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Historically, attempts to directly synthesize pillared lamellar struc-
tures1 with sustainable and desirable large (>1 nm) pores, which had
been previously obtained by postintercalation of pillaring agents,
resulted in the discovery of a new family of ordered mesoporous
materials (OMMs) formed via phase transitions from lamellar to
sustainable periodic mesoporous structures.2,3 Considerable additional
research has resulted in OMMs with various additional mesostructures
and a wide range of potential applications.2-17 However, contrary to
the early hypotheses concerning direct synthetic pillaring of a layered
structure, the pillared OMM lamellar structure with a definable 3D
periodic structure has not been accomplished to date.18 Currently, three
other types of more kinetically and thermodynamically accessible pore
structures of OMMs, i.e., (i) columnar (2D hexagonal),2-9 (ii) bi- or
multicontinuous,3,4,9-13 and (iii) discontinuous4,8,9,14-17 mesostruc-
tures as defined from the perspective of the micelle (or pore) geometry,
along with their respective subordinate symmetries have been suc-
cessfully reported (Table S1 in the Supporting Information). The
pillared lamellar structure, which, on the other hand, has been
mathematically predicted as a lamellar catenoid surface19 and recently
found to exist as mesh and perforated lamellar structures in the research
fields of surfactant and multiblock-copolymer mesophases,20-22 still
remains a mesostructure that has not been observed as an OMM for
any specific symmetry (Table S1).

Here we report for the first time the synthesis of a 2D cylindrical
type of mesoporous material with a hexagonally pillared lamellar
(HPL) structure via phase transformation from a lamellar mesos-
tructure. For the formation of the HPL mesostructure, a designed
Gemini surfactant, [CnH2n+1N(CH3)2(CH2)sN(CH3)2CnH2n+1]Br2 (des-
ignated as Gemn-s-n, where n ) 16 and s ) 3 in the present work)
was utilized as a structure-directing agent in the presence of the
organosilica precursor 1,2-bis(triethoxysilyl)ethane (BTEE). In
comparison with the corresponding monovalent surfactants, Gemini
surfactants are a particularly interesting class of amphiphilic dimeric
molecules with controllable hydrophobic tails and a spacer group
that enable systematic variation of the headgroup charge density
and micelle packing parameter g ()V/a0l, where V is the total
surfactant tail volume, a0 is the effective surface headgroup area,
and l is the kinetic surfactant tail length).16,23 For the formation of
the HPL mesophase, the organosilica dimeric precursor expands
the range of hydrolysis/condensation rates and charge densities
beyond those accessible by pure silica precursors such as tetra-
ethylorthosilicate. The present Gemini surfactant-templated periodic
mesoporous organosilica with HPL mesostructure (designated as
GMO-HPL) possesses a unique layered structure propped by
hexagonally arrayed pillars and the consequent 2D cylindrical
mesopores that independently run between the layers. GMO-HPL

also has advantages for applications that use the hybrid framework
composition to define the framework properties, including hydro-
thermal stability and surface functionality, as is well-demonstrated
by previous reports.24-27 During our preparation of this manuscript,
Wiesner’s group reported a hexagonally patterned lamellar me-
sophase of a triblock copolymer/aluminosilicate nanocomposite28

whose patterned (perforated) lamellar structure of the aluminosili-
cate framework lacked pillars between layers, resulting in collapse
of the structure. This is similar to the inverse replica of our
mesoporous GMO-HPL material.

The pore structures of our GMO materials were verified by the
complementary combination of X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), nitrogen sorption, and carbon
replication. Figure 1 exhibits XRD patterns of GMO materials
synthesized with different Gem16-3-16/BTEE molar ratios (x )
0.02-0.18) followed by optional hydrothermal treatment at 373 K
for 24 h (see the Supporting Information for details). When the
concentration of Gemini surfactant was relatively low (x ) 0.02)
and hydrothermal treatment was applied, the XRD pattern showed
three peaks, which can be indexed as (100), (110), and (200) for a
typical 2D hexagonal mesostructure (Figure 1a).2-6 This GMO
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Figure 1. XRD patterns for (a) GMO-H and (b) GMO-HPL after surfactant
extraction and (c) an as-made sample of GMO-L.
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material with a 2D hexagonal mesostructure (p6mm) is designated
as GMO-H. At a much higher concentration of surfactant (x ) 0.18)
with hydrothermal treatment, a new mesostructure (GMO-HPL) was
obtained, as shown in Figure 1b. GMO-HPL gave a total of ten
diffraction peaks (five intense, well-resolved peaks and five
additional weak peaks), which can be definitively indexed as the
(100), (002), (110), (103), (004), (210), (105), (006), (205), and
(306) reflections of a 3D hexagonal system (a ) 8.79 nm and c )
13.89 nm, based on space group P63/mmc with ABAB stacking).4,16,17

For clarity, XRD peaks calculated according to the P63/mmc
symmetry are displayed as gray bars along with the experimentally
obtained XRD result (Figure 1b) and also summarized in the inset
of Figure 1b. All of the experimental XRD peaks are in excellent
agreement with the calculated peak positions and exhibit a very
small error range of less than 0.8% in the d-spacing values. In the
absence of hydrothermal treatment (x ) 0.18), an XRD pattern
typical of a lamellar mesostructure (designated as GMO-L) was
obtained, as shown in Figure 1c. The XRD peaks of GMO-L
disappeared after the removal of the surfactant by solvent extraction
because of structural collapse, which is consistent with previous
reports.9,29

Figure 2 exhibits TEM images and electron diffraction (ED)
patterns for the GMO-HPL material. As illustrated in the schematic
diagram in Figure 2, the TEM images were taken from different
directions of the incident electron beam, i.e., (a) perpendicular and
(b) parallel to the perforated layers. The schematic diagram
represents the assembled Gemini surfactant mesophase that would
create the void pores of the GMO-HPL structure after removal of
the surfactant. Figure 2a shows hexagonally arrayed dark spots,
which originate from the pillaring framework components between
the layers (hexagonally arrayed holes in the schematic diagram).
These hexagonal pillars appear to be formed by the infiltration of
framework species within the perforated spaces of the surfactant
micelle layers under the present synthesis conditions [high con-
centration of Gem16-3-16 (x ) 0.18) and hydrothermal treatment at
100 °C]. The TEM image in Figure 2b, obtained from the parallel
direction, clearly indicates that the GMO-HPL material is basically
made of lamellar structures with pillars. The wide uniform areas
in the TEM images and ED patterns (insets of Figure 2a,b) from
the two directions, along with XRD patterns in Figure 1b, are
suggestive of excellent long-range 3D order in the GMO-HPL
material. The unit cell parameters, estimated from the TEM images,
are a ) 8.75 nm and c ) 13.4 nm, which also correspond well
with the values obtained from the XRD pattern (Figure 1b).

The N2 adsorption-desorption isotherms in Figure 3 were
obtained in order to substantiate the uniformity of the mesoporous
structures. The GMO-H and GMO-HPL materials exhibited typical

type-IV isotherms with steep capillary condensation steps in the
P/P0 ranges 0.35-0.4 and 0.50-0.60, respectively, confirming that
both materials have highly uniform and well-developed mesopores.
The isotherm patterns with no or narrow hysteresis loops are
indicative of the cylindrical or continuous pore structures of GMO-H
and GMO-HPL materials, which are significantly different from
the cage-type pore structure with a wide H2 hysteresis loop.30 The
pore size distribution curves were obtained from the adsorption
branches using the Barrett-Joyner-Halenda (BJH) method31 (inset
of Figure 3). The pore size and specific surface area of GMO-HPL
were 4.5 nm and 922 m2/g, respectively, which are relatively larger
and higher than those of GMO-H (3.0 nm and 767 m2/g,
respectively). The uniformity of the mesopore size in GMO-HPL
also supports the fact that the previously shown XRD peaks of the
GMO-HPL material (Figure 1b) are from a pure mesophase and
not from a mixture of different materials that accidentally matches
the P63/mmc space group.

On the basis of the XRD results in Figure 1b,c, it seems that the
lamellar mesophase is initially formed at 298 K and transformed
to the HPL mesostructure during the hydrothermal treatment at 373
K for 24 h. This speculation is consistent with a charge density
matching model, in which the lamellar mesophases continuously
transform to a 2D hexagonal cylindrical mesophase via the change
of charge density of the silica species during their condensation
reaction in the hydrothermal reaction.32 However, in our synthesis
system, the lamellar mesophase is transformed not to the 2D
hexagonal mesophase but to an intermediate phase, the HPL
mesophase, which is made accessible by the nature of the
Gem16-3-16 surfactant and the organosilica precursor.

In order to better confirm the present mesostructure, we also used
the GMO-HPL material as a rigid template to obtain an inversely
replicated carbon material via a nanoreplication method reported
elsewhere.33 Figure 4 shows scanning electron microscopy (SEM)
images of the GMO-HPL and carbon replica materials. The
morphology of the carbon replica material (Figure 4b) is similar to
that of the GMO-HPL template (Figure 4a), but the overall thickness
of the particles is considerably contracted, which might be due to
the asymmetric structural collapse of the lamellar-based carbon
replica without pillars. The high-resolution SEM image in Figure
4c clearly indicates that the carbon replica material is made up of

Figure 2. TEM images and (insets) ED patterns of the GMO-HPL material
obtained from different directions: (a) perpendicular to the layers and (b)
parallel to the layers. The schematic structure between the TEM images
presents the surfactant mesophase in GMO-HPL.

Figure 3. N2 adsorption-desorption isotherms obtained from (a) GMO-H
and (b) GMO-HPL at liquid N2 temperature and (inset) the corresponding
BJH pore size distribution curves from the adsorption branches.
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ultrathin nanosheets after the removal of the organosilica frame-
works. The nanosheets were observed to peel from the carbon-
sheet bundles during the SEM measurement. These bundles of
sheet-like structures in Figure 4c appear to be very similar to the
hexagonally perforated mesophase of the surfactant or polymer
system illustrated in Figure 2. The structure of the carbon replica
material confirms the mesoporous structure of the GMO-HPL
material.

In summary, we have reported the synthesis of a new type of
ordered mesoporous material with a hexagonally pillared lamellar
mesostructure (GMO-HPL) based on a lamellar catenoid surface
(Figure 5). It has been demonstrated that the HPL phase, which
has been predicted by theory to be a highly unstable intermediate
mesophase,19-22 can be obtained as a real OMM via phase
transformation from a lamellar mesophase by hydrothermal reaction
of an organosilica precursor in the presence of a high concentration
of a designed Gemini surfactant (Gem16-3-16) that has a large g
value. The present GMO-HPL material provides a fascinating
topological link between lamellar and 2D hexagonal mesophases.
The unique 3D periodicity with two-dimensionally connected pore
channels that run between the framework layers of GMO-HPL may
be especially useful in applications that require selective 2D
diffusion in different directions. Moreover, the present synthesis
strategy based on the synergetic assembly of a designed Gemini
surfactant and an organosilica precursor may be beneficial for the
further synthesis and use of other hard-to-access mesophases.
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Figure 4. SEM images of (a) GMO-HPL material, (b) a carbon replica of
GMO-HPL, and (c) a high-resolution SEM image of the carbon replica.
Arrows indicate revealed edges of lamellar structures of the carbon replica.

Figure 5. 2D structure of the lamella catenoid surface.19 The lamellas are
stacked to form a 3D periodic structure. The added white box and lines
display the organosilica framework and the surfactant (or pore) channel
structures, respectively, for GMO-HPL.
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