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ABSTRACT: IBN-9 is the first tricontinuous mesoporous
material, consisting of three identical interpenetrating channels
that are separated by a single continuous silica wall. It was
originally synthesized using a specially designed surfactant as
template. The need of special surfactant in the synthesis
inhibits extensive investigation of this novel structure and its
applications. We demonstrate in this study that such a
complicated tricontinuous mesostructure can also be fabricated
from the most common and commercially available surfactant
cetyltrimethylammonium bromide (CTAB) with the help of
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polar organic additives, e.g., n-butanol. The role of n-butanol is to finely tune the surface curvature of the organic/inorganic
interface during the cooperative self-assembly process. Electron microscopic techniques are employed to identify different
mesostructures from the mixture. This study reveals the possibility of discovering unprecedented mesostructures from

conventional surfactant—water—silicates systems.
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B INTRODUCTION

The widespread applications of mesoporous materials in
catalysis, separation, adsorption, and ’hard-templating” syn-
thesis rely on the precise control of their pore architectures,'
compositions,'®™" and surface properties.'”'> Besides its
fundamental significance, the fabrication of novel mesoporous
structure also provides opportunities for developing new
applications. During the last two decades, various mesoporous
structures have been synthesized that can be roughly classified
into three categories based on the pore types: cage, cylindrical
channel, and bicontinuous channel. For mesoporous materials
with cage-type pores, e.g, SBA-16> and FDU-12,* their
structures can be considered as the packing of cages in
different manners. For those with cylindrical channels, e.g,
MCM-41"' and SBA-15,” the one-dimensional (1D) channels
are hexagonally arranged, forming a two-dimensional (2D)
structure. Mesoporous materials with bicontinuous channels
have more complicated structures, consisting of two identical
three-dimensional (3D) channels that are interwoven with each
other but separated by a single continuous pore wall. The pore
wall can usually be described by a minimal surface.~” For
example, bicontinuous mesoporous material MCM-48 (cubic
Ia3d) has two interpenetrating chiral channels that are
separated by a silica wall following the gyroidal (G) minimal
surface;” likewise, AMS-10 (cubic Pn3m) has two sets of four-
connected channels and a continuous silica wall following the
diamondoid (D) minimal surface.® Although the mesoporous
structures are diverse, they can be correlated to each other by
considering the surface curvature of their pore wall. Assuming
that the pore diameters are comparable, the surface mean
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curvatures of different mesoporous structures follow the order:
spherical cage > cylindrical channel > bicontinuous channel.'®
The surface curvature is significantly influenced by the
molecular geometry of surfactant template as illustrated by g
= V/ayl, where g is the surfactant packing parameter, V is the
volume of the hydrophobic chain, g, is the effective area of the
hydrophilic headgroup and ! is the chain length.'” In general, a
smaller g value favors the formation of a mesostructure with
higher surface mean curvatures. Specifically, ideal lamellar,
bicontinuous, cylindrical, and spherical geometries have g values
of 1,2/3, 1/2, and 1/3, respectively.”’18 Notably, besides the
surfactant molecular geometry, other experimental conditions
such as temperature, the types of counterions, the use of
cosolvent, and especially the interaction from inorganic species,
would also affect the packing of surfactant and thus the final
mesostructure.

Recently, we synthesized a tricontinuous mesoporous
material IBN-9 (hexagonal P6,/mcm) and successfully resolved
its structure by electron crystallography.'®~' The results show
that IBN-9 has a very complex structure, consisting of three
identical 3D channels systems interwoven with each other but
separated by a single continuous silica wall. This is very similar
in concept to the well-known bicontinuous structures but more
complicated because there is one more channel involved. IBN-9
is the first as well as the only tricontinuous mesoporous
material reported up to now, and its structural analogies have
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not been observed before even in soft matters such as
surfactant-in-water and liquid crystal systems. The silica wall
of IBN-9 follows perfectly a recently proposed branched
hexagonal minimal surface, and it is the first representation of
this minimal surface in real materials.>> Moreover, IBN-9 shows
unique nanofiber morphology with ultralong channels and
ultrashort channels coexisting in one material.'” Despite of
these interesting features, IBN-9 has not been widely studied
since it was reported, possibly because IBN-9 was synthesized
by a specially designed surfactant (denoted as S2—Cl14, see
Scheme 1) as template. The requirement of using a special

Scheme 1. Surfactants Used for Synthesizing IBN-9:
Specially Designed S2—C14 and Commercially Available
CTAB
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noncommercially available surfactant much inhibits extensive
investigation of this new structure and relevant studies.
Therefore, it is highly desirable to develop new synthesis
routes to enable the fabrication of this brand new
mesostructure with simpler and commercially available
surfactants. Herein, we report that the tricontinuous IBN-9
structure can be synthesized from the most common
quaternary ammonium surfactant cetyltrimethylammonium
bromide (CTAB).

B EXPERIMENTAL SECTION

In a typical synthesis of IBN-9 using CTAB as template, 50 mg CTAB
was dissolved in 24 mL of aqueous ammonia solution (2.0 wt %, pH
11.35) at 45 °C, followed by the addition of 671 uL of n-butanol. Next,
250 uL of TEOS was added dropwise under a static condition. The
final CTAB: n-Butanol: TEOS: NHj;: H,O molar ratio in the synthesis
mixture is 1: 53.5: 8.2: 205: 9706. The mixture was kept at 45 °C for
24 h under a static condition, and then aged at 100 °C in an autoclave

for another 24 h. The obtained white precipitation was filtered, washed
with water, and dried in air. To draw the synthesis space diagrams, the
synthetic conditions including the ammonia concentration, the
amount of butanol and the concentration of CTAB were systematically
adjusted (see Figures la and 3a). The pH values of 1, 2, S, 10, and 25
wt % ammonia solutions are 11.25, 11.35, 11.90, 12.32, and 13.17,
respectively.

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) were performed on a FEI Titan electron
microscope operated at 300 kV. Ultramicrotomy was conducted in a
Leica EM UC6 system. Scanning electron microscope (SEM) was
conducted on a FEI Quanta 600 electron microscope operated at 30
kV. Powder X-ray diffraction (XRD) patterns were collected on a
Bruker D8 Advance diffractometer equipped with a Nal dynamic
scintillation detector using Cu Ka radiation.

B RESULTS AND DISCUSSION

In our previous work, we reported that three mesostructures,
bicontinuous MCM-48, tricontinuous IBN-9, and 2-D
hexagonal MCM-41, can be synthesized from ammonia
solution by using surfactant S2—C14 as template and TEOS
as silica source.'””® Both MCM-41 and MCM-48 were
obtained under the exactly same conditions for IBN-9 synthesis
except that lower surfactant concentration was used for the
former while higher ammonia concentration was used for the
latter."”*° For mesoporous silica synthesis in basic media, in
general, higher pH and higher surfactant concentration are
favorable conditions for the formation of mesostructure with
lower surface mean curvature.'® This is because under higher
pH condition, the silicates will carry more negative charges
which prompt a more compact packing of surfactant cations to
keep the charge density matching.”® Likewise, higher surfactant
concentration also facilitates a more compact surfactant
packing, leading to a lower surface curvature in the product.'®
According to the synthesis conditions, tricontinuous IBN-9 was
inferred to have an intermediate surface mean curvature
between the cylindrical MCM-41 and the bicontinuous
MCM-48. This hypothesis was verified by calculating the
surface mean curvatures of the three real mesostructures solved
by electron crystallography.'
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Figure 1. (a) Diagram of mesostructures synthesized from surfactant CTAB with varied amount of butanol and different ammonia concentrations,
where each sample was synthesized using 0.25 mL of TEOS, 50 mg of CTAB in 24 mL aqueous ammonia solution at 45 °C. The representative
conditions for the four types of products, i.e. MCM-41, MCM-438, disordered mesostructure and the mixture of IBN-9/MCM-438, are labeled with
A-D, respectively, and (b) their corresponding indexed XRD patterns. Profile D is indexed taking account the coexistence of hexagonal IBN-9 and

cubic MCM-48 (indices shown in parentheses).
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CTAB is one of the most popularly used surfactants in
materials chemistry for its easy commercial availability,”*>
and the first template employed for the synthesis of ordered
mesoporous materials." It is well-known that under most
synthesis conditions, CTAB gives rise to cylindrical MCM-41
structure and only in extreme cases, e.g, with ultrahigh
surfactant concentration or pH value, bicontinuous MCM-48
and lamellar MCM-S0 structures can be obtained."'® The
major difference in templating behavior between S2—C14 and
CTAB is that S2—Cl4 can generate three mesostructures
(MCM-41, IBN-9 and MCM-48), whereas CTAB only gives
MCM-41 structure under most conditions. This should be
attributed to the different molecular geometries of the two
surfactants. Compared to CTAB, surfactant S2—C14 has two
distinct features in molecular structure, a larger headgroup (a,)
and an additional hydrophobic (phenyl) side group. During the
surfactant self-assembly, the side groups tend to enter the
hydrophobic micelle core, but because of the linkage to the
main chains, they would reside at the hydrophilic—hydrophobic
“palisade” region of the micelles. Thus, the volume of the
micelles (V) is increased without changing I. The coexistence of
two opposing effects (a, and V) in the same surfactant allows
the packing of surfactant S2—C14 to be finely tuned by other
experimental conditions, and this explains the rich meso-
structures templated by S2—C14. It is also known that with
short-chain alcohol e.g. ethanol, iso-propanol, or n-butanol as
additive, MCM-48 can be synthesized from CTAB in extensive
mild conditions.'® This is because the medium polarity of the
short-chain alcohol molecules makes them reside at the
hydrophilic—hydrophobic “palisade” region of CTAB micelles,
increasing the micelle volume (V), just like the function of the
phenyl group in S2—C14. On the basis of the above-mentioned
knowledge from previous studies including (i) IBN-9 is an
intermediate structure between MCM-41 and MCM-48, and
(i) the addition of short-chain alcohol into CTAB system can
tune the structure from MCM-41 to MCM-48, we rationally
propose that IBN-9 may also be synthesized from CTAB by
using suitable amount of alcohol as additive under optimized
conditions.

To verify this hypothesis, we have carried out a series of
syntheses by fixing the concentration of TEOS and CTAB
while adjusting the ammonia concentration and the amount of
n-butanol. As summarized in the synthesis space diagram
(Figure 1a), the obtained products can be classified into four
categories based on the X-ray diffraction (XRD) results (Figure
1b). When no butanol or a small amount of butanol is added,
the product is MCM-41 regardless of the ammonia
concentration. With a large amount of butanol (butanol/
CTAB molar ratio >40), high-quality MCM-48 can be obtained
in a wide range of pH (ammonia concentration), whereas
highly concentrated ammonia solution combined with excessive
butanol gives rise to disordered structures (Figure la). The
well-known MCM-41 and MCM-48 structures are explicitly
determined from XRD, and disordered structures refer to those
exhibiting only one board XRD peak. Three representative
synthesis conditions for MCM-41, MCM-48, and the
disordered structure are marked in the diagram and the
corresponding XRD patterns are shown in Figure 1b(A—C).
Interestingly, in a small region of the diagram (butanol/CTAB,
55—65; ammonia concentration, 1—2 wt %), the products
exhibit a few XRD peaks that, however, are not well-defined
and cannot be assigned to a single structure (Figure 1bD).
Compared to the XRD pattern of pure MCM-48 (Figure 1bB),
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the intense peak in Figure 1bD) is apparently broader with a
shoulder peak at lower angle (20 = 1.98°). We examined the
samples from this region with SEM and found two distinct
morphologies, i.e., cubic particles and long fibers (Figure 2a).

Figure 2. (a) SEM image of the sample prepared from condition D in
Figure la, showing the coexistence of particles and fibers. The insets
are the enlarged representative images of these two morphologies. (b,
c) HRTEM images of the particle (MCM-48) taken along the (b)
[111] and (c) [531] directions. (d—f) HRTEM images of the fiber
(IBN-9) taken along the (d) [100], (e) [201], and (f) [001]
directions. The insets of the TEM images are the corresponding SAED
patterns. The scale bars in b—f correspond to 50 nm.

Because “morphology” normally reflects the point-group
symmetry of the crystal, we speculated that these samples are
comprised of cubic MCM-48 and hexagonal IBN-9, corre-
sponding to the particles and fibers, respectively. To confirm
this, TEM was applied to examine the particles and fibers
separately. The powder was not ground during the TEM
specimen preparation to maintain the particles intact, so that
the two kinds of morphology could be easily distinguished
under TEM. The peripheries of the particles are thin enough
for TEM imaging, where highly ordered mesoporous structure
characteristic of MCM-48 can be observed. Two typical TEM
images shown in Figure 2b, c are taken along the [111] and
[531] directions respectively, from which the unit-cell
parameter of the MCM-48 is determined to be a = 93.6 A.
On the other hand, the fibers are confirmed to have IBN-9
structure by TEM. Figure 2d shows the TEM image of a single
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Figure 3. (a) Diagram of mesostructures synthesized from surfactant CTAB with varied amounts of butanol and different ammonia concentrations,
where each sample was synthesized using 0.25 mL of TEOS, 30 mg of CTAB in 24 mL of aqueous ammonia solution at 45 °C. The product
synthesized from the condition marked by the arrow was characterized by (b) indexed XRD, (c) SEM, and (d—g) TEM. SEM image c shows twisted
fibers, spiral fibers and a small quantity of straight fibers. (d, e) HRTEM images of the (d) twisted fiber and (e) spiral fiber. The insets are low-
magnification images, showing the fiber morphologies. (f, g) HRTEM images and SAED patterns (insets) of a single straight fiber taken along the (f)
[170] and (g) [100] directions. The scale bars in d—g correspond to S0 nm.

fiber taken along the [100] direction. Tilting the specimen
along the b axis by ~24° results in the [201] incidence and the
obtained TEM image is shown in Figure 2e. Many fibers have
been individually examined with TEM and the results show that
they all have the same structure. Ultrathin microtome was also
applied to cut the particles into thin slices, which provided
opportunities to observe the fibers along their long axis
direction. In this way, the characteristic [001] fringes of IBN-9
structure can be frequently observed in the TEM specimen
(Figure 2f). These results indicate that besides MCM-48, this
sample also contains IBN-9 with unit-cell parameters of a =
88.0 A; ¢ = 84.1 A. On the basis of the unit cells determined
from TEM, the most intense reflection of MCM-48 and the
most intense reflection of IBN-9 have very close d values of
dricmasin) = 382 A and digyo(00) = 38.1 A. As a result, the
major XRD peaks of the two structures overlap and this
explains the ill-resolved XRD pattern of their mixture (Figure
1bD). Accordingly, the shoulder peak at 260 = 1.98° can be
assigned to the 110 reflection of IBN-9 structure and the broad
peak at 20 = 2.69° is associated with the overlapping 220
reflection of MCM-48 and 120 reflection of IBN-9 (Figure
1bD). It is hard to accurately determine the proportion of IBN-
9 in the mixture that varies with the synthesis conditions. At a
rough estimate based on the particle morphologies observed by
SEM, the highest proportion of IBN-9 (in weight/volume) that
can be achieved by optimizing the synthesis conditions is about
40%.

The synthesis conditions of IBN-9 can be further extended to
higher pH region by using less CTAB. Figure 3a shows another
diagram where the synthesis conditions are identical to those
for Figure la except that the amount of CTAB is decreased
from 50 mg to 30 mg. Under such conditions, IBN-9 structure
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appears in a wider range of ammonia concentration (up to 5%).
It is reasonable to get IBN-9 structure at higher pH with less
CTAB used because as aforementioned increasing the alkalinity
of the synthesis media has an opposing effect on the surface
curvature of mesostructure against using lower surfactant
concentration. However, pure IBN-9 is still unobtainable, and
instead it always appears together with its neighboring
structures. When higher ammonia concentration and/or larger
amount of n-butanol are used, the products comprise both
IBN-9 and MCM-48, similar to the cases discussed earlier;
when lower concentrated ammonia solution and smaller
amount of butanol are used, the mixture of IBN-9 and
MCM-41 is obtained (Figure 3a). Figure 3c shows a typical
SEM image of the latter case, in which three kinds of
morphologies i.e. twisted fibers, spiral fibers and straight fibers,
can be observed. Further investigation by TEM confirms that
the twisted and spiral fibers possess the helical 2-D hexagonal
MCM-41 structure that is characterized by the periodical and
intermittent lattice fringes along the fiber (Figure 3d, e), as
already demonstrated thoroughly in previous studies.”® > On
the other hand, the straight fibers are determined to be IBN-9,
for instance, the [100] and [110] TEM images of a single
straight fiber are shown in Figure 3f, g, respectively, which were
taken sequentially by tilting the specimen along the fiber long
axis by 30°. According to SEM and TEM observation, MCM-41
is the major product, whereas the proportion of IBN-9 in the
mixture is estimated to be <10%. This is consistent with the
XRD pattern that does not show visible peaks associated with
the tricontinuous mesostructure (Figure 3b). These results
clearly indicate that with the help of n-butanol the tricontinuous
IBN-9 structure can be fabricated from CTAB under extensive
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conditions and provide additional proof that IBN-9 is an
intermediate between MCM-41 and MCM-48 (Figure 3a).

Besides n-butanol, we attempted to use other short-chain
alcohols including n-propanol, iso-propanol, and ethanol as
additives with alcohol/CTAB molar ratio of 50—200 and
ammonia concentration of 1-5 wt %. The products were
exclusively MCM-41 as determined by XRD and TEM.
Notably, IBN-9 structure can only be synthesized under static
condition. Stirring conditions result in either MCM-41 or
MCM-48, depending on the surfactant concentration. The
same applies to the special surfactant S2—C14 system."® This
suggests that compared to MCM-41 and MCM-48, IBN-9
structure is less thermodynamically stable and its formation
may be associated with kinetic factors such as the diffusion rate
and concentration gradient of the silicate precursor that affect
the rate of crystal growth. Recent studies reported the transition
between bicontinuous D structure and G structure and electron
crystallography results indicated that the former has slightly
higher surface mean curvature and smoother silica wall.***¢
The present CTAB/n-butanol system allows the simultaneous
formation of bicontinuous G structure (MCM-48) and
tricontinuous H structure (IBN-9), thus providing a suitable
platform for thoroughly investigating the transition between
bicontinuous and tricontinuous mesostructures.

B CONCLUSIONS

In this study, we successfully synthesize the tricontinuous
mesoporous silica IBN-9 using commercially available
surfactant CTAB with the help of n-butanol that allows the
surface curvature of the organic/inorganic interface to be finely
tuned to generate intermediate structure. Although the
synthesis of pure IBN-9 is not achieved, it has been
demonstrated that this very complicated mesoporous structure
can be fabricated from the most popular and simplest surfactant
system. Actually, the use of short-chain alcohols with CTAB or
other surfactants to synthesize MCM-48 was reported many
years ago.'®**** Looking back on those syntheses, we suspect
that most likely IBN-9 structure had been obtained in some
cases as a minor product, but was ignored. This is possibly
because at that time, people intended to get bicontinuous
MCM-48 without knowing the existence of tricontinuous
structure. When different components are mixed, people often
see only what they expect to see while ignoring things that may
be more interesting. Thanks to our specially designed surfactant
S2—C14 that enables the synthesis of pure IBN-9, it makes it
easy to identify it to be a new structure and to resolve it, and in
turn allows us to find that the same structure can be generally
fabricated with simpler and commercially available surfactants.
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