis loop, implying its complexity 3-D pore
connectivity mesostructure. The calcined FDU-11 has a BET
surface area of 1490 cm2/g and a pore volume of 1.88 cm3/g.
The pore size mean value with a very narrow distribution (Figure
5a, inset) calculated from the adsorption branch with the BJH
method is 2.72 nm. The pore size can be slightly adjusted from
1.76 to 2.72 nm by varying the linker length of the tetra-
headgroup cationic surfactant C3-m-m-3 (m ) 8, 10, 12).

Mesoporous Silica FDU-13 with Orthorhombic Structure.
More interesting, another kind of new mesoporous silica
materials with orthorhombicPmmmstructure can be prepared
from tetra-headgroup rigid bolaform surfactant C3-12-12-3

by decreasing the TEOS/C3-12-12-3 ratio from 21.7 to 17.6
(molar ratio). As-synthesized mesoporous silica FDU-13 shows
a well-resolved XRD pattern (Figure 6) at 2θ of ∼1-7° which
is more resolved than that for FDU-11. Two strongly adjacent
intense diffraction peaks are observed at 2θ of ∼1-2°, and
another intense diffraction peak is observed at 2θ of 3.786°.
The ratio ford-spacings of three strong intense XRD peaks is
aboutx5:x8:x32. Several resolved XRD peaks including a
shoulder peak at 2θ of 2.117° can also be observed. After
calcinations at 550°C for 6 h inair, the small-angle XRD pattern
(Figure 6) for calcined FDU-13 becomes more resolved and
the diffraction peaks shift to higher angles, like that for FDU-
11. Two strong intense diffractions at 2θ ) ∼1-5° correspond-
ing to thed-spacings of 5.048 and 3.743 nm are observed. Other
diffraction peaks in this region corresponding tod-spacings of
5.889, 3.451, 3.078, 2.832, 2.517, 2.248, and 1.872 nm,
respectively, can also be observed. Combined with HRTEM

results (see below), all these diffraction peaks can be indexed
as orthorhombic structures of 010, 110, 001, 101, 011, 120, 220,
121, and 002 Bragg reflections (see SI Table S3).P222,Pmm2
(Pm2m, P2 mm), and Pmmmare possible space groups, and
Pmmmis cautiously chosen because of its highest space group.
The obtained lattice parametersa, b, andc are 9.80, 5.89, and
3.74 nm, respectively.

The SAXS pattern (Figure 7) for calcined FDU-13 prepared
by using rigid bolaform surfactant (C3-12-12-3) as a structure-
directing agent is more resolved than the XRD pattern. Four
intense diffraction peaks withd-spacings of 5.671, 4.911, 3.662,
and 3.351 nm are resolved in the range ofq ) ∼1.0-2.0 nm-1.
In addition, several weak diffraction peaks are also well-resolved
in the range ofq ) ∼2.0-3.2 nm-1, corresponding tod-spacings
of 3.049, 2.828, 2.717, 2.652, 2.527, 2.454, 2.266, and 2.163
nm. Through the trial and error method, we found that the

Figure 3. SEM images and corresponding large magnification images
(inset) for calcined mesoporous silica prepared by using bolaform surfactant
C3-12-12-3 as a structure-direction agent under base condition. (A) FDU-
11 with tetragonalP4/mmmmesostructure, and (B) FDU-13 with orthor-
hombicPmmmmesostructure.

Figure 4. TEM images and SAED patterns (insets) for calcined mesoporous
silica prepared by using bolaform surfactant C3-12-12-3, along (A) [001],
(B) [2-32], and (C) [-12-1] zone axes.
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reflection conditions are consistent with orthorhombic system
(where 1/d2 ) h2/a2 + k2/b2 + l2/c2 according to the principle
of crystallography) if the cell parametersa, b, andc are supposed
as 9.81, 5.67, and 3.66 nm, which is in agreement with that
obtained from XRD measurements. All these reflection peaks
observed can be indexed to 010, 110, 001, 101, 011, 020, 120,
211, 220, 301, 021, and 121 Bragg reflections (see SI Table
S4), respectively. Similar to above XRD indexation,P222,
Pmm2 (Pm2m, P2mm), andPmmmare possible space groups,
andPmmmis warily chosen as the highest space group.

The SEM image (Figure 3B) of the calcined FDU-13 displays
rodlike rectangle morphology, a little different from that of
mesoporous silica FDU-11. The rods of FDU-13 are longer than
that of silica FDU-11.

The silica FDU-13 mesostructure could be resolved thor-
oughly by HRTEM from a set of TEM images and correspond-
ing SAED patterns obtained through the sample tilting, further
confirming that the calcined FDU-13 has 3-D low symmetrical
orthorhombic mesostructure (possible space group ofPmmm),
as shown in Figure 8A,B. From all the TEM observations,
the symmetry fold is found as high as twofold axis, whereas
threefold, fourfold, and sixfold axes could not be found for
calcined FDU-13 samples, suggesting that cubic, hexagonal,
and tetragonal systems are excluded and a low symmetry
system such as an orthorhombic system can be considered. A

Figure 5. N2 adsorption and desorption isotherm curves and corresponding
pore size distribution curves (inset) for the calcined mesoporous silica FDU-
11 (a) and FDU-13 (b) template by bolaform surfactant C3-12-12-3.

Figure 6. XRD patterns for mesoporous silica FDU-13 with orthorhombic
Pmmmstructure prepared from bolaform surfactant C3-12-12-3 under base
conditions.

Figure 7. SAXS pattern for calcined mesoporous silica FDU-13 with
orthorhombicPmmmstructure prepared from bolaform surfactant C3-12-12-3

under base conditions.

Figure 8. TEM images and SAED patterns (insets) for calcined mesoporous
silica FDU-13 prepared by using bolaform surfactant C3-12-12-3, along (A)
[1-1-1] and (B) [1-2-2] zone axes.
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set of well-resolved ED patterns taken through the sample tilting
(for example, see insets in Figure 8A,B along the [1-1-1],
[1-2-2] zone axes) can be well-indexed to the orthorhombic
system. Similar to the solution from the SAXS pattern,P222,
Pmm2 (Pm2m, P2mm), andPmmmare possible solutions, and
we chose the space groupPmmmas a possible solution because
it is the highest space group. The cell parameters for orthor-
hombic mesostructure calculated from ED patterns with [1-1-
1] and [1-2-2] are a ) 9.72, b ) 5.65, andc ) 3.79 nm,
which is commensurate with the values calculated from XRD
and SAXS measurements. Although the cell parameters from
TEM are slightly different from those from SAXS and XRD,
taking into account the systemic error from TEM, XRD, and
SAXS patterns, the difference is acceptable.

N2 adsorption and desorption isotherms (Figure 5b) of the
calcined FDU-13 with orthorhombic structure also exhibit
representative type IV curves without a hysteresis loop, similar
to that of the mesoporous silica materials templated from
cationic surfactants, implying that FDU-13 have uniform
mesopore connectivity. The BET surface area for calcined FDU-
13 is found to be as high as 1210 m2/g as compared with the
silica FDU-11, the uniform BJH mesopore size is about 1.76
nm, and the pore volume is about 1.83 cm3/g.

To the best of our knowledge, low symmetrical mesostruc-
tures with tetragonalP4/mmmand orthorhombicPmmmspace
groups have not been observed yet in mesoporous silica
structures and even in the lyotropic liquid crystal systems, and
their analogues were regarded as one of the most complex yet
discovered.76 The formation mechanism of mesoporous silica
with low symmetrical structure templated with tetra-head-
group rigid bolaform surfactant may be difficult to be fully
understood at this time. We speculate that the formation of the
mesostructures is probably related to the rigid biphenol hydro-
phobic unit and high charge density of the bolaform surfactant.
The aggregation behavior of the bolaform surfactant is similar
to that for the coil-rod-coil molecules in aqueous solution,77

where the inner core of the supramolecular structure is
constituted by the discrete rod bundle due toπ-π interaction
between biphenols. This kind of supramolecular structure give

rises to the formation of the oblate aggregates by the parallel
self-organization instead of spherical micelles. We speculate that
the oblate aggregate for the bolaform surfactant is responsible
for the formation of unusual 3-D packing which is different
from cubic or hexagonal symmetry mesophases upon coopera-
tive interacting with the inorganic precursor species (Figure 9).
In addition, theú-potential of the bolaform surfactant under the
synthesis condition is as high as∼31 mv, suggesting a strong
electrostatic interaction between the surfactant and the silicate
precursors, which facilitates cooperative organization of the
silica-surfactant composite.70 Therefore, the oblate shape of
supramolecular aggregation may quickly be fastened by the
condensation of the silicate precursors in aqueous solution, and
consequently the low symmetric mesostructures are formed.

It should be noted that careful control of the concentration
of alkalinity is very essential to obtain the ordered mesoporous
silica with low symmetrical structures such as FDU-11 and
FDU-13. High pH (>13.5) in the initial aqueous solution results
in the formation of unknown mesostructure silica, while low
pH (<11.0) in the initial aqueous solution leads to the formation
of silica gel. The optimized pH value for synthesis of these
mesoporous silica with low symmetrical structures is 13.0-
13.3. An unknown silica mesostructure was obtained upon
heating the solution containing tetragonal or orthorhombic
structure silica at 80°C for 1 day, suggesting a new mesos-
tructure that is being resolved now in our laboratory.

4. Conclusion

Two well-ordered 3-D mesoporous silica with low sym-
metrical tetragonal (possible space groupP4/mmm) and orthor-
hombic (possible space groupPmmm) structures have been
synthesized in the presence of the tetra-headgroup rigid bolaform
surfactant under basic conditions. The lattice constantsa andc
in the tetragonal structure are 8.46 and 5.22 nm, respectively,
and the correspondingc/a ratio is 0.617. The lattice parameters
(a, b, andc) in the orthorhombic structure are 9.81, 5.67, and
3.66 nm, respectively. The new mesoporous silicas have highly
ordered regularity, relatively high surface area (up to 1490 m2/
g), large pore volume (up to 1.88 cm3/g), and a narrow
distribution pore size (∼1.76-2.72 nm). The ability to prepare
well-defined 3-D low symmetrical mesostructure will open up

(76) Ungar, G.; Liu, Y.; Zeng, X.; Percec, V.; Cho, W.Science2003, 299, 1208.
(77) Lee, M.; Cho, B.-K.; Jang, Y.-G.; Zin, W.-C.J. Am. Chem. Soc.2000,

122, 7449.

Figure 9. Representative schematic drawings of the formation mechanism for synthesis of low symmetrical mesostructured silica materials template with
tetra-headgroup rigid bolaform surfactant C3-12-12-3.
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new opportunities for both fundamental studies and their
applications in catalysis, adsorption, and separation.
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