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Assembly of mesostructured silica using Pluronic P123 triblock copolymer (EO20-PO70-EO20) and
n-butanol is a facile synthesis route to the MCM-48-like ordered large mesoporous silicas with the cubic
Ia
3d mesostructure, which are designated KIT-6. This synthesis route has been successfully extended to
phenylene-bridged organosilicas from the limit so far for silica, using 1,4-bis(triethoxysilyl)benzene as
an organosilica source and re-optimizing the synthesis conditions. In particular, optimal acid
concentration and reagent ratios were determined to allow facile synthesis of the bicontinuous cubic
mesophase in high yield and high phase purity. The products were characterized by powder X-ray
diffraction (XRD), transmission electron microscopy, solid state NMR spectroscopy and analysis of
nitrogen sorption at 196  C using modern non-local density functional theory methods. This synthesis
procedure enabled easy fine tuning of pore volume, specific surface area and mesopore size by variation
of the hydrothermal aging temperature between 80 and 130  C. Furthermore, wide angle XRD data
suggest short range molecular-scale periodicity in the framework walls originating from regular
arrangement of the bridging aromatic groups. These KIT-6 organosilica materials with fully
interconnected nanoporous structure would be readily available for applications in heterogeneous
catalysis, selective adsorption, and nanostructure design via solid templating approaches.

Introduction
The three-dimensional (3-D) cubic mesoporous material designated KIT-61–3 is a large pore mesostructured silica (pore size > 5
nm) which consists of two continuous and interpenetrating
systems of chiral channels, producing an intricately interwoven
3D network of cylindrical-like open mesopores with a structure
commensurate with the Ia3d symmetry. Mesoporous KIT-6
silica is now attracting wide interest owing to the great
perspectives of application of such a fully interconnected nanoporous structure in catalysis,4 adsorption and separation,5 and
nanostructure design through solid templating approaches.6
Indeed, this unique 3-D interconnected network provides
a highly open porous host with an easy and direct access for guest
species, thus facilitating inclusion or diffusion throughout the
pore system without pore blockage. With this regard, evidence
for enhanced diffusion properties in 3-D cubic Ia3d mesostructured porous materials as compared to other pore network
geometries have recently been provided.7,8
The synthesis of purely siliceous KIT-6 is rather straightforward
and highly reproducible based on the use of a mixture of n-butanol
a
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and triblock copolymer P123 (EO20PO70EO20) as structuredirecting agents under moderately acidic aqueous conditions (e.g.,
0.3–0.75 M).1,3 Furthermore, it was demonstrated that a prolonged
hydrothermal treatment at high temperatures of the thus-obtained
silica powder ($ 100  C) leads to a totally interconnected continuous pore system whereas an aging performed at temperatures
below 80  C usually results in the two sub-networks of mesopores
remaining isolated from each other.3,9–11 Thus, under given
synthesis conditions, a fully continuous 3-D pore system can be
generated with the silica walls following the gyroid (G) infinite
periodic minimal surface (IPMS).12–15 On the other hand, the
synthesis of a large pore periodic mesoporous organosilica (PMO)
analogue of the KIT-6 silica still remains challenging.
PMOs are mesoporous organic-inorganic hybrids synthesized
from bridged bis-silsesquioxane precursors (e.g., (R0 O)3Si-RSi(OR0 )3 with R0 ¼ CH3 or C2H5 and R ¼ alkyl-, allyl-, aryl, etc.) in
the presence of surfactant amphiphiles following cooperative selfassembly principles.16–23 In particular, PMOs are characterized by
uniform distributions of organic groups inside of their framework
walls, thus resulting in mesoporous materials with high-loading of
organic functions with no pore blockage. Furthermore, the chemical and physical properties of PMOs can be tailored by varying the
nature of the incorporated bridging organic groups and these
moieties may as-well be subsequently post-modified to introduce
further functionalities. Numerous PMOs have been prepared using
various bridging organic groups including methylene,24
ethylene,16,17 ethenylene,25–29 phenylene,20,30–32 thiophenylene,33,34
biphenylene,35 etc. under a wide range of pHs from highly basic to
strongly acidic conditions. Consequently, PMO materials have
been extensively studied because of the wide potential of application in catalysis, selective sorption, chromatography, sensing, optoelectronics, and host–guest chemistry.22,23
J. Mater. Chem., 2010, 20, 8257–8265 | 8257
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Evidently, a highly interconnected organic-inorganic hybrid
material combining the versatile properties of PMOs and the
bicontinuous cubic Ia3d mesopore structure of KIT-6 could
provide significant advantages in terms of molecular diffusion
through the pore network, especially for processes involving
bulky molecules, and supply enhanced host–guest interactions
(e.g., enhanced transport/contact via continuous channels and
interfaces) as compared to corresponding 2-D hexagonal materials with one-dimensional channels.30 However, to date there is
only limited work reporting successful synthesis of cubic Ia
3d
PMO materials.36,37 The first report described a synthesis of Ia
3d
PMO material based on applying the EISA38 approach followed
by a solvothermal post-treatment.36 However, this synthesis of
Ia
3d PMO material had limitations, as it was achieved in a very
narrow range of synthesis conditions (i.e., reagent ratios and
temperature) and is restricted to the formation of mesostructured
thin films with only 1,2-bis(triethoxysilyl)ethane as the organosilica source. A later study discussed possible variation of the
PMO hybrid mesostructure as a function of reagent ratios and
surfactant packing parameters, including possible formation
a cubic Ia3d mesophase.37 However, this study focused on small
pore PMO systems obtained using cationic gemini surfactants as
structure-directing agents and bis(triethoxysilyl)ethane as the
silicon source. Hence, developing an easier and more versatile
synthesis of large pore periodic mesoporous organosilica (PMO)
analogue to the KIT-6 material is still desired.
Herein, we propose a straightforward method to generate
highly ordered cubic Ia3d phenylene-bridged PMOs in the
EO20PO70EO20-butanol-water system in high yields and high
phase purity. Phenylene-bridged mesoporous organosilica
material could be most attractive owing to the formation of
molecular-scale periodicity in the pore walls, high functionality
in further chemical modification, and high thermal stability
($500  C).30–32 Highly ordered 3-D cubic PMO materials, which
are analogue to KIT-6 silica powders in terms of mesostructure,
have thus successfully been prepared in aqueous acidic solutions
by using a mixture of P123 (EO20PO70EO20) triblock copolymer
and n-butanol serving as dual structure-directing agents and 1,4bis(triethoxysilyl)benzene as the organosilica source. The acid
concentration and the reagent ratios were adjusted to allow for
the formation of the bicontinuous cubic mesophase. The
synthesis procedure is flexible and enables fine tuning of pore
volume, specific surface area and mesopore size by simple variation of the hydrothermal aging temperature. Detailed characterization of the hybrid materials is provided by low and wide
angle X-ray diffraction (XRD), transmission electron microscopy (TEM), solid state NMR and nitrogen physisorption
analysis (at 196  C) using modern non-local density functional
theory (NLDFT) methods. This is the first report on the
synthesis of well-ordered bicontinuous Ia3d large-pore cubic
PMO materials exhibiting aromatic organic bridges in their
framework walls.

Experimental
Syntheses
The KIT-6-type mesoporous organosilica materials were
synthesized under acidic conditions using a mixture of
8258 | J. Mater. Chem., 2010, 20, 8257–8265

poly(alkylene oxide)-based triblock copolymer Pluronic P123
(EO20PO70EO20, Aldrich) and n-butanol (BuOH, Aldrich,
99.4%) as a structure-directing mixture. 1,4-bis(triethoxysilyl)
benzene (BTEB, Aldrich, 96%) was used as the organosilica
source. The molar composition of the starting reaction mixture
was 0.034 P123/x HCl/y BTEB/z BuOH/400 H2O, with (x ¼
0.25–2.0, y ¼ 0.45–1.0 and z ¼ 1.09–3.26). In a typical synthesis,
1.2 g of P123 was dissolved in 40.2 g of distilled water and 2.98 g
of 2.0 M HCl solution with stirring at 35  C. After complete
dissolution, 1.08 g of BuOH was added at once. After 1 h stirring,
1.2 g of BTEB was added to the homogeneous clear solution. In
that case, the molar ratio was 0.034 P123/1.0 HCl/0.5 BTEB/2.45
BuOH/400 H2O. This mixture was left under vigorous stirring at
35  C for 24 h. Subsequently, hydrothermal treatment of the
reactant mixture was carried out at 100  C for 72 h under static
conditions in a closed polypropylene bottle. The white precipitate was then recovered by filtration, washed thoroughly with
water, and dried at 100  C in air overnight. Surfactant-free PMO
materials was obtained by two consecutive solvent extractions as
follows: 1.0 g of as-synthesized sample is stirred in 150 mL of
ethanol with 3.8 g of 36% HCl aqueous solution at 60  C for 6 h,
filtered and dried at 100  C in air. To ensure complete removal of
the copolymer template, the PMO material samples were heated
to 300  C for 2 h under air flow. The samples obtained under
these conditions are designated as PMO-KIT-6-(1)-100-E and
PMO-KIT-6-(1)-100-T, for the material after copolymerextraction by ethanol and the same material after subsequent
thermal treatment at 300  C, respectively. ‘100’ refers to the
temperature of hydrothermal reaction.
In another set of experiments, the hydrothermal treatment
temperature, under static conditions, was varied from 80 to
130  C for samples prepared with a reagent molar ratio of 0.034
P123/1.0 HCl/0.5 BTEB/2.59 BuOH/400 H2O. The samples
obtained with varying aging temperature are designated PMOKIT-6-t, where t refers to the hydrothermal aging temperature.
For comparison, a phenylene bridged PMO equivalent exhibiting
2-D hexagonal mesostructure was synthesized following the
same procedure as described above, but in absence of BuOH. The
molar composition of the starting reaction mixture for this
sample was thus 0.034 P123/1.0 HCl/0.5 BTEB/0 BuOH/400
H2O.
Characterization
Powder XRD patterns were recorded on a Rigaku Multiplex
instrument using Cu-Ka radiation (l ¼ 0.15406 nm) operated at
40 kV and 40 mA (1.6 kW) in a step scan mode with narrow
divergence slits. The nitrogen adsorption-desorption isotherms
were measured at liquid nitrogen temperature (196  C) using
a Quantachrome Autosorb-1MP volumetric adsorption
analyzer. Samples were outgassed under vacuum for 12 h at
200  C before the measurement. The Brunauer-Emmett-Teller
(BET) equation was used to calculate the specific surface area
from adsorption data obtained at P/P0 between 0.05 and 0.2. The
total volume was calculated from the amount of nitrogen
adsorbed at P/P0 ¼ 0.95. The pore size distributions and
cumulative pore volumes were determined by using NLDFT
methods considering sorption of nitrogen at 196  C in cylindrical silica pores.39–41 Both the kernel of equilibrium NLDFT
This journal is ª The Royal Society of Chemistry 2010
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isotherms (desorption branch), and the kernel of (metastable)
NLDFT adsorption isotherms (adsorption branch) were applied
for pore width determination.42 For comparison, the pore size
distributions were also calculated by analyzing the adsorption
branch of the isotherm using the Barret-Joyner-Halenda (BJH)
method. 29Si MAS NMR and 13C cross polarization (CP) MAS
NMR spectra were obtained on a Bruker DSX400 spectrometer
at room temperature with 7 mm zirconia rotor using resonance
frequencies of 79.5 and 100.6 MHz for 29Si MAS and 13C CP
MAS NMR, respectively. The 29Si MAS NMR was operated at
5 kHz spinning rate, 15 s pulse delay and 4,000 scans. A typical
spinning rate for 13C CP NMR experiment was 4.5 kHz. 2 ms
cross polarization contact time was used to acquire 13C CP-MAS
spectra with a repetition delay of 3 s and 10,000 scans. The
chemical shifts for 29Si and 13C NMR spectra were referenced to
tetramethylsilane. TEM images were taken from thin edges of
particles supported on a porous carbon grid, using Philips F30
Tecnai equipment operated at 300 kV.

Results and discussion
Synthesis and characterization of mesoporous cubic Ia3d
phenylene-bridged PMO

diffraction peak, is 24.1 nm. After template removal by solvent
extraction in acidic ethanol, the diffraction peak intensities
increase, as expected,43 and the diffractogram exhibits up to
seven well-resolved diffraction peaks which could clearly be
indexed to the (211), (220), (321), (400), (420), (332) and (422)
reflections of the bicontinuous cubic structure (space group
Ia
3d). The unit cell parameter a of the PMO-KIT-6-(1)-100-E is
calculated to be 23.2 nm, comparable to that obtained for the
pure siliceous counterpart.1,3,44
The excellent 3-D cubic Ia
3d structure can further be evidenced by detailed TEM investigations. As illustrated in Fig. 2,
representative TEM images viewed along various directions, e.g.
[110], [111] and [531], clearly show extensive domains of cubic
Ia
3d structure. The TEM images presented are consistent with
the Ia
3d symmetry and uninterrupted channels are clearly viewed
along the [111] zone axis corresponding to pores in projection.
The material thus consists uniquely of large ordered domains of
pure phase bicontinuous mesostructure. The respective Fourier
diffractograms obtained from the TEM images confirm that the
3-D structure is commensurate with the cubic Ia
3d
symmetry.2,15,45–47 These data thus confirm that a highly ordered
cubic Ia
3d mesostructured material is obtained by adding nbutanol to the present synthesis mixture at an adjusted HCl
concentration.

The combination of P123 triblock copolymer (EO20PO70EO20)
dissolved in weakly acidic aqueous solution (0.14 M) in the
presence of n-butanol and 1,4-bis(triethoxysilyl)benzene as
a single organosilica source, enables facile synthesis of a welldefined 3-D cubic PMO material which should be viewed as
organic-inorganic hybrid analogue of KIT-6 silica in terms of
mesostructure and porosity. The bicontinuous Ia3d mesostructure of this new large pore PMO material was demonstrated
by the low angle powder XRD patterns measured for both the assynthesized and the surfactant-free phenylene-bridged materials,
PMO-KIT-6-(1)-100-E, as shown in Fig. 1. For the as-synthesized mesoporous benzene-silica sample, the XRD pattern indicates the characteristic diffraction peaks that can be assigned to
the bicontinuous cubic structure (Fig. 1a). The unit cell parameter, a of the as-synthesized sample, as calculated from the (211)

Fig. 1 (Left) Low angle powder XRD patterns for (a) as-synthesized
and (b) surfactant-extracted cubic Ia3d phenylene-bridged PMO material
by ethanol, PMO-KIT-6-(1)-100-E. (Right) Wide-angle powder XRD
pattern for PMO-KIT-6-(1)-100-E.

This journal is ª The Royal Society of Chemistry 2010

Fig. 2 TEM images of the cubic Ia3d phenylene-bridged periodic mesoporous organosilica taken with the incident beam parallel to the [110],
[111] and [531] directions. The insets are the corresponding Fourier diffractograms.
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The presence of the organic moieties in the walls of the
material was established by solid state NMR investigations. The
29
Si MAS NMR spectra for PMO-KIT-6-(1)-100-E and the
corresponding sample after thermal treatment at 300  C, PMOKIT-6-(1)-100-T both show three signals at 61.4, 71.2, and
79.6 ppm corresponding to T1 [RSi(OSi)(OH)2], T2 [RSi(OSi)2(OH)], and T3 [RSi(OSi)3], respectively (Fig. 3a). The absence
of signals due to Qn [Si(OSi)n(OH)4-n] species between 90 and
120 ppm indicates that no carbon-silicon bonds were cleaved
during the acidic synthesis and extraction step. The T3/T2 peak
intensity ratios are about 0.50 and 0.63, for PMO-KIT-6-(1)-100E and PMO-KIT-6-(1)-100-T, respectively. These values are
much lower than those generally observed for mesoporous phenylene-silica prepared using alkyltrimethylammonium halide
surfactants under alkaline conditions20 but are well comparable
with values obtained for similar materials derived from non-ionic
surfactant (Brij-types)31 or Pluronic copolymers,48 considering
the particularly low acid concentration used in our system.
The 13C CP NMR spectrum (Fig. 3b) of PMO-KIT-6-(1)-100T displays a strong signal at 132.6 ppm originating from the
phenylene group connected to Si. For comparison, ESI Fig. S1†
shows the 13C CP NMR spectrum of PMO-KIT-6-(1)-100-E
which was ethanol-washed, not thermally treated. In addition to
the phenylene signal, additional peaks visible at about 16 ppm
and 58 ppm are present which could most likely be attributed to
non-hydrolyzed Si–O–CH2CH3 groups and/or surface ethoxy
groups produced through the reaction with ethanol (i.e., transesterifcation favored under acidic conditions).49 Note that this
13
C NMR spectrum also indicates series of weak signals in the
50–75 ppm region which are generally attributed to residual P123
species.50,51 If present, these residual fragments can be removed
by performing an additional extraction step or by performing

Fig. 3 (a) Solid state 29Si MAS NMR spectra for the surfactant-free
cubic Ia
3d phenylene-bridged PMO materials, ethanol-washed PMOKIT-6-(1)-100-E (gray) and thermally treated PMO-KIT-6-(1)-100-T
(black) and (b) 13C CP NMR spectrum for PMO-KIT-6-(1)-100-T.

8260 | J. Mater. Chem., 2010, 20, 8257–8265

a thermal treatment at 300  C31,43,52 without affecting the Ia
3d
mesostructure or the aromatic moieties, phenylene bridges being
stable up to 500  C20,30–32 (as demonstrated in Fig. 3b). The
combination of 29Si MAS and 13C CP NMR analyses reveals that
the framework of the PMO Ia
3d material contains covalently
bonded O1.5Si–C6H4–SiO1.5 units. These results are totally
consistent with data obtained previously for 2-D hexagonal
phenylene-bridged PMOs.20,30–32,34
Most importantly, Inagaki and coworkers reported the presence of a crystal-like wall structure in the case of phenylenebridged PMOs with 2-D hexagonal mesopore structure which
was synthesized under alkaline conditions.20,53 For these materials, the molecular scale periodicity in the walls was confirmed
both by wide-angle XRD investigations and high resolution
TEM studies. From the XRD analyses, the authors observed
periodic structures with spacing of 0.76 nm for 1,4-phenylene20
and 1,3-phenylene35 based PMO materials. Detailed TEM
investigations conducted on these materials also revealed lattice
fringes stacked along the channel axes, with uniform spacing
distance of 0.76 nm and established that molecular-scale periodicity exists in the entire region of the pore walls. Similar
crystal-like walls were further confirmed for other PMOs built on
the basis of aromatic bridges templated by cationic alkylammonium halide surfactants under basic conditions.35,54
In the present case, the XRD data collected at wide angles for
the phenylene-bridged KIT-6 PMO prepared under acidic
conditions show the presence of only one broad signal with
a spacing of 0.77 nm (instead of four peaks as observed by
Inagaki et al.20). The observed distance d ¼ 0.77 nm is in good
agreement with the spacing of 0.76 nm reported by Inagaki
et al.,20 suggesting here somewhat similar periodic stacking of
benzene ring layers in the pore walls with spacing of 0.77 nm.
However, no other reflections correlated to this broad signal
were observed at higher angles, which could be ascribed to
limited short-range periodicity in the walls of the samples. TEM
investigation could not reveal lattice fringes stacked along the
channel axis. Previous reports on similarly prepared PMO
materials indicated that formation of crystal-like walls could be
difficult under acidic conditions using non ionic copolymers as
structure-directing agents, because of weak interaction between
surfactants and silica sources.30–32,34 Wang et al.55 observed only
partial ordering of bridged benzene molecules in materials
prepared under acidic conditions using non ionic Brij-type
structure-directing agents, as concluded from TEM analyses (no
XRD signals were reported).
In order to determine whether the observed limited molecular
scale organization in the PMO-KIT-6 is a consequence of the
gyroid framework structure, we also compared the wide angle
XRD data of the cubic Ia
3d PMO material with the wide angle
XRD data obtained for a 2-D hexagonal equivalent prepared
under similar experimental conditions except for the absence of
n-BuOH in the p6mm case. The low angle and wide angle XRD
patterns for 2-D hexagonal and 3-D cubic phenylene-bridged
PMOs are depicted in Fig. S2.† Obviously, a relatively weak and
broad signal is also observed in the case of the 2-D hexagonal
phase, i.e. very small coherent scattering domains. Therefore, it is
not possible to conclude that the lower crystalline organization in
the walls of the cubic Ia
3d PMO materials as compared to PMO
materials obtained under alkaline conditions using ionic
This journal is ª The Royal Society of Chemistry 2010
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NLDFT model of equilibrium isotherms (desorption branch).
The choice of the NLDFT method for characterizing cubic Ia
3d
mesoporous materials will be commented on later in the paper.
The surfactant-free mesoporous benzene-silica has a BET surface
area of 818 m2 g1 and a pore volume of 1.01 cm3 g1. In addition,
according to NLDFT cumulative pore volume data (not shown),
a microporosity volume of 0.03 cm3 g1 is observed for PMOKIT-6-(1)-100-E. After the thermal treatment, the total pore
volume remains almost constant (see Table 1) while the pore size
is reduced by about 0.3 nm (NLDFT), consistent with
a moderate contraction of the mesostructure occurring upon
heating at 300  C. In contrast, BET surface area is shown to
increase substantially, as well as micropore volume, which could
be consistent with a removal of undesired organic moieties from
the framework walls (thus generating additional micropores).
Fig. 4 Nitrogen adsorption-desorption isotherm measured at 196  C
for PMO-KIT-6-(1)-100-E. Inset shows the BJH pore size distribution
obtained from the adsorption branch of the isotherm.

Formation of the cubic Ia
3d mesophase in the BTEB/P123/
BuOH system

structure-directing agents20,23 would be caused by the gyroid pore
geometry. This is furthermore in line with previous observations
of poor atomic order in the walls occurring in the case of PMOs
prepared under acidic conditions exhibiting a comparatively
fairly large wall thickness and arising from a silica/nonionic
surfactant hybrid interface based on weak hydrogen bonding
interactions.30,31
Mesoporosity was confirmed by nitrogen physisorption
measurements performed at 196  C. Fig. 4 shows the nitrogen
adsorption-desorption isotherm and the corresponding BJH
pore size distribution for PMO-KIT-6-(1)-100-E. The PMO
material prepared by hydrothermal treatment at 100  C for 72 h
shows a typical type-IV isotherm with a sharp capillary
condensation step at high relative pressures with H1-type
hysteresis loop. These results are in good agreement with those of
large-pore cubic Ia3d silica-based mesoporous analogues.3 The
pore size distribution is narrow, with a maximum at 6.8 nm as
calculated by the BJH method applied to the adsorption branch
of the isotherm. Note that this value seems to be slightly
underestimated as compared to the pore width obtained using
most accurate NLDFT method, i.e. 7.3 nm calculated using the

To substantiate the effects of the HCl concentration on the
formation of mesostructure of the benzene-silica materials,
different phenylene-bridged PMO materials were obtained with
varying HCl concentrations and constant hydrothermal treatment conditions (100  C for 72 h) with a fixed molar ratio of
0.034 P123/0.5 BTEB/2.72 BuOH/400 H2O. From the evolution
of the diffraction patterns presented in Fig. 5, we can see that the
cubic Ia
3d phase is formed in the presence of BuOH exclusively
when the HCl concentration is decreased to as low as 0.14 M,
with the other synthetic parameters remaining constant.
Precisely, syntheses performed in the range 0.07–0.14 M HCl
yield cubic Ia
3d mesoporous benzene-silica materials. Higher
(0.21 M) or lower (0.035 M) concentrations of acid catalyst result
in the formation of poorly resolved mesophases (2-D hexagonallike or wormhole-type). In the current EO20PO70EO20-butanolwater system, we may thus speculate that slow hydrolysis and
condensation of the organosilica precursors is desired to allow
the formation of the gyroid structure in a similar way as observed
before for the purely siliceous counterpart.1,3
It should be noted, however, that the optimized HCl concentrations in the range 0.07–0.14 M for the cubic Ia
3d mesoporous
benzene-silica materials is substantially lower than that

Table 1 Structural and physicochemical parameters determined (derived) from powder XRD and nitrogen physisorption measurements performed at
196  C for the phenylene-bridged cubic Ia3d PMO samples obtained at different hydrothermal treatment temperatures
Samples

aa/nm

SBETb/m2 g1

Vtc/cm3 g1

Vmi-DFTd/cm3 g1

BJHads/nm

NLDFTadse/nm

NLDFTdesf/nm

dsg/nm

PMO-KIT-6-(1)-100-E
PMO-KIT-6-(1)-100-T
PMO-KIT-6-80
PMO-KIT-6-100
PMO-KIT-6-120
PMO-KIT-6-130

23.2
22.0
22.4
22.7
23.5
23.6

818
927
790
874
811
826

1.01
1.00
0.78
0.92
1.01
1.07

0.03
0.08
0.08
0.04
0.04
0.03

6.79
6.26
5.81
6.26
7.40
7.75

6.79
6.55
6.32
6.55
7.31
7.43

7.31
7.03
6.55
7.03
7.87
8.01

4.23
3.97
4.65
4.32
3.88
3.79

a
a, unit cell parameter calculated as 61/2d211. b SBET, apparent BET specific surface area deduced from the isotherm analysis in the relative pressure range
from 0.05 to 0.20. c Vt, total pore volume taken at relative pressure P/P0 ¼ 0.97. d Vmi-DFT, micropore volume estimated using the NLDFT method. The
model used for NLDFT evaluation was N2 adsorbed on silica with cylindrical pores considering the adsorption branch (model of metastable
adsorption). e NLDFTads, the primary mesopore diameter estimated using NLDFT method. The model used for NLDFT evaluation was N2
adsorbed on silica with cylindrical pores considering the adsorption branch (model of metastable adsorption). f NLDFTdes, the primary mesopore
diameter estimated using NLDFT method. The model used for NLDFT evaluation was N2 adsorbed on silica with cylindrical pores considering the
desorption branch (equilibrium sorption model). g ds, wall thickness evaluated by a geometrical model: ds ¼ a/2NLDFTdes.64
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Fig. 5 Powder XRD patterns for phenylene-bridged PMO materials
obtained using 0.034 P123/x HCl/0.5 BTEB/2.72 BuOH/400 H2O. The
molar ratio of HCl (x) was varied at x ¼ 0.25, 0.50, 1.0, and 1.5, giving
[HCl] ¼ 0.035, 0.070, 0.14, and 0.21 M, respectively.

(0.25–0.75 M HCl) used in the case of the corresponding siliceous
counterpart.3 The organosilica source (BTEB) is believed to
hydrolyze and condense faster than TEOS due to an inductive
effect of the phenylene bridge and the resulting increase the
density of the negative charges of the silicon and oxygen atoms
(i.e., this effect helps to decrease the activation energy of catalytic
bond formation in between silicate ions, and the influence of
bulky and rather hydrophobic character of BTEB is compensated by that inductive effect).56 Slowing down the hydrolysis and
condensation rates of BTEB by reducing significantly the HCl
concentration in the system appears mandatory for enabling the
co-surfactant species to tune efficiently the curvature of the
micellar aggregates and thus direct the formation of the bicontinuous cubic mesophase permitted by slow condensation
process.
Further experiments were conducted by varying the concentration of BuOH (z) from 1.09 to 3.26 with a molar ratio of 0.034
P123/1.0 HCl/0.5 BTEB/z BuOH/400 H2O. The XRD patterns

(Fig. 6a) recorded as a function of the BuOH amount show that,
at a fixed amount of BTEB, the obtained mesostructure evolves
from a 2-D hexagonal phase to the cubic Ia
3d phase, finally to
a disordered benzene-silica structure, while increasing the
amount of butanol added to the synthesis mixture. Clearly,
butanol is an additive indispensable in the formation of the cubic
Ia
3d mesostructure. In this system, BuOH is believed to act as
a co-surfactant,57,58 which co-micellizes together with the triblock
block P123 micelles, controlling micellar interfacial curvature,
similar to the case of the pure silica analogue.1,3,59
The role of benzene-silica precursor concentration in the
formation of final mesoporous material was also studied in this
EO20PO70EO20-butanol-water system by using 0.034 P123/1.0
HCl/y BTEB/2.72 BuOH/400 H2O, with varying BTEB molar
ratios (y). As judged from the XRD patterns (Fig. 6b), highly
ordered mesoporous benzene-silica with Ia
3d structure can be
prepared when the molar ratio of BTEB is fixed between 0.50 and
0.75. By increasing the molar ratio to 1.0, a 2-D hexagonal-like
mesophase is formed. When the molar ratio of BTEB is
decreased down to 0.45, only disordered mesophase was
produced. We can thus assume that the formation mechanism for
cubic Ia
3d mesoporous PMO materials would be rather similar
to that of the cubic Ia
3d KIT-6 silica analogue.1,3,59 In this case,
the synthesis process would proceed similarly via a phase transition process which is function of the starting mixture composition, involving a modulated intermediate lamellar phase.
Certain flexibility in the silicatropic-surfactant hybrid mesophase
is required for the formation of the modulated lamellar phase
(perforated lamellar) evolving then into the gyroid phase.3,59
Higher concentration (y $ 1.0) of BTEB usually increases
condensation rate and produces less flexible organosilica
oligomers that cannot allow for the change in curvature favored
in softer frameworks. Thus, higher curvature 2-D hexagonal
mesophase is generally formed. On the other hand, lower
concentration of BTEB (y # 0.45) fails to provide sufficient
benzene-silica building units to interact with the copolymer
micellar surfaces, resulting in poorly ordered benzene-silica gels.
Porosity of the PMO-KIT-6 materials as a function of aging
temperature

Fig. 6 (a) Powder XRD patterns for phenylene-bridged PMO materials
obtained using 0.034 P123/1.0 HCl/0.5 BTEB/z BuOH/400 H2O, with
various molar ratios of BuOH (z). (b) Powder XRD patterns for phenylene-bridged PMO materials obtained using 0.034 P123/1.0 HCl/y
BTEB/2.72 BuOH/400 H2O, with various molar ratios of BTEB (y).
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To tune textural parameters, the hydrothermal treatment
temperature was varied between 80 and 130  C for a given
composition of 0.034 P123/1.0 HCl/0.5 BTEB/2.59 BuOH/400
H2O. Aging time was 72 h in all cases. The XRD patterns of
surfactant-free phenylene-bridged PMO samples obtained with
different hydrothermal treatment temperatures are shown in
Fig. 7. All of the samples show well-resolved diffraction peaks
and the XRD patterns are characteristic of the Ia
3d mesostructure, revealing that the high quality of resultant mesoporous
materials is conserved. In addition, a gradual increase of the
d(211) value is observed with increasing aging temperature,
reflecting progressive enlargement of the unit cell.
Fig. 8 shows the nitrogen adsorption-desorption isotherms
and pore size distributions, respectively, for the same series of
samples. For all of the samples prepared with different hydrothermal treatment temperature, steep capillary condensation
steps are observed at high relative pressures (P/P0 ¼ 0.6–0.7),
indicative of large cylindrical-like mesopores with fairly narrow
This journal is ª The Royal Society of Chemistry 2010
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Fig. 7 Powder XRD patterns for phenylene-bridged PMO materials
obtained using 0.034 P123/1.0 HCl/0.5 BTEB/2.59 BuOH/400 H2O, at
various temperatures of hydrothermal treatment (PMO-KIT-6-x, x refers
to the temperature of hydrothermal treatment).

those from NLDFT desorption (equilibrium isotherms) were not
consistent (Table 1). The pore sizes obtained from the adsorption
branch were slightly underestimated. In the case of KIT-6 silica,
it was thus proposed that accurate pore size analysis of KIT-6
silica should be performed implementing the NLDFT equilibrium isotherm model (i.e., using the desorption branch of the
isotherms).60 Accordingly, it is observed that the pore size of the
cubic PMO materials increased from 6.5 to about 8.0 nm (Fig. 8b
and Table 1) when the hydrothermal treatment temperature is
increased from 80 to 130  C. Note that the range of mesopore size
control which could be achieved here is somewhat smaller than
that obtained previously for the purely siliceous equivalent. A
possibly lower flexibility in the hybrid mesophase (i.e., more rigid
framework walls) and longer aging time (3 days) applied here
may account for this effect. Meanwhile, the pore volumes also
increase from 0.78 to about 1.07 cm3 g1. This clearly evidences
an unprecedented systematic control of the pore size of the largepore cubic Ia
3d PMO materials.
Micropore volumes could also be extracted from NLDFT
cumulative pore volumes (adsorption branch), as listed in Table
1. In this series of samples, PMO-KIT-6-80 exhibits the highest
micropore volume with 0.08 cm3 g1, a value that is consistent
with micropore volumes obtained for purely siliceous copolymertemplated analogues.10,60 However, in contrast to purely siliceous
SBA-15 or KIT-6 materials, noticeable micropore volume is still
detected (0.03 cm3 g1) for samples aged at elevated temperatures
(> 120  C).

Conclusion

Fig. 8 (a) Nitrogen adsorption-desorption isotherms for surfactantextracted PMO-KIT-6-x samples. The isotherms for PMO-KIT-6-100,
PMO-KIT-6-120 and PMO-KIT-6-130 are offset by 300, 600 and
900 cm3 g1, respectively, for clarity. (b) NLDFT pore size distribution
curves calculated from the isotherms shown in (a) (NLDFT equilibrium
conditions - desorption branch).

size distribution. With increasing hydrothermal treatment
temperature, an obvious shift of the hysteresis loop to higher
relative pressures is observed (Fig. 8a), signifying that pore sizes
are enlarged. Furthermore, the calculated NLDFT pore size
distributions remain in all of the cases narrow as evidenced from
the PSD plots depicted in Fig. 8b. Studies have demonstrated
that modern NLDFT methods are most suitable to perform
accurate pore size analysis of ordered mesoporous silica materials, e.g. MCM-41, SBA-15 silica, and the 3-D cubic MCM-48
and KIT-6 equivalents.39–42,60,61 However, it was also revealed
that the 3-D pore network structure in the cubic Ia3d materials
could have a noticeable influence on the pore condensation and
hysteresis behavior in these materials,60,61 resulting in unexpected
differences in NLDFT pore size values obtained from the
adsorption and desorption branches. In the case of the hybrid
PMO-KIT-6 materials described herein, a similar influence of the
connected pore network on pore condensation and hysteresis
behavior seems to be observed, i.e. the pore sizes obtained from
NLDFT adsorption (isotherms of metastable adsorption) and
This journal is ª The Royal Society of Chemistry 2010

A straightforward and versatile synthesis using n-butanol and
triblock copolymer P123 (EO20PO70EO20) as a structure-directing mixture and 1,4-bis(triethoxysilyl)benzene as the organosilica
source was described to produce high quality large pore cubic
Ia
3d PMO materials. Importantly, both the addition of certain
amount of butanol as a co-surfactant and low HCl concentrations (0.07–0.14 M in synthesis solution) are required to obtain
a well-ordered cubic Ia
3d mesophase. The wide angle XRD data
revealed short range molecular-scale periodicity in the walls of
the KIT-6-like PMO, most likely originated from regular
arrangement of the bridging aromatic groups. However, in this
acidic system based on triblock copolymer templating, molecular
level ordering in the walls remained limited, in comparison with
materials with thinner walls obtained under alkaline conditions
using cationic surfactant.
This synthesis procedure also enabled an unprecedented fine
tuning of pore volume, specific surface area and mesopore size by
simple variation on the hydrothermal aging temperature. In
terms of mesostructure ordering and textural properties, the
hybrid large pore Ia
3d PMO is quite similar to its pure silica
counterpart, but the maximum pore size that could be achieved
for the PMO materials seems to be limited to about 8 nm.
It could be expected that such materials exhibiting fully
accessible 3-D channel structure consisting of an organic-inorganic hybrid framework will attract substantial interest for
applications based on host–guest interactions where pore
blockage could be a severe issue, e.g. adsorption/separation of
biomolecules or liquid phase catalysis, and applications requiring
extended and continuous interfaces between donor and acceptor
J. Mater. Chem., 2010, 20, 8257–8265 | 8263
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components, e.g. enhancing opto-electrical efficiency of occluded
molecules, complexes, clusters or nanostructures.62,63
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