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DOI: 10.1039/x0xx00000x Aluminosilicate zeolites with hierarchically porous system have attracted special scientific interest due to their advantages

in bulky molecule catalysis. Organic amphiphilic molecules or surfactants are frequently employed into the hydrothermal

veww.rec.org/ synthesis of porous zeolite for the construction of enhanced pore system (mesopores or macropores) beyond the sole
micropores. This review describes a design concept of novel amphiphilic molecules for one-step preparation of
hierarchically porous zeolites containing mesopores with certain orders. Via the structural-directing mechanism study of
the most common surfactant (cetyltrimethyl ammonium bromide, CTAB) in the synthesis of bulk zeolite MFI (zeolite
framework code by International Zeolite Association), aromatic groups were reasoningly grafted in the hydrophobic tail of
the amphphilic molecule. Due to the m-m stacking of aromatic groups and a geometrical matching between their
arrangement and the zeolitic framework, single-crystalline zeolite nanosheets (SCZN) were successfully synthesized.
Furthermore, following the same idea for design, bolaform and triply branched amphiphilic molecules with aromatic
groups were also prepared and used for the formation of SCZN with 90° rotational boundary and single-crystalline
mesoporous ZSM-5 with three-dimensional pores, respectively. This design concept will provide a new insight into the
molecular factors for governing the simultaneously fabrication of ordered meso- and micro-phases.

1, 16-19

hierarchically porous zeolites' The methods can be

1. Introduction categorised into four: i) stack and assembly of zeolitic microcrystals,

Zeolites, as a kind of highly efficient crystalline catalysts, have i) dF:e 'remo?/”al hOfd framlew'ork atohmzl '(or pfost-syntlhettm
brought about great economic benefits, especially in the field of ™% |ca2’f)|_c21?), fii)_hard-templating method, iv) soft-templating
strategy” ~*. When some small zeolite crystals (or seeds) stack

petrochemical industryl's. However, when considering that the pore
size of zeolite generally goes below 1 nm, it would greatly restrict
their catalytic performance involving organic molecules with lager
dimension®®.  For purpose of the accommodation between
micropore size and organic molecular dimension, many researchers
have made great efforts to build zeolitic frameworks with
larger aperture or introduce another set of pore system (mesopores
or macropores) into the bulk zeolite crystalsg'n. In the past two
decades, along with the development of hydrothermal synthesis

together, there are plenty of gap between them which is generally
called intercrystalline pore523'27. Based on the characteristic crystal
growth of some kinds of zeolites, intracrystalline pores are created,
such as silicalite-1 with 90° rotational intergrowthzs, self-pillared
pentasil zeolite with house-of-cards-like morphologyzg’ 30 Generally,
it is not easy to control pores in size and arrangement. The selective
removal of silicon (desilication) or aluminium (dealumnization) from
the zeolite framework can more or less produce some mesoporesal'
3 A lot of work in the area of desilication has been tried to build

and mechanism study of ordered mesoporous silicalz'ls, many
innovative techniques were used to prepare zeolites with
hierarchically porous system.

So far, a lot of reports have focused on the fabrication of
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porous zeolites, for example by Pérez-Ramirez and co-workers™ .

Any removable inert species can be applied as the hard templates
to create mesopores inside bulk zeolites, for example, carbon
. 37 . 38 39 40
nanoparticles™’, nanowires™, nanotubes™, aerogel, ordered
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mesoporous carbon*" 42, organic sponge and foam43, CaCO,
nanoparticles“. In order to produce ordered mesopores inside
zeolites, 3-dimensinonal ordered mesoporous carbon with larger
mesopores developed by Tsapatsis and co-workers is employed into
the hydrothermal synthesis of ordered porous zeolites (like
mesoporous MFI, LTA, FAU, BEA)AS’ % Most of zeolites with
mesopores in their crystals (hereafter mesoporous zeolites)
obtained by the above methods have shown fine catalysis
performance as was expected.

Soft-templating strategy mainly depends on the self-assembly
of amphiphilic molecules and is most feasible to fabricate ordered
mesopores and micropores simultaneouslyM'51 Amphiphilic
organosilanes, in which the silicon part was linked to the terminal
close to quaternary ammonium, can serve as mesoscale templates
and effectively adhere to the zeolite crystal faces to further form
well mesostructure®*>®. For example, 3-(trimethoxysilyl) propyl-
hexadecyldimethylammonium chloride and the analogues with
different chain lengths were firstly used by Ryoo et al to prepare
mesoporous zeolites. Mesoporous MFI zeolites with tunable
mesopore diameters were obtained after calcination to remove the
organic templatessz. When amphiphilic organosilanes were added
into the synthesis precursor of FAU-type zeolite®’, mesoporous
zeolite X with a threefold hierarchical pore system, which was
constructed of zeolitic nanosheets in a house-of-cards-like assembly
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with plenty of interstices between the nanosheet stacks, was
prepared. Pinnavaia et al reported a method to prepare zeolites
with small intracrystal mesopores by using a silane-functionalized
polymer which could be treated as a kind of special amphiphilic
organosilanesss. Xiao et al developed the hydrophilic cationic
polymer to produce abundant mesopores inside zeolites™®*°. Single-
crystalline mesoporous zeolite Beta and ZSM-5 were obtained with
polydiallyldimethylammonium chloride (PDDA) and polystyrene-co-
4-polyvinylpyridine, respectivelysl‘ &2, However, all of these cases
mentioned above, the mesoporous structure are still disordered.

In order to introduce ordered mesopores into zeolites, Ryoo
and co-workers have successfully prepared a series of amphiphilic
molecules with double or multiple quaternary ammoniums®. These
bifunctional surfactants, as the effective structural-directing agents
(SDAs), could direct the formation of zeolitic framework and a
mesoscale micellar structure, simultaneously. Diquaternary
surfactant, represented by CyHs-N*(CHs),-CeHip-
N*(CH;),-CeHys (2Br), was successfully utilized as a sole SDA to
synthesize the MFI zeolite nanosheets with a single-unit-cell
thickness along b-crystallographic axis®* 7 Furthermore, a tri-
quaternary ammonium surfactant with the chemical formula of
CigH37-N"(CH3)p-CeH1p-N"(CH3),-CeH1p-N*(CH3)-CigH3;  (3Br)  could
produce a hexagonally-ordered mesoporous material where the
silica walls consisted of a truly crystalline zeolitic framework’> 72,

ammonium

Table 1 Summary of the construction of hierarchically porous zeolites by using various soft-templating strategies.

Soft-templating strategy Templates Mesoporous structure Type of zeolitic framework Ref.
Double templating Cationic surfactants (e. g. CTAB) ZSM-5, Beta, Y 47-49
(large organic templates + Anionic surfactants Tunable but disordered NaA 50
small SDAs) Amphiphilic organosilane mesoporosity MFI, FAU, BEA 52-55
Silylated polymer ZSM-5 56,57
Cationic polymers (e.g. PDDA) BEA, ZSM-5, X 58-60, 62
Non-ionic polymers (e. g. P13, F127, PVB) MFI, LTA, BEA 51
Bifunctional amphiphilic Diquaternary ammonium surfactants Lamellar nanosheets MFI, MTW 64-71
molecules Polyquaternary ammonium surfactants Hexagonal mesopores Zeolite-like, BEA 72-73
Multiamines surfactants Lamellar nanosheets AEL, AFI, ATO 75
Cationic polymers Disordered BEA, MFI 61,74
Single quaternary ammonium surfactants Lamellar nanosheets MFI 79-80
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This type of templates can also be used to fabricate microporous
aluminophosphate nanosheets and their analogues, such as
silicoaluminophosphate, cobalt aluminophosphate, and gallium
phosphate”’ 5. The above synthesis strategy allows for the fine
control of both zeolitic framework type and micellar structure by
single organic template. The various strategies for the construction
of hierarchically porous zeolites by soft-templating are summarized
in Table 1.

Although many kinds of mesoporous zeolites have been
successfully synthesized so far, how to understand the cooperative
formation mechanism between ordered meso-phase and micro-
phase structures and construct more variety of hierarchically
porous zeolites with diverse topological framework remains a big
challenge76’ 7 In our works, we aimed to make clear the structural-
directing mechanism of different amphiphilic molecules beginning
with familiar CTAB and further designed novel amphiphilic
molecules to prepare ordered mesoporous zeolites. Figure 1 shows
the design process of our strategy for novel amphiphilic molecules
and the molecular configuration toward to the synthesis of ordered
mesoporous zeolite. Firstly, the structural-directing mechanism of
CTAB in the synthesis of bulk zeolite MFI was studied in detail,
indicating that the quaternary ammonium head groups can serve as
SDAs for zeolites, and the long chains become isolated and occupy
the micropores78. Secondly, through the introduction of aromatic
groups into the hydrophobic chain (Fig. 1b), the m-it stacking coming
from benzene rings could effectively limit the crystal growth along
b-crystallographic axis of the MFI framework and direct the
formation of lamellar single crystalline mesostructured zeolite
nanosheets (SCZN)79’ 8, Thirdly, based on the computer simulation
using molecular mechanics calculations, it indicated that the
coexistence of diquaternary ammonium head and aromatic groups
would significantly reduce the total binding energies of
mesostructured zeolite synthesis systemso. Therefore, we designed
a kind of bolaform amphiphilic molecules (Fig. 1c) and SCZN with
90° rotational boundaries was synthesized. Furthermore, in order to
restrict the sole crystal growth along a- or c-axis, we introduced

# ? ; i

—N— —N—
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CTAB Introduction of aromatic N
groups into carbon chain §
(mr-1r stacking)
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another branch in the bolaform molecules which was called triply
branched cationic surfactant (Fig. 1d). When this molecule was used
in the hydrothermal synthesis system of zeolite MFI, single-
crystalline mesoporous ZSM-5 (SCMZ) with three-dimensional pores
was successfully obtained®”. Along with the evolution of molecular
(Fig. 1a-d), it the
hierarchically mesoporous zeolites from bulk to two-dimensional
and Our strategy for designing the
amphiphilic molecules mainly focuses on the interactions between
the hydrophobic carbon chains, which is different from previous
pathways mentioned above. It opens up a new approach for the
molecular design and the subsequent preparation of porous
zeolites. Additionally, the obtained materials by our strategy
possess unique both mesoporous and microporous structure which
will be showed in the following statement.

configuration realized construction of

. . 78-81
three-dimensional .

2. Structural-directing mechanism of CTAB

As is well known, the role of conventional quaternary ammonium
salts in the formation of zeolites generally attributes into three
categories: i) space-filling species, ii) structural directing agents, and
iiii) template582'87. However, when cationic surfactants with long
alkyl chain (e.g. CTAB) were tried to synthesize zeolites, amorphous
mesoporous silica instead of crystalline zeolites were obtained
without decomposition of these surfactants at high temperaturesse'
% In order to understand the role of cationic surfactants in the
construction of micropores and further lay a foundation for the
design of novel amphiphilic molecules to produce mesoporous
zeolites, we attempted to synthesize zeolites using CTAB as the sole
template through the fine adjustment of the synthesis conditions’®.

Via the comparison of synthesis results under different
temperatures, it indicated that 150 °C was most appropriate for
CTAB to direct the formation of ZSM-5 without any decomposition
which could be visually confirmed from the Scanning Electron
Microscope (SEM) image in Figure 2. The particular synthesis
composition, such as CTAB concentration and the SiO,/Al,03 molar
ratio, was well investigated at 150 °C. Under appropriate original

d

N

Triply branched cationic

amphiphilic molrcule

Bolaform amphiphilic molecule

(Diquaternary ammonium heads)

Fig. 1 The design thought of novel amphiphilic molecules and the corresponding molecular configuration.

This journal is © The Royal Society of Chemistry 20xx
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composition, pure zeolite MFI (ZSM-5 or silicalite-1) with high
crystallinity were successfully obtained. That is, CTAB can really
direct the formation of zeolites. With the purpose of exploring the
existence of the surfactant CTAB in the micropores, a ZSM-5 sample
prepared under the molar composition of CTAB: SiO, : Al,0; : Na,O :
H,0=1:20:0.2:2.5:800 at 150 °C was employed for the detailed
characterization of IR spectra, B3¢ NMR spectra , thermal-gravity
and elemental analysis. Based on the above characterization
results, it indicates that the CTAB surfactant indeed acts as a SDA
without any decomposition and only half of the total micropores in
MFI frameworks are occupied by the ammonium groups while other
species are present in the other half.

a *

3

:i *

> 200 °C
[7]

s

g

= 150 °C

100 °C

5 1b 1‘5 ‘ IlJ 3‘5 40

20 25 3
26(degrees)

Fig. 2 The XRD patterns (a) and the SEM images of the zeolite
products synthesized at different temperatures of 100 (b), 150 (c)
and 200 ‘C (d). Reprinted with permission from ref. 78. Copyright
2014. Royal Society of Chemistry.

As a consequence, the most possible structural-directing
mechanism of CTAB is proposed as shown in Fig. 3. A single CTAB
molecule participates in the formation of two micropores. The
ammonium head acts as the SDA, and the hydrophobic tail plays the
space-filling role. This kind of model for the location of CTAB
molecules in the channels of the MFI zeolite is also recommended
by Okubo and co-workers almost at the same time”®. All of the
results demonstrate that cationic surfactants with long hydrophobic
alkyl chain can play a role of SDA for the formation of zeolites but
undergo the distinct mechanism. It provides new insights for the
various surfactants commonly used in the synthesis of mesoporous
materials to direct the construction of zeolites and the ones with
hierarchically porous system.

4 | J. Name., 2015, 00, 1-3
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Fig. 3 Schematic illustration of the role of CTAB in the structural-
directing formation of MFI zeolite. Reprinted with permission from
ref. 78. Copyright 2014. Royal Society of Chemistry.

3. Single-crystalline mesostructured zeolite

nanosheets owing to the n-it stacking

Although CTAB can direct the formation of zeolite MFI and the
hydrophobic chains are located in the straight channel of MFI
framework, the sole hydrophobic interactions between the alkyl
chains cannot prevent the crystal growth along b-axis. In view of
this point, we deduced that the interactions between hydrophobic
tails would be greatly enhanced and therefore could effectively
block the crystal growth if certain specific groups could be
connected in the carbon chain. Finally, zeolites with ordered
stacking
interaction is a kind of common non-covalent intermolecular forces

mesopores will most possibly be obtained.The -1
and is widespread in biological and chemical system from molecular
recognition to self-assemblygz'%. As a consequence, we designed a
series of amphiphilic molecules functionalized by connecting
aromatic groups (such as biphenyl and naphthyl) to the terminal of
carbon chain (Fig. 1b)80. When these templates are used as a sole
organic agent to synthesize zeolite, single crystalline lamellar
mesostructured zeolite nanosheets (denoted as SCZN-1) were
successfully generated under certain hydrothermal synthesis
conditions. Figure 4 shows the structural characterization of SCZN-1
synthesized by CgHs-CgHg-O-CyoH0-N(CH3),-CeHy3 (Br) (denoted as
Cph-ph-106)- X-ray diffraction (XRD) pattern (Figs. 4a-b) of SCZN-1
indicated the formation of layered MFI nanosheets with new unit
cell (4.8 nm) and SEM image (Fig. 4c) showed uniform morphology,
corresponding to the observation from high-resolution transmission
electron microscopy (HRTEM).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Structural characterization of SCZN-1. (a, b)XRD patterns, (c) SEM image, (d, e) HRTEM of the as-made SCZN-1. (f-h) 3D
EDT projections with multiple unit cell meshes along different directions. (i) HRTEM image taken along the [100] axis of the
calcined sample. (j) Structural model of SCZN-1 before and after calcination. (k) The N2 adsorption-desorption isotherms of
calcined SCZN-1 and conventional ZSM-5. The scale bars in ¢, d, e and i represent 2 um, 20 nm, 5 nm and 5 nm, respectively.
Reprinted with permission from ref. 80. Copyright 2014. Nature Publishing Group.

a b
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molecule

199 nm

" armw Stacking
(T-shaped)
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W s 4% 500 600

A (nm)
Fig. 5 Schematic representation of m-rt stacking in SCZN-1. (a) UV-visible absorption spectra of template molecules in a dilute
water solution (i), in the crystalline solid (ii) and in the as-made SCZN-1 (iii). (b, c) The arrangement model of biphenyl
groups observed from the straight channel and a-c plane, respectively. Reprinted with permission from ref. 80. Copyright

2014. Nature Publishing Group.

Interestingly, SCZN-1 possesses the single-crystalline mesostructure
which could be directly observed from HRTEM images (Fig. 4d-e).
Three-dimensional electron diffraction tomography (3D EDT) data
revealed the high structural coherence of the MFI sheets”. The
super lattice arising from registered MFI layers was determined to
be rhombic with new cell parameters of a =20.5A, b=40.3 Aand ¢
= 13.9 A (Figs 4f-h). Owning to the single-crystalline property,
crystallographically ordered MFI sheets could connect with each
other to single crystals via the formation of new Si-O-Si bonds after
calcination (Figs. 4i-j).

This journal is © The Royal Society of Chemistry 20xx

The presence of m-mt stacking can be confirmed via UV-Vis
absorption spectroscopy with a red shift of the absorption band at
297 nm (Fig. 5a). Additionally, the position of the aromatic rings (in
the middle of micelle) was verified via electron charge distributions
based on low-angle XRD data. Combining with 3¢ NMR spectra,
elemental analysis and TEM observation, the arrangement of
aromatic groups in the as-made SCZN-1 was speculated as shown in
Figs. 5b and c. The ammonium groups of the amphiphilic molecules
are located in the straight channel of MFI framework to direct the
formation of MFI micropores and the aromatic groups in the
hydrophobic tails to generate stable network with strong m-m

J. Name., 2015, 00, 1-3 | §
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stacking. All of the biphenyl groups possess a T-shaped
configuration with a well-defined network, which geometrically
matches the MFI frameworks and produce the single-crystalline MFI
layers.

The necessity of m-mt stacking for the construction of single-
crystalline MFI layers is further identified via changing the length of
carbon chain between biphenyl group and quaternary ammonium
head and the number of benzene ring79. From powder XRD patterns
(Fig. 6) and SEM images (Fig. 7) of as-made zeolites synthesized by
using different surfactants, it indicates that the presence of one
benzene ring or a short carbon chain in the hydrophobic part
cannot empower the surfactants with a single quaternary
ammonium head group to direct SCZN except for bulk ZSM-5. A
lamellar mesostructure is obtained only when the alkyl group in the
surfactants was varied above C6 where the effective and strong n-nt
stacking turns up.

a

A=0.1542 nm

23
= CPh-Ph-iU-S

C,

3 e '; Conpnas
A s
2 2 Conenes
B Conones | '@
[ i=
2 2 Conenss
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P CFh-Pn.A-ﬁ

CPh-ﬂ)ﬁ
T T T T T T T T T
1 2 3 4 5 6 5 10 15 20 25 30 35
20(degrees) 26(degrees)

Fig. 6 Low-angle (a) and high-angle (b) powder XRD patterns of as-
made zeolites synthesized by different single-head ammonium
surfactants. Reprinted with permission from ref. 79. Copyright
2014. American Chemical Society.

Fig. 7 SEM images (a-e) of as-made zeolites synthesized by the
surfactants Coh.10.6 (), Cen-ph-s-s (b), Con-ph-6.6 (C), Cpn-ph-s-6 (d), Cpnph106
(e). Reprinted with permission from ref. 79. Copyright 2014.
American Chemical Society.
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In order to understand why the single-head quaternary
ammonium amphiphilic molecules containing aromatic groups (Cpp.
ph-10-6) could form lamellar-structured MFI nanosheets, molecular
mechanics calculations were applied to compare the relative
stabilities of bulk and layered MFI zeolite structures with different
template molecules®® *°: Con-photoe Single-head CpHasN(CH5),CoHys
(Cyz.6) and diquaternary  ammonium type template
CoHasN*(CH3),CsH1N(CH3),CH1s (Cazes). The calculation results
indicate that the layered structure is more stable than the bulk one
in Cpp-ph-10.6 and Cyy6.6 system (Table 2). The presence of both the
second quaternary ammonium head and the biphenyl groups would
greatly reduce the binding energies of the zeolitic synthesis system.
However, a thorough analysis of the calculated energies reveals
that the stabilizations depend on different mechanisms. For C,,.¢.4,
the electrostatic interactions between the quaternary ammonium
groups outside of the MFI slabs and the slab surfaces contribute the
most to the binding energy. As for Cpp.ph.10.6- The T-TU interactions
among the biphenyl groups play a key role to stabilize the MFI
nanosheet model.

Table 2 Different calculated binding energy in the three amphiphilic
molecules-MFI systems. Reprinted with permission from ref. 80.
Copyright 2014. Nature Publishing Group.

E, (kJ - mol™) AE, (nanosheet-bulk)
Templates
Bulk nanosheet kJ-mol™
Coro -104.5 93.6 10.9
Cr66 -114.0 -152.2 -38.2
Con-ph-106 -439.6 -487.1 -47.5

4. Bolaform amphiphilic molecules directing for
90° rotational intergrowth structure

As related above, the periodic interlamellar structural order in
SCZN-1 will disappear after the removal of organic templates. How
to remain the mesoporous structure is still a big challenge. It is well
known that MFI zeolite is often formed with 90° rotational
intergrowths, in which substantial (h00) faces are epitaxially
overgrown on the (0kO0) faces'®™%, Through engineering the zeolite
intergrowths, hierarchically organized structure can be constructed
owning to the framework connectivity even after calcination.
However, this kind of special structure always entails high binding
energies. Based on our calculation results, the coexistence of
diquaternary ammonium head and biphenyl groups would greatly
reduce the total binding energies of zeolite synthesis system.
Therefore, we connected these two groups into single organic
molecule as the form of bolaform amphiphilic molecules CgHq3-
N"(CHs),~(CHa)-N"(CH3)y~(CH,)-0-CHa-CeHa-0-(CH,)-N'(CH3),-
(CH,)e-N"(CHs),-CgH13 (4Br) (denoted as BCpnns.g). Single-crystalline
zeolite nanosheets with 90° rotational boundaries (SCZN-2) are
successfully synthesized using these bolaform molecules under
certain hydrothermal synthesis gelso.

This journal is © The Royal Society of Chemistry 20xx
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As shown in Fig. 8, the SEM images revealed that all of these
SCZN-2 obtained by using bolaform molecules with different carbon
chain have an extraordinary boundary structure with the 90°
rotation of adjacent faces. Interestingly, it was found that the
number of 90° rotational crystals appears at a significant level and
dominant house-of-cards-like morphologies were observed only in
the samples by BCpp6.6.6 and BCpp.g6.6. This result suggests that only
proper chain lengths are favourable for the formation of house-of-
cards-like morphologies.

Fig. 8 SEM images of as-made samples synthesized by BCpp,4.6.5 (a),
BCph-6-6-6 (b1, b2), BCpp.g.66 (C), BCpn-10-6.6 (d), and BCpp.126.6 (d).
Reprinted with permission from ref. 80. Copyright 2014. Nature
Publishing Group.

In order to analyse the internal boundary structure, the TEM
images of thin sections of the as-made samples synthesized by BCp,.
6.6.6 were observed (Fig. 9). The perpendicular crystal plates with a
boundary relationship shared a common c axis, in which the (100)
faces are overgrown on the (010) faces. A possible structural model
of the boundary is that the connectivity at the joints could arise
through the formation of a new set of Si-O-Si bonds, which would
sustain the lamellar structure. After calcination, the majority of the
boundary layers did not completely collapse to produce clear
mesopores because of the framework connectivity (Figs. 9c and d).
In addition, the apparent house-of-cards-like morphology makes
this type of SCZN-2 to possess well-defined micro-meso-
macroporous architecture. Due to the successive rotational
intergrowth, abundant mesopores were reserved after calcination,
and the Brunauer-Emmett-Teller (BET) surface and mesopore
volumes of SCZN-2 by BCpp 666 could reach to 658 m’ g'1 and 0.51

This journal is © The Royal Society of Chemistry 20xx
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cm® g'1 (Fig. 10), respectively. Compared with the spontaneous
growth of zeolitic nanosheets by small SDAs, our strategy and the
obtained samples by bolaform ampbhiphilic molecules clearly
showed the advantage in available control on uniform mesoscopic
correlation

porosity and  crystallographic between two

perpendicular crystals.

Fig. 9 HRTEM images of as-made (a, b) and calcined (c, d) SCZN-2
templated by BCp}6.6.6. Reprinted with permission from ref. 80.
Copyright 2014. Nature Publishing Group.
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Fig. 10 The N, adsorption-desorption isotherms (a) and pore size
distributions (b) of calcined SCZNs by BCpp.,.66. Reprinted with
permission from ref. 80. Copyright 2014. Nature Publishing Group.

5. Synthesis of single-crystalline mesoporous
ZSM-5 via triply branched cationic amphiphilic
molecules.

As shown in sections 3 and 4, weather single branched Cpj,_pp.10.6 OF

double branched BCpy,4.6.6 can only direct the formation of lamellar

MFI nanosheets but cannot restrict the crystalline growth of zeolite
along the a-c planes. Therefore, we designed a triply branched

J. Name., 2015, 00, 1-3 | 7
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cationic amphiphilic molecule. Compared to the double branched
template, the third branch could also act as the SDA and further
block the self-assembly of templates or crystalline growth of zeolite
in the direction of a- or c- axis. Hierarchically porous zeolites with
three-dimensional mesopores may be obtained owning to this
novel strategy. As a consequence, we prepared a triply branched
cationic amphiphilic molecule with the molecular configuration of
Ph-(0-CygHz0-N*(CH3),-CsH1-N*( CH3),-CeHy3); (6Br) (denoted as
TCph-106.6)- Single-crystalline mesoporous ZSM-5 (SCMZ) with three-
dimensional mesopores was generated by using TCpp.106.6 as the
sole SDA®™,

Figure 10a-c show the HRTEM images of a sliced thin section
of the calcined SCMZ along the a-, c-, and b-axis, respectively.
Abundant sheet-like mesopores with a thickness of ~2 nm were
clearly observed. The selected-area electron diffraction (SAED)
patterns corresponding to these HRTEM images indicate the
formation of single-crystalline structure. The sheet-like mesopores
embedded in the zeolitic framework did not collapse after
calcination under high temperature, quite different from the
samples synthesized by Cpppni06 and BCppgee. Owning to the
formation of abundant mesopores, the calcined SCMZ possesses
high BET surface area and mesopore volumes (496 m? g'1 and 0.22
cm® g'l, respectively), much larger than the ones of the
conventional bulk ZSM-5%1%_ The sharp peak at ~2.1 nm in the
pore size distribution (Fig. 10d) was approximately equal to the
sheet thickness from the TEM observation.

The formation mechanism of SCMZ depends on the effective
arrangements of the triply branched templates along the a-, b-, and
c-axis of the MFI framework. Two of the three branched chains
were aligned with the straight channels, and the third one directed
the micropores along the zigzag channel. It's worth noting that not
all of the branched chains could direct the formation of micropores
but rather contributed to stabilize the zeolitic structure.
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Fig. 11 TEM images (a-c) and their corresponding SAED patterns
(insets), N, adsorption-desorption isotherm and pore
distribution (d) of the calcined SCMZ. Reprinted with permission
from ref. 81. Copyright 2014. American Chemical Society.
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6. Conclusion and Perspective

Hierarchically porous zeolites always attract enough attention
especially in the petroleum chemical industry field. Although
abundant attempts and strategies have been focused on the
construction of the porous system, the synthesis of highly ordered
porous zeolite is still a challenge unresolved. The strategy based on
the self-assembly of novel amphiphilic molecules is supposed to be
the most effective way. The surfactants with multi-quaternary
ammonium head groups have successfully directed the formation of
ordered MFI nanosheets and crystalline hexagonally-ordered
mesoporous material without the additional small SDAs. As is well
known, the interactions between the hydrophobic chains also play
an important role in the molecular seIf-assemnyM‘ 106, 107,
Therefore, the design of the configuration of hydrophobic section
may result in different self-assembling behavior and further realize
the generation of ordered meso-structure in zeolites.

In this review, we present a design concept for the preparation
of novel amphiphilic molecules which then can act as the sole
templates to build hierarchically porous zeolites. Based on the
thorough study of structrural-directing mechanism of CTAB in the
synthesis of ZSM-5, aromatic groups are introduced into the
hydrophobic chains. Owning to the m-m stacking, templates with
single quaternary ammonium head group are equipped with the
power to synthesize ordered MFI nanosheets. Furthermore, based
on the results of molecular mechanics calculations, bolaform
amphiphilic molecules are designed to construct the 90° rotational
intergrowth structures on the basis of single-crystalline MFI
nanosheets. Due to the connectivity of zeolitic framework,
abundant mesopores are preserved after calcination. Finally, Single-
crystalline mesoporous ZSM-5 can be obtained by using the triply
branched cationic surfactant. Via the design of different molecular
configuration,
mesopores in zeolitic frameworks from two-dimensional to three-

we achieve the construction of hierarchical

dimensional.

Our strategies for the synthesis of porous zeolites provide an
important reference to govern the organic molecular self-assembly
and the crystalline growth of zeolites simultaneously. Following this
design concept, more different kinds of intermolecular forces can
be employed and various quaternary ammonium head groups can
be changed in order to direct the distinct zeolitic frameworks (not
just the MFI type). Furthermore, how to balance the coexistence of
crystalline growth between ordered mesopores and micropores
should be considered deeply when designing certain amphiphilic
templates. The design concept of novel amphiphilic molecules used
in the synthesis system of hierarchically porous system can be
expanded to prepare other inorganic porous materials, in addition
to siliceous species.
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The m-mt stacking of aromatic groups and a geometrical matching between their arrangement and
the zeolitic framework leading to the single-crystalline zeolite mesostructures.



