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Preface

Crystalline microporous zeolites have been considered as mineral curiosities for a
long time since their discovery in 1756. Currently, there are myriads of applications
of zeolites and related porous crystals in the fields of industrial, environmental, and
social relevance. Particularly, after revolutionizing the refinement of crude oil and
the petrochemical industry as a whole by vastly enhancing the efficiencies of the
existing process, great efforts have been devoted to the hydrothermal synthesis of
zeolites and their properties, giving many breakthrough achievements. Summaries
of these exciting results have already led to the publication of some great and suc-
cessful books.

In recent years, with the development of green chemistry and shortage of energy
around the world, there has been a major leap for the synthesis, characterization,
and practical applications of zeolite, in terms of both its fundamental and industrial
aspects. For instance, hierarchically porous zeolites with excellent mass transfer
have been templated; solvent-free route for synthesis of zeolites has been achieved;
interlayer expansion methodology has been established and created many new zeo-
lite structures; the great strides made in modern techniques such as electron microg-
raphy, solid NMR spectroscopy, and X-ray diffraction have significantly advanced
our understanding of the syntheses and structures of zeolites; sustainable and impor-
tant processes such as methanol to light olefins (MTO) and selective catalytic reduc-
tion of NOx with ammonia (NH;-SCR) catalyzed by zeolite catalysts have been
commercialized already. Therefore, it is time to collect the works recently done by
the outstanding scientists active in this field to establish an essential handbook.

This book mainly contains three parts, devoting to novel strategies for synthesiz-
ing zeolites, new developments in characterizations of zeolites, and emerging appli-
cations of zeolites for sustainable chemistry, respectively. In the first part, my
colleague Dr. Xiangju Meng and I briefly summarize the synthesis of zeolites via
sustainable routes (Chap. 1). Prof. Zhijian Tian from the Dalian Institute of Chemical
Physics introduces in detail the ionothermal synthesis of zeolites (Chap. 2). Prof.
Toshiyuki Yokoi and Prof. Takashi Tatsumi from the Tokyo Institute of Technology
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provide a detailed review of the interlayer expansion of the layered zeolites
(Chap. 3). Prof. Ryong Ryoo and his colleagues describe the synthesis of meso-
structured zeolites (Chap. 4). In the second part, Prof. Xiaodong Zou and her
colleague from Stockholm University present the different electron crystallographic
techniques and their applications on structure determination of zeolites (Chap. 5).
Prof. Hermann Gies and his colleague from Ruhr University Bochum elucidate the
solution and refinement of zeolite structures (Chap. 6). Prof. Feng Deng and his
colleague from the Wuhan Institute of Physics and Mathematics introduce the solid
state NMR method for structural characterization of zeolites (Chap. 7). In the third
part, Dr. Bilge Yilmaz and Dr. Ulrich Muller and their colleagues from BASF review
the refinery applications (Chap. 8) and catalytic reactions (Chap. 14) of zeolites in
industry. Prof. Weiguo Song from the Institute of Chemistry and Prof. Zhongmin
Liu and Prof. Yingxu Wei from the Dalian Institute of Chemical Physics demon-
strate the conversion process of methanol to light olefins over zeolites (Chap. 9).
Prof. Emiel Hensen from TU/e discusses the application of zeolites as catalysts in
the conversion of biomass into fuels and chemicals (Chap. 10). My colleague Dr.
Liang Wang and I provide a concise review of the new developments of titanosili-
cate zeolites and their applications in various oxidations (Chap. 11). Prof. Hong He
and his colleague from the Research Centre for Eco-Environmental Science explore
the emerging applications of zeolites in environmental catalysis (Chap. 12). Prof.
Zhengbo Wang from Zhejiang University and Prof. Yushan Yan from the University
of Delaware summarize the recent progress in preparation and applications of zeo-
lite thin films and membranes (Chap. 13). In the last Chapter (Chap. 15), Dr. Xiangju
Meng and I also give a brief summary of the opportunities and challenges in the
research and development of zeolites.

This book provides a comprehensive and an in-depth coverage of this rapidly
evolving field from both academic and industrial points of view. We believe it can
be used as an essential reference for the researchers who are working in the field of
zeolites and related areas. It can also be used as a textbook as well as one of the key
references for graduate and undergraduate students in chemistry, chemical engi-
neering, and materials science.

Finally, we, the editors, would like to express our heartfelt gratitude to the authors
for their contributions to this book.

Hangzhou, China Feng-Shou Xiao
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Part I
Novel Strategies for Synthesizing Zeolites



Chapter 1
Sustainable Routes for Zeolite Synthesis

Xiangju Meng, Liang Wang, and Feng-Shou Xiao

Abstract The modern synthesis of zeolites mainly involves the use of organic
templates, the addition of solvent, the preparation of starting gels, and the heating of
the gels. Each step could be made greener in the future. This chapter presents a brief
overview on the recently reported green routes for synthesizing zeolites, mainly
focusing on the reduction or elimination of organic templates as well as the com-
plete elimination of solvent. To overcome the disadvantages of using organic tem-
plates, nontoxic templates and template recycling steps have been employed in the
zeolite syntheses. In addition, organotemplate-free synthesis has become a popular
and universal methodology for synthesizing zeolites. Particularly, seed-directed
synthesis in the absence of organic templates is a general route for synthesizing a
series of zeolites. From an economic and environmental standpoint, solvent-free
synthesis is a great move toward “green” synthesis of zeolite due to the following:
high yields, high efficiency, low waste, low pollution, low pressure, hierarchical
porosity, and simple and convenient procedure. Combining the advantages of
solvent-free and organotemplate-free synthesis would particularly open the path-
way to a highly sustainable zeolite synthesis protocol in industry.

Keywords Zeolites * Sustainable template ® Template recycling * Organotemplate-
free synthesis ¢ Solvent-free synthesis

1.1 Introduction

Hydrothermal synthesis of zeolites from silicate or aluminosilicate gels in alkaline
media has occupied an important position in zeolite synthesis science, where the
temperature is ranged from 60 to 240 °C and the pressure is about 0.1-2 MPa [1, 2].
R. M. Barrer and R. M. Milton, the founders of zeolite synthesis science, started
their studies in zeolite synthesis in the 1940s, successfully synthesizing a series of
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artificial zeolites such as P, Q, A, and X [1, 3-6]. Later, a milestone for zeolite
synthesis is the introduction of organic quaternary ammonium cations in the hydro-
thermal synthesis, which opens a door to synthesize novel zeolites [1, 7, 8]. Up to
now, more than 200 types of zeolites have been hydrothermally synthesized in the
presence of organic templates.

Although hydrothermal synthesis of zeolites has been widely used for decades,
it does not meet the critical terms of sustainable chemistry that refers to reduce or
eliminate negative environmental impacts, involving the reduction of wastes and
improvement of efficiency, due to the use of organic templates and a large amount
of water [9].

Currently, organic templates play very important roles in the zeolite synthesis
due to the templating of the assembly pathway, filling the pore space, and balancing
the charges [1, 9]. However, most organic templates are toxic, which potentially
threaten human health. In addition, removal of these templates normally requires
high-temperature combustion that produces hazardous greenhouse gases such as
NOx and CO,. On the other hand, water is always regarded as the “greenest” sol-
vent, but a large amount of the water used in industries still results in a series of
shortcoming such as waste of polluted water, high autogenous pressure, and conse-
quently safe issues [9].

To solve these problems caused by conventional hydrothermal synthesis, sustain-
able routes for zeolite synthesis have been developed recently. In this chapter, sev-
eral novel sustainable routes will be systemically illustrated.

1.2 Synthesis of Zeolites Using Sustainable Templates

Organic quaternary ammonium cations were first introduced into the zeolite synthe-
sis by Barrer and Denny in 1961, and they have successfully synthesized several
pure siliceous and high-silica zeolites [1, 7-9]. Different from the inorganic cations,
organics play an additional role for templating or structure directing in the zeolite
synthesis. Thus, these organics are called templates or structure-directing agents
(SDAs). Conventional organic templates mainly include amines, amides, pyrro-
lidines, quaternary ammonium cations, and metal chelate complex [1, 2, 9].

1.2.1 Synthesis of Zeolites Using Low-Toxicity Templates

EMT zeolite is of great importance in fluid catalytic cracking (FCC) industry, due
to its excellent catalytic performance compared with commercial catalyst Y zeolite
[10, 11]. However, EMT zeolite is normally prepared in the presence of costly and
toxic template of 18-crown-6, which greatly limited its wide applications in indus-
try [12, 13]. Recently, Liu et al. reported successful synthesis of EMT-rich faujasites
using polyquaternium-6 as a template, a component of shampoo, which is nontoxic
and inexpensive since its extensive use in daily human life [14].
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Wang et al. reported another successful example for the preparation of zeolite
using nontoxic template [15]. They prepared a family of microporous aluminophos-
phate zeolite with AFI structure (AIPO-5) using tetramethylguanidine (TMG) as
template. Guanidine and its derivatives with relatively low toxicity and low cost are
biologically and industrially important chemicals, which could be found in the
products of animal metabolism and classified as sustainable templates [ 16]. Notably,
guanidines, containing three nitrogen atoms, might offer stronger coordination abil-
ity to aluminum species than conventional amines (e.g. triethylamine) with only one
nitrogen atom [16]. As a consequence, the crystallization rate of AIPO-5 in the pres-
ence of TMG is much higher than that using triethylamine as templates, and the
crystallinity reaches nearly 100 % only after 5 h. Moreover, this kind of sustainable
template is not limited to prepare AIPO-5; heteroatom-substituted AIPO-5 crystals
such as SAPO-5, MnAPO-5, together with CoAPO-5, and other microporous alu-
minophosphate (e.g. AIPO-21 with AWO structure) can also be synthesized using
TMG as a template [15].

1.2.2 Synthesis of Zeolites Using Low-Cost Templates

Zones et al. have developed a new approach for the synthesis of zeolites, in which a
minor amount of SDA is used to specify the nucleation product, and then a larger
amount of a nonspecific amine is used to provide both pore-filling and basicity
capacities in the synthesis [17]. The concept used in this method was to have the
SDA provide the initial nucleation selectivity and then hope that a cheaper, less
selective molecule could provide the pore-filling aspect as the crystal continuously
grows. For example, various small amines including even ammonia and methyl-
amine were shown to function in conjunction with the imidazole SDA to produce
SSZ-32. A number of zeolites including SSZ-13 (CHA), SSZ-33 (CON), SSZ-35
(STF), SSZ-42 (IFR), and SSZ-47 can be prepared in the same manner [18]. There
are a number of cost-saving benefits described for this synthesis route including
reduced structure-directing agent cost, waste stream cleanup costs, and time in reac-
tor and reagent flexibility.

Similar to this concept, UOP scientists have developed the charge density mis-
match (CDM) approach to prepare zeolites via addition of alkali and alkaline Earth
cations at low levels, which cooperate with organic templates [19-21]. Such coop-
eration allows the use of commercial available organic templates for a new material
discovery. For example, they prepared hexagonal 12-ring zeolites UZM-4 (BPH)
and UZM-22 (MEI) using choline-Li-Sr template system based on the charge den-
sity mismatch approach. Notably, the CDM approach to zeolite synthesis was ini-
tially proposed as a cheaper alternative to the trend of using ever more complicated
quaternary ammonium species.

Ren et al. have designed a copper complex of Cu—tetraethylenepentamine (Cu—
TEPA) as candidate for synthesizing CHA-type aluminosilicate zeolite (SSZ-13)
[22, 23], which is generally directed by the expensive template of N,N,N-trimethyl-
I-1-adamantammonium hydroxide, due to (1) good match between the stable
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structure

Fig. 1.1 Mechanism on Cu-TEPA-templated Cu-SSZ-13 zeolites (Reprinted with permission
from Ref. [22]. Copyright 2011 Royal Society of Chemistry)

molecular configuration of Cu-TEPA with CHA cages, (2) strong interaction
between the template molecule and negatively charged silica species, and (3) high
stability in strongly alkaline media. They reported rational one-pot synthesis of
Cu-SSZ-13 zeolites with molar ratio of Si0,/Al,0; at 8—15, designated as Cu-ZJM-1,
from using Cu-TEPA as template (Fig. 1.1). Compared with the traditional Cu?*
ion-exchange method, Cu-ZJM-1 shows much higher copper content and better dis-
persion of copper cations. More importantly, Cu-ZJM-1 exhibits excellent catalytic
properties in SCR of NO, by NH; [22].

1.2.3 Synthesis of Zeolites Using Recyclable Templates

Davis et al. have performed pioneer works in the field of extracting organic tem-
plates from micropores of zeolites [24-29]. Firstly, they reported that TEA* cations
could be easily extracted from CIT-6 zeolite (BEA-type structure) with acetic acid-
containing solution [24], because of the weak interaction between the TEA* cations
and CIT-6 framework. The ease of liberation of charge-balancing tetraecthylammo-
nium (TEA) cations from the various metallosilicates was shown to be Zn>B>Al
[28]. This method can also be utilized in pure-silica MFI zeolite. They also pointed
out that the amount of organic templates removed by extraction was strongly depen-
dent on the size of the organic templates and the strength of interaction between the
templates and the zeolites [28].

Later, they reported a complete recycle of an organic template in the synthesis of
ZSM-5 [29]. They chose a cyclic ketal as organic template that would remain intact
at zeolite synthesis conditions (high pH) and be cleavable at conditions that would
not destroy the assembled zeolite (Fig. 1.2). The *C CP/MAS NMR spectrum
showed that the as-synthesized zeolite material contains intact 8,8-dimethyl-1,4-
dioxa-8-azaspiro [4, 5] decane (1). When the ZSM-5 was treated with 1 M HCl
solution at 80 °C for 20 h, the *C CP/MAS NMR spectrum obtained was consistent
with the presence of the ketone fragment, suggested that 1 could be cleaved into the
desired pieces inside the zeolite pore space. After ion-exchange treatment by a mix-
ture of 0.01 M NaOH and 1 M NaCl at 100 °C for 72 h, 1,1-dimethyl-4-oxo-



1 Sustainable Routes for Zeolite Synthesis 7

SDA

Fig. 1.2 Schematic representations of synthetic methodology for ZSM-5 using 1 as template. Step
1: assemble the SDA with silica precursor, H,O, alkali metal ions, and so on, for zeolite synthesis.
Step 2: cleave the organic molecules inside the zeolite pores. Step 3: remove the fragments. Step
4: recombine the fragments into the original SDA molecule (Reprinted with permission from Ref.
[29]. Copyright 2003 Nature Publishing Group)

piperidinium (2) could be completely removed as shown in 3C CP/MAS NMR
spectrum. Conceptually, this strategy is to assemble an organic template from at
least two components using covalent bonds and/or non-covalent interactions that
are able to survive the conditions for assembly of the zeolite and yet be reversed
inside the microporous void space. The fragments formed from the organic template
in the zeolite can then be removed from the inorganic framework and be recom-
bined for use again. Other zeolites such as ZSM-11 and ZSM-12 can also be synthe-
sized using the same manner, suggesting that it can be used as a generalized
methodology in the field of zeolite preparation [29].

1.3 Synthesis of Zeolites Without Using Organic Templates

Recently, organotemplate-free synthesis of zeolites has been the hot topic in zeolite
area, since it completely avoids the use of organic templates and consequently dis-
advantages [9, 30]. Several groups have devoted to synthesize a series of zeolites in
the absence of organic templates by adjusting molar ratios of the starting gels, addi-
tion of zeolite seed solution, and addition of zeolite crystal seeds.
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1.3.1 MFI Zeolite

The discovery of ZSM-5 was regarded as a milestone in the history of hydrothermal
synthesis of zeolites [1, 2, 31]. The ZSM-5 is the most widely studied zeolite due to
its special features (e.g., morphology, zigzag channels, Si/Al ratio) and its impor-
tance in petrochemical and fine chemical industry [1, 2]. Notably, ZSM-5 is the first
example for organotemplate-free synthesis of high-silica zeolites. In the initial stage
of synthesis of ZSM-5, it was widely accepted that ZSM-5 could only be made
using a suitable organic template (usually TPA*) [1, 9, 31]. Grose and Flanigen
prepared well-crystallized ZSM-5 zeolite from the Na,0-Si0,—Al,0;-H,0 in the
absence of organics and seeds for the first time [32-34]. Later, Shiralkar and
Clearfield reported that the factors of adjusted Si/Al and Na/Al ratios are keys for
the organotemplate-free synthesis of ZSM-5 zeolite [35].

1.3.2 BEA Zeolite

Beta zeolite was successfully synthesized using tetraethylammonium cation as the
templates in 1967 [36]. In the past 40 years, there is a belief that beta zeolite can
only be synthesized in the presence of suitable organic templates [9, 35, 37].
However, in 2008, Xie et al. reported an organotemplate-free and fast route for syn-
thesizing beta zeolite by the addition of calcined beta crystals as seeds in the starting
aluminosilicate gel in the absence of any organic templates for the first time [37].
Nitrogen sorption isotherms of as-synthesized sample exhibited a steep increase in
the curve at a relative pressure 10< P/Py<0.01, characteristic of Langmuir adsorp-
tion due to the filling of micropores, which confirmed that as-synthesized sample
had opened micropores already, and therefore the combustion of the sample could
be avoided. Later, Kamimura et al. systemically studied various parameters on the
seed-directed synthesis of beta zeolite in the absence of organic templates, such as
the molar ratios of SiO,/AL,O;, H,O/SiO,, and Na,O/SiO, in the starting gels,
amount and Si/Al ratios of seeds, and crystallization time [38]. They found that beta
zeolite can be successfully synthesized with a wide range of chemical compositions
of the initial Na*—aluminosilicate gel (SiO./Al,0;=40-100, Na,0/Si0,=0.24—
0.325, and H,0/Si0,=20-25) by adding calcined beta seeds with the Si/Al ratios in
the range of 7.0-12.0. Very importantly, such seed-directed beta seed crystals can be
used as renewable seed crystals to establish a completely organotemplate-free pro-
cess for the production of beta zeolite, which is a vital development from the view-
point of green chemistry. Thus, this kind of seed-directed beta was termed as “green
beta zeolite” by the authors.

In a recent report, Zhang et al. reported a rational synthesis of beta-SDS at 120 °C
(beta-SDS ) with good crystallinity and improved zeolite quality in the presence
of a very small amount of beta seeds (as low as 1.4 %) by decreasing zeolite crystal-
lization rate [39]. X-ray diffraction patterns show that calcination at 550 °C for 4 h
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Table 1.1 Textural parameters of as-synthesized beta-SDS and calcined beta-TEA zeolites

BET surface Micropore Micropore HK pore
Sample area (m?/g) area (m?/g) volume (cm?/g) size (nm)
Beta-SDS 4 450 386 0.18 0.70
Beta-SDS 5, 655 545 0.25 0.70
Cal-beta-TEA 577 447 0.21 0.66

Reprinted with permission from Ref. [39]. Copyright 2013 Elsevier

results in the loss of crystallinity at 8.0 and 15.8 for beta-SDS,,, and beta-SDS 4,
respectively, suggesting that beta-SDS,, has higher thermal stability than beta-
SDS140. N, sorption isotherms show that beta-SDS,, has much higher surface area
(655 m?g) and micropore volume (0.25 cm?/g) than beta-SDS,, (450 m?/g,
0.18 cm?/g) (Table 1.1). These phenomena are reasonably assigned to that beta-
SDS120 samples have much less framework defects such as terminal Si—~OH groups
than beta-SDS,,. The beta-SDS,,, samples with good crystallinity, high thermal
stability, and large surface area and pore volume offer a good opportunity for their
industrial applications as efficient and low-cost catalytic and adsorptive materials.

The mechanism on seed-directed synthesis of beta zeolite has been indepen-
dently discussed by Xiao and Okubo’s groups at nearly the same time [40, 41]. By
using a series of modern techniques (XRD, TEM, SEM, XPS, Raman, MAS NMR),
Xie et al. have extensively investigated seed-directed synthesis of beta-SDS under
various conditions, suggesting that seed-directed beta zeolites are grown from solid
beta seeds, and final beta-SDS crystals are mainly alike core—shell structure [40].
The core part of beta seeds has relatively high Si/Al ratios, and the shell part grew
from aluminosilicate gels has relatively low Si/Al ratios (Fig. 1.3).

De Baerdemaeker et al. have systemically investigated the catalytic performance
of beta-SDS in various reactions, and they found that beta-SDS has different
properties than the usual commercial beta zeolites [42]. Part of the differences can
be explained by the higher aluminum content and different crystal size. The high
aluminum content leads to a large number of acid sites of considerable strength
resulting in an active ethylation catalyst even at 150 °C. The large crystal size of
beta-SDS makes them sensitive to deactivation through pore blocking. In alkylation
reactions with propene and 1-dodecene, this resulted in low activities. An appropri-
ate dealumination treatment can improve the accessibility and delay the deactiva-
tion. The high aluminum content also leads to a high framework polarity which is a
cause for fast deactivation in acylation reactions. This can be prevented by dealumi-
nation where an activity optimum is obtained between framework polarity and acid
site concentration. The high amount of strong acid sites also leads to a high yield of
cracked products in the n-decane hydroconversion at very low temperatures
(Fig. 1.4). Clearly, more Pt should be added to improve the balance between the acid
sites and the (de)hydrogenation sites. A reduction in the amount of acid sites by
dealumination at constant Pt loadings resulted in higher isomerization yields.
Yilmaz et al. also pointed out that beta-SDS possesses a high density of active sites
with exceptional stability and distinctively ordered nature, useful in, e.g., ethylation
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Fig. 1.3 TEM images of beta-SDS samples crystallized for (a) 1, (b—d) 4, (e-g) 8, and (h and i)
18.5 h at a temperature of 140 °C by addition of 10.3 % beta seeds (Si/Al=10.2) in the starting
aluminosilicate gels. Areas of a, b, d, and g in (b), (¢), (e), and (f) are enlarged as (c), (d), (f), and
(g), respectively (Reprinted with permission from Ref. [40], Copyright 2011 Royal Society of
Chemistry)

of benzene; after dealumination and/or other post-synthesis treatments, catalysts
with varying Si/Al ratios, suitable, e.g., for acylation of anisole, are obtained [43].
The ability to manipulate the framework aluminum content in a very broad range,
while maintaining structural integrity, proves that beta-SDS zeolites constitute a
powerful toolbox for designing new acid catalysts.

Notably, heterogeneous atoms can also be incorporated into the framework of
BEA via SDS route [44]. Zhang et al. have demonstrated that an organotemplate-
free and seed-directed route has been successfully applied for synthesizing Fe-beta
zeolite with good crystallinity, high surface area, uniform crystals, and tetrahedral
AI** and Fe** species. Catalytic tests for the direct decomposition of nitrous oxide
indicate that the Fe-beta exhibits excellent catalytic performance.
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Fig. 1.4 Catalytic results from the n-decane hydroconversion:n-decane conversion (¢), yield of
isomerization products (M) and yield of cracking products (A) for Beta-1 (a), OF-Beta (b),
OF-Beta-ST (c), OF-Beta-ST-0.1 (d), and OF-Beta-ST-0.5 (e) and OF-Beta-ST-6.0 (f) (Reprinted
with permission from ref 42. Copyrightl 2013 Elsevier)

1.3.3 EMT Zeolite

Zeolite EMT is a hexagonal polymorph of faujasite-type zeolites, with one of the
lowest framework densities for microporous zeolites. Similar to the FAU zeolite, the
EMT framework topology has a three-dimensional large (12-membered ring) pore
system. The cubic FAU polymorph features only one type of supercage (with a
volume of 1.15 nm?), but a different stacking of faujasite sheets creates two cages in
the EMT zeolite: a hypocage (0.61 nm®) and a hypercage (1.24 nm?) [45]. EMT
zeolite showed excellent catalytic performance as FCC catalyst, but its high cost
precludes its practical applications, compared with Y zeolite [10, 11]. An expensive
and toxic template of 18-crown-6 is the most used template for EMT zeolite.
Recently, Ng et al. reported organotemplate-free synthesis of ultrasmall hexagonal
EMT zeolite nanocrystals (6—15 nm in the sizes) at very low temperature from
Na-rich precursor suspensions [46]. Notably, the ratios between different com-
pounds, nucleation temperature and times, and type of heating should be carefully
controlled to avoid phase transformations (e.g., to FAU and SOD) and to stabilize
the EMT zeolite crystals at a small particle size. The author proposed that under
appropriate conditions the EMT was the first kinetic, metastable product in this
synthesis field, followed by conversion into the more stable cubic FAU and more
dense SOD structures [46].
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1.3.4 MTW Zeolite

ZSM-12 is the type zeolite with the framework of MTW with one-dimensional, non-
interpenetrating 12-ring pores (with the size of 5.6x6.0 A along b-axis), which was first
reported by Rosinski and Rubin in 1974 [47]. Since then, ZSM-12 has attracted much
attention because of its excellent catalytic properties in the cracking of hydrocarbons or
in other petroleum refining processes. The conventional synthesis of ZSM-12 has been
achieved by using tetraalkylammonium cations such as methyltriethylammonium
(MTEA"), tetracthylammonium hydroxide (TEA*) as organic SDAs [47-51]. Kamimura
et al. have reported the synthesis of highly crystalline, pure MTW-type zeolite which has
been studied by the addition of calcined ZSM-12 seeds [52, 53]. They have systemically
investigated the various parameters on the seed-directed synthesis of MTW zeolite in
the absence of organic templates, such as the molar ratios of SiO,/Al,O;, H,O/SiO,, and
Na,O/Si0; in the starting gels, amount of seeds, and crystallization time. They found
that MTW zeolite can be successfully synthesized in a wide range of the initial OSDA-
free sodium aluminosilicate gel compositions: SiO»/Al,0;=60-120, Na,O/Si0,=0.1-
0.2, and H,0/Si10,=8.25-13.3 (Table 1.2). Notably, SDS-MTW samples are rodlike
crystals with well-defined morphology, which is quite different from the round-shaped,
irregularly aggregated morphology of the seeds. Additionally, the crystal size of SDS-
MTW is in the range of 0.2—1.5 pm in length and 50-200 nm in diameter, which is larger
than the size of the seeds. The solid yield of SDS-MTW was ca. 47 %, which is obvi-
ously higher than that in the case of the organotemplate-free synthesis of beta. More
importantly, the green production of MTW-type zeolite referred as “Green MTW” is
achieved for the first time, by using the product of OSDA-free synthesis as seeds [53].

Interestingly, Kamimura et al. found that pure MTW-type zeolites can also be pre-
pared in the presence of beta zeolite seeds instead of ZSM-12 seeds [54]. To understand
the crystallization behavior and the role of beta seeds in the present organotemplate-free
Na-aluminosilicate gel systems, the crystallization processes were carefully studied by
XRD. Before 55 h, small diffraction peaks of beta seeds were clearly observed and then
became smaller possibly because of the partial dissolution of beta seeds, and the diffrac-
tion peaks corresponding to the MTW phase simultaneously appeared, suggesting the
formation of MTW zeolite. The intensity of the MTW phase gradually increased, indi-
cating the growth of MTW zeolite crystals. Finally, complete crystallization of MTW-
type zeolite was obtained after 96 h of heating. Such phenomenon can be explained by
that ZSM-12 and beta zeolites possess very similar topology in which their a—c projec-
tion viewed along and perpendicular to the 12R straight channels. This fact indicates
that beta seeds would possibly provide a specific growth surface for the crystallization
of the MTW phase through their structural similarity. Also, as evidenced by the crystal-
lization behavior of MTW, beta seeds were partially dissolved in the course of the
hydrothermal treatment. Hence, the fragments from partially dissolved seeds with BEA
structure might have a role to induce the crystal growth of MTW phase, although it is
still difficult to evaluate and observe the amount of dissolved seeds and fragments under
highly alkaline condition. Moreover, the crystallization of MTW is induced by not only
the structural similarity between seeds and target zeolite but also the chemical composi-
tion of the non-seeded, organotemplate-free gel.
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Table 1.2 Chemical compositions of the initial sodium aluminosilicate gel, synthesis conditions,
and characteristic properties of the products in the seed-assisted, OSDA-free synthesis of MTW-
type zeolite

Amount

SiO,/ | Na,O/ |H,0/ |ofseeds |Time Crystallinity | Si/Al
Sample ALOs® |SiO® |Si0 | (wWt.%)® | (h) Phase! (%)° ratio
MTW-No. 20 0.100 |10 10 72 MTW +Arm 10 -
1
MTW-No. 40 0.150 |10 10 72 MTW+Arm | 30 -
2
MTW-No. 60 0.100 |10 10 72 MTW 100 -
3
MTW-No. 60 0.150 |10 10 55 MTW 100 14.5
4
MTW-No. 60 0.200 133 |10 36 MTW 100 11.7
5
MTW-No. 80 0.125 825 |10 72 MTW +Cri 100 -
6
MTW-No. 80 0.175 |11.5 |10 36 MTW 100 16.2
7
MTW-No. 80 0.175 |11.5 1 70 MTW 100 -
8
MTW-No. | 100 0.100 |10 10 72 MTW +Cri 100 23.4
9
MTW-No. | 100 0.150 |10 10 65 MTW +Cri 100 25.7
10
MTW-No. | 100 0.200 132 |10 65 MTW 100 14.5
11
MTW-No. | 120 0.125 83 |10 96 MTW +Cri 100 33.0
12
MTW-No. | 120 0.175 | 11.7 |10 96 MTW +Cri 100 26.7
13

Reprinted with permission from Ref. [53]. Copyright 2012 Elsevier

*Chemical composition of the initial reactant gel

"Weight ratios of the seeds relative to the silica source

“Time for the hydrothermal treatment at 165 °C

dPhase of the solid product. The phase shown in the parenthesis indicates the relatively small
amount of impurity. Arm amorphous, Cri cristobalite

*Crystallinity of the MTW phase

fSi/Al ratio of the product determined by ICP-AES

1.3.5 TON Zeolite

TON-type zeolites including ZSM-22, Theta-1, Nu-10, KZ-2, and ISI-1 have a
one-dimensional 10-membered ring pore system with medium-sized pores of ca.
0.47x0.55 nm [55, 56]. The channels run along the longest dimension of the crys-
tals (crystallographic ¢ direction). The unique structure of TON zeolites offers
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superior catalytic performance in petrochemical processes such as isomerization,
hydroisomerization dewaxing, and propylene oligomerization. Generally, TON
zeolite can be hydrothermally synthesized from aluminosilicate gels using a series
of oxygen- or nitrogen-containing linear organics as SDAs such as amines, long-
chain polyamines, and quaternary ammonium compounds [55-60]. Recently,
Wang et al. have reported a successful seed-directed and organotemplate-free syn-
thesis of TON zeolites (denoted as ZJM-4) [61]. XRD pattern of ZJM-4 sample
synthesized in the presence of ZSM-22 seeds without using organic templates
under rotation conditions showed a series of characteristic peaks associated with
TON structure. Furthermore, SEM image shows that ZJM-4 has uniform rodlike
crystals with length at 2—4 pm and width at 100-200 nm, in good agreement with
the typical morphology of TON-type zeolites reported previously. Ar sorption iso-
therms of as-synthesized ZJM-4 exhibited a steep increasing in the curve at a rela-
tive pressure 107< P/Py<0.01, which is characteristic of Langmuir adsorption due
to the filling of micropores, confirming that as-synthesized sample had opened
micropores (Fig. 1.5).

It is worth mentioning that the seed-directed synthesis of ZJM-4 has very high
silica utilization, compared with the seed-directed synthesis of beta zeolite. For
example, the silica utilization for seed-directed synthesis of ZJIM-4 is 88 %, much
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Fig. 1.5 (a) XRD and (b) SEM image of the as-synthesized ZJM-4 sample, (c¢) Ar sorption iso-
therms of the H-form of the ZJM-4 sample, and (d) TG curve of the as-synthesized ZJM-4 sample
(Reprinted with permission from Ref. [61], Copyright 2014 Elsevier)
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higher than that of beta-SDS (ca 30 %). The high silica utilization in the synthesis
of ZIM-4 might be resulted from similar Si/Al ratios of the product with the
starting gels.

1.3.6 MTT Zeolite

MTT zeolite family including ZSM-23, KZ-1, EU-13, ISI-6, and SSZ-32 possess a
teardrop-shaped channel system with dimensions 0.52x0.45 nm [62-67]. The
organic templates for MTT zeolites mainly includes pyrrolidine, diquaternary
ammonium cations, isopropylamine, dimethylamine, and N,N-dimethylformamide
(DMF) [62-69]. Recently, Wu et al. reported an organotemplate-free, seed-directed,
and rapid synthesis of Al-rich MTT zeolite (Si/Al ratio at 20, denoted as ZIM-6) in
the presence of ZSM-23 seeds [70]. Similar to ZJM-4 (TON-SDS), ZIM-6 exhibits
a series of characteristic XRD peaks associated with MTT structure and rodlike
crystal morphology (length at 1-2 pm and diameter at about 100 nm), in good
agreement with those of ZSM-23 zeolites reported previously.

It is worth mentioning that the crystallization time of ZJM-6 is very short (5 h at
170 °C), compared with conventional ZSM-23 zeolite synthesized in the presence
of organic templates. Generally, conventional hydrothermal synthesis of ZSM-23
zeolite in the presence of pyrrolidine template under rotation still takes 43 h at
180 °C (82 h at 160 °C) in the presence of 10 % seeds to achieve full crystallization
[71]. Thus, it is believable that the rapid crystallization of ZJM-6 with MTT struc-
ture is reasonably attributed to the unique crystallization process. Generally, hydro-
thermal synthesis of zeolites includes induction and crystallization periods.
However, there is nearly no inductive period in the crystallization of ZIM-6
(Fig. 1.6). In contrast, the inductive period for synthesizing ZSM-23 zeolite in the
presence of DMF template is quite long, requiring at least 12-34 h. The addition of
ZSM-23 seeds in the synthesis system containing DMF template significantly short-
ens the induction period, but it still takes 615 h. The presence of DMF template in
the synthesis system induces the interaction with silica species, forming the zeolite
nuclei. The formation of zeolite nuclei in the synthesis will delay the crystallization
because the formation of zeolite nuclei takes some time (induction period). Very
interestingly, it is observed that, under the same temperature, various samples (ZJM-
6, ZSM-23, ZSM-23-S) have very similar crystallization time, but their inductive
periods are quite different. These results suggest that rate-determined step for crys-
tallization process of MTT zeolite is the induction period, which significantly
reduces the crystallization time in the organotemplate-free and seed-directed syn-
thesis, compared with conventional ZSM-23 synthesis.

ICP analysis shows that Si/Al ratio of ZJM-6 is about 20, which is much lower
than conventional ZSM-23 zeolite (ca. 32-62), indicating that ZJM-6 is more Al
sites than conventional ZSM-23. This feature would benefit the catalytic perfor-
mance in acid-catalyzed reactions. The catalytic performance of MTT zeolites has
been investigated in isomerization of m-xylene. ZJM-6 and ZSM-23 samples show
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Fig. 1.6 The dependences of crystallinity on the crystallization time of (a) ZIM-6, (b) ZSM-23
synthesized in the presence of both DMF template and ZSM-23 seeds (ZSM-23-S), and (c¢) ZSM-
23 synthesized in the presence of DMF template at (A) 150 °C, (B) 160 °C, and (C) 170 °C,
respectively (Reprinted with permission from Ref. [70], Copyright 2014 Elsevier)

very high selectivity for p-xylene (ca. 86 %), but ZIM-6 exhibits higher conversions
(10.4 %) than those (4.1-9.4 %) of ZSM-23 zeolites, which should be assigned to
the contribution of more Al species in the framework of ZIM-6 (Fig. 1.7).

1.3.7 RTH Zeolite

RTH-type zeolite (e.g., borosilicate RUB-13, aluminosilicate SSZ-50) consisted of
RTH cages with 8MR openings and two-dimensional channels with aperture size of
0.41x0.38 and 0.56x0.25 nm, parallel to the a and ¢ axis, respectively [72, 73].
RTH-type zeolites have shown excellent catalytic properties in methanol-to-olefins
(MTO) reaction. However, the synthesis of RUB-13 and SSZ-50 always requires
using organic templates such as 1,2,2,6,6-pentamethylpiperidine (PMP), ethylene-
diamine (EDA), or N-ethyl-N-methyl-5,7,7-trimethylazoniumbicyclo[4.1.1]octane
cation [72, 73]. Yokoi et al. have reported a successful synthesis of RTH-type
zeolites (denoted as TTZ-1) without using organic templates by addition of calcined
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Fig. 1.7 Catalytic performance in isomerization of m-xylene to p-xylene over ZSM-5 (Si/Al=19),
ZJM-6 (Si/Al=20), and ZSM-23 (Si/Al=62 and 32) catalysts as a function of time (Reprinted with
permission from Ref. [70], Copyright 2014 Elsevier)

B-RUB-13 as seeds shortly after the discovery of SDS-beta [74]. Direct introduction
of Al and Ga heteroatoms into the RTH framework during crystallization of
B-TTZ-1 in the absence of organic templates had also been successfully performed.
NMR spectra confirmed the tetrahedrally coordinated heteroatoms in the frame-
work. The catalytic properties in MTO over these SDS-RTH zeolites have also been
tested. The selectivity for propene was obviously higher than that of SAPO-34 and
ZSM-5 zeolites, and the catalytic life of RTH-type zeolites was much longer, which
should be assigned to their unique structure.

1.3.8 FER Zeolite

Ferrierite (FER) zeolite, with an anisotropic framework composed of two-
dimensional straight channels including a 10MR channel (0.42x0.54 nm) along
[001] direction and a 8MR channel (0.35 x0.48 nm) along [010] direction, has been
carefully studied, due to its excellent catalytic performance [75-78]. Notably, FER
zeolite with low ratios of Si/Al could be synthesized in the absence of organic tem-
plates [79], but high-silica FER zeolite (ZSM-35) is always prepared in the presence
of organic templates. Zhang et al. have demonstrated successful synthesis of high-
silica FER zeolite (Si/Al at 14.5) from the introduction of RUB-37 zeolite (CDO
structure) in the absence of organic templates (designated as ZJM-2) [80]. To under-
stand the crystallization behavior and the role of RUB-37 zeolite seeds, the crystal-
lization processes were carefully studied by XRD patterns. Before 12 h, small
diffraction peaks of RUB-37 zeolite seeds were clearly observed at 9.6° and then
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became smaller until they disappear after 24 h possibly because of the dissolution
of RUB-37 seeds. At the same time, the diffraction peaks corresponding to the FER
phase simultaneously appeared at 9.4°, suggesting the formation of FER zeolite.
The intensity of the FER phase gradually increased, indicating the growth of FER
zeolite crystal. Finally, highly crystallized FER-type zeolite was obtained after 72 h
of heating. It is well known that the building units of FER and CDO are the same,
and their difference is only a shift of layers in the horizontal direction. Therefore, it
is reasonable to use the building units of RUB-37 zeolite to induce the crystalliza-
tion of FER-type zeolite, which has been confirmed by UV-Raman spectroscopy of
the samples.

1.3.9 LEV Zeolite

Levyne (LEV) zeolite is a typical small-pore zeolite, with relative smaller pore size
(3.6x4.8 A) and low framework density (15.2 T/1000 A%), characterized by 4°6°8°
heptadecahedral cavity [81]. The natural levyne zeolite with typical composition at
Cag(Al5Si360,05)-50H,0O was first discovered in 1825 [82]. Synthetic LEV zeolite
named ZK-20 was synthesized from an aluminosilicate gel using 1-methyl-1-
azonia-4-azabicyclo[2.2.2]octane cation as SDA [83]. Subsequently, other alumino-
silicate LEV zeolites were successfully prepared by using a series of organic
compounds as SDAs, including N-methylquinuclidinium cation, diethyldimethyl-
ammonium, N,N’-bis-dimethylpentanediyldiammonium, N,N-dimethylpiperidine
chloride, and choline hydroxide [84—88]. Additionally, phosphate-based LEV-type
zeolites were also obtained in the presence of tropone hydroxide, quinuclidine, and
2-methyl-cyclohexylamine; boron-containing LEV-type zeolites were reported by
using organic compounds of 3-azabicyclo[3.2.2]nonane and quinuclidine as tem-
plates [89-92]. Recently, Zhang et al. reported organotemplate-free and seed-
directed synthesis of LEV zeolite (SDS-LEV) in the presence of RUB-50 seeds with
the aid of a small amount of alcohol [93]. In this synthesis, the alcohol plays an
important role in the synthesis of highly pure SDS-LEV zeolite.

To understand the role of alcohol in the synthesis, various alcohols (e.g., metha-
nol, ethanol, n-propanol, and n-butanol) were added into the starting aluminosili-
cate gels. Notably, without using any alcohol in the starting aluminosilicate gel, the
product contained impurity phase of MOR zeolite in addition to the LEV product.
In contrast, after addition of a small amount of alcohol in the synthesis, the samples
showed pure phase of Na-LEV-SDS zeolite (Fig. 1.8). These results indicate that the
alcohols strongly prevent the formation of MOR zeolite in this seed-directed
synthesis. FTIR spectra and C/N/H elemental analysis confirmed that alcohol mol-
ecules did not exist in the micropores of SDS-LEV zeolites. The addition of alco-
hols could delay the nucleation of MOR zeolite, reducing crystallization rate of
MOR zeolite. As a consequence, highly pure SDS-LEV zeolite could be obtained.
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Fig. 1.8 SEM images of Na-LEV-SDS zeolites synthesized (a) in the absence of alcohol and in
the presence of (b) methanol, (c¢) n-propanol, and (d) n-butanol, respectively (Reprinted with per-
mission from Ref. [93], Copyright 2012 Elsevier)

1.3.10 SZR Zeolite

SUZ-4 zeolite (SZR) is an aluminosilicate zeolite with the three-dimensional topol-
ogy consisting of 5-, 6-, 8-, and 10MRs, which was first reported using TEAOH
and quinuclidine as SDAs under rotation conditions [94]. Later, it was successfully
synthesized in the presence of N,N,N,N,N,N-hexaethylpentanediammonium bro-
mide (Ets-diquat-5) [95]. Zhang et al. reported an organotemplate-free route for
hydrothermally synthesizing zeolite SUZ-4 under static conditions by adding the
calcined SUZ-4 seeds in the starting aluminosilicate gels [96]. To further under-
stand the crystallization of SUZ-4 in the absence of organic templates, different
crystallization stages of the crystallization process have been carefully studied by
SEM and TEM techniques. The observations suggest that the addition of the seed
crystals into the organotemplate-free crystallization mixture causes the deposition
of amorphous particles formed by depletion of the heterogeneous hydrogels, and
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then the crystallization starts by the fast agglomeration of the small-sized particles
from the seed-amorphous interface in alkaline medium at a high temperature.

1.3.11 ZSM-34 Zeolite

Aluminosilicate zeolite of ZSM-34 is an intergrowth of offretite (OFF) and erionite
(ERI) zeolites containing zeolitic building units of cancrinite (CAN) cages [97—
100]. ZSM-34 zeolite was first discovered by Rubin et al. using organic template of
choline [(CH;);NCH,CH,0OH] [97], and later ZSM-34 samples were successfully
synthesized in the presence of different diamines (NH,C,H,,NH,, n=4, 6, 8, 10)
[101]. Wu et al. for the first time reported the organotemplate-free synthesis of
ZSM-34 zeolite assisted by L zeolite seed solution [102]. Various parameters on
organotemplate-free synthesis of ZSM-34 zeolite have been systemically investi-
gated including SiO,/Al,05, H,0/Si0,, and Na,0/Si0, in the starting gels, amount
of zeolite L seed solution, and crystallization temperature [103]. The amount of
zeolite L seed solution and molar ratios of Si0,/Na,O in the starting aluminosilicate
gels were regarded as the key factors for preparation of ZSM-34 zeolite. Furthermore,
heteroatom-substituted ZSM-34 (B, Ga, and Fe) can also be prepared via the same
route [103]. UV—vis and NMR spectroscopy confirmed that these heteroatoms had
been located in the framework of ZSM-34 zeolite.

Recently, Yang et al. have reported seed-directed synthesis of ZSM-34 zeolite
with a very short crystallization time (2-6 h) and smaller crystal sizes (ca.
0.5-3 pm) [104]. SEM images of the ZSM-34 samples prepared via different
routes including ZSM-34-C (conventional ZSM-34), HZSM-34-L (assisted by L
seed solution), and HZSM-34-S (SDS) exhibit a pure phase of crystals, but quite
different crystal sizes and morphologies. ZSM-34-C shows bulky round particles
with size at 10-20 um, and ZSM-34-L is rodlike with the size at 2040 pm. ZSM-
34-S samples are short rodlike with the size at 0.5-3 pm (Fig. 1.9). Notably, in the
seed-directed synthesis route, the temperature can be as high as 180 °C, and the
crystallization only requires 2 h. On the contrary, in the organotemplate-free syn-
thesis of ZSM-34 zeolite assisted by L zeolite seed solution, the crystallization
temperature should be lower than 130 °C; otherwise, PHI zeolite or orthoclase
would appear in the products as impure phase. As a consequence, the crystalliza-
tion time always takes as long as 7 days [103]. This phenomenon should be attrib-
uted to the features of addition of seeds: suppress the formation of impurity and
acceleration of crystallization.

Catalytic tests of the MTO reaction show that HZSM-34-S has a very high selec-
tivity for propylene (55.2 %), which is even higher than that (47.0 %) of SAPO-34
under the same conditions [104]. Moreover, the hydrothermal treatment of HZSM-
34-S significantly improves the catalyst life for MTO due to decreasing acidic con-
centration and increasing anti-deactivation. The combination of a “green” synthesis
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Fig. 1.9 SEM images of (a) HZSM-34-C, (b) HZSM-34-L, (¢) HZSM-34-S, and (d) HZSM-
34-HT samples (Reprinted with permission from Ref. [104], Copyright 2012 Royal Society of
Chemistry)

and the good catalytic performance of ZSM-34-S would be potentially important
for the highly effective conversion of methanol, which can be easily obtained from
coal, natural gas, or biomass at a large scale.

1.3.12 ECR-1 Zeolite

Large-pore aluminosilicate zeolite of ECR-1 is an intimate twin of the mordenite-
like sheets between layers of mazzite-like cages, which is first discovered using the
organic template of bis-(2-hydroxyethyl)dimethylammonium chloride [105, 106].
Later, other organic templates such as adamantine-containing diquaternary alkyl-
ammonium iodides and tetramethylammonium (TMA™) can also be used in synthe-
sis of ECR-1 [107, 108]. Song et al. synthesized aluminosilicate zeolite of ECR-1
under hydrothermal conditions at 100160 °C for 1-14 days by carefully adjusting
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the molar ratios of Na,O/SiO, in the absence of organic template for the first time
[109]. The molar ratio of Na,O/SiO, in the synthesis significantly influences the
final products of zeolites. Later, this transformation of Y zeolite to ECR-1 has been
reported [110]. Based on the XRD patterns and SEM images, it can be found that
the products at 7 days are Y zeolites with low crystallinity, and the crystallinity
increased together with the appearance of ECR-1 after 9 days. Then 11 days later,
most products are ECR-1 zeolite together with a small amount of Y zeolite. After
crystallization for 13 days, pure phase of ECR-1 with high crystallinity can be
obtained. Recently, Ren et al. reported a fast route to prepare ECR-1 at 120 °C for
4 days compared with the above report at 100 °C for 14 days, which is attributed
to the different mechanism. The crystallization at 120 °C is a spontaneous nucle-
ation process, while crystallization at 100 °C is a crystal transformation process (Y
to ECR-1).

1.3.13 ZSM-5/ZSM-11

Organotemplate-free synthesis is not limited to single zeolites; intergrowth can also
be prepared in the absence of organic templates. Recently, Zhang et al. reported
organotemplate-free synthesis of ZSM-5/ZSM-11 zeolite intergrowth with different
Si0,/Al,O; ratios, ZSM-5 percentages, and various morphologies by adjusting
compositions of the starting gels [111]. This organotemplate-free system is favor-
able to the aluminum-rich zeolite. With the increase of initial SiO,/Al,O; ratios, the
ZSM-5 percentage in the ZSM-5/ZSM-11 co-crystalline zeolite increases as well as
the crystal size, and the morphology of ZSM-5/ZSM-11 co-crystalline zeolite pre-
pared from the colloidal silica—NaAlO, solution system changes gradually from
nanorod aggregation, micro-spindle to single hexagon, and then to twinned hexa-
gon crystals (Fig. 1.10). Moreover, Na* and OH™ in the initial materials can promote
the nucleation of the ZSM-5/ZSM-11 co-crystalline zeolite significantly and are
beneficial to the formation of crystals with relatively low length/width ratios, while
K* species postpone the crystallization process seriously.

1.3.14 MEL Zeolite

Zeolite ZSM-11 (MEL) is one of the end-member of the pentasil zeolite family
with the same building unit as MFI (e.g., ZSM-5). Framework structures of these
two zeolites are closely related to each other, and their framework structures can
be described using a stacking manner of pentasil sheets. Unlike MFI, which has
zigzag channels along the a-axis and straight channels along the b-axis, MEL has
straight channels along both the a- and b-axes. Generally, ZSM-11 was synthe-
sized in the presence of tetrabutylammonium hydroxide (TBAOH) as template.
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I pm

Fig. 1.10 SEM images of sample organotemplate-free synthesis with batch composition of
3.3Na,0:30/rAl,0;:30Si0,:1350H,0, where r represents the initial SiO,/Al,O; ratio, and the mor-
phology schematic drawings of MFI-type (A) single hexagon crystals and (B) twinned hexagon
crystals. (a) r = 23, (b) r = 25, (¢) r = 30, (d) r = 40, (e) r = 50, (f) r = 60 (Reprinted with permis-
sion from Ref. [111], Copyright 2012 Elsevier)

Itabashi et al. showed a brief result of seed-directed and organotemplate-free
synthesis of ZSM-11 in the presence of ZSM-11 seeds [112]. Typical SEM image
of SDS-ZSM-11 crystals shows aggregation of 50—150 nm crystals with tetrago-
nal morphology. The solid yield of SDS-ZSM-11 was about 18 %, a little lower
than that of SDS-beta.
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Okubo et al. proposed a hypothesis for the organotemplate-free synthesis of zeo-
lite [112]; a target zeolite should be added as seeds to a gel that yields a zeolite
containing the common composite building units when the gel is heated without
seeds. The requirements for a successful seed-assisted, organotemplate-free synthe-
sis of zeolites were summarized as follows: (1) the spontaneous nucleation should
not occur prior to the completion of the crystal growth of the target zeolite; (2) the
precursor, the common composite building units, must access the top surface of the
seed zeolite; (3) the zeolite seeds should not completely dissolve prior to the onset
of crystal growth during the hydrothermal treatment, and the SiO,/Al,O; ratios of
the seeds should be optimized; (4) when the framework structure of the target and
the seed zeolites is the same, the seeds should have at least one common composite
building unit with the zeolite to be synthesized from the gel without seeds (Fig. 1.11);
and (5) the chemical composition of the gel to which the seeds are added should be
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optimized. Based on the above hypothesis, not only MEL zeolite but also PAU
(ECR-18) zeolite was also successfully prepared.

1.4 Solvent-Free Synthesis of Zeolites

1.4.1 Solvent-Free Synthesis of Nanoporous Materials

Solvent-free synthesis has proven to be an efficient method in organic synthesis
since the 1980s, due to the environmental impact, safety, energy consumption, and
economic cost associated with traditional solvent-intensive chemical processes
[113-116]. Later, solvent-free thermal synthesis has also been applied in the prepa-
ration of ceramics, hydrides, and nitrides, which often require very high tempera-
tures and repeat firings to ensure that the bond making/breaking and organization
processes have enough energy for the formation of crystalline phases [113].

Porous metal—organic framework (MOF) materials are an intensely researched
area, and mechanochemical synthesis of such phases had been demonstrated by
Pichon et al. using an acid-base reaction between copper acetate and isonicotinic
acid to give Cu(ina), [117]. Neat grinding gave the porous framework quantitatively
in a few minutes, with the acetic acid and water by-products partially lost and par-
tially included in the pores. The porosity of mechanochemically prepared MOFs has
been investigated. Yuan et al. found that the BET surface area of Cus(btc), (HKUST-
1) obtained by neat grinding or liquid-assisted grinding (LAG) of copper(Il) acetate
monohydrate with benzene-1,3,5-tricarboxylic acid was comparable to that of sam-
ples obtained by conventional solution-based routes [118]. Similar observations
have been made by Klimakow et al. [119] who also extended the synthesis to MOF-
14 Cu;(btb), (btb is the larger tricarboxylate 4,40,400-benzenetribenzoate).

In 2011, Zhang et al. have reported the synthesis of nanoporous aluminophos-
phates (SF-APOs) and metal-substituted aluminophosphates (SF-MAPOs, M =Co,
Fe, Cr) from a mixture of raw materials for the first time via simple grinding and
heating in the absence of solvent [120]. Characterization results showed that these
mesoporous aluminophosphates had a hierarchically microporous/mesoporous
structure. To understand the mechanism on “solvent-free” synthesis of hierarchi-
cally porous aluminophosphates and heteroatom-substituted aluminophosphates, in
situ XRD patterns for synthesizing SF-APOgr were measured (Fig. 1.12). When the
raw materials of Al(O'Pr);, NH,H,PO,, TMAOH.5H,0, and CTAB were mixed, the
mixture exhibited typical XRD peaks of each compounds. By increasing aging time
to 105 min at room temperature, the wide-angle XRD peak intensity associated with
raw materials gradually reduced, suggesting that the crystalline structure of raw
materials gradually lost, giving amorphous nature of AIPO,, which was in good
agreement with spontaneous dispersion of solid inorganic salts due to the increase
of entropy (AS) [121]. In the meanwhile, small-angle XRD patterns of the samples
aged at 60 min showed a small and new peak at about 2.3°, and this peak intensity
increased with aging time. The appearance of peak at 2.3° was well consistent with



26 X. Meng et al.

b h

—— x10

NI x10 g

Intensity(a.u.)

b
b
a a
T T T T T T T L L L L L
1 2 3 4 5 10 15 20 25 30 35 40
2 theta(degree) 2 theta(degree)

Fig. 1.12 (A) Small-angle and (B) wide-angle XRD patterns for (a) SF-APOgromn, (0)
SF_APORT—45 mins (C) SF_APORT—ﬁO min,» (d) SF'APORT—70 min» (e) SF'APORT—QO min» (f) SF_IAP()RT—]OS min» (g)
SF-APOgran, and (h) SF-APOgr,; 1, respectively (Reprinted with permission from Ref. [120],
Copyright 2011 Royal Society of Chemistry)

CTAB micelle in the amorphous silicas and aluminophosphates. It was difficult to
observe the peak at 3.4° assigned to CTAB raw material in small-angle XRD pat-
terns at 27 h, suggesting complete dispersion of CTAB in the samples. All above
results suggested that CTAB existed in the samples in two forms: one was monodis-
persed, and the other was aggregated micelle. After calcination at 500 °C for 6 h, the
monodispersed CTAB molecule created the microporosity (0.60-0.74 nm), while
the aggregated CTAB molecules templated the mesoporosity (1.7-2.6 nm).

Although solvent-free synthesis has been well studied in the preparation of
inorganic materials, synthesis of zeolites in the absence of water is still scarce. In
1990, Xu et al. reported first example for the synthesis of zeolites from dry gel
conversion (DGC) or vapor phase transport (VPT) technique, in which a prepared
damp or dried sodium aluminosilicate gel was suspended above liquid in an auto-
clave and subjected to the mixed vapor of amine and water at elevated temperature
and pressure [122]. However, solvents (e.g., water and alcohols) are still necessary
for preparation of the starting gels, indicating that these methods are not “real”
solvent-free synthesis.
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1.4.2 Solvent-Free Synthesis of Aluminosilicate Zeolites

More recently, Ren et al. reported solvent-free synthesis of various zeolites from
grinding of dry raw materials followed by heating to 180 °C [123]. Notably, zeolite
products cannot be obtained if it is absent of a small amount of water (hydrated form
of sodium silicate or hydrated form of silica) in the solid synthesis system, suggest-
ing that a small amount of water is a critical parameter and might be favorable for
facilitating hydrolysis and condensation of Si—O-Si bonds during the synthesis.
Using this approach, Ren and coworkers managed to prepare a variety of some of
the most industrially important zeolites, those with the MFI, SOD, MOR, BEA*,
and FAU framework types. In addition, the process also allowed the incorporation
of several different heteroatoms (Al, Fe, B, Ga) into the structures, opening up
potential uses of the zeolites in catalysis.

To understand the mechanism of the solvent-free route, the crystallization pro-
cess of ZSM-5 has been carefully investigated via XRD, UV-Raman, and ?Si NMR
techniques (Fig. 1.13). Before crystallization, the sample exhibits XRD patterns of
each raw materials. After the treatment at 180 °C for 2 h, the peaks associated with
the raw solids disappear, and a peak related to cubic NaCl phase is observed (inter-
action between Na,SiO; and NH,CI). The disappearance of the XRD peaks is attrib-
uted to the spontaneous dispersion of solid salts on the amorphous support due to
the increase of entropy (AS). At the same time, the bonds assigned to TPA* species
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Fig. 1.13 (A) Photographs, (B) XRD patterns, (C) UV-Raman spectra, (D) ?Si NMR spectra of
the samples crystallized at (a) 0, (b) 2, (c) 10, (d) 12, (e) 18, and (f) 24 h for synthesizing silicalite-
1 zeolite via solvent-free route (Reprinted with permission from Ref. [123], Copyright 2012
American Chemical Society)
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in UV-Raman spectra are greatly reduced after the treatment at 180 °C for 2 h,
which is in good agreement with the high disordering of TPA* species with weak
Raman signals by the high dispersion of solid salts on the amorphous support. As
observed from ?Si NMR spectroscopy, the treatment of the sample at 180 °C for 2 h
results in a significant condensation of silica species, giving that Q4 silica species
[Si(SiO),] are dominant. When the crystallization time reaches 10 h, XRD patterns
and UV-Raman spectra confirmed that a small amount of S-Si-ZSM-5 crystals is
formed. With the crystallization time increasing from 10 to 18 h, the intensities of
XRD peaks and Raman bonds strongly increase, indicating the successful transfor-
mation from amorphous silica to zeolite crystals. When the crystallization time is
over 18 h, there is no obvious change in XRD patterns and UV-Raman spectra of the
samples, indicating that the crystallization of S-Si-ZSM-5 zeolite is basically
finished. The photographs of the samples crystallized at various times confirmed
that samples were always in a solid phase, and the sample volume was reduced
remarkably after the treatment, attributed to the condensation of silica species due
to the crystallization.

Compared with conventional hydrothermal synthesis of zeolites, solvent-free
synthesis has obvious advantages: (1) high yields of zeolites, (2) better utilization of
autoclaves, (3) a significant reduction of pollutants, (4) saving energy and simplify-
ing synthetic procedures, and (5) a remarkable reduction of reaction pressure. As a
consequence, Morris and James highlight the importance of solventless synthesis of
zeolites shortly after its publication [124]. Particularly, they propose several ques-
tions on this new approach (Is the initial grinding itself important in inducing the
reaction? How does the organic SDA interact with the silica in order to direct the
synthesis toward one particular product? Can such processes be scaled up? Are the
properties of these materials at least as good as those of the hydrothermally
synthesized zeolites?) Thus, new progresses have been moved toward answering
these questions.

1.4.3 Solvent-Free Synthesis of Aluminophosphate Zeolites

Encouraged by the success in solvent-free synthesis of aluminosilicate zeolites, the
same group has reported solvent-free synthesis of aluminophosphate (AEL),
silicoaluminophosphate (AEL, CHA, GIS), and heteroatom-substituted alumino-
phosphate zeolites from mixing, grinding, and heating the raw materials in a recent
communication [125]. Chosen as a model, the solvent-free synthesis of SAPO-34
(S-SAPO-34) from mechanically mixing of solid raw materials of NH,H,PO,,
boehmite, fumed silica, and template (morpholine) has been carefully investigated.
Very interestingly, a hysteresis loop occurred at a relative pressure of 0.50-0.98,
indicating the presence of mesoporosity and macroporosity in the samples. SEM and
TEM images demonstrate the presence of hierarchical macroporosity. S-SAPO-34
sample prepared in a solvent-free manner has a unique micro—meso—macroporous
structure, which is very favorable for designing and preparing efficient catalysts.
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The crystallization process of S-SAPO-34 has also been carefully studied via a
series of techniques (Fig. 1.14). Similar to solvent-free synthesis of ZSM-5, the
crystallization of S-SAPO-34 is also a solid process. The sample volume is also
remarkably reduced after the treatment, due to the condensation for synthesizing
the S-SAPO-34 zeolite. XRD patterns of samples show that the starting materials
have sharp peaks associated with NH,H,PO,. After treatment at 200 °C for 1 h, the
sharp peaks completely disappear. After heating at 200 °C for 2 h, the sample shows
weak peaks associated with the CHA structure, indicating that a small amount of
SAPO-34 crystals has been formed. A cubic crystal can also be observed in the
SEM image. However, N, sorption isotherms of the sample show only a small
amount of microporosity, thus confirming that there is only a small amount of
SAPO-34 crystals formed. As the crystallization time was increased from 3 h to 8 h,
the intensities of XRD peaks gradually increased, indicating the successful solid
transformation of S-SAPO-34 from the amorphous phase. As observed in the SEM
image and N, sorption isotherms, the cubic crystals are dominant and the micropore
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Fig. 1.14 Investigation on S-SAPO-34 crystallization. (A) Photographs, (B) XRD patterns, (C)
SEM images, and (D) N, sorption isotherms (M as-synthesized; ® calcined) of the samples crystal-
lized at (a) 0, (b) 1, (¢) 2, (d) 3, (e) 4, (f) 8, (g) 24 h, and (k) 36 h for synthesizing S-SAPO-34
zeolite (Reprinted with permission from Ref. [125], Copyright 2013 American Chemical Society)
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surface area is as high as 310 m? g~! at 8 h. A further increase in crystallization time
from 8 h to 24 h resulted in the complete disappearance of the amorphous phase.
When the crystallization time is over 24 h, there is no obvious change in the XRD
pattern, N, sorption isotherms, or SEM image, which indicates that the crystalliza-
tion of S-SAPO-34 is almost finished.

More interestingly, S-SAPO-34 zeolite gives full conversion and high selectivi-
ties for light olefins including ethylene, propylene, and butylenes in methanol-to-
olefin (MTO) reaction. The total yield is as high as 88.9 %, which is comparable
with that of conventional hydrothermally synthesized SAPO-34 under the same
condition. Moreover, the S-SAPO-34 catalyst shows slightly lower selectivity for
ethylene, but slightly higher selectivity for propylene and butylene, attributed to the
presence of hierarchically porosity, which is favorable for enhancing propylene and
butylene selectivities. The feature of solvent-free synthesis for combining the
advantages such as low cost and good catalytic performance could be potentially
important for industrial applications.

1.4.4 Summary and Perspective

In this chapter, sustainable routes for the preparation of zeolites have been described,
in particular the organotemplate-free and solvent-free synthesis approaches.
Notably, these sustainable approaches are separated, and as a consequence, there is
always a balance of competing aspects. For example, organotemplate-free synthesis
is mostly performed in hydrothermal process; many kinds of zeolites can be pre-
pared in the absence of solvent, but still require the presence of organic templates.
Thus, the combination of various sustainable routes should have a good future for
synthesizing zeolites from an industrial overview.
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Chapter 2
Ionothermal Synthesis of Molecular Sieves

Zhi-Jian Tian and Hao Liu

Abstract The synthesis of molecular sieves in ionic liquid or deep eutectic solvent
is termed ionothermal synthesis. It involves an ionic reaction environment with
extremely low volatility, and thus, can avoid the safety risks of hydro/solvothermal
reactions, and bring great convenience and flexibility to both the synthesis of molec-
ular sieves and the study on their formation mechanisms. In this chapter, first intro-
duced are the special physicochemical properties of ionic liquids and deep eutectic
solvents, and the distinctive opportunities brought by them to synthesize molecular
sieves. A detailed methodological illustration of ionothermal synthesis technique is
provided subsequently. The molecular sieves ionothermally synthesized are sum-
marized by their features such as composition, structure, porosity and morphology.
Then follows a review on the fascinating structure-directing effect of various guest
species in ionothermal synthesis. Finally, a prospect is given on the future develop-
ment of ionothermal synthesis.

Keywords Ionothermal synthesis ® Molecular sieves ¢ Structure-directing effect ¢
Crystallization * Zeolite membranes ®* Microwave chemistry  Ionic liquids ¢ Deep
eutectic solvents

2.1 Introduction

Because of their negligible volatility and favourable physicochemical properties,
ionic liquid (IL) and its analogue deep eutectic solvent (DES) are considered as green
solvents for various synthesis and catalysis processes. In 2004, Prof. R. E. Morris
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(University of St Andrews, UK) and his colleagues reported their pioneering work on
the synthesis of AIPOs by using IL/DES as both solvent and structure-directing
agent [1] and termed this new process ionothermal synthesis. Compared with hydro/
solvothermal routes, the most significant property of ionothermal synthesis is that it
can take place at ambient pressure with a few safety risks. Because of its convenience
and flexibility, ionothermal synthesis has attracted great research interest in recent
years. Up until now, hundreds of papers in this area, including several excellent
reviews [2—7], have been published. These papers mainly focus on following topics:
(1) technique improvement brought by ionothermal synthesis, (ii) molecular sieves
ionothermally synthesized, and (iii) formation mechanisms of these molecular sieves.
Herein, a practical guide will be provided on ionothermal synthesis of molecular
sieves, in particular the zeolitic ones. According to this criterion, progress achieved
in above fields will be surveyed, accompanied by detailed descriptions and discus-
sions on how the relevant experiments were carried out.

2.2 Reaction Medium in Ionothermal Synthesis

2.2.1 IL and DES

In recent literature, the term ionic liquid is traditionally defined as a salt with melt-
ing point below or near the boiling point of water. A detailed definition and a histori-
cal introduction of IL can be found in Wilkes et al.’s work [8]. In general, IL is
composed of large organic cations and organic/inorganic anions (Fig. 2.1). Its phys-
icochemical property is strongly determined by the composition and structure of
these ions. Considering the wide variety of both cations and anions, the potential
number of ILs is extremely large.

DES is an alternative solvent system that has similar physicochemical properties
of IL. It is composed of several components, which associate with each other in
some way and result in a considerably lower freezing point of the mixture compared
with each component [9, 10]. Among the variety of DES, the mixture of quaternary
ammonium salt and hydrogen bond donor is the most widely used type of DES in
ionothermal synthesis of molecular sieves. In the original paper on this type DES,
Abbott et al. reported the interesting solvent properties and the temperature-
dependent high conductivities of some binary mixtures of quaternary ammonium
salts and amides [11]. Using NMR spectroscopy, they observed the intense cross-
correlation between fluoride anions and urea protons in DES choline fluoride—urea
(1/2, [molar ratio of the components, the same hereinafter]). They also observed the
presence of chloride anions with one or two urea molecules (M™=95 or 155, respec-
tively) from MS of DES choline chloride—urea (1/2). According to these results, as
well as other phenomena, Abbott et al. suggested that the decrease in the freezing
point of this type DES should be attributed to the formation of hydrogen bonds
between the anions of the quaternary ammonium salts and the amides (as hydrogen
bond donors).
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Abbott et al.’s study shows a facile way to prepare solvents with similar physico-
chemical properties of IL. The quaternary ammonium salt-hydrogen bond donor
type DES can be conveniently prepared by simply heating and mixing the compo-
nents, which are mainly the naturally occurring, renewable and well-characterized
bulk chemicals (Fig. 2.2). Thus, various DESs can be obtained and used in ionother-
mal synthesis of molecular sieves.
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As well established, hydrogen bonding system X-H---Y extensively exists
between the hydrogen bond donor, i.e., a relatively polarized X—H bond (X=N, O,
F, or even C), and the hydrogen bond acceptor, which could be a highly electronega-
tive atom or an electron-rich aromatic system. Thus, a more universal description of
the formation process of the above-mentioned DES can be given as following equi-
librium [12]:

Organicsalt + Uncharged molecule = Cation + Hydrogen-bonded complex anion
or
Organicsalt + Uncharged molecule = Hydrogen-bonded complex cation + Anion

Accompanying this process, the initial ordered structures of the components are
disrupted. The stability difference between these two kinds of hydrogen-bonded
complex ions determines which of these two equilibrium processes is preferred
during the formation of DES. In any cases, ions constitute the majority of the
obtained mixture, which exhibits extremely high electrical conductivity as well as
other IL-like properties.

2.2.2 Hydrogen Bonding Interactions in Ionothermal
Synthesis

Reactant molecules may also form hydrogen bonds with IL/DES. For instance, the
formation of hydrogen bonds between water molecules and the anions of ILs has
been confirmed by both theoretical studies and spectroscopic experiments [13—15].
As these studies show, when diluted in IL, water molecules tend to be isolated from
each other rather than form network. The resultant deactivation of water can stabi-
lize the bonds that are sensitive to hydrolysis [16, 17]. Furthermore, Weber et al.
reported that hydrolysis reaction rate could be controlled by tuning the strength of
hydrogen bonds between water molecules and the IL cations [18]. They suggested
that compared with 1-butyl-3-methylimidazolium (BMIm) cations, 1-butyl-2,3-
dimethylimidazolium (BDMIm) cations form weaker hydrogen bonds with water
molecules, and therefore lead to an increase of the hydrolysis reaction rate.

Another interesting phenomenon caused by the formation of hydrogen bonds is
that the volatility of water may decrease to some degree when it is mixed with
hydrophilic IL/DES. By monitoring the pressure changes of the mixtures containing
5 g of [BMIm]Br and different amount of water in a 10 mL sealed vessel at 175 °C
under microwave radiation, Cai et al. found that there is no autogenic pressure for
the mixture with water/[BMIm]Br molar ratio=0.5/1 [19]. This water concentration
is much higher than that required for an efficient crystallization of AIPOs under
similar condition [20].
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Table 2.1 'H NMR spectral data (chemical shifts § relative to D,O, 400 MHz, 80 °C) of 1-butyl-
3-methylimidazolium bromide and its mixtures with organic amines [21]

H;C ™ X
e \( H, H,
H VR
a
6 (ppm)
Sample® H(@) |H(®») |H(c) |H() |H(e) H() |H(g) | H(h)
[BMIm|Br 11.04 |9.33 9.24 5.43 5.14 2.81 2.19 1.73

[BMIm]Br-1-MIm (2/1) 11.01 |9.22 |9.11 5.41 510 285 |2.65 1.82
[BMIm]Br-n-DPA (2/1) 10.79 19.17 |9.07 |542 |5.11 283 |2.23 1.77

*BMIm 1-butyl-3-methylimidazolium, /-MIm 1-methylimidazole, n-DPA n-dipropylamine

The addition of various organic amines/ammonium salts into IL/DES has shown
great advantage in flexibly adjusting the crystallization environment for molecular
sieves. The influence of these additive organic species is strongly related to the
hydrogen bonding interaction between organic species and the IL/DES cations. In
the very first literature on the structure-directing effect of organic amines in iono-
thermal synthesis, Wang et al. pointed out that the hydrogen-bonded complex cat-
ions may stabilize the 12-membered ring channels and facilitate the formation of
AFI structure [21]. The presence of the hydrogen bonds between organic amines
and BMIm cations can be indicated by the downfield shift of the signals correspond-
ing to the protons of imidazolium ring in 'H NMR spectra (Table 2.1, hydrogen
atoms at positions a, b, and c). Further discussion on this structure-directing effect
will be given in Sect. 2.5.3.2.

2.2.3 Synthesis Opportunities

In Table 2.2 are listed selected physicochemical data of some ILs/DESs and molec-
ular solvents, both of which are commonly used in the synthesis of molecular sieves.
It can be found that the physicochemical properties of IL/DES are strongly deter-
mined by the composition and structure of the components. Similar to the selected
molecular solvents, these ILs/DESs have wide liquid range and medium to strong
polarity. Therefore, in theory, they can successfully replace the molecular solvents
used for hydro/solvothermal synthesis. The most significant differences of ILs/
DESs compared with molecular solvents are their extremely low volatility and high
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electronic conductivity. Owing to these properties, ILs/DESs bring some distinctive
opportunities for the synthesis of molecular sieves.

2.2.3.1 Extremely Low Volatility

One of the most significant properties of IL is its extremely low volatility, which is
attributed to its entire ionic character. The vaporization enthalpies of ILs are almost
an order of magnitude larger than that of molecular solvents. As a result, in common
literature, IL is always described as involatile solvent, and the upper limit of its
liquid range is usually its decomposition temperature. For DES, the boiling point (or
decomposition temperature) of the constituents are always high. Therefore, similar
to IL, DES also has long liquid range and low volatility. At the crystallization tem-
perature for molecular sieves (usually <200 °C), no autogenic pressure of the sol-
vent IL/DES can be detected in principle. The resultant dramatic decrease of the
system pressure makes ionothermal synthesis of molecular sieves much safer and
controllable compared with hydro/solvothermal routes. Furthermore, the extremely
low volatility of IL/DES makes the ionothermal crystallization process visible and
may simplify the in situ experiment.

2.2.3.2 High Microwave-Adsorption Capacity

Because of their high electrical conductivity and dielectric constant, IL and DES are
the appropriate medium for microwave heating [37]. In 2006, Prof. Y.-P. Xu and
other colleagues in our group reported the microwave-enhanced ionothermal syn-
thesis of molecular sieves for the first time [38]. The microwave reaction system
they used is illustrated in Fig. 2.3. The static crystallization process took place in
ordinary glass equipment at 150 °C and no special devices were required. Xu et al.’s
work shows that similar to the results obtained in hydro/solvothermal synthesis,
microwave-enhanced ionothermal synthesis leads to a more rapid crystallization
rate compared with that using conventional heating method.

2.2.3.3 Stability

In ionothermal synthesis, it is occasionally observed the decomposition of IL/
DES. Herein, imidazolium salts, which are the most widely used ILs in ionothermal
synthesis of molecular sieves, are taken as examples to illustrate the decomposition
mechanism of IL/DES.

As Chambreau et al.’s work shows, the thermal decomposition of 1-ethyl-3-
methylimidazolium (EMIm) bromide prefers to take place via the evolution of
alkylbromide and alkylimidazole through an Sy2 type mechanism (Scheme 2.1)
[39]. The difference between the experimentally evaluated activation enthalpies of
the two possible processes indicates that the thermal decomposition of [EMIm]Br
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Fig. 2.3 Schematic illustration of the microwave reaction system Xu et al. used [38]
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Scheme 2.1 Thermal decomposition mechanism of 1-ethyl-3-methylimidazolium bromide [39]

favours the formation of 1-ethylimidazole and bromomethane (Process 1), rather
than the formation of 1-methylimidazole and bromoethane (Process 2). At 181 °C,
the branching ratio for CH;B1r/C,H;sBr analyzed via tunable vacuum ultraviolet pho-
toionization time-of-flight MS is 0.76/0.24. Based on ab initio quantum chemical
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Scheme 2.2 Transalkylation reaction of 1-alkyl-3-methylimidazolium cations

calculation study on the possible thermal decomposition ways of 1-alkyl-3-
methylimidazolium chloride, Kroon et al. suggested that the effect of the alkyl chain
length on both the activation energy and the thermal decomposition temperature is
very small [40].

The alkylbromides and alkylimidazoles formed via thermal decomposition may
reconstitute and lead to transalkylation (Scheme 2.2). In some cases, the resultant
new imidazolium cations could play the role of structure-directing agent during the
crystallization of molecular sieves [41, 42]. Parnham et al. found that in sealed
system with the presence of fluoride anions, 1-alkyl-3-methylimidazolium bro-
mides with alkyl chains longer than ethyl would decompose and form
1,3-dimethylimidazolium (DMIm) cations via transalkylation [41]. The resultant
DMIm cations can direct the formation of fluorinated AIPOs with CHA topology, of
which the cha cages are unfavourable for the presence of cations larger than EMIm
cation. In a later study, Griffin et al. reported that a similar transalkylation reaction
can also take place for [EMIm]CI, which has a more nucleophilic anion compared
with bromide anion [42].

Another decomposition pathway for imidazolium salts relates to the high acidity
at C2 position of imidazolium ring. Imidazolium cations would deprotonate in basic
environment, followed by complexation and/or decomposition side reactions [43].
Therefore, commonly used imidazolium salts are not suitable for reactions involv-
ing strong base, which is often required in the synthesis of zeolites (see also
Sect. 2.4.2.2).

Similar to imidazolium salts, other varieties of ILs have also been found to break
down during ionothermal synthesis [44]. Besides these, the quaternary ammonium
cations composing DES are also instable at high temperature or in high basic envi-
ronment. Oil-like liquid is often found in the autoclaves after the crystallization
using DES as reaction medium. The existence of these organic species may influ-
ence the state of the reaction mixture and the nature of the final product. As will be
discussed in Sect. 2.4.4.2, the decomposition product of DES embedded into molec-
ular sieves has been employed as templates for mesopores [45].

The decomposed IL can also supply framework species for the synthesis of
molecular sieves. Yang et al. prepared a series of boron-containing ILs 1-alkyl-3-
methylimidazolium bis(oxalato)borates (Fig. 2.4) and used them as B—O source to
synthesize metal borophosphates [46, 47]. Though strictly speaking, the synthesis
route they employed is not ionothermal, Yang et al. illustrated an inspirational
example of the application of designed ILs to synthesize molecular sieves.
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2.3 Ionothermal Synthesis Technique

2.3.1 General Steps of Ionothermal Synthesis

The typical procedure for ionothermal synthesis of molecular sieves follows the
sequence shown in Scheme 2.3. Compared with hydro/solvothermal routes, one of
the significant differences in ionothermal routes is that the preparation and recovery
of the solvent, i.e., IL/DES, are important to be considered. Another difference in
ionothermal synthesis is that the ionothermal crystallization can take place at ambi-
ent pressure with fewer safety risks but more flexibility.

2.3.1.1 Preparation of IL/DES

Although huge varieties of ILs are commercially available now, most of the ILs
used in routine laboratory experiments are self-synthesized. Considering their easy
synthesis from cheap raw materials, convenient physicochemical properties and
relatively low toxicity, imidazolium salts are the most preferred ILs in ionothermal
synthesis. A typical synthesis route of imidazolium-based IL is shown in Scheme 2.4.

Compared with the substitution and anion-exchange processes shown in
Scheme 2.4, the preparation route of DES is much simpler. Commonly, the homo-
geneous liquid formed by mixing and heating the components is just the desired
DES. It seems that more and more research interest has been attracted to the use of
DES in ionothermal synthesis because of its simple preparation method and change-
able composition.

2.3.1.2 Mixing and Ageing

Unlike hydro/solvothermal synthesis, the mixing and ageing processes of ionother-
mal synthesis always take place at a temperature higher than room temperature
(usually 70-100 °C). Therefore, it is unclear the temperature boundary between the
mixing—ageing and the crystallization processes in ionothermal synthesis com-
pared with those in hydro/solvothermal methods. Thus, there is only little literature
that focuses on the pre-crystallization condition of the reaction mixture for iono-
thermal synthesis.
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Scheme 2.3 Typical procedure for ionothermal synthesis of molecular sieves
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Scheme 2.4 Typical synthesis route of imidazolium-based ionic liquid

Using in situ '"H-'H NMR rotating-frame nuclear Overhauser effect spectros-
copy, Xu et al. provided an elaborate illustration of the pre-crystallization reaction
mixture with molar composition

ALO, /P,0, /HF /[BMIm|Br / morpholine=1/3/0.4/40/(2~5)

for synthesizing AIPO-AFI [48]. In the initial mixture of [BMIm]Br and morpho-
line exists a complex structure of BMIm cations and morpholine molecules through
intermolecular hydrogen bonds. When H;PO, is added into the reaction system, this
complex structure is stable at 80 °C but invisible at 140 °C. Xu et al. attributed this
change to the strong interaction of H;PO, with morpholine, as well as the charge
repulsion between protonated morpholine molecules and BMIm cations. After the
further addition of aluminium isopropoxide (AI[OCH(CHj;),];) at 140 °C, the com-
plex structure of BMIm cations and morpholine molecules recovers. This indicates
the formation of Al-O-P species and the release of morpholine molecules. Further
research shows that the concentration of organic amine determines both the exis-
tence and the structure-directing ability of the IL/DES—organic amine complex cat-
ions (see Sect. 2.5.3.2).

2.3.1.3 Recovery and Reuse of IL/DES

Considering the toxicity and cost of ILs/DESs, the recovery and reuse of them should
be comprehensively studied. However, this topic is rarely discussed so far, though
hundreds of papers have been published on ionothermal synthesis in the past decade.
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A practical procedure to recover [EMIm]Br after ionothermal synthesis of AIPO
was illustrated by Cooper et al. [1]. They announced the successful synthesis of two
types of AIPOs by using the recovered IL. Similar result was achieved by Han et al.
[49]. In Han et al.’s work, both '"H NMR spectra and TGA curves show no signifi-
cant differences between the fresh and recovered ILs. However, there is a little
decrease of the thermal decomposition temperature of the recovered ILs compared
with the fresh one.

Although water and other molecular species can be removed from IL, the raw
materials, especially the phosphorus-containing species, which is always added in
excess amount, may remain in the recovered ILs and disturb the stoichiometry for
further synthesis. As Hou’s work shows, AIPO-AEL can be successfully synthe-
sized by using the first-time recovered [EMIm]Br as solvent [50]. Unfortunately,
products obtained from [EMIm]Br recovered for the second and third times are the
mixtures of AIPO-AEL and dense phase AIPO,. The decrease in phase purity should
be mainly attributed to the accumulation of phosphate anions during the recycling
of IL.

2.3.2 Examples of Ionothermal Synthesis

In this section, taking the synthesis of AIPOs with —CLO topology as example, the
typical procedure for ionothermal synthesis of molecular sieves is presented. Brief
descriptions of the preparations of the IL [EMIm]Br and the DES tetraethylammo-
nium chloride—pentaerythritol are also provided, respectively.

2.3.2.1 [EMIm]Br System [51]

Preparation of [EMIm]Br Under vigorous stirring, bromoethane is added drop-
wise to 1-methylimidazole in a three-necked round-bottomed flask with reflux con-
denser. The molar ratio of 1-methylimidazole/bromoethane is 1/1.5. After refluxing
for 6 h, the mixture is distilled under reduced pressure at 85 °C. The residual liquid,
which would crystallizes into white solid by cooling, is collected.

Synthesis of AIPO-CLO A glass beaker is charged with 276 mmol of [EMIm]Br,
7 mmol of H;PO, (85 wt% in H,0), 7 mmol of aluminium isopropoxide and 7 mmol
of HF (40 wt% in H,0). These reactants are stirred at 100 °C for 1 h. Then, 4 mmol
of 1,6-hexanediamine is added into above mixture. After further stirring for 5 min,
the final mixture is transferred into a PTFE-lined autoclave (volume =100 mL) and
crystallizes at 210 °C for 2 h. The product is cooled, filtered, washed with water and
ethanol and then dried at 110 °C overnight.
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2.3.2.2 Tetraethylammonium Chloride—Pentaerythritol System [52]

AIPO-CLO can also be synthesized by using tetraethylammonium chloride—
pentaerythritol as solvent and 2-methylimidazole as co-structure-directing agent.
This procedure can be performed thoroughly in an open vessel.

Preparation of DES Tetraethylammonium Chloride-Pentaerythritol This
DES is prepared by mixing tetraethylammonium chloride and pentaerythritol with
molar ratio 1/1.22, heating and stirring until a homogenous liquid forms.

Synthesis of AIPO-CLO Aluminium isopropoxide is added into above-mentioned
DES. The mixture is stirred at 85 °C for 30 min. Then, HF (40 wt% in H,0), H;PO,
(85 wt% in H,0) and 2-methylimidazole are added successively. The molar ratio of
the reaction mixture is

tetracthylammonium chloride / pentaerythritol / Al/ P / F / 2 — methylimidazole =
5.32/6.47/1.00/1.42/1.07/0.50

After sufficient stirring, the mixture is programmatically heated to 180 °C in 30 min
and then crystallizes at this temperature for 4 h. The product is cooled, washed with
water and acetone and then dried at 110 °C.

2.3.3 Reactant Selection
2.3.3.1 IL/DES and Additive Organic Species

Although the varieties of both ILs and DESs are extremely huge, only several kinds
of ILs/DESs with low cost, convenient preparation and a few toxicity risk are com-
monly used in ionothermal synthesis. Considering their medium hydrogen bonding
ability, chloride and bromide anions are preferred to be used as anions of IL/DES
for ionothermal synthesis of molecular sieves. Organic species is always introduced
into the reaction mixture to adjust the physicochemical properties of the solvent and
play the role of co-structure-directing agent. A more comprehensive discussion on
the structure-directing effect of IL/DES and additive organic species is given in
Sect. 2.5.3.

2.3.3.2 Framework Sources

Similar to hydro/solvothermal synthesis, the nature of the products ionothermally
synthesized is strongly determined by the kinds and amounts of the framework
sources. As Cooper et al. reported in the initial paper on the ionothermal synthesis
of AIPOs, different crystalline phases can be obtained by slightly alternating the
composition of reaction mixture [1]. The later work of Wang et al. showed that both
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the kind of aluminium sources and the P/Al ratio of the reaction mixture can influ-
ence the obtained crystalline phase significantly [53]. When basic aluminium ace-
tate (ALLO(CH;COO),-4H,0) is used as aluminium source, the best P/Al ratio for
the synthesis of AIPO-AEL is 1.5/1. If the P/Al ratio is larger than this optimum
value, both the phase purity and the yield of AIPO-AEL decrease. However, when
aluminium isopropoxide is used as aluminium source, the optimum P/Al ratio
increases to 3/1. Wang et al. also found that compared with aluminium isopropox-
ide, basic aluminium acetate disperses and dissolves into the reaction mixture more
easily. They suggested that this phenomenon should be attributed to the hydrolysis
mechanism difference between these two kinds of aluminium sources.

The addition of framework sources into the reaction system is often accompa-
nied with the introduction of anions and water, both of which may strongly influ-
ence the physicochemical properties of IL/DES. Furthermore, because the
commonly used IL/DES in ionothermal synthesis usually has a poorer coordination
ability compared with water, the ionothermal crystallization of molecular sieves
always involve a more unexpected competition between the potential ligands of
metal cations (anions and water molecules). Thus, when added into the ionothermal
reaction mixture as framework source, metal salts with different anions or different
amount of crystallization water may show different reaction behaviour and result in
different final products, some of which are possibly unachievable in traditional
conditions.

2.3.3.3 Water

It is always difficult to catch the trace of water in the crystallization process of
molecular sieves because it seems to be everywhere in conventional synthesis con-
ditions. By carefully avoiding introducing water into the reaction mixture, Ma et al.
provided a kinetic study on the effect of water on the ionothermal synthesis of
AIPOs [20]. They found that when no water is added into the reaction mixture, the
crystallization process of AIPO undergoes a quite long induction period to accumu-
late a certain amount of the in situ generated water. Then, the accumulated water
improves the formation rate of solution active species, which crystallize and release
more water into the reaction mixture. Thus, the overall ionothermal synthesis of
molecular sieves appears to be an autocatalytic process. Ma et al. also found that the
induction time could be reduced by introducing a reactant quantity of water into the
reaction mixture—the amount of water accompanying the raw materials is always
enough for this aim.

Water is indispensable in some cases, especially the ionothermal synthesis of
zeolites [19, 54]. Therefore, the extra-addition of water is sometimes necessary. As
mentioned in Sect. 2.2.2, water added into IL/DES with a low concentration can
form hydrogen bonds with IL/DES and consequently be isolated and deactivated.
However, when too much water is added into the reaction mixture, the crystalliza-
tion system would change from ionothermal into hydrothermal. Wragg et al. carried
out an extensive study to determine the influence of the water/IL ratio of reaction
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mixture [44]. Their study confirmed Ma et al.’s result [20] that a very small amount
of added water is advantageous for the ionothermal synthesis of AIPOs. However,
water added into the reaction mixture with a larger amount (as Wragg et al. sug-
gested, the water/IL. molar ratio>0.7) would disrupt the structure-directing ability
of IL and lead to the formation of dense phases.

2.3.4 Key Parameters of Crystallization
2.3.4.1 Reaction Vessel: Open or Sealed?

The low volatility of IL/DES brings convenience for synthesis of molecular sieves
but also a question: Does the ionothermal crystallization of molecular sieves taken
place in an open vessel follow the same pathway as that in a sealed vessel?

As mentioned in Sect. 2.2.3.3, Parnham et al. found that in sealed system with
the presence of fluoride anions, 1-alkyl-3-methylimidazolium cations would decom-
pose and subsequently form DMIm cations, which can direct the formation of
AIPO-CHA [41]. However, only AIPOs with AEL and AFI topologies could be
obtained in open vessels. They attributed this difference to the escape of bromoal-
kane molecules and thus the inhibition of the transalkylation reaction.

Furthermore, in an open vessel, the uncontrollable release of reactants such as
H,O, HF and other molecules from the reaction mixture may result a change in the
reaction environment and even significantly prevent the crystallization process [19].
Therefore, to ensure the reproducibility of the synthesis, it is suggested to carry out
the crystallization process in a sealed system.

2.3.4.2 Heating Method

Because of the advantages stated in Sect. 2.2.3.2, microwave irradiation is often
employed instead of conventional heating method to ionothermally synthesize
molecular sieves with a much shorter crystallization time. However, the change of
heating method is doubtless accompanied by the change of crystallization equip-
ment, and in some cases, may lead to a different final product.

By microwave irradiating the mixture of dry gel precursor, [BMIm]Br and extra-
added water, Cai et al. synthesized pure silica zeolite with MFI topology [19].
However, no crystalline phase could be detected after heating the mixture for 24 h
in conventional heating method. They attributed above different results to the differ-
ent water-holding abilities of the crystallization equipments employed in the two
synthesis processes. As Cai et al. described, by using conventional heating method,
‘the excess amount of water could not be retained in an open vessel even before the
temperature of [BMIm]Br reached 175 °C’. However, a reflux process was observed
under microwave radiation and as a result, ‘water can be supplied back to [BMIm]
Br for zeolite crystallization’.
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Although no further details of their crystallization equipments were provided,
Cai et al.’s study reminds us to be careful when making comparison between differ-
ent synthesis conditions, especially on the crystallization mechanism and kinetics.
What the use of IL/DES provides is not only flexibility in the synthesis of molecular
sieves, but also much more variables that may influence the product formation.

2.4 Molecular Sieves Ionothermally Synthesized

2.4.1 Zeolitic Metal Phosphates

Until the time of writing this chapter, to the best of our knowledge, nearly 25 zeolite
framework types have been ionothermally synthesized. Most of these zeolitic
molecular sieves are metal phosphates, of which the synthesis details are summa-
rized in Table 2.3. The synthesis procedures of these zeolitic metal phosphates are
always similar to that of AIPO-CLOs described in Sect. 2.3.2.

2.4.1.1 New Zeolitic Materials

As Table 2.3 shows, besides the zeolitic molecular sieves that can be synthesized via
conventional routes, several metal phosphates with novel structures and composi-
tions have been obtained by ionothermal method.

SIZ-7 (Coyy3Al19,(PO,)3,) is an ionothermally synthesized CoAPO which has a
novel zeolite framework type SIV (Fig. 2.5) [56]. The SIV-type framework displays
a three-dimensional eight-membered ring channel system. SIZ-7 has a monoclinic
space group C2/c (No. 15) with a=10.2959(4) A, b=14.3715(5) A, ¢=28.599(1) A
and $=91.094(1)°. Figure 2.6 shows the simulated XRD pattern of SIZ-7.

—CLO is an interrupted zeolite framework type with 20-membered pore open-
ings. In conventional synthesis conditions, only GaPO-CLO (cloverite) and its
metal substituted analogues have been synthesized. In 2010, Wei et al. reported the
successful synthesis of AIPO-CLO (DNL-1) with formula

|:(C6N2H18 )104 (C6N2Hll )g() (H2O)910 :' |:A1768P76802976 (OH)192 F288:|

in [EMIm]Br with 1,6-hexanediamine as co-structure-directing agent [81]. DNL-1,
which is the first AIPO with 20-membered pore openings, shows higher thermal
stability compared with cloverite. The in situ XRD patterns of DNL-1 show that no
significant loss of crystallinity occurs until the temperature reaches approximately
950 °C. Moreover, the ordered crystalline structure of DNL-1 can remain after cal-
cination at 850 °C and subsequent exposure at room temperature with 60 % humid-
ity for 6 d.
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Fig. 2.5 Stereographic drawing of SIZ-7 framework [56]
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Fig. 2.6 Simulated XRD pattern of SIZ-7 [89]. Wavelength: 1.54180 A (CuKy

Besides the report of Wei et al., other several ionothermal routes have also been
developed to synthesize AIPO-CLO. Pei synthesized AIPO-CLOs in a variety of IL/
DES-organic amine systems (Table 2.4) [52]. Furthermore, Lohmeier prepared
another AIPO-CLO sample (LUH-2) from a mixed-anion IL system [EMIm]
Brg3(L-lactate), ;, by microwave heating the reaction mixture

Al(L-lactate), /H,PO, / HF /[EMIm|Br /[ EMIm|( L - lactate )=
1.00/3.00/0.84/18.70/2.67

at 160 °C for 60 min [90]. The flexibility in the ionothermal synthesis of AIPO-
CLOs, as shown by above examples, indicates the great potential of ionothermal
method for the synthesis of novel molecular sieves.
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Table 2.4 Synthesis details of AIPO-CLOs reported by Pei [52]

Synthesis system Molar ratio of reactants Crystallization condition
Solvent* Amine® | (Solvent/Al/P/F/amine) Temperature (°C) | Time (h)
[MPIm]Br n-DPA 7.89/1.00/1.20/1.07/1.19 | 180 4
[EMIm]Br n-DPA 8.43/1.00/1.20/1.07/1.20 | 180 2
TEAC—Pent (1/1.22) 2-MIm | 5.32/1.00/1.42/1.07/0.50 | 180 4

*MPIm 1-methyl-3-propylimidazolium, EMIm 1-ethyl-3-methylimidazolium, TEAC tetraethylam-
monium chloride, Pent pentaerythritol
n-DPA n-dipropylamine, 2-MIm 2-methylimidazole

24.1.2 SAPOs

Silicon-containing zeolitic molecular sieves, such as zeolites and SAPOs, are widely
used as heterogeneous acid catalysts. Since the very beginning of the study on iono-
thermal synthesis, researchers have tried to introduce silicon into the framework of
zeolitic molecular sieves [1, 63]. However, only limited results have been achieved
previously because of the poor reaction activity of silicon sources in ionothermal
condition.

In the study carried out by Xu et al., SAPOs were synthesized by adding tetra-
ethylorthosilicate into the synthesis procedure for AIPOs [38, 63]. Combining the
analysis results of Si MAS NMR, NH,-TPD and EDX, they declared the success-
ful incorporation of silicon into the framework of AEL type molecular sieves [38].
Later, Zhao et al. reported their synthesis of SAPO-AFI by using DES choline chlo-
ride—pentaerythritol as reaction medium and fumed silica as silicon source [74].
Unfortunately, according to the EDX analysis results, some of the products they
obtained may contain silicon-rich phases as well as SAPO molecular sieves.

2.4.2 Zeolites
2.4.2.1 Zeolites Synthesized from Sol/Gel-IL Mixtures

The main obstacle to ionothermal synthesis of silicon-containing molecular sieves,
as illustrated in Sect. 2.4.1.2, is the extremely low hydrolysis rate of silicon sources
in ionothermal environment. By carrying out the hydrolysis of raw materials and
crystallization under different conditions, i.e., by ionothermally treating the pre-
hydrolyzed silicon-containing reaction mixtures, several zeolites have been synthe-
sized successfully.

By heating the mixture of [EMIm]|Br and an aqueous sol with following
composition

Si0, / AL,O, /Na,0/K,0/H,0=2.2/1/4/1.4/80

in a temperature range between 50 and 150 °C with ambient pressure, Ma et al.
obtained a series of zeolite products [91]. They found that the product changes from
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sodalite to zeolite X when the ratio of [BMIm]Br to the aqueous sol decreases.
Obviously, this process cannot be regarded as ionothermal synthesis wherein IL/
DES should play the role of the main solvent [44]. Subsequently, Cai et al. reported
their synthesis of pure silica zeolite with MFI topology by microwave-heating the
mixture of [BMIm]Br, extra-added water and a dry gel precursor [19]. Their study
showed that the addition of water is essential for the crystallization of zeolite.

2.4.2.2 Zeolites Synthesized in Basic IL [BMIm]OH, ¢sBr s

Mineralizers, such as H,O, OH™ and F-, are always essential for the hydrolysis of
silicon sources. However, in some senses, the addition of water into IL/DES means
the loss of properties of ionothermal synthesis. This contradiction prompted an
attempt to use task specific IL for ionothermal synthesis. By using basic IL [BMIm]
OH,4sBry 35 as solvent, structure-directing agent and mineralizer, Wheatley et al.
synthesized pure silica zeolites with MFI and TON topologies [54]. [BMIm]
OH, ¢5Bry 35, the use of which is the key to the successful ionothermal synthesis of
these zeolites, was prepared by anion exchange of [BMIm]Br. However, it should be
noted that the anion exchange process was accompanied with the degradation of
BMIm cations. In fact, the poor basic stability of IL/DES has strongly restricted
their application [92].

2.4.3 Other Crystalline Microporous Materials

Besides the above-mentioned zeolitic materials, a huge variety of other crystalline
molecular sieves, such as inorganic open-framework materials and metal-organic
frameworks, has also been ionothermally synthesized. For instance, a novel open-
framework  zirconium phosphate, [(C,H;NH)s(H,O0)5][Zr3,P450,76Fs(OH) 4]
(ZrPOF-EA), was synthesized by Liu et al. [93]. After removing the guest organic
species by calcination in air at 410 °C for 9 h, the framework of ZrPOF-EA remains
and can display a high CO,/CH, separation capacity. Some ionothermally synthe-
sized metal-organic frameworks with good thermal stability and porosity also
exhibit excellent performance in adsorption and separation processes [94-96].

2.4.4 Mesoporous and Hierarchical Porous Materials
2.4.4.1 Mesoporous y-ALO;
In conventional solvent environment, ILs are commonly used as surfactants to direct

the formation of mesoporous materials. Therefore, in theory, a similar structure-
directing process can also take place in ionothermal condition. An example of
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Fig. 2.7 Schematic illustration of the formation mechanism of the mesoporous y-Al,O; synthe-
sized by Lian et al. (Reproduced from Ref. [97] with permission of The Royal Society of
Chemistry)

ionothermal synthesis of mesoporous materials was reported by Lian et al., who
obtained mesoporous y-Al,O; by heating a mixture of AICl;, NaNH, and [BDMIm]
Cl at 150 °C for 10 h [97]. The authors supposed that the formation of the mesopo-
rous structure follows the process shown in Fig. 2.7.

2.4.4.2 Hierarchical Porous FeAPOs

Using microwave-assisted ionothermal method, Zhao et al. synthesized several
hierarchical porous FeAPO-AFI samples [45]. The authors suggested that the for-
mation of mesopores should be attributed to both the agglomeration of particles and
the removal of embedded organic species. An interesting phenomenon reported by
Zhao et al. is the significantly unusual TGA curves of their hierarchical porous
samples. For example, as one of the TGA curves (Figure 10 in Ref. [45]) shows, the
weight loss of the sample S1.1-1.5 is about 45 % at 550 °C. This value is almost two
times as large as that of the MnAPO-AFI sample ionothermally synthesized by Ng
et al. [72]. Obviously, this difference indicates that the sample S1.1-1.5 is a hybrid
of organic species and crystalline molecular sieves. However, no further details of
the organic species were provided in Zhao et al.’s paper.
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2.4.5 Molecular Sieves with Special Morphologies
2.4.5.1 Morphology-Controlled Single Crystals

The control of the crystal morphology has attracted great research interest because
morphology details can always show the traces of crystallization mechanism. Ma
et al. synthesized GaPO-LTA single crystals in 1-alkyl-3-methylimidazolium bro-
mides and found that the sizes and morphologies of these single crystals are influ-
enced by the alkyl chain length of these IL cations [82]. Wang et al. found that both
the reaction temperature and the cooling rate can strongly affect the sizes and mor-
phologies of the obtained ZIF-8 crystals (Scheme 2.5) [98].

2.4.5.2 Zeolite Films and Membranes

Ionothermal method has also been used in the preparation of zeolite films and mem-
branes. Cai et al. reported their ionothermal synthesis of AIPO-AEL and SAPO-
AEL films on aluminium alloy AA 2024-T3 [99]. Both the XRD patterns and SEM
images (Fig. 2.8) show that crystals of the SAPO-AEL film are packed more densely
and more highly oriented compared with that of the AIPO-AEL film. The authors
attributed the orientation difference of the AIPO-AEL and SAPO-AEL films to their

Without cooling No solid
80-140 °C -—--—" > > product
obtained
-
SN\ %
<, %%,
. ‘é %
] 2, %,
g0 oc | Reaction = Z "“«(
won . @ - 2 e
solution = “a..
=3 e
Z &
&

Scheme 2.5 Precipitation-crystallization processes of ZIF-8 crystals with different sizes and mor-
phologies synthesized in deep eutectic solvent by Wang et al. [98]
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Fig. 2.8 SEM images of the AIPO-AEL and SAPO-AEL films synthesized by Cai et al. (a) AIPO-
AEL (surface). (b) AIPO-AEL (cross section). (¢) SAPO-AEL (surface, inset is higher magnifica-
tion). (d) SAPO-AEL (cross section, mildly polished surface) (Reproduced in part from Ref. [99]
by permission of John Wiley and Sons)

different crystallization rates. For SAPO-AEL, a dense nuclei layer forms on the
substrate surface first because of its slow crystallization rate. Then, in subsequent
crystal growth process, the limited space between the formed growth centres makes
the in-plane growth suppressed. Therefore, it is preferred the formation of highly
c-axis oriented SAPO-AEL film. However, for AIPO-AEL, the fast crystallization
rate results in a single-step isotropic crystallization and thus the obtained film should
not exhibit any preferred orientation.

Later, Li et al. reported their synthesis of AIPO membranes through ionothermal
conversion of the d-alumina substrate surface [100, 101]. Cross-sectional SEM and
EDX results of the AIPO-CHA membrane show that an intermediate layer (~20 pm)
exists between the molecular sieve layer (~100 pm) and the substrate (Fig. 2.9) [100].
Along the three layers of molecular sieves, intermediate and substrate, the P/Al ratio
drops from unity to zero. According to this phenomenon, Li et al. proposed the forma-
tion mechanism of the AIPO-CHA membrane they synthesized as following [100, 101]:

1. An aluminophosphate precursor layer forms on the substrate surface in the reac-
tion between the surface d-alumina and the reactants in solution.

2. Nucleation of molecular sieves occurs at the solution—precursor layer interface
and subsequently crystals grow to form a continuous membrane. The nucleation
and crystal growth processes follow the solid-phase transformation mechanism.
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Fig. 2.9 (a) Cross-sectional SEM image of the AIPO-CHA membrane synthesized by Li et al. The
arrow represents the path of the EDX line scan. (b) P/Al ratio along the path of the EDX line scan
(Reproduced from Ref. [100] by permission of John Wiley and Sons)

3. The formation of the precursor layer continues until the interaction between the
substrate and the solution is obstructed by the formation of continuous membrane.
Finally, the crystallization process finishes when the nutrient in the precursor
layer is depleted.

2.5 Structure-Directing Effect in Ionothermal Synthesis

2.5.1 IL/DES

In the review entitled The Synthesis of Molecular Sieves from Non-Aqueous Solvents,
Morris and Weigel classified organic solvents into four categories according to their
tendency to form hydrogen bonds [102]. The authors pointed out that the interaction
between structure-directing agent and solvent should be intermediate. Weak interac-
tion is adverse to the solvation and isolation of the molecules of structure-directing
agent. However, strong interaction would prevent these molecules from interacting
with framework species. As a result, successful structure-directing process requires
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a balance of the interactions between solvent, framework species and the potential
structure-directing agent.

In their paper published in 2004, Cooper et al. announced that the competition
between framework—structure-directing agent interaction and framework—solvent
interaction can be subtly removed by using IL/DES as both the solvent and the
structure-directing agent [1]. Since then, consequent studies have proven that the
cations of IL/DES, which are also commonly used as structure-directing agents in
conventional synthesis routes, can play the role of structure-directing agent in iono-
thermal synthesis.

The physicochemical properties of IL are strongly related to not only the cation
but also the anion. The study of Parnham and Morris showed that by replacing the
commonly used hydrophilic IL [EMIm]Br with the hydrophobic one [EMIm][Tf,N]
(Tf,N =bis(trifluoromethylsulfonyl)amide), an aluminophosphate chain structure
(AI(H,PO,),F) was synthesized [103]. The authors attributed the formation of this
low dimensional structure to the use of hydrophobic IL. They suggested that the IL
[EMIm][Tf,N] with low polarity prevents the solvation of framework species.
Therefore, the crystallization would be a solid-phase transformation without the par-
ticipation of EMIm cations. Although the use of ILs with anions rather than halide
anions seems not very successful in ionothermal synthesis of zeolitic molecular
sieves, these ILs have shown great potential in the synthesis of metal-organic frame-
works. Discussion on the structure induction effect of the anions in the ionothermal
synthesis of metal-organic frameworks, especially the chiral inducting effect of chi-
ral ILs, can be found in some elaborate reviews such as Refs. [4] and [104].

2.5.2 Decomposition Species of ILs

As discussed in Sect. 2.2.3.3, the decomposition of IL/DES occasionally occurs in
ionothermal synthesis and the decomposition product can strongly influence the
nature of the molecular sieves ionothermally synthesized. An interesting example of
the decomposition—transalkylation process of imidazolium ILs has also been
discussed in that section [41].

2.5.3 Additive Organic Species

As shown in Table 2.3, considering their cost, toxicity and physicochemical proper-
ties, only the imidazolium ILs and the chlorine chloride-based DESs have been
widely selected for ionothermal synthesis previously. Undoubtedly, compared with
the preparation of IL/DES with novel structures, the employment of organic species
as co-structure-directing agent is a more facile and efficient way to adjust the
structure-directing process during ionothermal synthesis.
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2.5.3.1 Co-Structure-Directing Effect

The term co-structure-directing effect is always used to describe the crystallization
process that influenced by more than one kind of potential structure-directing agent.
For instance, Xing et al. synthesized a new open-framework aluminophosphate
(JIS-1) in [EMIm]Br by using 1-methylimidazole as co-structure-directing agent
[105]. The EMIm cation and the protonated 1-methylimidazolium cation coexist in
the intersection of the tridirectional channels of JIS-1. Despite the structure similar-
ity between these two kinds of cations, JIS-1 could not be synthesized in the absence
of 1-methylimidazole. Theoretical calculation showed that the replace of
I-methylimidazolium cations by EMIm cations is energetically unfavourable.

Structure analysis of the ionothermally synthesized AIPO-LTA [70] and DNL-1
[81, 106] shows an interesting cooperating mode of multiple structure-directing
agents with significantly different shapes and sizes. Based on Rietveld refinement
and NMR spectroscopy, Fayad et al. suggested that the structure-directing agents
1-benzyl-3-methylimidazolium cations, tetramethylammonium cations and fluoride
anions fill in the lta cages, sod cages and d4r units of AIPO-LTA respectively
(Fig. 2.10) [70]. In the structure of DNL-1, it was found that 1,6-hexanediamine
molecules prefer to fill in the /fa cages with random orientation, while EMIm cat-
ions present in both the lfra cages and the empty space at the intersection of the
20-membered ring channels [106].

2.5.3.2 Structure-Directing Effect of Hydrogen Bonded Complex Cations

Besides directing the structure formation as the process discussed in above section,
the additive organic species can also form large complex cations with the IL/DES
cations via hydrogen bonds. These complex cations may adjust the physicochemical
properties of reaction mixture and play the role of structure-directing agent during
the crystallization of molecular sieves.

Pei et al. found that the structure-directing effect of the IL cations is adjusted by
the concentration of organic amine added into the reaction mixture for the synthesis
of AIPOs [57]. By increasing the concentration of n-dipropylamine in [BMIm]Br,
the product transforms in the sequence

AEL - AFI - LTA

gradually. The same transformation sequence was also observed in the reaction
system

[BMIm|Br/ Al,O, / P,O, / HF / morpholine=40/1.0/3.0/0.5/ x

by Xu et al. (Fig. 2.11) [61]. The in situ 'H-'H NMR rotating-frame nuclear
Overhauser effect spectroscopy of these reaction mixtures (Fig. 2.12) clearly indi-
cates the existence of the hydrogen-bonded BMIm-morpholine hybrid in the
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Fig. 2.10 1-Benzyl-3-methylimidazolium cations, tetramethylammonium cations and fluoride
anions fill in the /ta cages, sod cages and d4r units respectively and play the role of co-structure-
directing agents in the ionothermal synthesis of AIPO-LTA [70]

10 20 30 40 50
2-Theta

Fig. 2.11 XRD patterns of the solid samples synthesized from the reaction mixtures with different
molar ratios of morpholine and 1-butyl-3-methylimidazolium bromide. (a) 1/60. (b) 1/30. (c) 1/23.
(d) 1/7.5. (e) 1/7. The crystallization is carried out at 150 °C for 6 h (Reproduced from Ref. [61]
with permission of the PCCP Owner Societies)
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Fig. 2.12 In siru "H-"H NMR rotating-frame nuclear Overhauser effect spectroscopy of the reac-
tion mixture with different molar ratios of morpholine and 1-butyl-3-methylimidazolium bromide.
(a) 1/60. (b) 1/23. (c) 1/7. Each spectrum was acquired at 150 °C with a mixing time of 600 ms.
The C and H positions of morpholine and 1-butyl-3-methylimidazolium bromide are marked
(Adapted from Ref. [61] with permission of the PCCP Owner Societies)

crystallization system with high morpholine concentration. The authors assumed
that with the increase of morpholine concentration larger hydrogen-bonded com-
plex cations should form in the reaction mixture and direct the formation of struc-
tures with larger channels or cavities.

2.5.3.3 Other Influences

Besides above-mentioned structure-directing effects, it is also observed the compe-
tition of structure-directing process between the additive organic species and the IL/
DES cations [107]. In this case, the product is always a mixture of different crystal-
line phases. Furthermore, the basicity enhancement of the reaction mixture induced
by adding organic amine may also influence the crystallization and result a product
transformation [68].



2 Jonothermal Synthesis of Molecular Sieves 69

Fig. 2.13 Comparison of the coordination modes of Mn?* cations in the [6°8°] cage of DNL-2 (a)
and in the d6r cages of Min?*-exchanged zeolite X (b). Mn and the coordinating O atoms are shown
as large and small black balls respectively (Reproduced from Ref. [17] with permission of The
Royal Society of Chemistry)

2.5.4 Transition Metal Cations

In the ionothermal synthesis of both CoAPO [56] and MgAPO [62], it was found
that the hetero-metal species added into the reaction mixture contributes a structure-
directing effect to the formation of the final product. However, no details of these
phenomena were elaborated in these papers. Recently, Liu et al. reported their iono-
thermal synthesis of an open-framework fluorinated aluminium phosphite-phosphate
(DNL-2) [17]. The authors found that the in situ released Mn?* cations are employed
as structure-directing agent in the ionothermal synthesis of DNL-2. As Fig. 2.13
shows, the coordination mode of Mn?* cations in DNL-2 is similar to that of the site
I Mn?* cations in Mn**-exchanged zeolite X. However, in conventional conditions,
only the structure-directing ability of alkali/alkaline-earth metal cations has been
observed. Liu et al. suggested that the structure-directing effect of Mn?* cations in
the ionothermal synthesis of DNL-2 depends on the unique property of [EMIm]Br,
which has intermediate coordination ability and can isolate and deactivate H,O or
other strong ligands.

2.6 Prospect and Conclusion

With the development in the last decade, ionothermal synthesis has become a widely
used method, which can provide a changeable crystallization environment to pre-
pare molecular sieves with fascinating structures and various compositions.
Considering its great advantages as well as its obvious limitations, we think that in
the future study, more attention should be paid to following topics.
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Scheme 2.6 Preparation route of a basically stable ionic liquid reported by Juréik and Wilhelm [108]

Expand the Selection of ILs/DESs Though it is believed that the variety of ILs/
DESs is hundreds of thousands times more than that of molecular solvents, only a
few kinds of ILs/DESs, i.e., the imidazolium ILs and the chlorine chloride-based
DESs, have been widely used in ionothermal synthesis of molecular sieves. As men-
tioned in Sect. 2.4.2.2, [BMIm]OH, ¢;Bry ;5 is the only task specific IL used in iono-
thermal synthesis. Because of its poor basic stability, [BMIm]OH, 4Brj 35 is not the
perfect choice to satisfy the demand for the synthesis of zeolites. However, as early
as in 2005, Jur¢ik and Wilhelm had reported their preparation of an imidazolinium
salt with phenyl substituent at C2 position (Scheme 2.6). They announced that this
IL can be used as solvent for reactions involving medium to strong bases such as
quinuclidine and Grignard reagents [108]. Unfortunately, to our best knowledge,
there are no reports on whether this variety of ILs fits the basic environment required
for the synthesis of zeolites.

Emphasize the Complementarity Between Ionothermal Synthesis and
Conventional Methods, Rather Than Their Differences As discussed in this
chapter, water is indispensable in some ionothermal cases. However, when design-
ing experiments, researchers always try to introduce water into the reaction mixture
as little as possible, despite the fact that a too low concentration of water may result
in a poor crystallization of the product. We always overemphasize the differences
between ionothermal synthesis and hydrothermal synthesis, but overlook the hydro-
gen bonding interactions (Sect. 2.2.2) accompanying the dispersion of water mole-
cules in IL/DES. Previous study has shown that various organic solvents and even
water can have significant structure-directing effects. Thus, except their characteris-
tic physicochemical properties, i.e., the extremely low volatility and the high
microwave-adsorption capacity, IL/DES shows no special differences compared
with pyridine or other organic amines that can be used as reaction medium for the
synthesis of molecular sieves. Therefore, the fruitful results accumulated in the
study on synthesis of molecular sieves by other routes are beneficial to the under-
standing of the reaction process in ionothermal condition. For instance, the success-
ful synthesis of a series of zeolites from solvothermal [109] and solvent-free
[110-112] routes, both of which can be carried out in non-aqueous condition, sug-
gests a possible access to the ionothermal synthesis of zeolites, which is still one of
the greatest challenges in this area.

In conclusion, ionothermal synthesis has shown excellent advantages for the syn-
thesis of molecular sieves with high efficiency and low safety risk. Because of the
cost and other factors, it seems that ILs/DESs would never be the substitute for
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water in industrial synthesis process of molecular sieves. However, ionothermal
synthesis is an essential complement to conventional synthesis routes in mechanism
study and preparation of novel molecular sieves.
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Chapter 3
Interlayer Expansion of the Layered Zeolites

Toshiyuki Yokoi and Takashi Tatsumi

Abstract Zeolites with three-dimensional (3D) open-framework structures are
generally crystallized under hydrothermal conditions. In addition to this conven-
tional route, the formation of the 3D structures can be achieved by the structural
conversion of zeolitic hydrous layer silicates (HLSs) through topotactic dehydra-
tion—condensation of silanols on the HLSs. The interlayer spacings can be expanded
by the interlayer silylation of zeolitic HLSs, forming interlayer-expanded zeolite
(IEZ) materials. The IEZ materials are crystalline and show similar physical and
chemical properties to the conventional 3D zeolites. Creating larger interlayer space
will provide more open entrance for reactants and decrease the diffusion constrains
in catalytic reaction. In this chapter, recent developments of the IEZ materials, in
particular interlayer-expanded MWW-, FER-, and CDO-type =zeolites, are
featured.

Keywords Hydrous layer silicates ® Silylation ¢ Pillaring * Interlayer expansion ®
Interlayer-expanded zeolite * Ferrierite  PLS-1 « MCM-22

3.1 Introduction

Microporous crystalline zeolites have been utilized in many industrial technologies,
including gas adsorption, ion exchange, separation, and catalysis for their unique
porosity and high surface area [1-3]. Until now, more than 200 different framework
topological structures have been known [4]; however, only some of which have
important commercial values [5]. Nevertheless, zeolites are still attracting a wide
research interest because novel frameworks may have new physicochemical proper-
ties and potential applications. So far, a variety of successful methods and strategies
have been employed to synthesize zeolites with new topological structures, sum-
marized in excellent papers [2, 6].
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Zeolites with three-dimensional (3D) open-framework structures are generally
crystallized under hydrothermal conditions. In addition to this conventional route,
the formation of 3D structures can be achieved by the structural conversion of zeo-
litic hydrous layer silicates (HLSs); zeolitic HLS is converted into a zeolite with 3D
structures through topotactic dehydration—condensation of silanols on the HLS. For
example, the layered precursors PREFER and MCM-22(P) have been converted
into ferrierite (FER) and MCM-22 (MWW), respectively. To date, various topotac-
tic relationships between HLSs and the corresponding 3-dimensional zeolite crys-
tals such as PLS-1 (PLS-4, RUB-36, MCM-47, MCM-65, UZM-13, UZM-17, and
UZM-19)-CDS-1 (CDO), NU-6(1)-Nu-6(2) (NSI), EU-19(P)-EU-19 (CAS-NSI),
RUB-39-RUB-41 (RRO), RUB-18-RUB-24 (RWR), and RUB-15-sodalite (SOD)
have been reported and summarized in excellent reviews [7, 8].

In heterogeneous catalysis, the accessibility to the active sites strongly affects a
catalytic performance. This is rendered possible by introducing a second larger
porosity level, i.e., by creating hierarchically porous structures. Pillaring between
interlayer spacings is a useful way of intercalating guest species between interlayer
spacings of layered materials [9]. The interlayer spacings can be supported by pil-
lars after being expanded through a suitable intercalation process. Furthermore, pil-
laring can provide new pores in addition to original micropores.

Based on the concept of “pillaring,” the periodic silylation using, e.g.,
diethoxydimethylsilane (DEDMS, SiMe,(OEt),) and dichlorodimethylsilane
(DCDMS, SiMe,(Cl,), on the surface of HLS followed by connection between the
interlayers leads to hierarchical structures consisting of two types of pores, namely,
the original intralayer micropores and newly formed interlayer pores [10—14]. The
pioneering work has been done by Kuroda and his co-workers; the silylation on
well-known layered silicates (octosilicate, magadiite, and kenyaite) with alkoxy-
chlorosilanes have been investigated; large flexible micropores were formed in the
interlayers by pillaring with bulky organic molecules [15-18].

In 2007, a novel methodology of preparing an interlayer-expanded zeolite (IEZ)
material was first developed through the interlayer silylation of zeolitic hydrous
layer silicates, pure silica PLS-1, with DCDMS [19]. When PLS-1 was thermally
treated, a zeolite denoted CDS-1 (IZA code: CDO) was obtained as a result of dehy-
dration—condensation of the PLS layers [20]. The interlayer micropores of CDS-1
consist of two-dimensional straight 8-membered-ring (§MR) channels. Since such
a small microporosity of CDS-1 inhibits typical organic molecules from adsorbing
in their micropores, we have attempted to prepare an interlayer-expanded micropo-
rous material being capable of accommodating larger organic molecules through
the interlayer silylation of pure silica PLS-1 with DCDMS and have found remark-
able adsorption properties of the organic—inorganic hybrid microporous material
IEZ-1 (Interlayer-Expanded Zeolite 1) in contrast to its purely inorganic analogue,
IEZ-2, which was obtained after calcination of IEZ-1 at 500 °C. After this report, in
2008, we successfully reported a versatile method based on molecular
alkoxysilylation of lamellar precursors such as MWW(P), PREFER, PLS-1, and
MCM-47 for constructing new 3D zeolitic structures with expanded pore windows
[21]. The IEZ products are crystalline and show physical and chemical properties
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comparable with microporous silicate zeolites and rather different from the
pioneering work of Kuroda and his co-workers who applied similar strategies to
layered silicates to obtain more or less amorphous products. Figure 3.1 depicts the
strategy for converting zeolite layered precursors to new zeolite structure with the
interlayer pores expanded, forming the IEZ materials.

3.2 Interlayer-Expanded MWW-Type Zeolite

The MWW-type zeolite has a structure which combines large cavities formed by
12-membered rings with a system of independent 10-membered-ring channels [22—
25]. The MWW-type aluminosilicate, AI-MWW (so-called MCM-22), has found
important industrial applications to the selective production of bulk petrochemicals
such as cumene and ethylbenzene and has exhibited unique catalytic properties due
to its unique pore structure and acidity [26-31]. Although potential advantages of
the MWW-type materials are expected from their supercages and side pockets,
access to the supercages is seriously restricted by the openings of the elliptical
10-MR pores. Therefore, the delamination and expansion of interlayer space are
effective way to make the active sites in the supercages available for catalysis
involving bulky substrate molecules as described below.
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Fig. 3.1 Strategy for converting zeolite layered precursors to new zeolite structure with the inter-
layer pores expanded, forming the IEZ materials



80 T. Yokoi and T. Tatsumi
3.2.1 Structural Diversity of MWW-Type Zeolite

The major structural interests in the MWW zeolites were its layered precursor and
reversible structural conversion. The layered precursor of MWW zeolite MWW(P))
can be swollen, exfoliated, and pillared under suitable conditions. In 1993, Kresge
and Roth successfully synthesized MCM-36, a catalytically active material with a
high surface area, by swelling the MWW (P) with tetrapropylammonium hydroxide
(TPAOH) and cetyltrimethylammonium chloride (CTMACI) in base conditions fol-
lowed by pillaring with silica species, e.g., TEOS [32, 33].

3.2.2 ITQ-2

Corma et al. successfully synthesized delaminated zeolite material, ITQ-2, by
swelling the AI-MWW (P) with cetyltrimethylammonium bromide (CTMABr) [34,
35]. Figure 3.2 shows a scheme for the preparation of the different materials obtained
from the MWW precursor. In this way, the solid thin sheets (approximately 2.5 nm
high) with an extremely high external surface area (>700 m*/g) were produced.
These sheets consist of a hexagonal array of cups that penetrate into the sheet from
both sides. These cups have an aperture of approximately 0.7 nm, formed by a
12-membered ring (12 MR). ITQ-2 showed greatly enhanced activities in acid-
catalyzed reactions of large molecules [36—41]. This is due to the much higher well-
defined external surface area, i.e., a larger number of cups present in the ITQ-2
structure, which in turn gives a larger amount of structurally accessible acid sites.

Fig. 3.2 Different materials obtained from the MW W-type zeolite precursor (Reprinted from Ref.
[35], Copyright 1999, with permission from Elsevier)
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3.2.3 Al-IEZ-MWW

The periodic silylation using diethoxydimethylsilane (DEDMS, SiMe,(OEt),) or
dichlorodimethylsilane (DCDMS, SiMe,Cl,) on the surface of layered silicates fol-
lowed by connection between the interlayers leads to hierarchical structures consist-
ing of two types of pores, namely, the original intralayer micropores and newly
formed interlayer spacings. The treatment of AI-MWW (P) with DEDMS in acidic
media leads to the formation of an aluminosilicate-type interlayer-expanded zeolite
MWW (AI-IEZ-MWW) with expanded 12-membered-ring (12-MR) micropores
(Fig. 3.3) [21]. By the interlayer silylation of AI-MWW(P), the micropore diameter
of interlayers with 12-MR supercages enlarged from ca. 7.0 to 8.0 A [21].

In the silylation, acid, e.g., HNOs;, enhances the extraction of the structure-
directing agent (SDA) in the interlayer as well as the hydrolysis of the silylating
agent followed by the condensation reaction of the silylating agent and the interlayer-
silanol groups. The silylation process under acidic conditions simultaneously causes
a dealumination from the MWW framework, resulting in the decrease in the acid
amount; the Si/Al atomic ratios of AI-MWW(P) and Al-IEZ-MWW were 15 and
35, respectively [42, 43]. To suppress the dealumination, the vapor-phase silylation
of AI-MWW(P) with dichlorodimethylsilane [42] and the preparation of AI-YNU-1
from deboronated MWW have been investigated [43]. We have developed the “two-
step” silylation treatment with DEDMS via the first silylation in 0.1 M HNO; and
the following silylation in 1.0 M NHj; or water. This two-step silylation treatment
successfully gave Al-IEZ-MWW that retains almost all the framework Al atoms
[44]. Thus, prepared AI-IEZ-MWW serves as a useful acid catalyst for large mole-
cules, e.g., the Friedel-Crafts acylation of anisole with acetic anhydride [42—44].

Very recently, we also found a different method for preparing the AI-IEZ-MWW
without leaching of the Al species [45]. The strategy is to conduct the silylation
under weakly acidic conditions; the interlayer silylation of AI-MWW(P) was per-
formed by using DEDMS under reflux conditions in aqueous solution of 1.0 M
ammonium salts such as NH,NO;, NH,Cl, and CH;COONH,, instead of 1.0 M
HNO;. Furthermore, the combination of the silylation under weakly acidic condi-
tions and the following acid treatment led to the formation of AI-IEZ-MWW with a
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Fig. 3.3 Formation scheme of interlayer-expanded zeolite (IEZ)
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high catalytic performance in the acylation of anisole compared to typical AI-MWW
and AI-IEZ-MWW directly prepared under normal acidic conditions.

3.2.4 MWW-Type Titanosilicate

Since the discovery of TS-1 [46], “titanosilicate” zeolite catalysts have been of sci-
entific and technological interest because of their ability to promote environmentally
friendly catalytic oxidation of a variety of organic compounds [47]. TS-1, titanium-
substituted silicalite-1, is one of the most efficient catalysts for the oxidation of a
variety of organic molecules with hydrogen peroxide [48-53]. However, the pore
opening of TS-1 limits its applications to small molecules, typically linear alkanes or
alkenes, or monosubstituted aromatic compounds such as phenol, anisole, and ani-
line. One of the strategies to overcome the disadvantage of TS-1 is the development
of large-pore titanosilicates to meet increasing demands for synthesizing fine chemi-
cals in an environmentally friendly way. For this purpose, Ti-Beta, Ti-MTW,
Ti-MOR, Ti-ITQ-7, Ti-MCM-68, and Ti-YNU-2, all with 12-membered-ring (12-
MR) pores, as well as Ti-containing mesoporous materials have been prepared, and
these efforts are summarized in recent review [54]. However, none of these catalysts
are efficient enough in terms of intrinsic activity and stability except for Ti-MCM-68
and Ti-YNU-2 that require a very complex structure-directing agent.

Ti-MWW has proved to be much more active than TS-1 and Ti-Beta in the epoxi-
dation of linear alkenes with H,0, [55-61], but it is still inferior to Ti-Beta in the
oxidation of bulky molecules owing to severe steric restrictions. Actually, many
efforts based on the unique structural properties of the MWW zeolite have been
made to improve the catalytic performance of Ti-MWW.

Corma et al. successfully prepared Ti-ITQ-2 by grafting titanocene on ITQ-2
material [62]. This material contains highly accessible and well-ordered titanium
sites. Ti-ITQ-2 can be used as an oxidation catalyst for the epoxidation of cyclohex-
ene with tert-butyl hydroperoxide (TBHP). Unfortunately, Ti-ITQ-2 only shows the
catalytic performance when organic hydroperoxide oxidants such as TBHP are used
as oxidant under extremely harsh conditions (i.e., the absence of water in the
system). This is probably due to the presence of a large number of hydrophilic
silanol groups that reside on the exterior surface (Fig. 3.4) [62].

3.2.5 Ti-YNU-1

Direct condensation of the as-synthesized lamellar precursor of Ti-MWW (denoted
by Ti-MWW(P)) by calcination results in the formation of the MWW structure hav-
ing a 10-MR interlayer pore (3D Ti-MWW). Interestingly, when Ti-MWW (P) was
calcined after refluxing in an aqueous solution of HNO;, the novel titanosilicate
structurally analogous to the MWW precursor (designated as Ti-YNU-1) was



3 Interlayer Expansion of the Layered Zeolites 83

OH OH OH OH OH OH OH OH OH OH

,@Q -
L

OH OH OH O O O OH OH OH OH

1. TiCp,Cl,
2. NEt,

0} OH OH On O 0o 0 Oon O

Calcination at 540 °C

J\) OH OH  ©CH Ol 0/\0 OH OH

g

O OH OH OH '\,? OH OH l{“?
QY QO

Fig. 3.4 Schematic grafting of titanocene on the ITQ-2 surface (Reproduced from Ref. [62] by
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obtained (Fig. 3.5) [63-66]. Ti-YNU-1 shows much higher oxidation ability,
epoxide selectivity, and stability than Ti-Beta in the oxidation of bulky cycloal-
kenes. TEM studies showed that Ti-YNU-1 has a large interlayer pore space corre-
sponding to the 12-MR zeolite [65]. Since no Si source to expand the interlayer
spacings has been added, it is assumed that silica “debris” formed by the decompo-
sition of a part of the MWW layer acted as the Si source. Although Ti-YNU-1
exhibits a high catalytic performance, its preparation requires elaborated technical
skill; a subtle difference in the conditions for acid treatment strongly affects the
structural properties and catalytic performances, and its formation depends greatly
on the Ti content of Ti-MWW (P). Recently, Moliner and Corma reported that the
titanosilicate form of the expanded MW W-related material was synthesized starting
from a pure silica precursor, ITQ-1, and that it showed a better activity than regular
Ti-MWW in the selective epoxidation reaction of cyclohexene using H,O, as oxi-
dant [67].

3.2.6 Ti-IEZ-MWW

In 2009, Wu et al. have successfully developed interlayer-expanded MWW titano-
silicate, designated as “Ti-IEZ-MWW,” by a direct silylation of Ti-MWW(P) with
diethoxydimethylsilane (Si(OEt),Me,, DEDMS) under mild acidic conditions using
0.1 M HNO;[68]. In acid solution, the hexamethyleneimine (HMI) as SDA mole-
cule was extracted from the interlayer space, making the silane molecules

Calcination

Si debris

<R <P <P Calcination

Ti-MWW (P)

Fig. 3.5 Possible scheme for the formation of Ti-YNU-1 and 3D Ti-MWW, as well as their
structures
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accessible to the silanol groups on the layer surface to induce silylation.
Ti-IEZ-MWW with a wide range of Si/Ti ratios (20-100) were prepared by chang-
ing the Ti content in Ti-MWW(P). Note that the structure of Ti-IEZ-MWW was
very similar to that of previously reported Ti-YNU-1 [64, 65]. However, the present
silylation method is independent of the Ti content of precursors and proves to be
more feasible and useful for the preparation of large-pore titanosilicates.

They also investigated the catalytic properties of Ti-IEZ-MWW in the epoxida-
tion of 1-hexene and cyclohexene with H,0,. 3D Ti-MWW and Ti-IEZ-MWW did
not show significant differences in the epoxidation of 1-hexene because the mole-
cules of linear 1-hexene are small enough to enter into both the interlayer and intra-
layer 10-MR channels of the 3D MWW structure. In contrast, there is a marked
difference in the performance for the epoxidation of cyclohexene between the two
catalysts; Ti-IEZ-MWW showed a much higher conversion than 3D Ti-MWW
(Fig. 3.6) [68]. This is because cyclohexene molecules with a larger kinetic diame-
ter hardly penetrate the distorted intralayer 10-MR channels.

It is an important characteristic of the MWW zeolite that structural interchange
between 3D crystalline structure and the layered precursors is reversible. Recently,
we found an effectiveness of reversible structural conversion (RSC) of the MWW
zeolite in preparing Ti-IEZ-MWW with a high catalytic performance [69]. In our
strategy, first, Ti-MWW(P) was treated in an aqueous solution of HNO; to remove
octahedrally coordinated Ti species in Ti-MWW(P). The whole formation process
of Ti-IEZ-MWW-RSC is depicted in Fig. 3.7. This acid treatment also led to the
partial removal of piperidine molecules, which served as pillaring species between
the MWW layers as well as the structure-directing agent for the MW W-type zeolite,
forming the 3D MWW structure. Next, to cause the structural change from the 3D
MWW structure to the original layered precursor, Ti-MWW(P)-AT was hydrother-
mally treated in an aqueous solution containing PI, forming a layered material

Fig. 3.6 Comparison of the 25F
catalytic activity between 3D
Ti-MWW and IEZ-Ti-MWW o
with different Si/Ti mole é 20
ratios in the epoxidation of >
cyclohexene. Reaction g
conditions: cat., 0.05 g; o 15
cyclohexene, 10 mmol; H,O,, g
10 mmol; MeCN, 10 mL; 5]
temp., 333 K; time, 2 h 5 10
(Reproduced from Ref. [68] "g
by permission of The Royal o
Society of Chemistry) 6\ 5
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Ref. [69], Copyright 2014, with permission from Elsevier)

(Ti-MWW(P)-RSC), which has virtually the same structure as Ti-MWW (P). Finally,
the interlayer silylation of Ti-MWW/(P)-RSC was performed using DEDMS under
acidic conditions (Ti-IEZ-MWW-RSC). Ti-IEZ-MWW-RSC contained unique
framework Ti species as confirmed by UV-vis. spectroscopy; unlike typical
Ti-MWW and Ti-IEZ-MWW, Ti-IEZ-MWW-RSC-cal contains the unique frame-
work Ti atoms (TifA) as evidenced by the band at 210 nm in addition to typical ones
(TifB) as evidenced by the band at 230 nm. The UV-vis. spectrum of Ti-IEZ-MWW
prepared by Wu et al. [68] did not show a significant band at 210 nm (TifA), being
consistent with our findings. TifA is completely linked with four T atoms, i.e.,
Ti(OSi)4, while TifB contains Ti-OH species, i.e., Ti(OSi)n(OH)4-n [70]. Ti-IEZ-
MWW-RSC-cal proved to be the best in term of the turnover number (TON) for
epoxidations of both cyclohexene and cyclooctene compared to Ti-IEZ-MWW
directly prepared from Ti-MWW/(P) as well as the conventional 3D Ti-MWW. We
speculate that the existence of “TifA” in the MWW framework would be a key to
the success in the preparation of Ti-IEZ-MWW catalyst with a unique catalytic
performance and that the RSC process is efficient for introducing the framework Ti
atoms that are linked with four T atoms, “TifA” (Fig. 3.8).
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3.2.7 Layered Zeolitic Organic-Inorganic Material
Based on the MWW-Type Structure

When 1,4-bis(triethoxysilyl)benzene (BTEB) is employed as the organic agent,
novel layered zeolitic organic—inorganic materials (MWW-BTEB) have been syn-
thesized by intercalation and stabilization of acrylic silsesquioxane molecules
between inorganic zeolitic MWW layers [71]. The preparation of MWW-BTEB
with layered precursors of the MWW zeolite and intercalated aryl-bridged silses-
quioxane molecules was performed after the swelling and intercalation of the lay-
ered precursors with cetyltrimethylammonium hydroxide solution (CTMA) and
BTEB, respectively. The organic linkers are covalently bonded to the surface of the
zeolitic layers by reaction of terminal alkoxide groups from disilanes with silanol
groups from the inorganic layers (Fig. 3.9). Note that in this case, two condensed
BTEB molecules were acted as pillars, and then the basal space was increased from
27 to 40.1 A compared to the typical 3D-MWW structure.

Furthermore, post-synthesis treatments of the zeolitic hybrids have allowed the
functionalization of the organic counterpart; amino groups can be introduced via
nitration of the aryl groups derived from BTEB, resulting in bifunctional acid-base
catalysts together with the acid sites generated by the presence of framework Al
atoms in the individual MWW layers. Thus, obtained amino groups containing
MWW-BTEB can be applied in the one-pot synthesis of benzylidene malononitrile
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Fig. 3.9 Artistic representation of (a) methodology employed to obtain pillared hybrid zeolitic
materials from MWW precursors and (b) layered hybrid material obtained by pillaring with BTEB
silsesquioxane molecules (MWW-BTEB) (Reprinted with the permission from Ref. [71].

Copyright 2010 American Chemical Society)

from malononitrile and benzaldehyde dimethylacetal; the process involves the
hydrolysis of the acetal catalyzed by the Brgnsted acid sites present in the inor-
ganic building blocks, followed by a Knoevenagel condensation reaction catalyzed
by the basic sites located in the organic fragments which form the mesoporous

gallery [71].
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3.3 Interlayer-Expanded FER- and CDO-Type Zeolites

3.3.1 Introduction of IEZ-FER and IEZ-CDO

As described above, in 2007, we first reported a novel methodology of preparing the
IEZ material (IEZ-1/-2) through the interlayer silylation of PLS-1 (CDO topology)
with DCDMS [19]. Ruan et al. elucidated the structure of the IEZ-FER material
obtained after the interlayer silylation of PREFER, which is a lamellar precursor of
ferrierite (FER), with DEDMS [72]. IEZ-FER preserves the pentasil layers corre-
sponding to that found in the well-known 3D FER zeolite, but it also shows a dis-
tinct expansion of the layer spacing (~5 A). The newly formed channel system is
distinct from that of the 3D FER structure, which has 8-membered ring (MR) and
10MR pores along the [010] and [001] directions, respectively; IEZ-FER exhibits
10MR and 12MR pores along the [010] and [001] directions, respectively, in the
interlayer space. The formation of the large pores could be achieved by the insertion
of monolayer of Si species between the layers.

Thus, the concept of the preparation of IEZ materials have been expanded to
other zeolites obtained from zeolitic hydrous layer silicates (HLSs). The IEZ mate-
rials derived from the HLSs with ferrierite (FER) layers by silylation reaction have
been called interlayer-expanded FER (IEZ-FER), or interlayer-expanded CDO
(IEZ-CDO), referring to the FER or CDO zeolite framework structure, which has
been obtained by topotactic condensation of FER layers from the HLSs with differ-
ent stacking modes; for example, PREFER and RUB-36 lead to IEZ-FER and IEZ-
CDO, respectively. The IEZ materials through the interlayer silylation of the zeolitic
HLSs with FER-layers including PLS-1, PLS-3, PLS-4, RUB-36, and PREFER are
described below.

3.3.2 COE-3/4

Inagaki et al. [19] and Wu et al. [21] reported on the preparation of the IEZ-CDO
materials that have been obtained through an interlayer pore expansion reaction of
PLS-1 [20] with dichlorodimethylsilane (DCDMS). In 2012, Gies et al. also reported
the IEZ-CDO materials through an interlayer pore expansion reaction of a RUB-36
precursor with DCDMS [73]. Thus, obtained products have been named COE-3/-4
as reference to the International Network of Centers of Excellence, INCOE coordi-
nated by BASF. The linker group (-O-Si(CHj;)2-O-) still has the two methyl groups
in the as-synthesized form (material name COE-3 [SiO33(CHj3),] for the silicate
framework) rendering hydrophobic properties. COE-3 is thermally stable and can
be calcined at 550 °C to yield a hydrophilic material COE-4 [Si,,O33(OH),]. The
COE-3/-4 materials have the expanded, two-dimensional 10-membered-ring (10-
MR) pore system (Fig. 3.10).
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Fig. 3.10 Structure of
IEZ-CDO (named “COE-3/-
4”), interlayer-expanded
zeolite obtained from
RUB-36 (Reprinted with the
permission from Ref. [73].
Copyright 2012 American
Chemical Society)

3.3.3 Al-COE-3/4

INCOE group succeeded in preparing a ferrierite-type layered aluminosilicate
(Al-RUB-36), and its IEZ materials denoted Al-COE-3 and AI-COE-4, which are
solid acid catalysts with unique shape-selective nature [74]. They found that
Pt-loaded Al-COE-4 exhibited a high catalytic performance in the decane hydro-
conversion compared to Pt/MgAPO-11 (AEL) and Pt/ZSM-22 (TON).

3.3.4 Ti-COE-3/-4

Furthermore, INCOE group has succeeded in preparing a ferrierite-type layered
titanosilicate (Ti-RUB-36) using dimethyldiethylammonium (DMDEA) hydroxide
as the organic structure-directing agent (OSDA) [75]. They also successfully pre-
pared its IEZ materials named “Ti-COE-3” and “Ti-COE-4” (Fig. 3.11). Ti-RUB-36
is a lamellar titanosilicate with a structure similar to that of lamellar PLS-1 [20].
The Si/Ti ratios of Ti-COE- 3 and Ti-COE-4 are 149 and 150, respectively. The
UV-vis. spectrum of Ti-RUB-36 showed one peak at 230 nm, indicating the pres-
ence of tetrahedrally coordinated framework Ti species, while both Ti-COE-3 and
Ti-COE-4 showed an additional broad band centered at 360 nm, which was ascribed
to TiO, species, but framework Ti species appearing at 230 nm were still
predominant.
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Fig. 3.11 Scheme of the transformation of Ti-RUB-36 into Ti-COE-3 and Ti-COE-4 (Reproduced
from Ref. [75] by permission of John Wiley & Sons Ltd)

Ti-COE-3 and Ti-COE-4 exhibited a higher catalytic performance in the
oxidation of cyclohexene with H,O, compared to TS-1 [75]. Notably, Ti-COE-3 and
Ti-COE-4 have the same structure but contain differently functionalized silicate
bridging units. Ti-COE-4 is much more active than Ti-COE-3. They considered that
the hydroxyl groups in Ti-COE-4 would support the adsorption of H,0, during the
reaction, resulting in a high catalytic performance in the cyclohexene conversion.
This phenomenon is in good agreement with the results published previously in that
hydrophilicity/hydrophobicity of titanosilicates strongly influences their catalytic
activities [76, 77].

Very recently, the density functional theory (DFT) has been employed to study
the framework stability and Brgnsted acidity of the zeolite T-COE-4, in which the
tetravalent Si is isomorphously substituted by a trivalent Fe, B, Ga, or Al heteroatom
at the linker position. The influences of substitution energy and equilibrium geom-
etry parameters on the stability of T-COE-4 have been investigated in detail [78].
There was no significant change in the interlayer distance of the Fe-, Al-, and
Ga-substituted zeolites; however, insertion of B atoms led to the collapse of the lay-
ers. The substitution energies at the linker position increased in the order
Al-COE-4 < Ga-COE-4 <Fe-COE-4 < B-COE-4. The relative Brgnsted acid strength
of the interlayer-expanded T-COE-4 zeolite decreases in the order of
Al-COE-4>Ga-COE-4>Fe-COE-4>B-COE-4. These findings may be helpful for
the structural design and functional modification of interlayer-expanded zeolites.

3.3.5 APZ-1-APZ-4

In 2010, Ikeda et al. reported that layered silicates PLS-1, PLS-3, PLS-4, and
PREFER, which consist of FER layer sheets, were successfully converted into new
open-framework microporous materials by pillaring the interlayers with SiO,(—
OH)2 fragments, designated as APZ-1, APZ-2, APZ-3, and APZ-4, respectively
[79]. They claimed that the fragments probably originated from the collapse of the
crystalline structure and interlayer silylation occurred with the migration of the
fragments (dissolution-condensation). Note that APLs can be prepared by the ther-
mal acid (HCI) treatment of layered silicates at 170 °C for 24 h. The simple prepara-
tion method without using alkoxysilane has great merit in comparison with that for
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the IEZ materials prepared via interlayer silylation using, e.g., DCDMS and
DCDMS. All APZs have 2D microporous structures with 10x10-MR and/or
12 x 10-MR pore openings, whose structures are constructed of a SiO,(—OH), bridge
(Q2-structure) between terminal oxygen atoms (Q3 sites) of neighboring silicate
layers. The stacking sequence of the ferrierite layer for each APZ is similar to that
of the layered silicates used.

The APZs obtained exhibited high gas adsorption properties and narrow pore
size distributions although the micropore structure is formed incompletely owing to
the lack of Q2 pillars [79]. Furthermore, it has been clarified that APZs have a high
hydrophilicity due to the existence of a large number of hydroxyl groups in micro-
pores and that APZs showed a high thermal stability up to 600 °C without losing
porosity [79].

3.3.6 Interlayer-Expanded PLS-4 Zeolite

Although APZ-n (n=1-4) materials have the interlayer micropore structures, they
cannot be always constructed completely because the Si species as a result of frame-
work dissolution under the acid treatment are probably not enough in amount for
creating the highly crystalline IEZ structure [79]. Thus, the introduction of additional
Si sources to modify the interlayer micropore structures would be an alternative.

In 2013, Wu and his co-workers reported that “PLS-4” lamellar precursors,
which is comprised of the FER layers and organic structure-directing agent of dieth-
yldimethylammonium cations, were interlayer expanded by silylation with DEDMS
(Me2Si(OEt)2) [80]. Thus, obtained interlayer-expanded material, named “PLS-4-
sil” (as-made form), has a larger porosity than directly calcined PLS-4 with the
CDO topology. The “PLS-4-sil” material can be calcined to change the pore open-
ness and hydrophilicity/hydrophobicity. With the increase of calcination tempera-
ture, the silylated materials tend to adsorb hydrophilic molecules as well as bulky
organic molecules.

3.4 Other Examples of Interlayer-Expanded Zeolites

RUB-39 was originally used as a case study to show that the condensation product
“RUB-41” with the RRO topology has unique sorption properties and that the intro-
duction of Al leads to a selective microporous acid catalyst [81]. INCOE group
reported that the hydrous layer silicate RUB-39 has been subjected to interlayer
expansion reaction using DCDMS at 180 °C, yielding new, crystalline microporous
frameworks, IEZ-RRO named “COE-1" (Fig. 3.12). [82]. After calcination at
500 °C, the organic groups in COE-1 were completely removed, yielding the sili-
ceous IEZ-RRO (COE-2).

The Nu-6(1) lamellar precursor with the NSI topology and its calcined
derivative Nu-6(2) have been reported by Whittam [83]. Very recently, the inter-
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Fig. 3.12 Structure of
IEZ-RRO (named “COE-1/-
27), interlayer-expanded
zeolite obtained from
RUB-39(Reprinted with the
permission from Ref. [82].
Copyright 2011 American
Chemical Society)

layer expansion of the NSI zeolite, “IEZ-Nu-6(1)" has been developed by the acid
treating the Nu-6(1) in ethanol without an additional silane source by Wu and his
co-workers [84]. The treatment of the as-made Nu-6(1) lamellar precursor with
the HCI (2 M)-EtOH solution at 200 °C for only 30 min led to the partially delami-
nated analogue, denoted as “ECNU-4.” It was then calcined at 550 °C for 6 h
yielding the “ECNU-4-Cal” zeolite. Prolonging the HCI-EtOH treatment for
24 h, the IEZ-Nu-6(1) was obtained (Fig. 3.13). A continuous interlayer structural
deconstruction and reconstruction would occur during the treatment, and the
removable silicon species were finally inserted between the layers, yielding
IEZ-Nu-6(1).

Wau and his co-workers also found that ECNU-4 can be swollen in the mixture of
tetrapropylammonium hydroxide (TPAOH) and cetyltrimethylammonium bromide
(CTAB) at room temperature under vigorous stirring. The swollen material named
“swollen ECNU-4" was further sonicated to yield a more deeply delaminated zeo-
lite, “Del-Nu-6" (Fig. 3.14) [84]. ECNU-4 and Del-Nu-6 differed in delamination
degree, structural disordering, and textural properties, especially surface area.

Rojas and Camblor have developed a new organosilicate layered material,
HPM-2 [85]. Upon calcination, HPM-2 transforms into the pure silica MTF zeolite
by topotactic condensation. The interlayer expansion reaction of HPM-2 with
DMDCD was apparently successful, but the obtained material is non-microporous
unlike typical IEZ materials. This is likely due to an unfavorable disposition of
silanols in close couples within each layer. But the silanol condensation between the
newly incorporated silicon species occurs across the main window producing
narrower (6 MR) rather than wider (10MR) windows (Fig. 3.15) [85]. However, this
structural change may contribute to the development of zeolitic materials with new
pore structure.

Very recently, a top-down strategy that involves the disassembly of a parent
layered zeolite, UTL, and its reassembly into two complex zeolites with targeted
topologies, IPC-2 and IPC-4, has been developed [86].
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Fig. 3.14 Structural diversity of Nu-6(1) zeolite in posttreatment, including calcination (a), short-
time treatment in HCI-EtOH solution (), swelling (c), and delamination (d) (Reproduced from
Ref. [84] by permission of The Royal Society of Chemistry)

3.5 Conclusions and Outlook

The synthesis of 3D microporous zeolite materials from layered zeolites opened the
potential possibility to insert different heteroatoms into the layered zeolites at the
linker positions. Different silylating agents as linker groups should lead to larger
pore openings. In 2014, Wu and his co-workers reported that dimeric silanes,
CIMe2Si-SiMe2Cl, were applied to serve as pillars between the MWW layers to
construct larger interlayer space compared to that by using dichlorodimethylsilane
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HPM-2 MTF
Fig. 3.15 HPM-2, a new organosilicate layered material synthesized by the fluoride route using
2-ethyl-1,3,4-trimethylimidazolium (Reprinted with the permission from Ref. [85]. Copyright
2014 American Chemical Society)

IEZ-MWW(sisi) IEZ-MWW.(SiSiI-caI?H

[}
HMI :Hydrcgen bond - CTAB
(D) cl,(CH,),Si or CI[CH,),Si-Si(CH,),Cl + HNO,
(@) CI(CH,),Si-Si(CH,),Cl + HNO,

Fig. 3.16 Illustration of post-syntheses of interlayer-expanded MWW zeolites through pre-
swelling-assisted silylation (Reprinted from Ref. [87], Copyright 2014, with permission from
Elsevier)

(DCDMS, SiMe,Cl,) (Fig. 3.16) [87]. Thus, creating larger interlayer space will
provide more open entrance for reactants and decrease the diffusion constrains in
catalytic reaction. Replacing the methyl group with other functional groups at the
linker position can add new functionalities accessible in the void space for chemi-
cal, catalytic reactions. Thus, the chemistry of interlayer-expanded zeolites will
demonstrate the development of microporous materials with new physicochemical
properties and functions.
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Chapter 4
Mesostructured Zeolites

Ryong Ryoo, Kanghee Cho, and Filipe Marques Mota

Abstract Mesoporous materials constructed with microporous zeolitic frameworks
(i.e., mesoporous zeolites) are of great interest owing to the very short diffusion
path lengths across thin zeolite layers and the presence of large external surfaces
containing strong Brgnsted acid sites. These characteristics of mesoporous zeolites
are highly advantageous for a wide range of applications, particularly in heteroge-
neous catalysis. The mesoporous materials show unprecedentedly high catalytic
performances (e.g., high catalytic conversion and catalytic longevity) as zeolites in
various petrochemical reactions and fine-chemical organic reactions and especially
in reactions involving bulky molecules. In this chapter, we describe the various
methods currently available for the synthesis of mesoporous zeolites.

Keywords Hierarchical zeolite * Mesoporous zeolite * Nanosheets ® Nanosponge *
Synthetic methods ¢ Demetallation ¢ Hard-templating ¢ Soft-templating
Heterogeneous catalysis

4.1 Hierarchically Porous Structure: Efficient System
for Facile Diffusion (or Transportation)

Conventionally, zeolites are synthesized in the form of micrometer-size particles.
Even in such small crystallites, billions of micropores (usually <1 nm) exist in every
dimension. Because the intracrystalline diffusion of guest molecules into the zeolite
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particle often results in severe limitations, the full application of a zeolite is rarely
achieved [1-3]. The slow diffusion inside a zeolite is responsible for diffusion
limitations in many catalytic applications, with reaction rates limited by the diffu-
sion rate. Some catalytic reactions involving molecules larger than the zeolite pore
apertures are furthermore restricted to the external surface of the solid. In some
cases, the diffusion of reactants and desired products is sufficiently fast, but the zeo-
lite catalyst produces by-products that are polymerized into bulky coke species [3—
5] that accumulate on the catalytic site and decrease the catalytic lifetime. In these
cases, downsizing the zeolite particle size is helpful for improving by-product diffu-
sion and enhancing the catalytic lifetime. To overcome this limitation, continuous
exploratory work has led to the synthesis of zeolites possessing large micropores
[6-17] and zeolites with nanoscale crystal size [18-21] and the generation of meso-
pores in zeolites [22—82]. Of these, the mesopore-generating synthesis approach has
been considered the most promising as a versatile and inexpensive strategy. The
nanometer-scale hierarchical pore network provides highly efficient diffusional
pathways between zeolitic micropores and mesopores in a confined space. Mehlhorn
et al. [83] reported the impact of the presence of mesopores in intracrystalline diffu-
sion using a pulsed field gradient NMR technique. In this context, many research
groups have proposed a wide number of synthesis methods for such mesoporous or
mesostructured zeolites. To optimize the design of hierarchical zeolites, a quantita-
tive correlation between pore topology (i.e., the amount, size, connectivity, and dis-
tribution of each porosity level) and the properties of the acid solid is imperative
[84]. Successful synthesis methods are introduced in the following sections.

4.2 Post-synthetic Chemical Treatment to Generate
Mesostructure in the Zeolite Crystals

With this method, the framework constituents (i.e., Al and Si) of a pre-synthesized
and calcined zeolite with a bulk crystal morphology are partially dissolved by acids
and bases. The dissolution condition is carefully controlled so that the dissolution
can excavate intracrystalline mesoporous channels or void spaces into the zeolite
crystal. The texture (e.g., mesopore volume and pore diameter) of the mesopores in
the resultant zeolite samples varies considerably according to the detailed parame-
ters, such as the chemical composition and structure of the pristine zeolite, solution
temperature, acid or base concentration, and contact time of zeolite in the solution.

Post-synthetic demetallation can be classified into dealumination and desilica-
tion, depending on the treatment condition. Particularly, introduction of mesoporos-
ity by dealumination has been industrialized as an economic post-synthesis
modification procedure. Aluminum dissolution in high-Al zeolites can result in the
generation of mesopores. The steam-thermal dealumination of Y zeolite has been
well documented in the fields of fluid catalytic cracking and hydrocracking [25-31].
The procedure consists of sequential high-temperature steaming and subsequent
acid leaching treatments. The resultant Y zeolite, referred to as an “ultrastable Y
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zeolite” (USY), displays high hydrothermal stability, strong acidity, and moderate
mesoporosity. The treatment causes the generation of mesoporous channels
(5-100 nm in pore diameter) in the zeolite crystal. As high intracrystalline mesopo-
rosity is attained, samples often exhibit inaccessible isolated cavities that render
part of the obtained mesoporosity ineffective for improving diffusion. This has been
revealed by 3D-computer tomography using transmission electron micrograph
(TEM) images and by N, adsorption and mercury porosimetry (Fig. 4.1). With the
dissolution of Al species, the number of Brgnsted acid sites significantly decreases.
The dealuminated zeolite often exhibits extra-framework octahedral Al that is inef-
fectively removed during the acid leaching treatment. The dealumination method
has been further applied to other types of zeolites including mazzite [32, 33], mor-
denite [34, 35], and ZSM-5 [36-38] under various hydrothermal treatment condi-
tions. Similar to the hydrothermal dealumination, zeolites can be dealuminated
using aqueous solutions containing ammonium hexafluorosilicate [39, 40] and SiCl,
[40—43]. In this case, extracted framework Al species may be further replaced by Si
atoms to obtain high-silica zeolites.

02 04 06 08 1
pip0

Fig. 4.1 3D-TEM images (a—c) and porosity assessment by N, adsorption isotherms (d) of steam-
dealuminated Y zeolite (USY) crystals (Reprinted with permission from Ref. [31]. Copyright
2002, American Chemical Society)
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In recent years, the generation of mesopores by alkaline-mediated leaching of
framework Si atoms has become a widely applied approach. Post-synthesis desilica-
tion has demonstrated noteworthy versatility in the treatment of a wide number of
zeolite frameworks, generating accessible mesopores and rendering sites in the crys-
tal interior active. Highly mesoporous hierarchical MFI zeolites prepared by post-
synthesis desilication have been obtained with an interconnected mesopore
distribution in the range of 30-100 nm. The interconnected architecture is advanta-
geous in reducing the limited access and diffusion within the microporosity of the
zeolite. Desilication is performed with an alkali metal hydroxide solution and is par-
ticularly effective for high-silica zeolites (usually Si/Al>20) [44-51]. Several reports
have focused on the concentration of the alkaline solution, temperature, and time of
the post-synthesis treatment or on the Si-to-Al molar ratio of the parent solid.

The degree of desilication depends on the content and distribution of Al in the
pristine zeolite crystals [45, 48, 49]. To better illustrate the impact of the Si/Al
ratio of the bulk zeolite, Pérez-Ramirez et al. treated a series of ZSM-5 zeolite
samples with an Al content in the range of Si/Al=20~ 100, using an aqueous solu-
tion containing 0.2 M NaOH [48]. As framework SiO," sites bonded to Al atoms
are resistant to the attack by bases, the concentration of NaOH failed to generate
mesopores for Si-to-Al ratios lower than 20. In contrast, for Si/Al> 50, almost the
entire portion of the zeolite was lost into the solution, whereas the framework
silica quickly dissolved in an uncontrollable manner (Fig. 4.2). The intermediate
between these two extreme cases, i.e., Si/Al=25~50, was thus considered the

Al prevents Si
extraction
Limited
mesopore
formation

SiAI < 15 NaOH

« Aluminium
« Silicon

Optimal Si/Al
range
Mesopores in the:
range 5-20 nm

SWAI ~ 25-50 NaOH |

Excessive Si
dissolution
Large meso- and'
macropores

Si/Al = 200 NaOH

Fig. 4.2 Schematic representation of the influence of Al content on the desilication treatment of
MEFI zeolites in alkali solution (Reprinted with permission from Ref. [48]. Copyright 2004,
American Chemical Society)
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optimum range for the generation of mesopores through desilication under the
selected conditions.

In addition, Al spatial distribution within a zeolite particle is a critical factor.
When large ZSM-5 crystals with a single crystal platelike morphology are treated in
a basic solution, the desilication treatment often results in the selective dissolution
of the internal core of each zeolite particle. This selectivity is the result of the com-
paratively higher solubility of the silica-rich core compared to the Al-rich outer
region. As the crystal size decreases, the Al distribution becomes progressively
more homogeneous, and the dissolution accordingly can occur more homoge-
neously throughout the entire crystal. Based on this principle, Groen et al. prepared
MEFI zeolites possessing uniform mesoporosity, using submicron zeolite crystals
instead of large bulk zeolite crystals [49]. Later, Chal et al. added ammonium sur-
factants such as cetyltrimethylammonium bromide (CTAB) in the desilication of
the ZSM-5 [52]. The addition of CTAB was very effective in generating mesopores
with a uniform diameter. CTAB is presumed to stabilize the zeolite frameworks by
the surfaces of surfactant micelles that can form along the desilicated mesoporous
channels. That is, the formation of surfactant micelles inside a freshly generated
mesopore is believed to protect the surrounding zeolite frameworks from further
desilication, which may otherwise occur in an uncontrollable manner.

Both post-synthetic demetallation treatments can be applied in sequential steps
for the generation of mesopores, as de Jong et al. demonstrated in treating a zeolite
Y [53]. The mesopore size distribution of the resultant zeolite was bimodal, with
two peaks centered at 3 and 27 nm (Fig. 4.3). The smaller mesopores were interpreted
to result from desilication while the larger mesopores were generated by
dealumination. Thus, the zeolite product exhibited two kinds of mesopores with
different pore diameters, in addition to the intrinsic zeolitic micropores. According
to de Jong et al., this zeolite would be suitable as a catalyst for hydrocracking of
bulky molecules (e.g., with a heavy oil component).

Desilication and dealumination are top-down approaches, by principle deforming
part of the initial zeolite crystals during post-synthesis treatments. Both methods
intrinsically change the framework composition of the zeolite, reduce the thermal
and hydrothermal stabilities of the zeolites, and lose a significant amount of Brgnsted
acid sites. In addition, it is difficult to control the mesopore volume and diameters.
An amorphous mesoporous silica phase can be generated from the dissolved silicate
species, making it difficult to separate from the zeolite phase. Nevertheless, the
dealumination and/or desilication method is currently most widely adopted for
industrial applications because of its suitability for low-cost mass production [53].

4.3 Hard-Templating Strategy

Tailoring the shape size and connectivity of a mesoporous structure within a high-
crystalline zeolite can be achieved by the addition of a hard template in the zeolite
synthesis composition [54-80]. Originally, the principle behind the hard-templating
approach relied on a confined zeolite crystallization within the pores or voids of a
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Fig. 4.3 Electron microscopy and electron tomography study of parent HY-30, base-leached
HY-A (0.05m NaOH) and HY-B (0.10m NaOH) samples. The TEM micrographs show that base
leaching of the parent HY-30 (a) leads to generation of more-porous structures as can be seen from
HY-A (b) and HY-B (c), yet without revealing the true nature of the mesopore network. The
numerical cross-sections through 3D reconstructions of the particles provided by electron tomog-
raphy clearly depict the presence of both small (ca. 3 nm) and large (ca. 30 nm) mesopores, as well
as their interconnectivity and shape: (d) 0.56 nm thick slice of HY-30; (e) 0.82 nm thick slice of
HY-A; (f) 0.56 nm thick slice of HY-B sample (Reproduced from Ref. [53] by permission of John
Wiley & Sons Ltd)
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Fig. 4.4 Schematic representation of solid-templating synthesis strategy (Reprinted with permission
from Ref. [54]. Copyright 2000, American Chemical Society)

nano-template. Depending on the selected synthesis conditions and rates of
nucleation and crystal growth, hard-templating has further proved to generate meso-
porous zeolite single crystals. The resulting mesostructure can be tailored through
careful selection of hard templates with a suitable texture. Template incorporation
within a zeolite and the zeolite crystallization within a nano-template are, however,
thermodynamically unfavorable processes. Accordingly, crystallization typically
occurs via a dry-gel synthesis route, inducing pseudomorphic crystallization of zeo-
lites in a confined space. A high affinity between the hard templates and the zeolite
framework and the appropriate synthesis conditions are required to prevent the iso-
lation of the silicate gel with consequent formation of a non-mesoporous zeolite.

Most representative hard templates are nano-sized solids composed of carbona-
ceous species. Nanoporous materials, such as mesoporous or macroporous carbons
and nonporous nanobeads or nanofibers, are generally employed. These mesopore-
generating agents are able to retain their nanostructures during zeolite synthesis and
be removed afterward via thermal decomposition (Fig. 4.4). Jacobsen et al. synthe-
sized single crystal MFI zeolites using carbon nanoparticles as a hard template [54].
The sample exhibited an intracrystalline mesopore volume exceeding 1.0 cm?® g™!
and a uniform pore size comparable to the particle sizes of the carbon templates
(Fig. 4.5). Similarly, Tao et al. [61] used a carbon aerogel monolith, obtained
through the pyrolysis of resorcinol-formaldehyde resin [62—-66, 77], to generate a
uniform mesoporous MFI zeolite. The authors confirmed that mesoporous textural
properties could be tuned according to the particle size of the carbon aerogel. The
use of uniform carbon nano-templates additionally proved successful in the synthe-
sis of various hierarchical zeolites (MEL [67], MTW [68], and BEA [69]) and alu-
minophosphate zeotypes (CHA and AFI [70]).

Zeolites containing ordered mesoporosity generated in the presence of ordered
mesoporous carbons have been extensively reported in the literature. Tsapatsis et al.
used a three-dimensionally ordered mesoporous (3DOM) carbon synthesized by rep-
lication of colloidal crystals composed of size-tunable silica nanoparticles (Fig. 4.6)
[76]. The zeolite exhibited low-angle XRD peaks, suggesting the presence of an
ordered mesoporous system. In agreement with the size of the particles, the framework
thickness could be adjusted within a range of 10-40 nm. Holland et al. previously
reported confined growth within the voids created by assembled polystyrene spheres
[78]. The resulting zeolite contained macropores with a pore diameter (250 nm) deter-
mined by the bead size (Fig. 4.7). In recent years, CMK-n-type mesoporous carbons
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Fig. 4.5 (a) TEM images of single-crystalline mesoporous zeolites synthesized using carbon
nanoparticles as a hard template (Reprinted with permission from Ref. [54]. Copyright 2000,
American Chemical Society). (b) TEM images of single-crystalline mesoporous zeolites synthe-
sized using carbon nanotubes as a hard template (Reprinted with permission from Ref. [56].
Copyright 2001, American Chemical Society)

20 nm

50 nm
I

Fig. 4.6 SEM images (a—c) of empty 3DOM carbon replicas formed from colloidal silica with the
size of ca. 10 nm (a), 20 nm (b), and 40 nm (c). TEM images (d—f) of 3DOM-imprinted silicalite-1
crystals. TEM (d) shows isolated crystalline domains (arrow) dispersed throughout the 3DOM
carbon template, and TEM images (e, f) show representative particulate domains after the 3DOM
carbon template was removed (Reprinted by permission from Macmillan Publishers Ltd: Ref. [76],
Copyright 2008)
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Fig. 4.7 SEM image (a) and N, adsorption—desorption isotherms (b) of mesoporous MFI zeolite
synthesized using polystyrene beads as a solid template (Reprinted with permission from Ref.
[78]. Copyright 1999, American Chemical Society)

(with a sufficiently wide pore diameter >10 nm) were equally demonstrated to generate
ordered mesoporous zeolites. In the synthesis of ordered mesoporous MFI zeolites,
Sakthivel et al. [71] and Yang et al. [72] employed ordered CMK-1 and CMK-3 meso-
porous carbons, respectively [73—75]. Notwithstanding the presence of uniform meso-
pores with large pore volumes (0.8-0.9 cm® g™'), zeolites exhibited low-intensity
low-angle XRD peaks. Cho et al. recently followed a similar approach in the synthesis
of silicate zeolite (MFI topology) (Fig. 4.8) [79]. Surprisingly, they successfully
achieved a higher mesoporosity degree upon control of the humidity conditions during
the synthesis procedure. Faithful replication of the carbon template into the zeolite was
further claimed to equally depend on the humidity of the synthetic gel.

4.4 Soft-Templating Strategy: Mesopore Generation
via Supramolecular Self-Assembly

4.4.1 Discovery of Ordered Mesoporous Molecular
Sieves Using a Soft-Templating Strategy

Soft-templating strategies imply the use of nanometer-sized supramolecular
micelles assembled by surfactant molecules and capable of inducing the formation
of a mesostructure. Ideally, the surfactant molecules are assembled to form meso-
structured surfactant micelles while the head groups can generate zeolite frame-
works. If the soft-templating occurs effectively, surfactant templates have the
advantage of a facile molecular tuning of their functional groups and chain lengths
and of geometrical packing parameters of the selected surfactant molecule [2, 81,
82, 85-88]. The latter can be further controlled by the addition of auxiliary organic
additives such as swelling agents, e.g., trimethylbenzene, cosurfactants, and inorganic
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Fig. 4.8 SEM images of mesoporous carbon materials synthesized using SBA-15 silica as a hard
template under 85 % (a) and 100 % (b) humid condition and TEM images (c and d) of the carbon
materials synthesized under the condition of 100 % humidity (Reprinted from Ref. [79], Copyright
2011, with permission from Elsevier)

salts [89, 90]. Yanagisawa et al. originally reported the soft-templating approach for
the synthesis of alkyltrimethylammonium—kanemite silica complexes and their con-
version to mesoporous FSM-16 materials [91, 92]. In 1992, Kresge et al. reported a
generalized synthesis approach to generate ordered mesoporous molecular sieves
(OMMS:s), later referred to as the M41S family [93]. By using surfactants as a
mesopore-generating agent, the authors proposed a liquid-crystal-templating mech-
anism to explain the formation of the OMMSs. The mechanism was later extended
to a broader concept suggesting a surfactant—silicate cooperative assembly into a
composite micelle, presumably involving Coulomb interactions, hydrogen bonding,
and van der Waals interactions [87-97].

The presumption of promising crystalline zeolitic mesopore walls generated in
the presence of ammonium-type surfactants was incorrect, however, as the obtained
mesoporous materials would instead display amorphous silicate frameworks. In
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addition to a considerably weaker Brgnsted acidity, the resulting amorphous meso-
porous aluminosilicates exhibited low thermal and hydrothermal framework stabil-
ity. The M41S family could extend the concept of molecular sieves to a wider
2-50 nm regime, offering high surface areas and a narrow, uniform distribution of
pores in the mesopore region. Further exploratory work led to the synthesis of
OMMSs such as MCM-41, MCM-48 [93], and SBA-15 [94].

OMMSs have been extensively applied in acid catalysis and as a support for
transition metal catalysts and organometallic complexes, adsorbent for bulky mol-
ecules, drug delivery vehicle, and hard template for mesoporous carbon [98—102].
One particular motivation for the development of new OMMSs was the challenge to
create uniform mesopores for the catalytic conversion of bulky molecules inacces-
sible in microporous architectures. Notwithstanding the remarkable features of the
OMMS mesostructure, the application of these materials would be confirmed to be
ineffective in catalytic systems requiring a strong acid functionality.

4.4.2 Combination of Single-Molecular and Supramolecular
Templating Strategies

Following the successful synthesis of OMMSs, ammonium surfactants were tenta-
tively added to a zeolite synthesis composition, based on the assumption that the
supramolecular micelles and the conventional zeolite SDA could cooperatively gen-
erate zeolite structures within mesopore walls (Fig. 4.9). Among the reported works,

SiO, Al,O;sources
+
Moleculartemplates
(e.g.,amines, NaOH)
+
Supramolecular
templates
(e.g.,CTAB)

Fig. 4.9 Schematic representation of dual-templating synthesis approach by single-molecular and
supramolecular templating methods, which eventually induces a separate formation of amorphous
mesoporous materials and bulk zeolite crystals (Reprinted from Ref. [80], Copyright 2012, with
permission from Elsevier)
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Fig. 4.10 SEM image showing a physical mixture of MFI zeolite crystal and amorphous mesopo-
rous silica material resultant, following a dual-templating synthesis (Reprinted from Ref. [103],
Copyright 1998, with permission from Elsevier)

CTAB was commonly preferred as the supramolecular template. Karlsson et al.
described a representative example in which they added the ammonium surfactant
to a gel composition containing tetrapropylammonium for the synthesis of MFI
zeolite [103]. Surprisingly, however, the two SDAs did not act cooperatively but
rather in a competitive mechanism. Prior to zeolite crystallization, an OMMS phase
was generated, but its dissolution would eventually occur under highly basic condi-
tions, as in the described synthesis conditions. Further tuning of the hydrothermal
time and temperature resulted in each case in a solely amorphous mesoporous mate-
rial, a solely crystalline microporous zeolite, or their physical mixture (Fig. 4.10).
To date, the synthesis of crystalline zeolitic mesopore walls following this approach
has remained unsuccessful.

4.4.3 Assembly of Small Zeolite Crystallites
with the Surfactant Micelles

To obtain an ideal mesostructured aluminosilicate material with crystalline walls,
Liu et al. proposed the growth of zeolite “seeds” (proto-zeolitic entities) within an
organized mesoporous matrix [104—107]. The strategy was intended to hinder phase
separation between surfactant micelles and the zeolite crystals, as reported in the
previous section. Following cautious control of the synthesis conditions (e.g., pH
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and temperature), formerly aged small zeolite crystallites were reported to be
assembled around the mesostructured micelles of cationic surfactants. Synthesized
samples exhibited well-defined low-angle XRD patterns in good agreement with
those of the OMMS structure. Under the required milder conditions, the synthesis
of highly crystalline zeolite frameworks was nonetheless unsuccessful.
Representative high-angle XRD patterns confirmed the absence of atomic order
characteristics of a crystalline zeolite framework. The resulting zeolites were thus
described as “pseudo-zeolites” or “proto-zeolites” according to their framework
nature. The acidity and hydrothermal stability were significantly improved com-
pared to the MCM-41-type mesoporous aluminosilicate. The pseudo-mesoporous
zeolites were successfully applied as catalysts in various catalytic reactions requir-
ing weak Brgnsted acidity or Lewis acidity, e.g., Friedel-Crafts alkylations [108].
Regardless, the evidenced acidity was inadequate for many catalytic applications
requiring strong acid functionality [109].

At the expense of the mesoporous quality, enhanced crystallinity was achieved
when the assembly of the zeolite crystallites into the mesostructured material was
performed under steam-assisted crystallization (i.e., dry-gel synthesis) [110]. Even
the modified synthesis strategy could not, however, effectively prevent the forma-
tion of a physical mixture of bulk zeolite and an OMMS phase. Several mesostruc-
tured/zeolitic composite materials, including ZSM-5/MCM-41 [111], ZSM-5/
MCM-48 [112], Beta/MCM-41 [113, 114], and Beta/MCM-48 [115], have been
synthesized. Improved catalytic activities were witnessed compared to the respec-
tive binary physical mixtures of zeolites and amorphous aluminosilicates [116].

4.4.4 Use of Ammonium Surfactant as a Capping Agent
of Nanocrystalline Zeolites

Despite strong electrostatic interaction with silicate frameworks, CTAB has been
the subject of continuous reports substantiating its effectiveness in generating a
mesoporous structure within the highly crystalline domains of a zeolite. Recently,
however, one exceptional case was the synthesis of LTA zeolite nanocrystals at low
crystallization and growth rate at room temperature in the presence of surfactant
micelles [117]. After the removal of CTAB, the sample showed large intercrystal-
line mesopores attributed to the voids between the aggregated zeolite nanocrystal-
lites. The surfactant was concluded not to act as an effective mesopore-generating
agent but rather as a capping agent, hindering crystal growth by covering the exter-
nal surfaces of zeolite nanoparticles. Potential competition between CTA* ions and
other cationic species, e.g., Na™ and zeolite-structure-directing ammonium ions,
was considered to impact the effectiveness of zeolite capping. Recently, Jo et al.
reported that multivalent surfactants containing two or more ammonium head
groups could be used as effective capping agents in the synthesis of nanocrystalline
zeolites with various micropore structures (e.g., MOR, FAU, CHA, and MFI) [118].
Owing to a stronger electrostatic interaction, the multivalent surfactants were
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presumed to take on a more effective role as capping agents, hindering the zeolite
nanocrystal surfaces from further growth. Accordingly, much higher external sur-
faces were attained, compared to their conventional counterparts.

4.4.5 Use of Organosilane Molecules as Mesopore-Generating
Agents

Regardless of continuous exploratory work, phase-separation phenomena between
amorphous silica and bulk zeolite have made it extremely challenging for years to
synthesize crystalline zeolites exhibiting a uniform mesoporous architecture. In
2006, Choi et al. reported a direct-synthesis route to generating mesoporous hierar-
chical zeolites using tunable amphiphilic organosilanes acting simultaneously as a
silica source and a supramolecular mesopore-generating agent [119, 120]. These
rationally designed surfactant molecules contain a hydrophobic long-chain alkyl-
ammonium moiety and a hydrolysable methoxysilyl group, linked together through
a chemically stable Si—C bond (Fig. 4.11). [3-(trimethoxysilyl)propyl]hexadecyldi-
methylammonium chloride ([(CH;0);SiC;H¢-N*(CH;),C6H33]Cl7, “TPHAC” in
short) and their structural analogues were reported as typical examples in the syn-
thesis procedure [121]. The underlying idea is that the hydrolysable methoxysilyl
moiety can strongly interact with growing crystal domains through the formation of
covalent bonds with other SiO, and Al,O; sources. TPHAC surfactants are able to
be well incorporated within the zeolite product. The TPHAC surfactant was added
to the synthesis composition of ordinary crystalline aluminosilicates, which con-
tained molecular templates for zeolites (e.g., tetrapropylammonium) and sodium
silicate (or TEOS) as the silica source (Fig. 4.12).

RS
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Fig. 4.11 Molecular structure of typical organosilane surfactant (Reprinted by permission from
Macmillan Publishers Ltd: Ref. [120], Copyright 2006)
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Fig. 4.12 Schematic representation of crystallization process of mesoporous zeolite using
organosilane surfactant as a mesopore structure-directing agent (Reprinted from Ref. [80],
Copyright 2012, with permission from Elsevier)

The resulting zeolites possessed high mesopore volume, uniform mesopore
diameter distribution, and high BET-specific surface area. In addition, the mesopore
diameters could be controlled according to the tail length of the organosilane surfac-
tant or by tuning the hydrothermal temperature (Fig. 4.13) [119]. The mesoporous
architecture was assessed by the generation of Pt nanowires within the structure of
the hierarchical zeolite [122—124]. Representative TEM images revealed cylindrical
Pt nanowires interconnected in a wormhole-like manner. The nanowires exhibited
cylindrical uniform mesopores in the 34 nm range, in agreement with porosity
assessment through N, isotherm analysis, similar to the KIT-1 mesoporous silica
[122]. The presence of intracrystalline mesopores was further confirmed in high-
resolution scanning electron microscope (SEM) images of ion-beam cross-sectioned
crystals (Fig. 4.14) [125].

The organosilane-directed synthesis route was extended to a wide range of hier-
archical zeolite and zeotype materials. Successful reports include the synthesis of
mesoporous LTA [119, 124], SOD [126], and BEA [127] zeolite architectures and
the synthesis of mesoporous aluminophosphates constructed with crystalline micro-
porous AFI and AEL topologies [128]. Recent reports claimed the synthesis of X
zeolite (FAU topology) with high Al content (Si/Al< 1.5), exhibiting a pore system
in a micro—-meso—macro hierarchical interconnection [129]. Notwithstanding its
simplicity, the method had limited success at times, depending on the selected
synthesis conditions and zeolite architecture. High organosilane content would, for
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Fig. 4.13 N, adsorption isotherms (a) and their corresponding pore size distributions (b) of MFI
zeolite crystals with tunable mesoporosity. According to the tail length of organosilane surfactant
and/or the hydrothermal temperature, the average mesopore diameter can be uniformly controlled
(Reprinted by permission from Macmillan Publishers Ltd: Ref. [119], Copyright 2006)

instance, generate the presence of impurity phases such as zeolite P (GIS topology)
and amorphous aluminosilicates [124, 125]. Kim et al. recently reported that the
presence of bulk zeolite seeds in the synthesis conditions enabled a reduction in the
required hydrothermal time, extending the application of the strategy [130].
Representative TEM images revealed the complete absence of the bulk zeolite addi-
tives, confirming its dissolution into tiny fragments. The synthesis was successfully
achieved for mesoporous CHA, FAU, and MOR architecture-type zeolites.

The use of organosilane molecules as a mesopore-directing agent has been suc-
cessfully used to improve the efficiency and selectivity of hierarchical zeolites in
various catalytic reactions. Mesoporous zeolites possessing strong Brgnsted acidity
displayed superior catalytic performances in acid-catalyzed reactions involving
diffusion-limited steps for bulky molecules, compared to conventional and desili-
cated hierarchical zeolites [119, 131, 132]. The cost of catalyst regeneration or
replacement, particularly in fixed-bed industrially relevant processes, often compro-
mises the practicality of zeolites as heterogeneous catalysts. Remarkably improved
resistance to deactivation in a wide range of acid-catalyzed reactions was demon-
strated to be a noteworthy feature of the hierarchical materials [112]. Facile diffu-
sion of coke precursors out of the zeolitic structure is believed to be notably
enhanced by the presence of mesopores. Whereas solely microporous zeolites could
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500 nm

Fig. 4.14 Cross-sectional SEM image of mesoporous LTA zeolite, displaying intercrystalline
mesopores inside the zeolite crystals as well as on the external surface. The top images were taken
from the external surfaces, whereas the others were taken after cross-sectioning by Ar—ion beam
(Reprinted from Ref. [125], Copyright 2010, with permission from Elsevier)

not be functionalized due to the lack of free silanol groups inside micropores, the
hierarchical zeolites were suitable to be functionalized at the mesopore surface by
using a high density of silanol groups [126, 133]. Organic-functionalized hierarchi-
cal zeolites exhibited further hydrothermal stability and reusability in catalytic
applications, as compared with organic-functionalized mesoporous silica samples.
The former were considered to increase the number of opportunities in the design of
catalyst, sensor, adsorbent, and ion-exchange materials. Similarly, other synthesis
routes were developed using nonionic organosilane [134], silylated polymer [135],
and cationic polymers [136] as a mesopore SDA.
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4.5 Generation of Mesostructured Zeolites by the Zeolite-
Structure-Directing Surfactants

4.5.1 Synthesis of MFI Nanosheets Using Diquaternary
Ammonium Surfactant

Despite numerous attempts to find appropriate surfactant molecules, the synthesis
of uniform mesoporous materials with highly crystalline zeolitic walls remained a
dream for years in the zeolite science field. In principle, hierarchical zeolites exhib-
iting a hierarchical pore structure of micropores and mesopores would be presumed
to be synthesized in the presence of a zeolite SDA with a hydrophobic alkyl tail.
Notwithstanding the ability to generate the mesoporous structure, ammonium-type
surfactants were consistently ineffective in generating zeolitic mesopore walls, dis-
playing instead amorphous silicate frameworks. Despite the success of the
organosilane-directed synthesis route applied to a wide range of hierarchical zeo-
lite and zeotype materials, the surfactant exhibited no zeolite-structure-directing
role. Furthermore, none of these approaches could generate “ultrathin” zeolites
with thicknesses below the typical values between 5 and 100 nm. Nanowires (one-
dimensional) and nanosheets (two-dimensional), expected when confining the
crystal thickness to, respectively, two and one spatial dimension, remained a
remarkable challenge.

In 2009, Ryoo et al. introduced an effective strategy for synthesizing extremely
thin nanosheets of MFI-type zeolite using multiammonium surfactants [137, 138].
Particularly, diquaternary ammonium surfactants such as Cy,H,;s—N*(CH;),—C¢H;»,—
N*(CHj3),—CgH,3 (designated hereafter as C,, ¢ ) contain a long alkyl tail (e.g., —
CyHys) and two quaternary ammonium groups, connected by a —C¢H;,— spacer. The
ammonium head parts directed the MFI zeolite framework, whereas self-assembled
long hydrophobic chains directed the crystal morphology into a lamellar mesostruc-
ture. The hydrophobic alkyl tails were confirmed to block the excessive growth of
the zeolite crystallites beyond the ammonium region, limiting the zeolite crystalli-
zation to the head part of the surfactants. No other conventional MFI zeolite SDA
was required, confirming that a zeolitic microporous architecture can be simply
synthesized using the porogenic activity of a functional group of the template mol-
ecule. The resultant zeolite took the form of nanosheets with a single-unit-cell
thickness. Straight 10-MR channels along the b-crystallographic axis intersected
the 10-MR zigzag channel system extended into the a and c directions. The 2.5-nm-
thick framework was terminated in the b direction resulting in 10-MR openings on
the surface. The thickness of the MFI zeolite nanosheets could be systematically
controlled by changing the number of zeolite-structure-directing units in the head
groups of the surfactants (Fig. 4.15) [139]. Ultrathin nanosheets (~1.5 nm), with
only % of the b lattice parameter, were even synthesized by using a Gemini-type
tri-ammonium surfactant with the formula of C,3H;;-N*(CHj;),-CsH ,N*(CHjs).cgp12-
~n'(CH;)»-CeHy; [140].
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Fig. 4.15 High-resolution TEM images for as-synthesized products obtained with surfactants
containing 2 (a), 3 (b), 4 (¢), and 1 (d) ammonium group. The value in white circles indicates the
number of pentasil sheets in a nanosheet (Reprinted with the permission from Ref. [139]. Copyright
2011, American Chemical Society)

The MFI zeolite nanosheets could be synthesized under a wide range of synthesis
conditions and using any ordinary silica sources, such as sodium silicate, TEOS,
silica gel, and fumed silica. Depending on the synthesis conditions, the MFI zeolite
nanosheets could be synthesized as either a fully disordered assembly or through
regular stacking into an ordered multilamellar mesostructure (Figs. 4.16 and 4.17).
A uniform interlamellar distance was witnessed between alternating multilamellar
MFI nanosheet layers (Fig. 4.17b). Small-angle XRD peaks up to the fourth-order
reflections were in agreement with the corresponding interlayer distance because
of the interlamellar structural coherence [130]. The interlamellar spacing could be
tuned according to the surfactant tail lengths [134]. Partial condensation of the
multilamellar structure was observed upon surfactant removal during calcination.
Much of the intersheet space was however retained as disordered mesopores after
calcination, owing to partially intergrown mesostructures presumed to act as “self-
pillars.” There were slight deviations in the crystal orientation in the a—c plane
preventing complete topotactic condensation between nanosheets. The calcined
product exhibited quite a high BET surface area (520 m? g=!) and large pore volume
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Fig. 4.16 Schematic representation of crystallization of MFI nanosheets. Proposed structure
model for the single MFI nanosheet (a), where the surfactants are aligned along the straight chan-
nel of MFI framework and di-quaternary ammonium head groups are embedded inside the zeolite
framework. Depending on the synthesis condition, the MFI nanosheet can be regularly assembled
into multilamellar mesostructure (b) or randomly stacked into unilamellar (c¢) (Reprinted by per-
mission from Macmillan Publishers Ltd: Ref. [137], Copyright 2009)

(0.5 cm? g!), compared to conventional MFI (400 m? g7!, 0.3 cm?® g™!). It is also
remarkable that the ordered multilamellar structure could be maintained by gener-
ating silica pillars between zeolite layers (Fig. 4.18) [141]. Unilamellar MFI
nanosheets similarly revealed very narrow a—c planes. These nanosheets supported
each other in a random pile, exhibiting no mesostructure orders (Fig. 4.17c, d). The
intersheet mesopores were not uniform in diameter but were well retained even
after the complete removal of the surfactant by calcination. The calcined sample
equally possessed a high BET surface area (700 m? g7!) and large pore volume
(1.2 cm® g'). Comparable textural characterization was observed with random
zeolite nanosheets assembly, generated through exfoliation of layered zeolite pre-
cursors [142-145].

Careful selection of the crystallization conditions, particularly the hydrothermal
time, proved decisive for the synthesis of unilamellar or multilamellar hierarchical
MFI zeolite. Exploratory work revealed that under Na*-free conditions, unilamellar
MFT nanosheets could be slowly generated (11 d) at 140 °C [146]. Surprisingly,
however, the unilamellar product maintained for 15 d was afterward converted into
a multilamellar mesophase. The phenomenon was tentatively attributed to crystal
ripening in the a—c plane and subsequent reorganization of randomly oriented MFI
nanosheets into regular stacking. The unilamellar MFI nanosheets could still be col-
lected before the conversion to multilamellar. The synthesis was successful within a
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Fig.4.17 SEM (a, ¢) and TEM (b, d) images of multilamellar (a, b) and unilamellar (¢, d) MFI zeolite
nanosheets (Reprinted by permission from Macmillan Publishers Ltd: Ref. [137], Copyright 2009)

100 nm

Fig. 4.18 High-resolution SEM (a) and TEM (b) images of the multilamellar MFI zeolite
nanosheets, pillared with silica and subsequently calcined to remove the surfactants (Reprinted
with the permission from Ref. [141]. Copyright 2010, American Chemical Society)
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relatively short synthesis time (5 d at 140 °C) under Na*-rich conditions using a
sodium silicate water glass. The presence of Na* and high pH was however
considered to allow for a quick transformation of the initial unilamellar into multila-
mellar zeolite.

4.5.2 Large Amount of Strong Bronsted Acid Sites
at the External Surfaces of MFI Nanosheets

Brgnsted acid sites in zeolites are developed when Si** is isomorphically replaced by
aluminum species (Al*), and the resulting negative charge is balanced by a proton
attached to an oxygen atom. In this case, both Al-O and Si—O bonds become virtually
equivalent following a global rearrangement in the structure. Aluminum distribution
and the Si—O—Al bond angle in the zeolite framework remarkably impact the strength
of a Brgnsted acid site [146]. The MFI zeolite exhibiting strong Brgnsted acidity has
been widely used as a heterogeneous acid catalyst in numerous catalytic applications
[2, 3, 147, 148]. Brgnsted acidity of a MFI zeolite nanosheet with a thickness of
2.5 nm was successfully characterized using 3P MAS NMR with adsorbed trimeth-
ylphosphine oxide (TMPO) and tributylphosphine oxide (TBPO) [149]. Phosphine
oxides are well known to be strongly adsorbed on Brgnsted acid sites. TMPO has
been reportedly used as a probe molecule to detect total Brgnsted acid sites in both the
internal micropore walls and external surface of an acid solid [150-153]. According
to the 3'P NMR spectroscopic method, the phosphorus probe has partially negatively
charged oxygen atoms that strongly interact with the bridging hydroxyl groups on the
zeolite surface, thereby inducing the 3'P resonance to shift downfield [153]. The 3'P
NMR chemical shift increases according to acid site binding affinity. TBPO (0.82 nm)
is too large to penetrate into the intrinsic MFI microporous architecture (0.53x0.56
and 0.51x0.55 nm) and thus is limited to acid sites located on the external surface of
the crystal. The acid strength and concentration of acid sites were assessed by chemi-
cal shifts and peak areas of the adsorbed molecules appearing in NMR spectra
(Fig. 4.19). The *'P NMR investigation identified Brgnsted acid sites with three dif-
ferent strengths on external surfaces; four types were identified inside the micropo-
rous architecture. According to the 3'P NMR spectroscopic method, 32 % were
located on the external surfaces among the total Brgnsted acid sites. This result is
quite impressive considering that in typical MFI crystal sizes, almost all Brgnsted
acid sites are located inside the microporous architecture of the zeolite rather than in
the external surface. Full utilization of a catalyst is in this case scarcely achieved in
bulk MFI zeolites. Among the external acid sites, 5.8 % of the total Al content was
evaluated as strong acid sites. The MFI nanosheets were considered to be a valuable
addition for catalytic reactions requiring strong acidity and involving bulk molecules.
Nonetheless, the acid strength of the external Brgnsted acid sites was apparently
weaker than the internal acid sites because the former were less strained from perfect
tetrahedral geometry.
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Fig. 4.19 *'P MAS NMR spectra of (a) TMPO and (b) TBPO adsorbed on the MFI zeolite sam-
ples with various framework thicknesses and amorphous silica MCM-41. The dotted curves indi-
cate results of spectral analyses by Gaussian deconvolution. All spectra are plotted on the absolute
intensity scale after collecting with the same number of acquisitions and being reduced to the same
sample mass (Reprinted with the permission from Ref. [149]. Copyright 2013, American Chemical
Society)

4.5.3 Synthesis of MFI Nanosponges in the Presence of MFI
Zeolite Seeds

Notwithstanding the remarkable features of the surfactant-directed MFI nanosheets,
a long hydrothermal reaction time is required for synthesis, especially for materials
with high Al content. Broader mesopore size distribution and eventual partial
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collapse of the achieved mesoporosity by an Ostwald-ripening process can be
expected to occur. Additionally, the multiammonium surfactant can decompose by
Hoffman elimination under strong basic synthesis conditions. In this context, the
synthesis of hierarchical MFI zeolite was recently performed by adding small
amounts of bulk MFI zeolite seeds [154]. Seeding was confirmed to remarkably
reduce the zeolite crystallization time, similarly to seed-assisted synthesis of con-
ventional MFI zeolites. As a result, the mesoporous zeolites could be rapidly gener-
ated even at high Al content. More important, the crystal seeding gave rise to the
formation of an unexpected morphology of the hierarchical zeolite (Fig. 4.20).
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Fig. 4.20 Structure characterization data for a representative calcined zeolite nanosponge with Si/
Al=20 synthesized using diquaternary ammonium surfactant and bulk MFI seeds at 150 °C for 2.5
d. (a) XRD pattern, (b) TEM image, (¢) Ar adsorption—desorption isotherm, and (d) pore size
distribution. In (¢) and (d), the zeolite nanosponge (black circle) is compared with the sample
synthesized without seeding (white circle) and with the bulk MFI zeolite (dotted line) (Reproduced
from Ref. [154] with permission from the Royal Society of Chemistry)
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Individual nanosheets, revealing a narrow mesopore diameter distribution centered
at4 nm, were arranged in a nanosponge-like morphology. The self-supporting struc-
ture was witnessed even after the removal of the surfactant by calcination.

4.5.4 Generalizing a Zeolite Synthesis Method Using SDA
Surfactant to Other Hierarchically Nanoporous Zeolites

Following the synthesis of hierarchical zeolites using multiammonium surfactants,
Ryoo et al. generalized the approach to other zeolite architectures. A group of
Gemini-type multiammonium surfactants (Fig. 4.21) was prepared to serve as struc-
ture-directing agents for the synthesis of mesostructured materials displaying crys-
talline zeolitic walls [155-157]. When a tri-quaternary ammonium surfactant with
the formula of CgH3-N*(CH3),-CsH5-N*(CH;3),-CoH >-N*(CH3),—C sHs7 (Cis66-
13, Fig. 4.22a) was applied, hexagonally ordered MMS nanocrystals with an MFI-
like microporous framework within the mesopore walls were generated (Fig. 4.22d).
Representative SEM images revealed needle-shaped nanocrystals that were uniform
in size and morphology. The zeolite-structure-directing role of the Gemini-type
Cis.6-6-15 surfactant was elucidated by using 2D heteronuclear correlation (HETCOR)
NMR, which resolves the molecular proximities of the surfactant heads to a solid
framework (Fig. 4.23). The strong interaction between the ammonium groups and
the aluminosilicate frameworks evidenced the microporogenic role of the ammo-
nium region and their inclusion within the micropores. Structural coherence along
the microscopic and mesoscopic arrangements was evidenced by powder XRD
analysis. Because the mesopore walls were composed of only a single layer of zeo-
litic micropores, less than a single-unit-cell dimension of a bulk zeolite, structural
information was insufficient for the precise determination of the microporous
framework topology.
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Fig. 4.21 Family of Gemini-type surfactant that can act as dual-porogenic structure-directing
agent for mesoporous molecular sieves built with crystalline microporous zeolitic framework
(From [155]. Reprinted with permission from AAAS)
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Fig. 4.22 Molecular structure of Cig ¢ ¢ 5 surfactant (a), SEM (b), TEM (¢, d), and XRD pattern
of hexagonally ordered crystalline mesoporous molecular sieve after surfactant removal (e) (From
[155]. Reprinted with permission from AAAS)

The introduction of phenyl rings into the zeolite porogenic head of the surfactant
was reported to generate a nanocrystalline zeolite with beta-type architecture
(Fig. 4.21c—e) [155]. The beta nanocrystals were interconnected to form a
nanosponge-like disordered mesoporous network with a uniform zeolite framework
thickness. The disordered mesostructure exhibited in each case a narrow distribu-
tion of mesopore diameter. A notable feature of the dual-porogenic surfactant-driven
synthesis route regarded the thickness of the crystalline microporous walls, uni-
formly tailored by the length of the microporogenic part of the surfactant. Wall
thicknesses could be increased from 2.9 to 3.9 and 5.1 nm as the number of ammo-
nium groups successively increased from 4 to 6 and 8, respectively. Such refined
control driven by molecular design is so far unprecedented. The disordered network
assembled by the zeolite framework had mesopores with a quite narrow distribution
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Fig. 4.23 Solid-state ’Si{ 1H} 2D HETCOR NMR spectrum of the hexagonally ordered crystal-
line mesoporous molecular sieve in the as-synthesized form containing C g 4 4.;5 surfactant (From
[155]. Reprinted with permission from AAAS)

of the pore diameter. In addition, the mesopore diameters could be tailored over a
wide range of 3.8-21 nm by the addition of 1,3,5-trimethylbenzene (1,3,5-TMB) to
the synthesis gel composition. Mesopore expansion by 1,3,5-TMB was later claimed
to occur through reversible recrystallization of the zeolite frameworks in the pres-
ence of sufficiently high Na* content [158]. Mesopore expansion is described as
occurring even after complete crystallization of the zeolite framework, whereas the
phenomenon could be reversed following TMB removal by solvent extraction
(Fig. 4.24). The thickness of the mesopore walls did not change during the consecu-
tive pore expansion and shrinking processes.

Further exploratory work led to the synthesis of hierarchical MTW and MRE-
like zeolites in the presence of surfactants with different head groups, including the
presence of phenyl rings (Fig. 4.25) [159]. The framework thickness was tuned
according to the number of ammonium groups in the surfactant, as previously
reported with beta zeolite. As before, mesopore diameters could be conveniently
increased by simple addition of 1,3,5-TMB [158].

The versatile synthesis strategy using multiammonium (or multiamine)-type sur-
factants as a zeolite SDA also proved to be efficient in the synthesis of hierarchical
crystalline aluminophosphates [160]. Similarly, individual ammonium (or amine)
head groups could direct the formation of microporous crystalline AEL.



128 R. Ryoo et al.

E 15{°

ko]

2 ™B T™B

E 10+ "

3 addition removal

o

8 5 -

(=]

w

(1]

€ o

0 L L L L
'8 2 4 6 8 10 12
= Reaction time (d)

Fig. 4.24 (a) Mode mesopore diameters of solid precipitates, collected from the reaction mixture
at various elapsed times during hydrothermal reaction at 413 K. High-resolution TEM images of
nanosponge beta zeolites collected at (b) 3 d and (c¢) 7 d (Reprinted from Ref. [158], Copyright
2014, with permission from Elsevier)

4.5.5 Enhanced Properties of Surfactant-Directed
Mesoporous Zeolites

Notwithstanding the remarkable features of the microporous structure, the narrow
pores and dimensionality of the zeolitic porosity often induce severe diffusion limi-
tations. The hierarchical zeolite, possessing a system of mesopores in addition to
their intrinsic architecture, provides short diffusion path lengths inside the crystal
framework and a high concentration of acid sites located on the resulting external
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Fig. 4.25 Powder XRD patterns of (a) nano-BEA, (b) nano-MTW zeolite, and (c¢) nano-MRE
zeolite. TEM images of (d) nano-BEA, (e) nano-MTW zeolites, and (f) nano-MRE zeolite. For
comparison, XRD patterns of their bulk counterparts are also provided (Reprinted with the permis-
sion from Ref. [159]. Copyright 2013, American Chemical Society)

surface. Enhanced catalytic performances of surfactant-directed hierarchical
zeolites have been assessed in a wide range of catalytic applications.

Within the tridimensional medium pore channel system of the MFI zeolite, the
mechanism of deactivation by coke formation is widely accepted in the catalytic
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conversion of methanol-to-hydrocarbons. The rate of coke formation highly depends
on zeolite topology, acid site density, and acid strength. MFI-based catalysts are
deactivated during the catalytic reaction as the micropores are continuously filled
with coke precursors, indirectly blocking diffusion into other micropores. In 2009,
following the first reports of the synthesis of MFI nanosheets, Choi et al. described
a fivefold higher catalytic lifetime observed with the hierarchical zeolite compared
to its bulk counterpart (Fig. 4.26) [137]. The 2.5-nm thickness MFI framework
facilitated the diffusion along the b direction. The authors proposed that because of
the short diffusion of coke precursors across the nanosheets, slow deposition
occurred exclusively at the external surface [161]. Likewise, MTW and MRE-type
hierarchical zeolites exhibited higher catalytic longevity than conventional bulk
counterparts in liquid-phase cumene reaction [159]. Slow catalytic deactivation was
ascribed to the high number of strong Brgnsted acid sites at the external surfaces
permitting facile diffusion of reactant and product molecules. An extended catalytic
lifetime has been further witnessed in catalytic reactions such as the Beckmann
rearrangement (Fig. 4.27) [162], Friedel-Crafts alkylation [159, 163], and the oxi-
dation of benzene with nitrous oxide [164]. High accessibility was also confirmed
to generate higher catalytic activities, when Cu ion-exchanged ZSM-5 nanosheets
were used in N,O decomposition [165]. The chemical properties of the active Cu
sites were also different. Higher reducibility of Cu* species (as evidenced by H,-
TPR data) on Cu-ZSM-5 nanosheets was inferred to lead to a higher activity. More
facile desorption of oxygen from Cu-ZSM-5 nanosheets was further observed.
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Fig.4.26 Coke deposition in MFI zeolite nanosheet (a) and bulk MFI zeolite (b) during methanol-
to-hydrocarbon conversion (Reprinted by permission from Macmillan Publishers Ltd: Ref. [137],
Copyright 2009)
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Fig. 4.27 Catalytic activity (a) and e-caprolactam selectivity (b) as a function of the time on-stream
during the gas-phase Beckmann rearrangement of cyclohexanone oxime into e-caprolactam over
MFI silica catalysts (Reprinted with the permission from Ref. [162]. Copyright 2011, American
Chemical Society)

Improved catalytic stability and selectivity were also demonstrated in the selective
formation of propylene from methanol. High-silica MFI nanosheets favored a
higher molecular diffusion compared to the bulk counterpart, presumed to dramati-
cally hinder secondary reactions like aromatization and hydrogen transfer [166].

Pt-loaded MFI zeolite nanosheets of different thicknesses were observed to dis-
play catalytic activity in n-heptane and n-decane hydroconversion [167-169].
Because of a short diffusion path length, catalytic performances revealed a higher
isomerization yield compared to the bulk counterpart, as branched products were
presumed to escape before cracking (Fig. 4.28). Molecular shape selectivity was
equally observed with the hierarchical MFI zeolite. The n-decane test developed by
Martens et al. [170, 171] has proved to be efficient for gaining information regard-
ing the observed molecular shape selectivity with MFI nanosheets. Diffusion-based
discrimination of reaction products in the MFI nanosheets was limited because of
its remarkable ultrathin thickness [168]. The presence of molecular shape selectiv-
ity could still be clearly evidenced because of the framework termination in the b
direction with 10-MR pore mouths.

The dimensionality and narrowness of the conventional porous system of zeolites
often severely limits the surface accessibility and diffusion of bulky species. As het-
erogeneous acid catalysts, hierarchical zeolites have attracted increasing attention
given the high concentration of external acid sites in the structure of the solids. The
MFI nanosheets exhibited rapid catalytic conversion in acid-catalyzed reactions
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Fig. 4.28 (a) n-heptane conversion by Pt(IE)/MFI catalysts plotted as a function of reaction tem-
perature (reaction conditions: WHSV =6.8 h™!, H,/n-heptane molar ratio=10, and atmospheric
hydrogen pressure). (b) heptane isomer yield vs. total n-heptane conversion as a function of
increasing reaction temperature. Arrows indicate the considered maximum isomerization yield
(Reprinted from Ref. [167], Copyright 2013, with permission from Elsevier)

involving bulky molecular species (e.g., cracking of branched polyethylene, conden-
sation of 2-hydroxyacetophenone with benzaldehyde, protection of benzaldehyde
with pentaerythritol, cracking of decalin, and bio-oil) [137, 149, 172-174].
Furthermore, some of these reactions required strong Brgnsted acidity at the external
surface, which is a remarkable feature of the MFI nanosheets. With decalin cracking,
a linear correlation was successfully established between the number of external
strong Brgnsted acid sites and observed catalytic activity [148]. Significant varia-
tions in TOF values were later observed over ZSM-5 nanocrystals and nanosheets in
a gas-phase aromatic (chlorobenzene and nitrobenzene) chlorination reaction using
TCCA, requiring mild and strong Brgnsted acidity, respectively [175].

Valuable insights into the nature of external catalytic sites were equally provided
in the cases of ultrathin MFI silica nanosheets during the gas-phase Beckmann rear-
rangement of cyclohexanone oxime to e-caprolactam (a precursor of Nylon-6)
(Fig. 4.27) [162]. The reaction requires mild acidity of silanol groups in purely sili-
cate frameworks. Nonetheless, whereas amorphous silicas exhibit poor selectivity
values, pure MFI silica solids treated in ammonium solutions are known to be the
most suitable catalyst in the gas-phase reaction. The ammonia treatment generates
nest silanols by local desilication from the framework, resulting in high activity and
product selectivity [176, 177]. On the MFI nanosheets, the high catalytic activity
and selectivity were tentatively attributed to a zeolite confinement effect, termed the
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“nest effect,” at the external pore openings (pore mouths) of the surface of the hier-
archical zeolite (010 planes) [162, 178]. Under selected conditions, the solid dis-
played a tenfold catalytic longevity compared to the commercial catalyst, providing
yet another example of the extended catalytic lifetime following the surfactant-
directed synthesis approach.

Surfactant-directed hierarchical zeolites possessing large external surfaces repre-
sent a valuable addition as a supporting material for metal nanoparticles in a wide
number of catalytic reactions, e.g., the gas-phase Fischer—Tropsch reaction. The
MEFI zeolite nanosponges exhibited remarkable dispersion of cobalt nanoparticles
compared to the conventional bulk counterparts, resulting in higher catalytic con-
version of CO to hydrocarbons [179]. Cobalt metal species display weak interaction
with silanol groups in zeolite frameworks, tending to aggregate. The nanoparticles
exhibited a diameter range between 4 and 7 nm, remarkably lower compared to
those observed in conventional bulk MFI with small external surfaces (10 ~50 nm)
(Fig. 4.29). More interestingly, the diameters of the cobalt nanoparticles are quite
similar to the diameter of the mesopores of the MFI zeolite nanosponge, suggesting
a confining effect for the generation of the cobalt nanoparticles.

Transition metals exhibiting redox properties were reported to be incorporated
into the MFT ultrathin framework, using C,4_s_¢(OH), surfactant as a mesopore SDA
[180]. Titanosilicate MFI nanosheets were suitable for the epoxidation of bulky
cyclic olefins (e.g., cyclohexene and cyclooctene), displaying enhanced catalytic
activity compared to TS-1. External Ti sites exhibited lower catalytic activity for the
epoxidation of terminal alkenes, such as 1-hexene [180]. Higher catalytic activity
was later obtained with a highly crystalline lamellar titanosilicate in the epoxidation
of various bulky alkenes (e.g., 1-hexene, cyclohexene, cyclooctene, and cyclodode-
cene) in the presence of tert-butyl hydroperoxide, cumene hydroperoxide, or aque-
ous H,0, [181]. High-crystalline MFI-type stannosilicates (Sn—MFI) with nanosheet
morphology and isolated framework Sn sites were also synthesized by another
group [182]. The Sn source, Si/Sn ratio, crystallization time, and temperature were
confirmed to affect framework Sn incorporation and nanosheet morphology.
Compared to the bulk Sn—MFI counterpart, the 2.5-nm-thick nanosheets displayed
high activity in the Baeyer—Villiger oxidation of bulky cyclic ketones using hydro-
gen peroxide (H,0,).

Aside from their successful application as heterogeneous catalysts, surfactant-
directed mesoporous materials are expected to be of potential interest in future
exploratory work on the advanced application of adsorption, separation, and sensor
technologies. Positively charged MFI nanosheets containing the template prior to
calcination have also been identified as suitable as anion exchangers (Fig. 4.30)
[183]. The successful synthesis of silicalite-1 zeosil with a lamellar morphology
was presumed to pave a new way for obtaining zeosil materials of controlled size
and shape for molecular decontamination [184]. MFI nanosheets coated on porous
a-alumina were further reported to be suitable as a selective membrane displaying
high performance in xylene isomer separation, with a p-xylene/o-xylene separation
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Fig. 4.29 TEM images of (a, b) Co/nanosponge MFI, (¢, d) Co/bulk MFI, and (e, f) Co/y-Al,O4
catalysts. Size distribution of cobalt nanoparticles supported on nanosponge MFI, bulk MFI, and
v-Al,O; were derived from TEM images (Reprinted with the permission from Ref. [179]. Copyright
2014, American Chemical Society)
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Fig. 4.30 Proposed structure models of positively charged MFI nanosheets prepared by (a) C;s6.
and (b) C,, ¢ for the application of anion exchanger (Reproduced from Ref. [183] by permission
of the Royal Society of Chemistry)

factor of 40-70 [185]. The nanosheets are in addition expected to be used as a
membrane themselves, without any further treatments. The surfactant-directed
mesoporous zeolites are equally suitable to be functionalized at the mesopore
surface by using a high density of silanol groups, as previously reported for hierar-
chical zeolites synthesized in the presence of organosilane molecules.
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4.6 Generation of Hierarchical Pore Structure in Zeolite
by Random-Graft Copolymers

Following the synthesis of surfactant-directed hierarchical zeolites, Ryoo et al.
reported a new type of dual micro- and mesoporous SDAs in which the multiam-
monium groups were functionalized to a linear polystyrene chain at a random
interval [186]. Similar to previous works involving dual-porogenic surfactants,
the multiammonium group was designed to direct the zeolite architecture. The
strategy proved to be successful in the synthesis of a variety of zeolite architec-
tures (e.g., MFI and BEA) and their analogues (e.g., aluminophosphate with
structure type ATO).

Concerning the synthesis of hierarchical zeolites, e.g., ZSM-5, representative
SEM images revealed thin MFI nanocrystals connected into a nanosponge-like
three-dimensional network morphology (Fig. 4.31). Uniform nanocrystals, tailored
to a thickness of 4.5 nm along the crystal b-axis, were further illustrated by high-
resolution TEM analysis. The thickness of the crystals could be systematically tai-
lored according to the size of multiammonium groups. The as-synthesized sample
exhibited no micro- or mesoporosity, suggesting that the micropores in the zeolite
domain were occupied by the SDA groups. The mesopores were likely occupied by
a polystyrene backbone that was inaccessible in the zeolitic micropores. The
nanosponge-type mesostructure could be retained after removal of polymer by cal-
cination, with high mesopore volume and a large surface area being observed.
Mesopores were, however, considered to be not as highly ordered as in mesoporous
MCM-41 materials. The present strategy could generate a very narrow distribution
of mesopore diameters, which were easily tailored according to the functionaliza-
tion degree of multiammonium groups in the polymer [186].

To explain the formation of zeolite mesostructure, a polymer-fringed micellar
crystallization mechanism was proposed (Fig. 4.32). Tight binding of the polymer
side groups with inorganic species was believed to lead to an increase in inorganic
concentration along the polymer chain. Hence, polymerization of inorganic spe-
cies was promoted to form a mesostructured polymer—inorganic composite gel.
Upon subsequent solvothermal treatment, the inorganic was transformed to a crys-
talline framework as tight bonding to the polymer was maintained. Following the
crystal growth, steric hindrance imposed by the rigidly bound polymer-like cap-
ping agent was claimed to restrict the crystal thickness to a micelle-like region of
only a few nanometers. Further crystal growth leading to Oswald ripening is there-
fore suppressed.

The synthesis of hierarchical materials capped by multiammonium-functionalized
polymers was further reported to be successful for the synthesis of TiO, nanosheets
of sub-nanometer thickness and mesoporous TiO,, SnO,, and ZrO,. The simple and
potentially mass-producible synthesis was concluded to be a valuable addition in
gaining accessibility to unexplored mesostructured materials.
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Fig. 4.31 MFI zeolite nanosponge synthesized using polymer-fringed crystallization mechanism.
(a) Molecular structure of polymer used in the MFI zeolite synthesis. (b) and (¢) SEM and TEM
images of MFI zeolite nanosponge (as synthesized). (d) and (e) TEM image and XRD pattern of
MFI zeolite after removal of polymer by calcination; (f) argon sorption isotherm of the calcined
MEFI zeolite at 87 K, in comparison with bulk MFI. (g) Pore size distribution derived from the
adsorption isotherm, using nonlocal density-functional-theory method (Reproduced from Ref.
[186] by permission of John Wiley & Sons Ltd)

4.7 Conclusion

The sole presence of the microporous architecture in zeolites often induces a severe
intracrystalline diffusion limitation. Full utilization of a zeolite is, in this case, rarely
achieved. Over the years, exploratory work has led to the synthesis of hierarchical
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(Reproduced from Ref. [186] by permission of John Wiley & Sons Ltd)

zeolites using top-down or bottom-up approaches. In this chapter, we have given an
overview of various methods for synthesizing zeolites possessing a system of meso-
pores in addition to their intrinsic microporous architecture. Recent advances in
strategies for enhancing zeolite accessibility and effectiveness for applications in
adsorption, separation, and catalysis were carefully examined.

Of the top-down methods, post-synthetic demetallation is among the most com-
monly reported. This simple approach can effectively generate mesopores in zeo-
lites, with practical applications at a mass-production scale. The treatment
conditions, however, require further optimization for individual zeolites of particu-
lar structure types and, furthermore, of different Si-to-Al molar ratios. Furthermore,
depending on the selected conditions, framework defect sites are often generated,
leading to decreased crystallinity, changes in acidic properties, and poor hydrother-
mal or thermal stability when compared to the bulk counterpart.

Compared with demetallation, hard-templating approaches have the advantage
of controlling the mesoporous texture and preserving zeolite crystallinity. Although
a variety of solids have been used, the most general and versatile approaches apply
different types of porous carbons. In addition to the use of expensive materials as
hard templates, the synthesis conditions should be optimized to ensure that a con-
fined zeolite crystallization occurs exclusively inside the pores of porous templates
or the interstitial space between template particles.

Synthetic methods using zeolite-structure-directing surfactants are a valuable
addition, suitable for the synthesis of a wide range of zeolitic architecture (e.g.,
MFI, BEA, MTW, and MRE). Various surfactants can be designed to control the
zeolite framework types, framework thickness (typically, 1.5 ~6 nm), and mesopore
diameters (typically, 3 ~ 15 nm) between frameworks in an active manner. The zeo-
lite framework type is determined by a rational choice of the zeolite-structure-
directing functional group. The thickness of the zeolite framework (i.e., mesopore
wall) can be tailored by the number of the structure-directing modules in the func-
tion group. The mesopore diameter can be tuned further by the surfactant tails and
by the addition of a pore-expanding agent. The surfactant-directed zeolites typically
exhibit the morphologies of nanosheets or nanosponges. The mesopores are disor-
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dered but often have quite a narrow pore size distribution comparable to ordered
mesoporous silicas. The resulting hierarchical zeolites (and zeotypes) have a high
specific volume of mesopores and very high BET surface area. Another attractive
approach is to use amorphous linear polymers as a two-level hierarchical structure-
directing agent. In this method, the polymers are functionalized with zeolite-
structure-directing groups as in the zeolite-structure-directing surfactants. The
polymers can generate mesoporous zeolite nanosponges with controlled pore diam-
eters and pore wall thickness.

Compared to their conventional bulk counterpart, hierarchical zeolites synthe-
sized using the aforementioned methods show rapid molecular diffusion. In addi-
tion, the mesostructured zeolites have much larger external surfaces where the large
molecules can be adsorbed. Such properties have significant merits and point to a
high future potential of the mesostructured zeolites as heterogeneous catalysts and
high-valued supporting materials for metal nanocatalysts.
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Chapter 5
Structure Determination of Zeolites
by Electron Crystallography

Tom Willhammar and Xiaodong Zou

Abstract Electron crystallography has shown to be an important method for struc-
tural characterization of zeolites. Electron crystallography is a method which com-
prises several important advantages over other characterization methods. With the
electron as a probe, single-crystal diffraction data can be obtained from crystals
million times smaller than what is possible with X-ray methods today. This is an
important advantage especially for zeolites since they are often obtained as very
small crystals. Electrons also enable the formation of images of a specimen with the
atomic resolution. This is of essential importance when studying materials that are
very complex or contain disorder. Over the years electron crystallography has been
used for structure determination of zeolites. Through methodological advances dur-
ing the last few years, it has evolved into an even more powerful method with cru-
cial importance for structure determination. This chapter gives an introduction to
electron crystallography and various electron crystallographic methods and their
combinations with other methods used for structure determination of zeolite materi-
als. Different routes for structure determination are described through examples
from recently reported structure determinations.
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5.1 Introduction

Knowledge about the structures of zeolites is essential for understanding their prop-
erties, for developing new applications, and for designing new materials. Structure
determination of zeolites is challenging because zeolites are often polycrystalline,
their structures are often complex with large unit cells, and the materials are some-
times disordered. The most common techniques used for structure determination of
porous materials are single-crystal X-ray diffraction (SXRD), powder X-ray dif-
fraction (PXRD), and transmission electron microscopy (TEM).

The standard technique for structure determination is single-crystal X-ray dif-
fraction. The complete three-dimensional (3D) reciprocal lattice of a crystal can be
collected from a crystal using either an in-house diffractometer or a synchrotron
light source. The SXRD intensities are often kinematical and can be used to solve
unknown structures of a large variety of complexity by a number of different meth-
ods. The structure solution is often straightforward and can be done in a few hours.
The major limitation of structure determination by SXRD is the crystal size, which
needs to be at least a few micrometers even using a brightest synchrotron light
source. Another limitation is that it is difficult to determine structures of disordered
crystals by SXRD. Only a limited number of zeolite materials were solved from
SXRD, since it is relatively difficult to obtain large enough single crystals of zeo-
lites. During the past 5 years, 11 new zeolite framework structures have been solved
by single-crystal X-ray diffraction. These are aluminogermanates (PKU-9 (PUN))
[1], silicogermanates (SU-15 (SOF), SU-32 (STW)) [2], gallogermanates (CJ63
(JST), JU-64 (JSR)) [3, 4], aluminophosphates (CJ40 (JRY), CJ62 (JSW), CJ69
(JSN)) [3, 5-7], the beryllosilicate LSJ-10 (JOZ) [8], and the high-silica zeolite
SSZ-57 (*SFN) with a disordered modulated structure [9].

For crystals too small for SXRD, powder X-ray diffraction has been an obvious
choice. PXRD data is collected from millions of randomly oriented crystals in order
to obtain strong enough diffraction intensities. The collection of PXRD data is very
simple on in-house or synchrotron sources. The drawback of PXRD data is the peak
overlap. Since intensities from crystals with different orientations are measured
simultaneously, the 3D information of the reciprocal lattice is lost and projected
onto one dimension. This results in overlap of reflections with similar d-spacings in
PXRD patterns. This will lead to the fact that the intensity of some reflections can-
not be determined unambiguously, which makes the structure determination by
PXRD much more difficult than that by SXRD. Reflection intensities are extracted
from PXRD data after a Le Bail fitting, which can give approximate single-crystal-
like data for structure solution. Different methods have been developed to deal with
the overlapping problem and to solve unknown structures by PXRD data [10-12].
During the past 5 years, PXRD has been the most important technique for structure
determination of zeolites. More than 20 new zeolite structures have been solved
from PXRD data. These are the ITQ-series (ITQ-32, ITQ-33 (ITT), ITQ-34 (ITR),
ITQ-44 (IRR), ITQ-49) [13-17], SSZ-series (SSZ-52 (SFW), SSZ-56 (SFS), SSZ-
65 (SSF), SSZ-77 (SVV), and SSZ-82 (SEW)) [18-22], IM-series (IM-16 (UOS)
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and IM-20 (UWY)) [23, 24], LZ-135 (LTF) [25], STA-15 (SAF) [26], MCM-70
(MVY) [27, 28], Linde type J (LTJ) [29], COK-14 (OKO) [30], ZnAIPO-57 (AFV)
[31], ZnAIPO-59 (AVL) [31], ERS-18/SSZ-45 (EEI) [32], and the oxonitridophos-
phate-2 (NPT). Recently we demonstrated that zeolites and open-framework struc-
tures could be solved from PXRD data using a direct-space structure solution
algorithm based on the building units identified by, for example, infrared spectros-
copy [33].

Although structure solution by powder diffraction has been more and more pow-
erful with new methods emerging, structures of many porous materials can still not
be solved by PXRD alone. Among these are complex structures with large unit cells
that cause severe reflection overlapping and crystals containing defects such as
intergrowth and stacking disorders. For such materials, electron crystallography is
the best alternative. Electron crystallography is an important tool for structure deter-
mination of materials where the crystals are too small to be studied by SXRD or the
structures are too complex to be studied by PXRD. One important advantage of
using electrons instead of X-rays is that electrons interact with matter much stron-
ger than X-rays do and can be used for studying nano-sized crystals. This means
that X-ray powder samples behave like single crystals under the electron beam.
Another unique advantage is that high-resolution transmission electron microscopy
(HRTEM) images can be obtained, which provide detailed information about atomic
arrangements in a crystal. In addition, possible disorders can be directly seen by
HRTEM. Electron crystallography has become more and more important for struc-
ture determination of unknown zeolites. Since 2006, 16 novel zeolite structures
have been solved by electron crystallography alone or in combination with other
techniques. These are TNU-9 (TUN) [34], IM-5 (IMF) [35], SSZ-74 (-SVR) [36],
ITQ-26 (IWS) [37], ITQ-37 (-ITV) [38], ITQ-38 (ITG) [39], ITQ-39 (*-ITN) [40],
ITQ-40 (-IRY) [41], ITQ-43 [42], ITQ-51 (IFO) [43], ITQ-53 [44], ITQ-54 [45],
PKU-14 [46], PKU-16 (POS) [47], EMM-23 (*-EWT) [48], and SU-78 [49]. The
power of electron microscopy for structural analysis of zeolites and other porous
materials has been reviewed in several articles [50-55].

In this chapter we present the different electron crystallographic techniques and
their applications on structure determination of zeolites. We will describe several
advanced methods that are important for structure determination by electron crys-
tallography: precession electron diffraction (PED) [56], 3D electron diffraction as
represented by automated diffraction tomography (ADT) [57, 58] and rotation elec-
tron diffraction (RED) [59, 60], structure projection reconstruction by image pro-
cessing [61-63], and 3D reconstruction from HRTEM images [64]. The recently
developed techniques have made the structure determination by electron crystal-
lography more feasible, even for non-TEM experts. We will demonstrate how the
various electron crystallographic methods are chosen and used for solving different
structural problems in porous materials. We will also show the benefits of combin-
ing electron crystallography and X-ray diffraction for studying complex zeolite
structures. We give a number of examples where various electron crystallographic
techniques are used and combined for structure determination of zeolites.
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5.2 Recent Advances of Electron Crystallographic Methods

This chapter aims at describing recent advances in methods based on electron crys-
tallography and electron microscopy. For a comprehensive general description of
electron crystallography, we recommend the book “Electron Crystallography —
Electron microscopy and electron diffraction” Oxford University Press, by Zou,
Hovméoller, and Oleynikov [64].

Ab initio structure determination of porous materials can be done by electron
diffraction and HRTEM. The advantage of using HRTEM images is that both the
structure factor amplitudes and phases, which are needed for structure determina-
tion, can be obtained directly from HRTEM images. In diffraction, the structure
factor phase information is lost and has to be determined by other methods. On the
other hand, it is relatively easier to collect good electron diffraction patterns than to
take high-quality HRTEM images.

5.2.1 Precession Electron Diffraction and 3D Electron
Diffraction Techniques

The first publication of structure determination by electron diffraction (ED) was
reported already in 1937 [65]. Although methods for quantifying electron diffrac-
tion patterns are developed [66] and examples of structure solution by electron dif-
fraction were reported [67], the development of this method was hampered by the
fear of dynamical effects. It was difficult to obtain complete 3D electron diffraction
data because one needs to collect a large number of individual ED patterns along
different zone axes. Furthermore, it was not easy to merge the 2D ED data in order
to obtain the 3D data. Structure determination by electron diffraction was time con-
suming and required extensive expertise.

The developments on new electron diffraction techniques have made structure
determination by electron diffraction more feasible. The precession electron dif-
fraction (PED) technique invented by Vincent and Midgley 1994 [56] brought
large attentions and interests in using electron diffraction data for structure solu-
tion. The electron precession is often controlled by dedicated PED hardware; the
incident electron beam is tilted away by an angle from the optical axis and pre-
cessed around the optical axis. The PED pattern is an integration of all ED frames
during the beam precession. We recently developed a software-based method for
collecting PED data [68], where individual ED frames before the combination are
collected and saved. The ED frames can be combined later to generate the PED
pattern. Compared to conventional electron diffraction, the resolution of PED is
higher and dynamical effects are reduced, due to the off-axis beam inclination
where fewer reflections are excited simultaneously at the exact Bragg condition
[69]. Precession electron diffraction has been used for solving unknown structures
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of inorganic compounds [70] and zeolites [71]. Intensities were extracted from
PED patterns along different zone axes and merged to obtain 3D PED data for the
structure solution.

Recently two automated methods have been developed for complete 3D electron
diffraction data collection and processing: automated diffraction tomography
(ADT) [57, 58] and rotation electron diffraction (RED) [59, 60]. In both ADT and
RED methods, electron diffraction frames can be collected in either selected-area
electron diffraction (SAED) mode or nano-electron diffraction (NED) mode. The
ADT method is performed on a scanning transmission electron microscope (STEM)
with or without precession. ED frames are collected sequentially in a fine step (usu-
ally 1°) by tilting around an arbitrary axis of a crystal. The sequential crystal tilt is
computer controlled and crystal tracking during the tilt can be done in TEM or
STEM mode. The software package ADT3D was developed for processing the ED
frames and extracting the ED intensities, which includes the reconstruction of recip-
rocal space, determination of the unit cell parameters, reflection indexation, and
intensity integration.

The rotation electron diffraction (RED) method runs in the TEM mode. The
RED data collection combines the goniometer tilt with a fine electron beam tilt,
which allows the collection of 3D electron diffraction data with fine sampling steps
down to 0.001°; see Fig. 5.1 [59]. The data collection is controlled by the RED data
collection software package [60]. Typically a beam tilt of 0.1-0.4° per step is com-
bined with a goniometer tilt of 2-3° around a common tilt axis. More than 1000 ED
frames can be collected in less than 1 h using this method. The ED patterns are
analyzed using the RED data processing software package [60], which includes
shift correction, peak search, unit cell determination, indexation of reflections, and
intensity extraction.

The 3D ADT and RED methods have many advantages compared to the conven-
tional 2D zone-axis electron diffraction methods. Firstly almost complete 3D data
can be collected from one single crystal; the data within the missing cone may be
generated from the symmetry-related reflections or collected from another crystal
with different orientations. Secondly dynamical effects can be reduced because
fewer reflections are present in each ED frame compared to a zone-axis ED pattern.
More importantly, there is no need to have a crystal zone axis aligned in parallel to
the electron beam and the data collection can start from any arbitrary orientation of
the crystal. This means that the data collection no longer requires skilled operators
and is feasible for non-TEM experts. The development of the ADT and RED meth-
ods has been revolutionary and turned a transmission electron microscope into a
single-crystal electron diffractometer. Complete 3D single-crystal ED data can be
collected from crystals of 50 nm in size, million times smaller than what is needed
on a synchrotron source. As it will be shown later, the ADT and RED intensities
have good quality and can be used for ab initio structure solution and refinement. A
large and rapidly increasing number of new structures have been solved from the 3D
electron diffraction data, among which are several zeolites.
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Fig. 5.1 Schematic representation of the concept of the rotation electron diffraction (RED)
method. RED data (individual ED frames) are collected by combining beam tilt and goniometer
tilt. The 3D reciprocal lattice is reconstructed from the RED data. Intensities and positions of the
reflections in reciprocal space are obtained and can be visualized. After further data processing, the
unit cell is determined and the reflections are indexed. A resultant skl list is then used to determine
the atomic structure of the crystals. The example used here is the zeolite silicalite-1 (Reprinted
from Ref. [60]. Reproduced with permission of the International Union of Crystallography)

5.2.2 High-Resolution Transmission Electron Microscopy
(HRTEM) and Structure Projection Reconstruction by
Image Processing

High-resolution transmission electron microscopy (HRTEM) is the most common
imaging technique used for studying porous materials at atomic scale [64]. Recent
developments of transmission electron microscopes with image aberration correc-
tors have pushed the resolution limit into the sub-angstrom level. However, for zeo-
lites the image resolution is mainly limited by the materials due to the electron beam
damage and not by the TEM. The stability of a porous material under electron beam
can vary greatly, depending on the structure and composition of the material and the
guest species in the pores.
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For porous materials, low electron doses are often needed in order to minimize
the radiation damage, and thus the signal to noise ratio in the obtained HRTEM
images is usually very low. Working under low electron dose conditions requires
high TEM skills and patience. More seriously, HRTEM image is usually not directly
interpretable in terms of structure projection due to various reasons. One reason is
dynamical effects, i.e., electrons are scattered more than once when passing through
the sample. This should be minimized by working on very thin crystals. Another
reason is the optical distortions caused by lens aberrations in the TEM. The image
contrast changes with the imaging conditions, for example, the alignment of the
electron optics and the focus of the objective lens; see Fig. 5.2a—d.

The HRTEM images show very different contrasts and do not always represent
the structure projection (Fig. 5.2a—d). At different defocus values, the objective lens
of a TEM transfers the structure to an HRTEM image differently, changing the con-
trast of the image. The effects of defocus and other optical parameters on an HRTEM
image can be represented by a contrast transfer function (CTF) T(u) [64]:

T(u)=D(u)sing(u)= D(u)sin(ﬂ:eﬂm2 + l/2Cs),3u4) .1

where A is the electron wavelength, & the defocus value, and C; the spherical-
aberration coefficient of the objective lens. D(u) is an envelope function that slowly
decreases from one at #=0 to zero at ¥ =infinitive due to the partial coherence of the
electron beam. Once the defocus value is determined, the CTF can be calculated
according to Eq. (5.1).

The CTF transfers the diffracted electron beams in different ways. The diffrac-
tion amplitudes are directly proportional to the structure factors F(u) of the crystal
under kinematical approximation. The structure factors F(u) is defined as

Selected images
from a through-
focus series

—
Reconstructed
structure projection A .*

Fig. 5.2 (a—d) HRTEM images of zeolite ITQ-39 taken along [100] from the same crystal area but
with different defocus values, (a) =678 A, (b) =358 A, (c) =38 A, and (d) +282 A. (e) A structure
projection image reconstructed from 20 HRTEM images. The defocus determination and structure
projection reconstruction were carried out using the program QFocus [63] (Reprinted by permis-
sion from Macmillan Publishers Ltd: Ref. [40], Copyright 2012)
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N

F(u):zj’j(u)exp2ni(u-rf) (5.2)

j=1

where fj(u) is the atomic scattering factor of the jth atom in the unit cell and N is the
total number of atoms. F(u) is a complex and contains an amplitude part |F(u)l and
a phase part ¢(u)

F(u) :F(u)|exp[i¢(u)]| (5.3)

For thin crystals, the HRTEM image is related to the crystal projection in a simple
way, and the crystallographic structure factors F(u) can be obtained from the
HRTEM image by

F(u) =L (for T (u) = 0) (5.4)

where I(u) is the Fourier transform of the image and k is a constant. Equation (5.4)
shows that the phases of F(u) and I(u) are the same if 7(u)>0 and differ by 180° if
T(u)<0 [64]. An HRTEM image can be interpreted directly in terms of the structure
projection only if it is taken under the optimum defocus conditions (i.e., near the
Scherzer defocus) (Fig. 5.2b). For HRTEM images taken under other conditions,
different image processing approaches can be used for retrieve the structure
projection.

One approach to reconstruct structure images is crystallographic image process-
ing of HRTEM images [61, 62]. The defocus and astigmatism values can be deter-
mined from the Fourier transform of the HRTEM image, if there exists amorphous
region on the crystal. The effects of the CTF on the HRTEM image can be compen-
sated for by image processing, according to Eqgs. (5.1) and (5.4). This image can be
further improved by imposing the crystallographic symmetry. These procedures can
be carried out by the crystallographic image processing software CRISP [61] and
work for single HRTEM images [72]. Crystallographic image processing is espe-
cially helpful for HRTEM images of periodic objects with low signal to noise ratios,
where the image quality can be improved by averaging the unit cells and imposing
the symmetry.

For crystals where the periodicity is interrupted by faults and boundaries, unit
cell averaging and symmetry cannot be applied. If there is little amorphous region
in the HRTEM image, it is difficult to determine the defocus and astigmatism from
a single image. Recently we have developed a structure projection reconstruction
method from through-focus series of HRTEM images [63]. The defocus values are
determined jointly from the through-focus series of HRTEM images with a known
defocus step by evaluating the phase similarities of F(u) over the entire u-values
(pixels) in the Fourier transforms of the HRTEM images. F(u) is calculated
according to Eq. (5.4) using a trial defocus value for the first image in the series.
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The defocus values for other images are calculated from the trial defocus value
and the defocus step. The trial defocus value with the highest phase similarity will
be the correct defocus. The twofold astigmatism in the HRTEM images can also
be estimated. A projected electrostatic potential image is obtained from each
HRTEM image in the series by the CTF correction based on Eqgs. (5.1) and (5.4)
using the following equation:

o(r)= kZ“:F (u)exp [—Zm'(u - r)} = Z“: 7{((:)) exp [—27ri(u : r)J (5.5)

The final corrected images were added together to reconstruct an image that is
closer to the structure projection than the individual images (Fig. 5.2e). The struc-
ture projection reconstruction method has been implemented into the computer pro-
gram QFocus [63]. The number of HRTEM images in a through-focus series is
typically 10-20.

The through-focus structure projection reconstruction method using the program
QFocus is more general and can be applied to both periodic and nonperiodic objects.
This is especially useful on beam-sensitive and disordered materials, because the
signal to noise ratio can be greatly enhanced by averaging reconstructed images
taken at different defocus values. It is also beneficial for non-TEM experts and save
time, because there is no need in finding the optimum defocus value when recording
an HRTEM image, which also avoids unnecessary exposure of the sample to elec-
trons. The chance to obtain a good structure image after image processing is greatly
increased. The structure image can be used to build structural model and determine
the crystallographic structure factors, which are important for structure determina-
tion. The later can be done using the crystallographic image processing program
CRISP [61, 62, 64, 72].

5.2.3 STEM Imaging of Zeolites

The basic principle of scanning transmission electron microscopy (STEM) imaging
is that the electron beam is focused onto the specimen, forming a small probe. The
probe is scanned in a raster over the sample by coils above the specimen. The dis-
tance between each raster point defines the magnification. The resolution of a STEM
image is determined by the size of the probe. Modern aberration-corrected micro-
scopes have pushed the limit of the probe size into a new era, allowing resolution in
the sub-angstrom range. As the electron beam passes through the sample, it inter-
acts with the sample and the transmitted beam will be scattered. There are a number
of different detectors available detecting electrons scattered at different angles. A
bright-field detector will detect the intensity of the unscattered electrons and elec-
trons scattered at low angles. An annular dark field (ADF) detector will detect the
scattered electrons at high angles. If an ADF detector is designed to collect
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electrons at high scattering angles, it is called high-angle annular dark field
(HAADF) detector. The electrons detected by the HAADF detector are generally
inelastically scattered by the atomic nuclei. Hence the contrast formed by such
events is related to the atomic number and therefore called Z contrast. The contrast
of a STEM image is not altered by any contrast transfer function and is normally
more easily interpreted as the projection of the specimen.

A second advantage of STEM imaging is that it allows collection of spectro-
scopic data from each of the raster points. This gives the possibility to construct a
2D map containing information about, for example, the composition. This is espe-
cially powerful in combination with atomic resolution imaging.

During the very recent years STEM imaging has been successfully applied to
studies of zeolites [73-76]. STEM-HAADF images are especially suitable for stud-
ies of, e.g., zeolites loaded with atoms or clusters of atoms. Mayoral and coworkers
have shown that clusters of silver ions can be imaged inside the pores of zeolite A;
see Fig. 5.3 [73, 74].

5.2.4 3D Reconstruction of HRTEM and STEM Images

Because each HRTEM or STEM image is only a 2D projection of a 3D structure, it
is necessary to combine images from different projections to reconstruct the 3D
structure. The 3D reconstruction is performed in reciprocal space by determining
the crystallographic structure factor F(hkl) from a series of projections. The 3D
electrostatic potential distribution ¢ (xyz) inside a crystal can be calculated from the
structure factors F(hkl) by inverse Fourier transformation:

o(xyz)= G—ZF(hkl exp| —27i (hx+ky +1z) | (5.6)

hkl

where o is the interaction constant and Q the unit cell volume.
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Fig. 5.3 STEM-HAADF images of zeolite A loaded with silver ions viewed along [100] (a) and
(b). The structural model of zeolite A with silver ions inside (¢) for comparison (Reprinted from
Ref. [74], Copyright 2013, with permission from Elsevier)
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A 3D electrostatic potential map can be obtained by Fourier summation of struc-
ture factors for all reflections using Eq. (5.6). If the resolution is high enough so that
peaks in the reconstructed 3D electrostatic potential map are well resolved, the
atomic positions can be directly located from the 3D map. The resolution that is
needed to resolve the desired atoms should be higher than the interatomic distances,
for example, 1.6 A for Si-O and 3.1 A for Si-Si distances. For zeolites, it is often
sufficient to find the Si/Al positions in order to build a framework model, since
oxygen atoms are always located between the Si and Al atoms. Light atoms are
always difficult to be seen in the presence of heavy elements.

Theoretically, one might expect that it is necessary to collect all reflections
within a desired resolution range in order to obtain the 3D potential map from which
atomic positions are determined. However, it is very time consuming and practically
impossible to collect all the projections. The number of projections that is needed
for a 3D structure determination depends on the symmetry of the crystal and how
the strong reflections are distributed. It is enough to determine the structure factors
of symmetry-independent reflections; other reflections can be generated according
to the symmetry [64]. The higher the symmetry, the fewer number of projections
must be measured. Figure 5.4 illustrates the significance of strong and weak reflec-
tions, phases, and amplitudes on a structure solution. It can be seen that strong
reflections are more important than weak reflections for structure solution, because
strong reflections contribute more to the potential in a 3D potential map than weak
reflections. Missing strong reflections may result in a wrong 3D map. In fact, weak
reflections can be ignored during structure solution, but they are important for the
structure refinement. Furthermore, structure factor phases are more important than
amplitudes, because they determine the locations of the peak maxima and thus the
atomic positions. Amplitudes, on the other hand, mainly affect the relative peak
heights.

In conclusion, in order to obtain a 3D electrostatic potential map from which the
most significant (heavy) atomic positions can be located, we need to collect all strong
reflections within the asymmetric unit and be sure that the phases of the strongest reflec-
tions are correctly determined. A number of complex structures have been solved by 3D
reconstruction from HRTEM images, including oxides, intermetallic phases, mesopo-
rous silica, and zeolites. This method is rather demanding and often requires extensive
experimental work by well-trained electron microscopists to take good HRTEM images.
One example is the structure solution of the quasicrystal approximant v-AlCrFe, where
HRTEM images from 13 zone axes were used for the 3D reconstruction [77]. It is one
of the most complex inorganic structures solved by electron crystallography, with 129
symmetry-independent atoms. A simpler and more feasible approach for structure
determination of complex structures is to combine electron crystallography and powder
X-ray diffraction. This is especially useful when the number of structure factor ampli-
tudes and phases obtained from the HRTEM images is not enough or the quality is high
enough to reach the structure solution. The structure factor phases obtained from the
HRTEM images can be used as initial phases for structure determination by PXRD. The
combination of electron crystallography and powder X-ray diffraction has been essen-
tial for the structure solution of three most complex zeolite structures [34—36].
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Fig. 5.4 Significance of strong and weak reflections, phases, and amplitudes for the structure
solution, demonstrated here using the potential map of K,O*7Nb,Os projected along the c-axis. (a)
Projected electrostatic potential map reconstructed from an HRTEM image. Insert: the structural
model. All Nb atoms are resolved. The positions of oxygen atoms are between the Nb atoms. (b)
A map using only the strongest half of the reflections. The map is very similar to that in (a), show-
ing that the weak reflections are less important for structure solution. (¢) A map with all amplitudes
set equal and phases unchanged from those used in (a). The Nb peaks are sharp and clearly
resolved. This shows that as long as the phases are correct, the amplitudes can have large errors in
structure solution. (d) A map with the phase of one strongest reflection shifted by 180° while all
other amplitudes and phases are kept the same as in (a). The map now differs significantly from
(a). The peaks are no longer sharp and some have shifted from those seen in (a) (Reproduced from
Ref. [55] by permission of John Wiley & Sons Ltd)

5.3 Different Routes for Structure Determination by
Electron Crystallography

We have described the different electron crystallographic methods for structure
determination of zeolites. Because each new material has its own unique character-
istics, it gives great challenges to the structure determination process. Different
routes for structure solution may be needed for different zeolites. Some common
obstacles are small crystal size, low beam stability causing degradation in the
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electron beam, high complexity of the crystal structure, and presence of elements
interrupting the translational symmetry such as twinning, stacking disorder, or other
kinds of disorder. Electron crystallography has the tools to overcome many of these
obstacles.

The process of determining a crystal structure can be divided into two main
steps. The first step is to find a plausible structural model, i.e., the structure solution.
There are a number of existing methods available to obtain a structural model. Ab
initio structure solution by well-established methods directly from diffracted inten-
sities is just as feasible as model building, with just general information about the
specimen as a base; see Fig. 5.5 for an overview of some possible routes for struc-
ture solution including electron crystallographic methods. This means that for struc-
ture solution it is important to have a broad knowledge about different available
methods for structure solution as well as deep understanding of zeolite structures.

Structure
envelope

v uy
Stquctﬁreg

Fig. 5.5 A map illustrating some possible routes for structure solution from electron diffraction
patterns, HRTEM images, and PXRD data. Routes marked by black lines are suitable for ordered
structures and routes marked by red lines for disordered structures. Blue routes indicate that addi-
tional symmetry information may be needed
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Many zeolite structures are built from the same building units, assembled in differ-
ent ways. The second step of the structure determination process is to verify the
structure. This process has to be done with great care and perfection. For ordered
structures the structure verification is done mainly by a least-squares refinement
between experimental and calculated diffracted intensities. These refinements
should converge to reasonable levels according to conventions. In some cases a
proper refinement is not doable, for example, for heavily disordered materials. In
this case the structure verification involves obtaining as much information as pos-
sible from different sources and using them to confirm the proposed model.

5.3.1 Routes Based on Electron Diffraction

For materials with ordered structures electron diffraction is often the method of
choice. Collecting electron diffraction data requires a lower electron dose compared
to HRTEM imaging and is hence more suitable for beam-sensitive materials.
Because of the dynamical effects, care has to be taken during data collection to
achieve intensities as kinematical as possible. This can be done by choosing thin
crystals. Dynamical effects can be further reduced by using either PED or a 3D
electron diffraction technique such as RED or ADT.

Over the last half decade, the development of 3D electron diffraction techniques
has simplified the data collection significantly and enabled collection of more
complete data. With these new methods, it is now possible to collect and reconstruct
the reciprocal lattice of crystalline materials. From the reciprocal lattice, the intensi-
ties of reflections can be extracted and used, for example, for ab initio structure
solution. Structure solution from RED or ADT has shown to be very powerful. It has
now evolved into a method for routine structure solution of materials that have
ordered structures and are stable enough for collection of electron diffraction data.
Ab initio structure determination can be made using different available methods
developed for SXRD. Direct method is the most well-used method available in, e.g.,
SHELX [78] and SIR [79] software packages. Another way of phasing the electron
diffraction intensities is to use the zeolite-specific program FOCUS [10], originally
designed for X-ray diffraction, which has been modified to fit electron diffraction
data [80]. It is also possible to use charge flipping of real-space methods to obtain a
structural model.

Over the years electron diffraction data has also been used to complement struc-
ture solution by other methods, often PXRD. From electron diffraction, the unit cell
can be easily determined since the data does not suffer from peak overlapping.
Together with the unit cell, systematic absences as well as point group symmetry
can be deduced. This information is crucial since it can be very difficult to obtain
from PXRD data. Electron diffraction can also be used to pre-partition the intensi-
ties of the PXRD peaks.

Recently a new approach to use electron diffraction data has shown to be power-
ful. By applying the charge-flipping algorithm [81, 82] implemented in the program
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Superflip [83] on intensities extracted from a 2D precession electron diffraction
(PED) pattern, the projected potential of the crystal can be determined [84]. This
means that the structure factor phases of reflections in one reciprocal lattice plane
can be determined. These phases can be used either as starting phases for a structure
solution by charge flipping or to produce an envelope function that can be used in,
for example, the zeolite-specific software FOCUS [10]. An envelope function is a
function defining the boundary between voids and matter inside the porous structure
and can be used as a form of preknowledge in the structure solution process.

5.3.2 Routes Based on HRTEM Imaging

Taking good HRTEM images are more demanding than to collect electron diffrac-
tion data, but it is often more rewarding. HRTEM images have several benefits over
diffraction techniques. Firstly the crystallographic structure factor phases can be
extracted, which is of outermost importance during structure determination.
Secondly HRTEM images give local information, whereas diffraction techniques
always average over a whole crystal or even a large number of crystals. The local
information is crucial when studying disordered materials. The occurrence of disor-
der in crystals will create diffuse scattering which in many cases obstruct structure
solution ab initio from diffraction data. One common form of disorder in zeolite
structures is the stacking of layers. This will generate diffuse streaks perpendicular
to the layer in reciprocal space. Important information about, e.g., the stacking vec-
tor can be determined, by examining the sharp spots and diffuse streaks of the recip-
rocal lattice. But in order to obtain a structural model, it is often necessary to study
the local structure atom by atom, which can only be done using images.

Structure solution from HRTEM images mainly follows two routes, either model
building or 3D reconstruction. Model building utilizes HRTEM images along one or
more projections and is sometimes combined with additional information from
NMR, adsorption, electron diffraction, and other methods. From all the available
information, a feasible model is built. Model building is a technique that needs
knowledge and experience in the type of materials studied. It has shown to work
well for structure solution of numerous zeolite structures over the years. A more
general route is to use 3D reconstruction of HRTEM images acquired along several
different zone axes. Each of the images shows the projected potential of the
specimen. By merging information from several projections, a 3D reconstruction of
the projected potential can be constructed; see Sect. 5.2.4. From the 3D potential,
the atomic positions in the material can be found.

The structure factor phase information extracted from HRTEM images can also
be used as prior knowledge for ab initio structure solution from PXRD data. The
structure factor phases can then be used as starting phases for structure solution
using charge flipping. This method has played a crucial role in the structure solution
of several of the most complex zeolite structures. The phase information can be
used as prior knowledge for ab initio structure solution from PXRD data.
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The following sections will describe these different routes for structure determi-
nation using electron crystallography in more details. This will be done through
examples taken from recently reported structure determinations.

5.4 Structure Determination by Electron Diffraction

5.4.1 Structure Determination of Zeolites by Combining Zone
Axis ED Patterns

Structure determination can be made by combining ED patterns along different
zone axes. Conventional selected-area electron diffraction (SAED) and precession
electron diffraction (PED) patterns are often taken along a certain crystal direction
(called zone axis) and the patterns appear symmetrical (Fig. 5.6a—c). ED patterns
from several different zone axes can be collected from one or several crystals and

Fig. 5.6 Electron diffraction data from three main zone axes of SSZ-48 and the structural model
obtained from electron diffraction by direct methods completed with the oxygen atoms that were
missing in the structure solution (Reprinted with the permission from Ref. [86]. Copyright 1999
American Chemical Society)
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then merged into a 3D dataset. Several zeolite structures such as MCM-22 [85],
SSZ-48 [86], ITQ-40 [41], and ZSM-10 [87] have been solved by SAED.

SSZ-48 is a large-pore high-silica zeolite synthesized using N,N-diethyl-
decahydroquinolinium as the organic structure-directing agent (OSDA). It was the
first unknown zeolite material solved by electron diffraction (Fig. 5.6). SAED pat-
terns from 11 zone axes were collected from needlelike crystals of ca.
0.05 pmx0.25 pmx 10 pm in size. Integrated ED intensities were extracted from
SAED patterns and merged together to generate 326 symmetry-independent reflec-
tions (d<0.99 A). The unit cell parameters (a=11.19 A, b=4.99 A, ¢=13.65 A, and
B=100.7°) and space group (P2;) were deduced from the 3D electron diffraction
data. The ED intensities were used for structure solution of SSZ-48 by direct meth-
ods using atomic scattering factors for electrons implemented into SHELX. All
seven silicon positions and five of the 14 oxygen positions were located from the
structure solution. In addition 9 peaks in the pore of the structure were located
which was believed to be carbon positions from the SDA. Oxygen atoms were posi-
tioned between the Si atoms in order to complete the silicate framework. The geom-
etry of the framework, i.e., the Si-O distances and O-Si-O angles, was refined using
distance least-squares refinement. The structure was then refined against the elec-
tron diffraction intensities with restrains on the Si-O and O-O bond lengths. The
refinement converged with an agreement factor Rg of 0.3283. As a final stage the
obtained structure was refined against high-resolution synchrotron powder X-ray
diffraction data which converged with good agreement confirming the structural
model obtained from SAED data [86].

Precession electron diffraction can reduce significantly dynamical effects and
secondary scattering in electron diffraction [68—70]. Dorset et al. compared struc-
ture determination of various zeolites by PED with that by SAED and showed that
PED data can be used for ab initio structure determination of zeolites [71]. The
maximum entropy and likelihood phasing method has shown to be powerful in
phasing both the SAED and PED data and solving the zeolite structures [71].

Structure determination using zone-axis SAED or PED patterns is not straight-
forward. The crystals have to be aligned manually along the individual zone axes.
The new 3D electron diffraction techniques ADT and RED have made a break-
through for the structure determination using ED data. The automated 3D ED data
collection combined with the fast data processing procedures makes the structure
determination from electron diffraction as feasible as that by single-crystal X-ray
diffraction, but from crystals millions times smaller.

5.4.2 Structure Determination of Zeolites by Combining ED
and PXRD

Electron diffraction has been combined with PXRD for structure determination of
many zeolites. Structure solution from PXRD data can often be challenging, mainly
due to the large degree of peak overlap for complex structures with large unit cells.
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Single-crystal electron diffraction data can be collected from very small crystals,
which give important additional information such as unit cell and symmetry.
Different strategies have been applied to combine the ED and PXRD data. Below
two notable examples will be described.

The structure determination of the germanosilicate ITQ-37 utilized electron dif-
fraction for several purposes [38]. The high degree of reflection overlap (>94 %)
made the structure solution by PXRD alone difficult. ITQ-37 was very beam sensi-
tive, which made it difficult to obtain high-quality HRTEM images. Instead SAED
patterns were taken along two different zone axes revealing four- and six-fold rota-
tional symmetry (Fig. 5.7). This indicated a cubic unit cell which was later con-
firmed by PXRD, a=26.5126(3) A. Systematic absences in the ED patterns
narrowed down the possible space groups to the two related candidates P4,32 and
P4532. In the next step intensities from SAED patterns of four zone axes (d>3.3 A)
were extracted and used for pre-repartitioning of the overlapping reflections in the
PXRD pattern. ED patterns are very helpful for pre-partitioning of overlapping
reflections because Bragg peaks do not overlap. For example, two reflections with
similar d-spacings will overlap in the PXRD pattern, and the measured intensity is
often split equally and assigned to the two reflections. With ED data the intensities
of the two reflections can be distinguished and assigned according to the intensities
in the ED pattern. Assigning correct intensities to reflections is often crucial for a
successful structure solution by PXRD. After pre-partitioning of the PXRD peaks,
the powder charge-flipping (pCF) algorithm [12] was applied using the computer
program Superflip [83]. All ten symmetry-independent Si/Ge positions and 18 out
of 19 oxygen positions could be located from the best electron density map
(Fig. 5.7). The missing oxygen position could be identified and placed between two
T-sites. Rietveld refinement was performed to confirm the final structural model.
ITQ-37 is the first chiral zeolite with one single gyroidal channel system and pore
openings defined by 30-ring windows. It had the lowest framework density
(10.3 T-atoms/1000 A3) of all existing 4-coordinated crystalline oxide frameworks.

Another strategy is to retrieve rough structure factor phases directly from the ED
data. The obtained structure factor phases can be used as the initial phases for the
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Fig. 5.7 (Left) The SAED and PXRD patterns from ITQ-37 and (right) the electron density maps
derived by the powder charge-flipping (pCF) algorithm and the final structural model, viewed
along c-axis (Reprinted by permission from Macmillan Publishers Ltd: Ref. [38], Copyright 2009)
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structure solution using PXRD data. Such a strategy was used for the structure solu-
tion of the large-pore germanosilicate ITQ-26 [37]. The space group (I4/mmm) and
unit cell parameters (a=26.7769(8) A, ¢=13.2505(5) A) of ITQ-26 were deter-
mined from a tilt series of ED patterns. Structure factor phases were deduced from
the integrated ED intensities of the (2k0) and (0kl) reflections by maximum entropy
and likelihood method [71] using the program MICE [88]. The structure factor
phases obtained were used as constraints for subsequent phasing trials on the PXRD
data using the zeolite-specific structure solution program FOCUS. The final model
was refined by Rietveld refinement. The electrostatic potential maps obtained from
electron diffraction matched with the final structural model. The structure of ITQ-
26 has seven symmetry-independent T-sites. The framework contains 3D channel
systems with straight 12-ring channels along [001] and two other 12-ring channels
tilted with respect to the c-axis.

5.4.3 Structure Determination of Zeolites by 3D Electron
Diffraction: ADT and RED

The methods described above in Sects. 5.4.1 and 5.4.2 involve combining data from
several sources and are often rather complex. During the recent years, new methods
have been developed for collection of 3D electron diffraction data, as represented by
the automated diffraction tomography (ADT) and rotation electron diffraction
(RED). Ab initio structure determination of zeolites has been shown to be success-
ful from both ADT [42] and RED [43-48, 89] methods which have been very suc-
cessful in solving structures of zeolites with very small crystal size. The structure
solution methods applied on the ADT/RED data include direct methods (e.g., pro-
grams SHELX, SIR), charge flipping (e.g., programs Superflip, Jana) and simulated
annealing (e.g., program SIR). The structural models can be refined by full-matrix
least-squares refinement using the program SHELX. The kinematical approach has
been applied, i.e., the ED intensities are proportional to the square of the structure
factor amplitudes. Atomic scattering factors for electrons are used instead of those
for X-rays. Due to the presence of dynamical scattering, the agreement factors for
ADT/RED data are still not very good. Structures determined from RED data are
however in good agreement with structures refined by Rietveld refinement. Here we
describe the structure determination of one novel zeolite, ITQ-51, and the structure
determination of two interlayer expanded zeolites solved from the RED data.

The structure of the new silicoaluminophosphate ITQ-51 was solved ab initio
from RED data [43]. Two RED datasets were collected from submicrometer-sized
crystals. Each of the datasets contains >1300 individual electron diffraction pattern
and covered >130° tilt range with a tilt step of 0.1°. The data collection is controlled
by the RED software and the entire data collection can be completed within 1-2 h.
The ED patterns were processed using the software RED in order to reconstruct the
reciprocal lattice of the material. From the reciprocal lattice, the diffracted intensi-
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ties can be extracted and used for ab initio structure solution. From the two datasets
collected of ITQ-51, the unit cell and possible space group could be determined.
The unit cell matched well with the PXRD pattern (a=23.345(2) A, b= 16.513(2)
A, c=4.9814(5) A, a=90°, £=90.620(5)°, y=90°, P2,/n). The scattered intensities
extracted from each of the two RED datasets could be used for ab initio structure
determination by direct methods using the software SHELX. All eight symmetry-
independent framework T-atoms (Al, Si, P) and 16 oxygen atoms could be located
by direct methods using the RED data. Two RED datasets from two different ITQ-
51 crystals merged together in order to improve the completeness of the data. The
Al and P positions could be assigned based on the difference in the Al-O and P-O
bond distances. The structural model was further refined by Rietveld refinement
against the PXRD data. The atomic positions obtained from the RED data (as-made
ITQ-51 sample) deviated on average by 0.11 A for Al/P and 0.13 A for O from those
obtained by the Rietveld refinement of the calcined ITQ-51 sample. This means that
although the R-value after refinement is as high as 37 %, the atomic positions
obtained from RED data show good correspondence with the positions obtained
from PXRD data.

Recently a novel zeolite, PKU-16, with a straight 3D 11x11x12-ring channel
system was synthesized using a simple OSDA. The structure was solved from RED
data; see Fig. 5.8 [47]. PKU-16 is the first stable zeolite with large odd-number
rings. It can be considered as a modified zeolite beta polymorph C by rotating half
of single 4-rings by 90°. This relation reveals a possible route to finely tune pore
sizes to form new zeolites with odd-number rings.

Structure determination of interlayer expanded zeolites is challenging because
the materials often form as nano- and submicron-sized crystals too small to be stud-
ied by single-crystal X-ray diffraction. In addition, the materials often have poor
crystallinity and contain stacking disorder, which lead to low resolution and peak
broadening in the PXRD pattern. COE-3 and COE-4 are intralayer expanded zeo-
lites with crystal structures built from the ferrierite layer with a CDO stacking (IEZ-
CDO). COE-4 is the calcined form of the as-made COE-3 material. The structures
of these two materials have been solved by RED [89].

In order to solve the structure of CEO-3, RED datasets were collected from three
different crystals. From each of the datasets, the unit cell and three possible space
groups could be determined (7.2 A, 22.4 A, 13.6 A, 90°, 90°, 90°, Cmc2,, C2cm,
Cmcm). The structure of COE-3 could not be solved from any of the single datasets
due to the high incompleteness of each RED data. The three datasets from different
crystals were merged in order to obtain a more complete dataset. For COE-4, two
datasets were collected from two different crystals, which contain 270 and 1239 ED
frames and cover the tilt range of 108.71° and 119.66°, respectively. The recon-
structed 3D reciprocal lattice is shown in Fig. 5.9. 2466 reflections (513 unique)
were obtained from dataset 1, while 2752 reflections (477 unique) were obtained
from dataset 2. The orientations of the two datasets are complementary to each
other, as seen from the 3D reciprocal lattices reconstructed from the two datasets
(Fig. 5.9a—d). The structure of COE-4 could be solved by direct methods from the
intensities merged from these two datasets using the program SHELX (Fig. 5.9g).
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Fig. 5.8 Structure determination of PKU-16 from the RED data. (a) Reconstructed 3D reciprocal
lattice from the RED data. (b—d) (%k0), (h0l), and (hhl) planes cut from the reconstructed recipro-
cal lattice. The reflection conditions can be obtained as h0l, h+[=2n; h00, h=2n; 001, [=2n. Due
to the dynamical effects, some reflections violate the reflection conditions. (e—f) The 3D structural
model obtained from the RED data viewed (e) along the c-axis showing the 12-ring channels and
(f) perpendicular to the c-axis showing the 11-ring channels. Only T-T connections are shown for
clarity. The structure of PKU-16 is closely related to BEC. The differences are that half of the
single 4-rings (highlighted in blue) are rotated by 90° (Reproduced from Ref. [47] by permission
of John Wiley & Sons Ltd)

Dataset 1.4,

Dataset 2.4 4

Dataset 2.4¢.,

Dataset 1.5, , Dataset 1., hik0 §l Dataset 1., ,

Fig. 5.9 (a-b) Reconstructed 3D reciprocal lattices of COE-4 (a) dataset 1cor4 and (b) dataset
2cor4 taken from two crystals. The crystal size and morphology are shown as an insert. (¢) 2D
slices (0kl) cut from the dataset 2¢og.4. (d—f) Three 2D (h0l), (hk0), and (0kl) slices cut from the
dataset 1cop4. (g) The structure of the layered silicate COE-4 determined by RED (Reproduced
from Ref. [89] by permission of The Royal Society of Chemistry)
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The atomic positions of the framework atoms refined against RED data differ on
average by 0.05-0.07 A for Si atoms and 0.14-0.22 A for O atoms compared to
those from the PXRD data.

5.5 Structure Determination of Zeolites by High-Resolution
Transmission Electron Microscopy (HRTEM)

HRTEM has been essential for structure solution of many zeolites which could not
be solved by diffraction methods. Among them are crystals that are too small and/or
the samples that contain impurity or disorders. The early efforts of structure solution
of zeolites have been by combining HRTEM images with model building. During
the past years, a number of complex zeolite structures have been solved by combin-
ing HRTEM with PXRD, where the structure factor phases obtained from HRTEM
images have been the key for the structure solution. A more general approach of
solving zeolite structures is by 3D reconstruction of HRTEM images taken from
different zone axes, which has been used successfully to solve complex zeolite
structures. The 3D reconstruction method is especially useful for solving disordered
zeolites, which give poor PXRD patterns with broad peaks. We will describe these
different approaches to solve zeolite structures by HRTEM below.

5.5.1 Structure Determination of Zeolites by Combining
HRTEM and Model Building

Many zeolite structures were solved by model building based on HRTEM images
taken from one or several projections, such as zeolite beta (*BEA) [90-92], SSZ-
26/SSZ-33 (CON) [93, 94], SSZ-31 (*STO) [95, 96], ITQ-38 [39], MCM-22
MWW) [97], Ti-YNU-1 [98], ETS-10 [99, 100], UTD-1 (DON) [101], and ITQ-15
(UTL) [102]. Model building has been especially useful for zeolites containing
stacking disorders. Knowing the various types of stacking disorders in zeolites and
the characteristic features in the corresponding diffraction patterns is therefore
important for solving unknown zeolites containing stacking disorders. A recent
review by us summarized the structure elucidation and analysis of stacking disor-
ders in zeolites and open frameworks by electron crystallography and X-ray diffrac-
tion [103].

Zeolite beta has a heavily faulted structure which inhibited structure determina-
tion of the material for more than 20 years. The structure is formed by epitaxial
stacking of a topologically identical building layer. Depending on the shift of the
neighboring layers, different polytypes of zeolite beta can be constructed.
Figure 5.10a—c presents three polytypes with different stacking sequences viewed in
parallel to the layer, denoted as polytypes A, B, and C. The structural models were
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Fig. 5.10 (a—c) The structure of zeolite beta viewed along [100], for polytypes (a) A, (b) B, and
(¢) C. (d) Selected-area electron diffraction pattern along [100], showing both streaks and sharp
spots. (e) HRTEM image along [100], revealing the intergrowth between ABCA... and ABA...
type stackings

determined by HRTEM, electron diffraction, and computer-assisted modeling [90-92].
4-, 5-, 6-, and 12-rings as well as the pore stacking sequences could be identified
from the HRTEM images, from which a structural model of the projection was
derived. The pore stacking was identified to be two types ABAB... and ABCABC...,
with the shift of one-third of the intralayer pore spacing. The unit cell and possible
space groups were determined from a series of SAED patterns. Electron diffraction
also showed diffuse streaks in parallel to the c*-axis for reflections with &#3n or
k+#3n and sharp spots for reflections with 4#=3n and k=3n, which agrees with the
stacking sequences observed by HRTEM. Computer-assisted modeling was used to
derive the 3D models of polytypes A and B, from the structure projection deduced
from the HRTEM image. In addition, a hypothetical model of polytype C, with
AA... stacking, was proposed. The real materials with the framework of polytype C
(framework code BEC) were first reported as a germanate FOS-5 by our group
[104] and later as a silicate [105] and silicogermanate [106].

HRTEM combined with model building was used for the structure solution of a
new germanosilicate ITQ-38 (P2/m,a=13.02A,b=12.70 A, c=21.25 A, p=96.87°)
with 10- and 12-ring channels along [010] and 10-ring channels along [100] and
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[101] [39]. The unit cell of ITQ-38 was determined from electron diffraction. The
unit cell showed to be related to the unit cell of the already known zeolite ITQ-22
[107]. The two structures share the a- and b- unit cell axes, with the third axis halved
for ITQ-38. A structure projection image of ITQ-38 along [010] was reconstructed
from a through-focus series of 20 HRTEM images using the software QFocus [63].
The structure projection reconstruction method is helpful to enhance the signal to
noise level in the reconstructed image. In the structure projection image larger chan-
nels as well as smaller rings could be clearly seen. The structure projection image
confirmed the similarity between ITQ-38 and ITQ-22. It could be clearly seen that
ITQ-38 was built from the same layer as ITQ-22 with every second layer rotated by
180° around the c*-axis. This will result in two related structures where the neigh-
boring layers are related either by an inversion center as in ITQ-38 or by a glide
plane as in ITQ-22. The structure of ITQ-38 could later be confirmed by structure
projection image along [101] as well as Rietveld refinement against the PXRD data.

Recently we reported a new zeolite SSZ-52 (SFW) [21]. The structure was deter-
mined by combining PXPD, HRTEM, and model building. The framework struc-
ture consists of an 18-layer stacking sequence of hexagonally arranged (Si,Al)¢O¢
rings (6-rings). The structure has a 3D 8-ring channel system and is a member of the
ABC-6 family of zeolites like SSZ-13 (CHA), but it has cavities that are twice as
large. These large cavities contain pairs of the bulky organic cations. Because SSZ-
52 was beam sensitive, low-dose conditions were applied for HRTEM imaging and
a series of 20 HRTEM images were taken under the same conditions. A structure
projection image of SSZ-52 along [100] was reconstructed from these images using
the software QFocus [63]. The structure projection reconstruction method is helpful
to enhance the signal to noise level. The HRTEM image taken from a defect-free
region of an SSZ-52 crystal is clearly consistent with the refined framework model
(Fig. 5.11b—c). The 8-ring channels can be clearly seen. HRTEM images from some
crystals show the presence of some stacking disorder (Fig. 5.11d).

5.5.2 Structure Determination of Zeolites by Combining
HRTEM and X-Ray Diffraction

High-resolution electron microscopy and powder X-ray diffraction are complemen-
tary methods. Complete and kinematical PXRD data can be obtained easily, while
the acquisition of HRTEM images is very time consuming. The structure factor
phase information obtained from HRTEM images can facilitate the ab initio struc-
ture solution processes by PXRD. Several most complex zeolite structures were
solved by combining HRTEM and PXRD, such as TNU-9 (TNU) [34], IM-5 (IMF)
[35], and SSZ-74 (-SVR) [36]. HRTEM was also combined with single-crystal
X-ray diffraction to solve the structure of a disordered germanosilicate SU-78 [49].

IM-5 is also a high-silica zeolite with 2D 10-ring channels. The structure (Cmcm,
a=14.299 A, b=57.413 10\, ¢c=20.143 A) could not be solved from PXRD data
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Fig. 5.11 SAED pattern (a) and HRTEM images (b—d) of the [100] projection of SSZ-52. (b) The
projection of an ordered part of a crystal. (¢) The averaged image (p1) from (b) with the structure
overlaid. (d) The [100] projection taken from a disordered part of an SSZ-52 crystal with a sche-
matic description of the stacking disorder overlaid. The stacking sequence of the d6r layers is
given on the right. Each HRTEM image was averaged from 20 HRTEM images taken under identi-
cal conditions in order to enhance the signal-to-noise ratio (Reprinted with the permission from
Ref. [21]. Copyright 2013 American Chemical Society)

alone using standard ab initio structure solution methods such as FOCUS [10] or
powder charge flipping (pCF) [12]. Instead a combination of electron diffraction,
HRTEM images, and PXRD was utilized. The unit cell parameters were determined
from a tilt series of SAED patterns using the program Trice [108]. HRTEM images
along the three main zone axes of IM-5 were acquired (Fig. 5.12a—c). The projec-
tion symmetry was determined and the structure factor amplitudes and phases were
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extracted from the HRTEM images using the program CRISP [61]. Ninety-five
structure factors obtained from the three HRTEM images were used to reconstruct
a 3D electrostatic potential map, from which an initial structural model was
obtained. However, the model deviated to some extent from the final structure and
could not be refined by PXRD. When the 95 structure factor phases calculated from
the initial structural model were included as the starting phase sets in pCF [12]
implemented in the program Superflip [83], a better structural model could be
obtained from the electron density map (Fig. 5.12). The structural model could be
finally refined against the PXRD data using the Rietveld method. IM-5 contains 24
symmetry-independent T-atoms and has an unusual 2D medium-pore channel
system. It was shown later that the complex structure of IM-5 could also be solved
by 3D reconstruction from HRTEM images alone [109].

Single-crystal X-ray diffraction (SXRD) is a powerful technique to solve crystal
structures, but it can sometimes encounter difficulties when the structures are disor-
dered. SU-78 is a germanosilicate with crystals large enough (10 pm x 10 pm x 30 pm)
for single-crystal X-ray diffraction at a synchrotron facility [49]. The SXRD data
however showed streaks for reflections with indices hkl (h=3n+ 1) and sharp spots
for the Okl reflections. In order to determine the structure, a combination of ab initio
structure solution from SXRD and HRTEM imaging was applied. A 2D charge-
flipping algorithm was applied to the sharp spots of the 0kl reflections of the SXRD
data to generate a projected electron density map along [100]. The streaks in the 20!
plane correspond to the presence of stacking disorders, which was confirmed by
HRTEM images along [010]. By combining the structure information along [100]

Fig.5.12 (Above) HRTEM images of IM-5 taken along (a) [100], (b) [001], and (¢) [010]. (Below)
The electron density map (in green) obtained after pCF with the final structural model superim-
posed (From Baerlocher et al. [35]. Reprinted with permission from AAAS)
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from SXRD and those along [010] from HRTEM, a structural model of SU-78
could be built (Fig. 5.13). SU-78 is an intergrowth of two polytypes SU-78A and
SU-78B and contains interconnected 12-ring channels in three directions. The two
polytypes are built from the same building layer, similar to those in the zeolite beta
family. However, the layer stacking in SU-78 is different from those in zeolite beta
polytypes A, B, and C. SU-78 turned out to be an intergrowth of two new polytypes
of zeolite beta, which was previously proposed as polytypes D and E.

5.5.3 Structure Determination of Zeolites by 3D
Reconstruction of HRTEM Images

A more general method to solve unknown zeolite structures is by 3D reconstruction
of HRTEM images. Structure factor amplitudes and phases were extracted from
HRTEM images along different projections and combined into a 3D electrostatic
potential map, as described in Sect. 5.2.4. 3D reconstruction has been used to solve
the structures of the high-silica zeolite beta polytype C (BEC) [110] and polytype B
[111]. It has been recently used to solve the structure of an intergrown zeolite ITQ-
39 [40].

Corma and coworkers synthesized a highly enriched form of zeolite beta poly-
type B[111]. SAED did not show diffuse streaks, as is usual for crystals of zeolite
beta. Instead it showed twinning of the unit cell proposed for beta polytype B. The
unit cell parameters (a=17.97 A, b=17.97 A, c=14.82 A, p=113.7°) were deter-
mined from a tilt series of SAED patterns using the programs ELD [66] and Trice
[108]. The space group (C2/c) was deduced from the systematic absences and by

L" b Frojected electron density map Projected electrostatic map
from single crystal X-ray diffraction from high resolution TEM

Fig. 5.13 Illustration of the structure of SU-78 solved by combining single-crystal X-ray diffrac-
tion and HRTEM. Electron density projected along [100] was obtained by 2D charge flipping from
the X-ray diffraction data and resembles the projection of beta polytype C. The HRTEM image
taken along [010] is similar to that of zeolite beta with stacking disorders. A 3D structural model
was built by combining the two projections. The resulting structural model of SU-78 shows the
BEC-type channels along [100] and the beta-type channel systems [010]. The cyan surfaces are
toward the pores, while the blue surfaces are toward the framework. The parts with SU-78A and
SU-78B are marked (Reprinted with the permission from Ref. [49]. Copyright 2012 American
Chemical Society)
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examining the plane group symmetry of the HRTEM image. The HRTEM image
taken along [1-10] clearly shows 12-ring channels arranged in an ABCA... stack-
ing sequence, characteristic for polytype B (Fig. 5.14). Structure factor amplitudes
and phases of 39 symmetry-independent Akl reflections were extracted from the
HRTEM image using the program CRISP [61]. Because the A-Al and -hh-[ reflec-
tions in the [110] projection are symmetry related to the ihl and -h-h-I reflections in
the [1-10] projection, their amplitudes and phases could be deduced from those of
hhl and -h-h-I reflections. In such a way 152 structure factors could be generated,
from which a 3D electrostatic potential map could be constructed. All the 9 inde-
pendent Si atoms could be located from the 3D potential map (Fig. 5.14). This

Fig. 5.14 (a) An HRTEM image of polytype B enriched beta taken along the [1-10] direction. (b)
The 3D electrostatic potential map constructed from the [1-10] HRTEM image by utilizing the
crystal symmetry (Reprinted with the permission from Ref. [111]. Copyright 2008 American
Chemical Society)
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example demonstrates that a 3D structure can be solved from one single projection,
if the symmetry of the crystal is utilized.

The structure of the aluminosilicate ITQ-39 was solved by electron crystallogra-
phy from crystal domains only a few unit cells in size [40]. ITQ-39 is an intergrowth
of three different polytypes (called ITQ-39A, ITQ-39B, and ITQ-39C), built from
the same layer but with different stacking sequences. ITQ-39 contains stacking
faults and twinning with nano-sized domains, being one of the most complex zeolite
ever solved. Because several types of disorders were present simultaneously in the
ITQ-39 crystals, it was necessary to obtain complete 3D data from the same crystal
in order to find the orientation and relations of the disorders and determine the unit
cells. A 3D RED dataset with 880 SAED patterns was collected with 0.15° interval
between the consecutive ED frames from one single crystal. Twining and stacking
disorders could be identified from two perpendicular 2D cuts of the 3D reciprocal
lattice reconstructed from the RED data; see Fig. 5.15a, b. The 3D RED data
revealed that the different ITQ-39 polytypes share two common axes, a and b.
HRTEM images were thus collected along these two common axes a and b, because
they allow the observation of possible channels in a faulted sample. A through-focus
series of 20 HRTEM images were acquired along each of the two axes and used to
reconstruct the structure projection images (Fig. 5.15c¢, d). Pair-wise 12-ring chan-
nels and twinning can be observed from the image along [010] (Fig. 5.15¢). 10-ring
channels and stacking faults can be identified from the image along [100]
(Fig. 5.15d). The ordered crystal domains in ITQ-39 are only a few unit cells in size.
Structure factor amplitudes and phases were extracted from the Fourier transforms
of the ordered regions of ITQ-39B. A 3D electrostatic potential map of ITQ-39B
was reconstructed from the 53 strongest reflections (with amplitudes >8 % of the
largest amplitude). All 28 unique Si atoms could be located from the 3D electro-
static potential map; see Fig. 5.15e. Oxygen atoms was added halfway in between
nearest neighbor Si atoms in order to complete the silicate framework. The struc-
tures of two other polytypes ITQ-39A and ITQ-39C were constructed based on the
stacking sequences found in Fig. 5.15d. The structures were geometrically refined
using a distance least-squares refinement of the Si-O, O-0O, and Si-Si distances. The
final structural model could be confirmed from PXRD refinements from the disor-
dered model. The structure of ITQ-39 contains straight pair-wise 12-ring channels
along b, which are interconnected by three 10-ring channels. The pair-wise 12-ring
channels are unique and have not been observed in any other zeolites.

5.6 Conclusions

In this chapter, we have presented different electron microscopic techniques for
structure determination of unknown zeolites. We demonstrated a number of new
electron crystallographic methods that have made structure determination of zeo-
lites more feasible, even for non-TEM experts. These include the structure projec-
tion reconstruction from through-focus series of HRTEM images, automated
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Fig. 5.15 (a-b) Two perpendicular cuts of the reconstructed 3D reciprocal lattice of ITQ-39 from
the RED data from one single crystal. (a) The (h0) slice and (b) the (0kl) slice. The (h0!) pattern can
be indexed using two twin components A and B. The (0k/) pattern can be indexed using two different
lattices, corresponding to ITQ-39A and ITQ-39B. (c—d) Structure projection images reconstructed
from 20 HRTEM images along (¢) [010] and (d) [100]. Twins can be identified from the orientation
of the pair-wise 12-ring channels in (¢). 10-ring channels are observed in (d) and the channel stack-
ing is traced by a line. The different stacking leads to three polymorphs ITQ-39A, ITQ-39B, and
ITQ-39C. The domains used for structure factor determination are outlined by rectangles. (e) The
3D electrostatic potential map of ITQ-39B reconstructed from the structure factor amplitudes and
phases extracted from the marked nano-domains in (¢) and (d). All 28 symmetry-independent Si
atoms could be located directly from the 3D map. The refined structural model of ITQ-39 is super-
imposed (Reprinted by permission from Macmillan Publishers Ltd: Ref. [40], Copyright 2012)
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diffraction tomography (ADT), and rotation electron diffraction (RED). The ADT
and RED methods have shown to be very powerful and efficient in solving struc-
tures of unknown zeolites. HRTEM has unique advantages for studying disordered
structures which are difficult to be studied by other techniques. The structure pro-
jection reconstruction from through-focus series of HRTEM images using the pro-
gram QFocus makes it easier to obtain high-quality structural images. It also
enhances the image contrast for especially beam-sensitive materials and materials
containing defects. The crystallographic structure factor amplitudes and phases can
be obtained from HRTEM images and used for reconstruction of the 3D electro-
static potential map, from which the 3D structure can be determined. The phase
information from HRTEM images can also be used to assist the structure solution of
complex zeolites from powder X-ray diffraction. Electron crystallography and
PXRD are complementary for structural analysis of zeolites. PXRD patterns con-
tain information about the bulk sample, while electron crystallography provides
detailed information on individual crystalline particles down to the nanometer sizes.
The development of ADT and RED methods makes the collection of 3D single-
crystal diffraction data on a TEM almost as feasible and fast as that on a single-
crystal X-ray diffractometer, but from crystals millions times smaller.
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Chapter 6

Structure Analysis in Zeolite Research:
From Framework Topologies to
Functional Properties

Hermann Gies and Bernd Marler

Abstract The solution and the refinement of crystal structures of microporous
materials are of prime interest for the synthesis and application community in
porous solid research. The structure of a material reveals not only the geometry of
the bonding network of the rigid framework but also the location of the non-
framework constituents responsible for the porosity of the material. Analyzing the
structure, therefore, unveils the synthesis protocol including nucleation and growth.
The properties related to the porous net correspond to the local structure, i.e., the
composition and the geometry of local configurations. It thus inspires ideas about
possible properties and modifications to improve functionality.

The chapter is intended to highlight the contribution of crystallographic analysis
of microporous materials and in particular porous silicates to the success of this
class of materials. It does not survey the continuous growth of materials in the field
but show how the insight gained from crystallographic studies acted as catalyst in
the further development of the field.

Keywords Zeolite framework topologies * Structure determination * Electron crys-
tallography * Reciprocal and direct space methods ¢ Defect structures ¢ Localizing
heteroatoms ® Spiro-5 units

6.1 Introduction

The determination and analysis of the crystal structures of microporous materials
has an important impact on the functional development of these materials and also
on their applications. The most valuable and obvious information that can be gained
from diffraction experiments is the general crystal structure, i.e., the geometry of
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the framework structure, the pore openings and volume, and the connectivity of
pores, i.e., the dimensionality of pore system. In addition, specific structural proper-
ties can be investigated including the distribution of active centers in the framework,
the location of extra-framework constituents, the degree of hydration, etc. This
paper is focused on diffraction techniques for the elucidation of structural proper-
ties. Other methods like NMR spectroscopy, SEM, EXAFS, thermal analysis,
porosity measurements, etc., certainly add valuable, complementary information
which may be essential for a successful structure solution and, on the other hand,
may help to obtain a most complete picture of the zeolite structure.

Nevertheless, X-ray diffraction is the most widely used technique for structure
elucidation (Fig. 6.1). Over time, zeolite science tremendously benefited from the
technical development in diffraction experimentation and data analysis with regard
to solving and refining ever more complicated crystal structures. But zeolite materi-
als also played a key role as trigger in these advances, in instrumentation and meth-
odology, serving as challenging materials for case studies, notably in the field of
structure solution and structure refinement from powder X-ray diffraction (P-XRD)
data and electron crystallography (EC). Crystal structure analysis has contributed
significant information to foster zeolite science. The ultimate need to visualize the
materials atomic arrangement in order to rationalize synthesis parameters and physical
and chemical properties of the microporous material has also fueled the development
of structure solution techniques and methods. Zeolitic materials most often are
obtained as crystalline powders. In the past 25 years, the advance in structure solution
from X-ray powder diffraction data is strongly correlated with zeolite science.
At any time, the most complicated structures solved from P-XRD data were micro-
porous materials continuously shifting the degree of complexity higher and higher.

If single crystals of sufficient size and high structural order are available, the
structure analysis can be performed in a straightforward process. Usually, however,
microporous materials crystallize as fine crystalline powders precluding single-
crystal work. Therefore, for almost all synthetic zeolites, powder data have to be
used. Only recently, electron diffraction (ED) on nano-crystallites as an independent
technique extended the scope and contributed substantially to structure solution.
Powder diffraction can be used alone or in combination with other techniques like
modeling, electron diffraction, and imaging. In particular, electron diffraction has

X-ray crystal diffraction crystal structure

Photon-electron interaction  reciprocal space representation  Fourier transform into physical space

Fig. 6.1 Schematic representation of a structure analysis based on diffraction techniques
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more recently been used in combination with P-XRD for structure solution. A sub-
sequent Rietveld refinement of the diffraction data completes the structure analysis.

In general, all textbooks on zeolite science contain one chapter on the structures
of zeolite frameworks to illustrate the close relationship between the geometric
structure and property of this class of materials. The basic principles of diffraction
techniques applied to zeolites can be found, for example, in a review of Morris and
Wheatley [1]. Other relevant papers on the structure analysis of microporous mate-
rials are given as reference [2—4].

An extended discussion of the latest developments in strategies and concepts related
to zeolite structure research is presented by Jihong Yu and Yi Li in a recent review [5].
An exhaustive evaluation of most recent highlights and their particular novelties is
summarized there. This communication representing an expert’s opinion on the state
of the art in zeolite structure research is highly recommended for reading.

The Web-based Atlas of Zeolite Framework Types, the Database of Zeolite
Structures, gives a complete overview on the structural information of all micropo-
rous materials with tetrahedral frameworks irrespective of composition [6]. It is
regularly updated and contains a wealth of additional information related to the
framework structures of zeolites. The acceptance of new materials in the Atlas
requires the approval of the structure commission of the International Zeolite
Association which is based on a careful evaluation of the structure analysis. The
materials include defective and interrupted frameworks as well as structural disorder
as stacking disorder of layers. An important example is the framework structure of
zeolite beta. Mixed coordination or coordination higher than four in the framework
structure is not included. The requirements for acceptance are accessible on the
homepage (http://www.iza-structure.org/).

A recent example of the impact of structure analysis on the development of
microporous materials is also the ever growing number of coordination polymers,
e.g., metal-organic frameworks (MOFs). The results from structure analysis inspired
chemists in the systematic exploration of this class of materials [7]. Today we know
more than 100 structure variants; its number is still expanding dynamically with
exciting new crystal structures. For potential applications, the knowledge of their
structure and properties is very important.

This contribution, however, is focused on proper zeolites and mainly on silicate
zeolites. Their importance in the field of adsorption, molecular sieving, ion
exchange, and catalysis is outstanding, and the interaction of crystal structure and
function is its key property. Selecting specific examples, the influence and
importance of the knowledge of the crystal structure and, therefore, the impact of
crystallography on the progress in zeolite structural science will be exemplified.

6.2 Structure Determinations

The structure determination of a new material is the fundamental process in the
analysis of the properties of the investigated material. The knowledge of the geom-
etry of the framework and the pore system together with the chemical composition
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is a prerequisite to envisage possible applications of the porous material. The crystal
structure is also a protocol of the crystallization process and may give hints on an
improved synthesis route.

6.2.1 The Solution of Complex Zeolite Crystal Structures
Jrom Diffraction Data

Since the advent of high-resolution powder diffractometers at synchrotron radiation
sources, the refinement of crystal structures and later also the solution of crystal
structures from powder X-ray diffraction data were pioneered by zeolite crystallog-
raphers. Various strategies were developed always involving most advanced instru-
mentation available at synchrotron light sources.

In order to benefit from a high-resolution powder diffractometer, materials of
highest possible crystallinity are required facilitating the indexing of the pattern and
data collection up to high Q-range in reciprocal space (Fig. 6.2).

Structure determination heavily relies on a careful analysis of the materials’
metric and symmetry as well as on the precise extraction of intensities for as many
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Fig. 6.2 Powder diffraction diagrams (1=1.5406 A) of a highly crystalline silicalite sample
recorded with a conventional diffractometer (upper trace) and at a synchrotron source (lower
trace). The higher resolution of the synchrotron data facilitates, for example, the automatic index-
ation of the pattern, a precondition for structure solution
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reflections as possible. The information on the material in diffraction experiments is
obtained from reciprocal space and should be complemented by spectroscopic, ther-
mal, or sorption experiments confirming the diffraction data analysis.

6.2.1.1 From P-XRD Data Using Direct Methods (Example: ITQ-22,
Framework Code IWW)

The fundamental concept of direct methods is based on scatterers of equal kind and
a diffraction data set showing atomic resolution. The requirements are known as
Sheldrick’s rule and demand diffraction data down to 1.2 A resolution [8] which
equals a diffraction angle of ca 80° 20 for Cu Kal radiation (A=1.5406 A).
Considering the three-dimensional tetrahedral network, only the T centers are
required to reconstruct the complete framework structure. This simplification soft-
ens Sheldrick’s rule to ~2.4 A resolution or ~40° 20 resolved diffraction peaks for
Cu radiation. However, the limitations of direct methods still require highly crystal-
line materials and well-resolved P-XRD diagrams where peak overlap is
minimized.

Whereas most groups in zeolite crystallography used a complementary combina-
tion of methods like XRD, TEM, and NMR and modeling for structure solution, the
group of J. Rius focused on diffraction information only and improved the power of
the original direct methods introducing the modulus sum function [9] as imple-
mented in structure solution program XLENS. Nowadays, direct methods are very
efficient, and, given the right input information, the solution or at least the partial
solution is obtained within seconds. Completing the partial model and refining the
crystal structure from P-XRD data using the Rietveld technique, however, is a time-
demanding and slow process.

As outstanding examples for the power of direct methods, the structure solution
of ITQ-21 and ITQ-22 is presented [10, 11]. The structure solution of ITQ-21, a
remarkable material, was straightforward, using highly crystalline material and a
P-XRD data set from a high-resolution diffractometer. The structure refinement
yielded a new, unusual central building block of the framework which can be
describes as a [4°6?] cage with an occluded 4-ring (Fig. 6.3). Modified building
blocks of that type were discovered in a number of framework structures solved
later, e.g., ITQ-26 [12], ITQ-13 [13], and ITQ-34 [14].

ITQ-22 is a much more complicated structure, the most complicated solved so
far by direct methods alone. From the synchrotron-based P-XRD data set, the unit
cell dimensions and symmetry were retrieved first, before the intensities of indexed
reflections could be obtained for the direct method runs. From the electron density
map of the best starting set, the 16 symmetrically independent T atoms of ITQ-22
were found, and, by interpolation, the oxygen atoms were added to complete the
three-dimensional framework (Fig. 6.4). It is the first material with 12-ring, 10-ring,
and 8-ring channels which intersect. The material shows important shape-selective
properties in catalysis introduced through the channel hierarchy. In all these examples,
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Fig. 6.3 The [4°6'%] cage
with an occluded 4-ring
represents a very unusual
building block of zeolite
frameworks. Spheres indicate
Si atoms; oxygen atoms are
omitted for clarity

Fig. 6.4 Projection of the framework structure of zeolite ITQ-22 (framework type /WW) along
[010] with [99] across and [001] down. The D4R can be seen connecting layer-like complex build-
ing units

structure analysis also showed that Ge segregates on specific T sites of the zeolite
framework, namely, as part of the cube-like double-4-ring unit (D4R). The refine-
ment of the site occupancies showed that 50 % of the T sites in this subunit are taken
by Ge. However, because of symmetry reasons, no ordering of Ge in the D4R has
been analyzed.
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6.2.1.2 From Electron Diffraction: Recent Advances in Structure
Analysis Concerning Zeolite Science in the Future—The
Breakthrough of Electron Crystallography

A major breakthrough in structure determination is the introduction of the preces-
sion technique in electron crystallography. Kolb and coworkers showed, also using
zeolite materials as examples, that reliable intensity data can be extracted automati-
cally from electron diffraction experiments of nanocrystals and be processed as
single-crystal intensity data using direct methods for structure solution [15, 16]. The
most complicated crystal structures could be solved directly from TEM experiments
using nanocrystalline powder materials without further involvement of complemen-
tary X-ray experiments. This advancement in electron crystallography instrumenta-
tion supersedes crystal structure solution from P-XRD data and opens new vista in
structural science of nanocrystalline materials including zeolites.

An impressive example of a successful structure determination based on ED data
is the structure analysis on zeolite ITQ-43 [17]. ADT data (automated diffraction
tomography) of an as-made sample were collected at low temperature (~100 K).
The data were sufficient for a reliable reflection intensity integration. The structure
solution was performed by direct methods based on a fully kinematic approach.
From the structure solution, 20 T (Si/Ge) and 24 O positions were identified. Most
of the remaining O positions were later located by subsequent Fourier map refine-
ments. ITQ-43 has a framework structure of very low density (11.4 T atoms per
1000 A%) but very complex structure. The pores can be described as cloverleaf-like
channels formed by very wide 28-rings with large pore diameters of 21.9 Ax19.6 A
and two types of 12-ring channels with apertures of 7.8 Ax5.7 A and 6.8 Ax6.1 A [17].

The principal advantages of electron crystallography are the reduction of crystal size
to some 10 nm and the resolution of diffraction intensities in three-dimensional space.
Using the nano-single crystals for data collection, the inherent problem of systematic
peak overlap of the P-XRD experiment is overcome. An additional advantage is the
much increased sensitivity of the electron-electron interaction in the diffraction process
allowing the experiment with nanocrystals; however, because of the sensitivity, multiple
diffraction and dynamic effects can obscure the data set. Since most zeolite materials are
obtained as micro- to nanocrystalline powders, electron crystallography widens the
range of materials including zeolites accessible for structure determination. However,
the structure refinement and the geometrical optimization of the zeolite framework are
still unsatisfactory using intensities from electron diffraction alone. Therefore, a combi-
nation of electron and powder X-ray diffraction is used to obtain best results.

6.2.1.3 Combining TEM and P-XRD in Reciprocal Space with Search
Techniques in Direct Space: The Structure of TNU-9,
Framework Code TUN

Another step of complexity constitutes the solution of the structure of zeolite TNU-9
[18]. With 24 symmetrically independent atoms on T sites, the unit cell volume is
almost twice as big as in ITQ-22. The structure solution of TUN-9 predates the
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automated electron crystallography; however, it shows how crucial the information
of electron diffraction was for the success. Despite best-quality data from the
P-XRD experiment and using search techniques in direct space implemented in the
FOCUS program [19], no solution was obtained in the beginning. From additional
electron diffraction and imaging data, structural information of the material had
been obtained analyzing projections along the channel axes. In addition, phases of
reflections have been determined from these experiments. Adding this as starting
information into the structure solution process using the full data set from P-XRD,
the crystal structure was solved and refined using the Rietveld technique (Fig. 6.5).
As can be learned from the original publication, the process of structure solution
was a very time-consuming process, not only in setting up the physical collabora-
tion between electron crystallography and powder diffraction but also in achieving
the goal. In the successful final computer run, 16 days of CPU time was required
just for structure solution. The successive Rietveld refinement still laid ahead. The
proportion of time needed for reciprocal space structure solution, as, e.g., for ITQ-
22, and time needed for direct space techniques (as, e.g., for TNU-9) is typical.
Despite basic, but partial, structure information from diffraction analysis is pro-
vided, the search in direct space using the FOCUS approach is extremely costly. As
perspective for the future, however, direct space modeling will become ever more
competitive as computer power increases. With improved code and modern equip-
ment, one might cut CPU time to much shorter periods.

Fig. 6.5 Projection of the framework structure of zeolite TNU-9 (TUN) seen along [-101] with
[101] across and [010] down
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6.2.1.4 Extending the Approach of the Combination of Complementary
Techniques Using Reciprocal and Direct Space: P-XRD, Electron
Crystallography, Charge Flipping, and Structure Envelope

IM-5 was an enigma for more than 10 years before in 2007 its structure was solved
[6]. Similar to the preceding material TNU-9, IM-5 has 24 symmetrically distinct T
atoms on T sites in the unit cell. Different from the FOCUS approach, in this case,
direct space becomes involved through the charge-flipping algorithm. In a recursive
way, the electron density distribution in direct space as calculated from a first set of
structure factors with phase values (obtained from direct methods) is repartitioned
avoiding negative electron densities and back-transformed into structure factors
with new phase values. These new structure factors are then used to calculate an
improved electron density distribution. Structure factors in reciprocal space and
electron density distribution in direct space are optimized in a cyclic process. This
process is very efficient and fast recycling is possible.

In addition, partial information about the crystal structure was obtained from
electron diffraction experiments leading to phase information for ca. 95 reflections.
Feeding this information into the charge-flipping structure solution process using
intensity information from the extracted P-XRD data, the crystal structure was
retrieved. The final electron density map obtained from the charge-flipping calcula-
tions precisely represents the tetrahedral network of the microporous IM-5 material
(Fig. 6.6). The material has an unusual 2D 10-ring (10R) channel system which is

Fig. 6.6 Projection of the framework of zeolite IM-5 (IMF) seen along [100] with [010] across
and [001] down
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connected through a larger cavity. Thus, the material has potential catalytic activity
and shape selectivity which should reflect the structural peculiarities.

ITQ-37 (framework type -ITV) is a chiral zeolite crystallizing in the cubic enan-
tiomeric space group P 4,32 and is the first chiral zeolite with one type of gyroidal
channel [20]. In order to solve the structure having 10 T atoms in symmetrically
inequivalent position, reciprocal space and direct space methods were applied to
diffraction data from P-XRD and ED experiments. It is an exceptional material with
30-ring pores and possesses the lowest density of all framework oxides. Only struc-
ture analysis explained to full extent the unique structural properties which can be
rationalized considering the synthesis conditions. In order to stabilize this frame-
work of low density, the structure contains a high proportion of D4R units (directed
by the fluoride anion and by Ge atoms at T sites) which form a rigid and rather dense
backbone of the porous framework (Fig. 6.7).

As can be seen in ITQ-40 (framework type -IRY), another example of a frame-
work with large 16- and 15-rings and compact 3-ring units together with D4R units
containing Ge atoms and fluoride anions, similar structural features were obtained

Fig. 6.7 Projection of the framework of zeolite ITQ-37 (-ITV) seen along [100] with [010] across
and [001] down
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by similar reaction conditions [21]. The crystallization of the particular framework
type (e.g., -ITV or -IRY) is mainly determined by the use of a specific SDA. Feedback
from structure analysis stimulates the synthesis efforts toward new zeolites with
unexpected framework structures. However, the complexity of these structures can
only be mastered using structure solution techniques at the most advanced level.

A particular feature of zeolite frameworks is structural disorder. TEM experi-
ments show that ITQ-39 material is an intergrown framework having three ordered
end-member polytypes. Using electron crystallography, the structure of polymorph
C has been determined allowing for the modeling of the remaining polymorphs A
and B. The 12R by 10R pairwise channels intersect to give a three-dimensional pore
system making the materials a good candidate for petrol refining [22]. The example
shows convincingly that only the high spatial resolution of electron diffraction made
structure solution possible. The information obtained from the diffraction pattern of
an undisturbed array of a few unit cells only revealed the structure and explained the
stacking disorder obvious in the diffraction pattern (Fig. 6.8).

As precaution should be added, the advancement made by the introduction of
charge flipping in the structure solution process is the efficiency with which direct
space information is extracted and positively used and fed into the refinement of the
structure factor phases. Still as a precondition for a successful structure solution,
materials of highest quality are required for the diffraction experiment, thus limiting
structure analysis.

6.2.1.5 Zeolite Materials of Limited Crystallinity

All examples of structure solution and refinement described so far required materi-
als of perfect crystallinity. However, many materials exist which are of limited crys-
tal quality. Still, their crystal structures are of interest for reasons of synthesis and

Fig. 6.8 Electron diffraction pattern of a disordered zeolite. The 3D data of such a pattern allow
for a detailed analysis of the type of disorder
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application-oriented research strategies. As examples, two studies are mentioned
describing zeolite crystal structure determinations from diffraction data of limited
resolution. In these examples, standard direct methods failed, and computer-assisted
model building was involved as important tool. The RUT framework type belongs
to the clathrasil family and could never be obtained as well-crystallized material.
Considering the [SiO,4] unit as the invariant and fundamental building block of the
structure and connecting those units to a three-dimensional four-connected silicate
framework, the requirements of “atomic resolutions” are shifted from ca. 1.2 Atoa
larger value of ca. 2.4 A. Introducing the new limits into the structure solution soft-
ware, the RUT crystal structure was solved (Fig. 6.9) [23]. From the distribution of
T centers, which showed up in the electron density map, the silicate framework
could be built. Finally, the structure was refined from P-XRD data using the Rietveld
method.

Whereas the crystal structure of RUB-10 has been solved and refined from
P-XRD data, COK-14 [24] and SSZ-31 [25] posed a much more difficult problem.
The structure of COK-14 was solved by model building based on chemical knowl-
edge and simulation of diffraction patterns.

Another example is the disassembly of proper zeolites and its reassembly to a
more or less ordered three-dimensional framework. The disassembly (delamina-
tion) of UTL-type zeolite into layered subunits and the reassembly of these subunits
through topotactic condensation are described by Roth et al. [182] and Verheyen
et al. [24]. Since the structure of the layers was known from the precursor material,
the structure of the condensation product could be derived and geometrically opti-
mized. Since the scattering experiment contains all structural information of the
material even when poorly crystallized, the refinement of the structure based on the

Fig. 6.9 Structure plot of the characteristic double cage of RUB-10 (RUT). Large green spheres
represent the occluded TMA cations acting as structure directors
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experimental model is a valuable procedure to confirm the proposed structure and to
gain detailed information on structural details.

SSZ-31 was obtained as a crystalline sample showing sharp and broad diffrac-
tion peaks. From an analysis of the anisotropic peak broadening, it was obvious that
the structural disorder is an inherent feature of the material. Based on additional
TEM experiments and after indexing of the diffraction pattern of the material, a
projection of the structure was obtained which showed close similarity to a projec-
tion of the structure of zeolite B as well as zeolite ZSM-12. This led to structure
models which were derived from an ordered polytype of zeolite ZSM-48 applying a
o-transformation [26] to its framework structure increasing the pore size from
10-ring to 12-ring dimension. The structure model agreed very well with other
physicochemical characterization results; however, because of the structural disor-
der of the material, no refinement of the structure against the experimental diffrac-
tion data was possible.

Wherever limited crystallinity is an inherent property of the material or electron
beam-sensitive materials degrade in the TEM, direct space ab initio methods come
into play. With information on the space group symmetry, chemical composition,
information on building blocks, or structural subunits from IR or NMR spectros-
copy, structure models can be generated using, e.g., Monte Carlo techniques and
tested against the P-XRD diagram. There are commercial programs such as TOPAS
distributed by Bruker and Endeavour distributed by Crystal Impact and public
domain programs such as FOX [27], ZEFSAII [28], or FullProf [29] which address
inorganic materials in particular and are well suited to solve zeolite structures.

6.2.2 Disordered Materials
6.2.2.1 Zeolite B and the Search for a Chiral Zeolite Framework

A most interesting case of the impact of structure analysis on applications is the
structure solution of zeolite  (“beta” for short). In 1967, Mobil Corporation filed
the patent [30]. However, because of its structural disorder, the P-XRD diagram of
beta looked as if the crystallinity of the material was poor and contained an amor-
phous fraction. This led to the neglect of further characterization and testing studies,
although adsorption data indicated high porosity similar to zeolite Y. Only in 1989,
structure models were published in literature by Treacy et al. [31] and Higgins et al.
[32] (Fig. 6.10). Immediately after, zeolite 5 became one of the most interesting and
commercially important microporous materials for catalytic applications.

In the course of structure determination, TEM experiments, diffraction, and
imaging played a crucial role. Despite its poor powder diagram, TEM images of the
zeolite revealed its crystalline nature; however, there was disorder in the stacking
sequence of layer-like building units (“beta-sheets”).

Assuming stacking disorder, Treacy et al. succeeded in solving the structure by
model building and by comparing the simulated powder patterns and TEM images
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Fig. 6.10 Top, projection of the beta-sheet on (001); bottom, the framework of zeolite B,
polymorph A, seen along [100] with [010] across and [001] down
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of the structure models with the experimental one. This led to the structural charac-
terization of the material and revealed its unperturbed three-dimensional 12-ring
pore system. Using the beta-sheet as building blocks, Higgins et al. showed in the
same year that there are ordered simplest end-members, one of which has a chiral
framework structure, polymorph A. Its space group symmetry would be P4,22 or
P4;22. Not only the revelation of the crystal structure of beta immediately led to
applications and commercialization but also the search for the pure chiral ordered
end-member materials started. Based on the SDA synthesis approach, for more than
adecade, synthesis chemists tried to achieve the goal without success. The improve-
ment of synthesis conditions stimulated by the knowledge of the crystal structure
and the very successful SDA-based synthesis protocol led to the isolation of poly-
morph B [33, 34] and polymorph C [35, 36]. An enrichment of polymorph A, the
chiral variety, in the synthesis of zeolite 5 was reported only recently [37]; however,
there is no evidence of the influence of the chiral framework on the catalytic proper-
ties of the material.

In contrast to the exhaustive synthesis attempts chasing for the chiral zeolite
framework, application-oriented research transformed the disordered beta material
from a laboratory curiosity into a valuable industrial catalyst very quickly, after the
crystal structure was known. It became immediately clear that zeolite beta has a
three-dimensional, interconnected, open pore system even as disordered material.
Again, the visualization of the framework structure inspired the zeolite science
community in all disciplines leading to year-long extensive studies of the many beta
materials which have been synthesized meanwhile. The latest progress in the field
is the template-free synthesis of beta materials which has less structural defects and
lower Si/Al ratio, challenging the SDA concept and turning beta into an even more
interesting material for industrial applications [38].

Other chiral frameworks have been synthesized until now [20, 39]; however,
there is no positive impact on catalytic reactions resulting from the chiral nature of
the framework structure. The product spectrum of catalyzed reactions including
chiral molecules shows no specific preference for one enantiomer, at least for those
systems tested so far.

6.2.2.2 Data Mining: Generating a Starting Structure Model on the Basis
of a Closely Related Material of Known Structure (Examples:
Interlayer Expanded Zeolites, New Materials with Reactive
Centers)

Very recently, structure elucidation of interlayer expanded zeolites was reported.
The synthesis method of interlayer expansion uses hydrous layer silicates as precur-
sor materials to built three-dimensional framework silicates interconnecting the lay-
ers with silylation reagents. In this way, expanded channel structures of variable
diameter are created and functionalized T centers are introduced, allowing for the
fine-tuning of structural and chemical properties of the expanded product. Although
the silylation procedure of IEZ exercises little control on the general crystallinity of
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the product, structure analysis proved that the IEZ materials are locally well ordered
with uniform pores and periodic framework structure [40, 41]. For IEZ materials
also, the future will show whether or not the information on structural details will
help to develop useful microporous materials for applications in sorption, separa-
tion, or catalysis.

Interlayer expanded zeolites were introduced as post-synthesis derivatives of lay-
ered precursors. The materials are homogeneous; however, their crystallinity is low
since the bridging linker unit introduced flexibility into the framework. An example
is the material IEZ-RRO (Fig. 6.11). Knowing the crystal structure of the precursor
and also the molecular structure of the linker, a structure model can be derived and
used as starting model for the Rietveld analysis of the P-XRD data. Because there is
no strict periodicity in the framework of the IEZ material, reflections in the powder
diagram are broadened. In addition, stacking disorder might be present in the sam-
ple, further complicating the analysis. Still, it is worthwhile to carry out the struc-
ture refinement in order to obtain the most detailed information about the structure
from experimental analysis [41]. This is the best precondition for simulation studies
using structure modeling.

Interlayer expanded zeolites (IEZ) in fact comprise a family of materials which
are obtained through interconnecting layered silicate precursors with reactive link-
ers through chemical bonds. The directed chemical bond of the linker unit with the

Fig. 6.11 Projection of the framework of interlayer expanded zeolite (IEZ) of RRO type along
[001] with [100] across and [010] down. The orange sphere is the center (Si) of the linker which
was introduced by silylation. Gray spheres represent the ligands which can be of different types
(-OH, —CHs;, —Cl, etc.)



6 Structure Analysis in Zeolite Research: From Framework Topologies to Functional... 203

surface silanol of neighboring layers makes these materials zeolite-like with the
linker units as carrier of a functional group.

In the simplest example, a [SiO,] tetrahedron connects the layers providing two
reactive silanol groups for chemical manipulations. The first attempt to interlayer
expansion goes back to Kuroda and coworkers who modified hydrous layer silicates
such as RUB-18, kanemite, and kenyaite by silylation to noncrystalline porous
framework materials [42, 43] and literature cited therein. Since the diffraction dia-
grams showed no sharp diffraction peaks, i.e., no translational periodicity, no struc-
tural studies were carried out on these materials. Later, the group of Tatsumi for the
first time used the term “interlayer expansion” and showed that silylation of the
hydrous silicate layer PSL-1 yielded a microporous solids with uniform porosity of the
product [44]. Prior to coining the term interlayer expansion, Ruan et al. [40] discovered
in zeolite Ti-YNU-1 the insertion of one [Si0,] tetrahedron connecting neighboring
MWW layers to build an expanded, crystalline, still thermally stable microporous
framework. The study was extended by this group and others to various layer
silicates, and expanded, reasonably periodic structures made from mww, fer, and
heu layers were synthesized [40, 41, 45, 46]. The X-ray structure analysis from bulk
powder samples confirmed the TEM studies showing the well-ordered active center
at the linker site [41, 47]. In explorative studies, it could be shown that other, func-
tionalized linker groups can be inserted and that by increasing the linker dimen-
sions, the pore size could be expanded [48—50]. The latest Rietveld analysis of an
IEZ material showed that using Fe** in aqueous solution as linker species, a micro-
porous, metal-expanded, thermally stable silicate framework could be formed
exposing the reactive metal linker site to the pore space [51]. The direction of an
active component on a specific framework site is demonstrated with the concept of
interlayer expanded zeolites and proven based on various structure analyses. This
should open a new field of exploration in custom-made zeolite catalysts with
tailored functionality.

6.2.2.3 PDF Analyses of Highly Disordered Materials

In X-ray diffraction diagrams, there is information beyond the Bragg peaks, which
are the signature of the periodic crystal structure. The Bragg intensities are used in
conventional structure analysis to solve and refine the crystal structure after sub-
tracting the pattern background. However, the X-ray scattering process, in general,
also involves intensities from disordered, glassy, or amorphous material giving rise
to intensity contributions in the diffraction pattern off the Bragg peaks [52]. The
same holds for neutron and electron scattering with the specific analytical power of
the respective technique.

An example in zeolite structural science is the delamination of layered precur-
sors [53, 54] and their three-dimensional arrangement as house of cards. The central
question is about the structure of the layer slab after the chemical treatment: is it
maintained and extended or is it partially condensed through folding or perhaps is it
without any structural order? Since there are almost no Bragg peaks left in the
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P-XRD diagram, only the analysis of the pair distribution function can reveal the
structure of the layer slab. In a feasibility study, delaminated MCM-22(P) was
investigated [55]. The analysis of the high-energy, high-resolution X-ray data set
(0=20 A-") confirmed the structure of the layer known from the framework slab,
but also showed that the layer is slightly bent, despite its thickness of ~25 A.

6.3 Distribution of Elements in the Framework

So far, the geometry of the zeolite framework was the focus of the discussion. Since
the scattering process is proportional to the number of electrons of the scattering
center, the atom, the intensity of a diffraction peak also contains precise information
on the chemical composition of the crystal. However, the Bragg peak is the result of
periodic translational order in the crystal, and, therefore, its intensity reflects the
spatial average of the composition of every unit cell. In addition, data collection
with conventional diffractometers averages dynamic disorder. This leads to severe
limitations in the analysis of local structure and composition.

In the current literature, there are a number of interesting examples where struc-
ture analysis has contributed to the location of active centers, in particular in cases
where compositional ordering was achieved or the scattering contribution of the
active site had a major impact.

6.3.1 Acidic Sites (Al, B)
6.3.1.1 Loewenstein’s Avoidance Rule

Since diffraction studies by nature have difficulties to discern Al and Si scatterers on
the T sites of the silicate framework, the advent of high-resolution solid-state magic-
angle-spinning NMR spectroscopy (HR SS MAS NMR) as element-specific experi-
ment probing local order promised fresh insight into the atomic ordering of
framework silicates. Loewenstein’s empirical avoidance rule stated that there are no
direct linkages between [AlQ,4] tetrahedra [56]. The neighboring T atoms should be
another tetravalent cation such as Si or higher valent such as P. This explains the
minimum Si/Al ratio of 1 in zeolite frameworks which leads to strictly ordered sili-
cate frameworks with alternating Si and Al occupancies. Loewenstein’s rule also
takes influence on properties typical for zeolites, limiting the ion exchange capacity
and the number of acid sites. For catalytic applications, high-silica zeolites are most
important. Again, the distribution of Al in the framework becomes of particular
importance. Until the 1980s of the last century, structure analyses used geometrical
features such as the different d(T-O) of Si and Al to analyze the Al distribution over
T sites if at all the ordering was studied.
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Early #Si NMR experiments showed that Si in siloxanes has nonoverlapping
chemical shift ranges which are typical for their connectivity [57]. The findings
were shown to also apply for silicate anions in solution and in solids [58, 59]. In
addition, the quantitative nature of the experiments allowed for the analysis of Al
distribution in the silicate framework of zeolite NaA leading to the conclusion that
there are anti-Loewenstein centers [60, 61]. The NMR results were approved by
electron and neutron diffraction experiments [62, 63]. FAU-type materials with
higher Si/Al ratio (1.18-67), however, showed no deviation from Loewenstein’s
rule, and the five signals in the 2°Si spectrum represent all possible Si environments
from 0 Al to 4 Al on the next nearest T site [64, 65]. This is not only in agreement
with Loewenstein’s rule but also fulfills Dempsey’s rule, whereupon the number of
Al neighbors of Si sites should be minimized [66]. In particular, high-silica zeolites
should not show clustering of Al near one Si center. Based on these new findings,
the NMR spectra of LTA-type zeolite with Si/Al ratio of one were reinterpreted later
and consolidated with complete Si/Al order in agreement with Loewenstein’s rule
[67, 68]. In the following years, Loewenstein’s rule was the basis for the interpreta-
tion of the distribution of Al or other trivalent substituents on T framework sites.
Theoretical studies complemented the experimental findings [69]. Based on
Loewenstein’s avoidance rule, an ordering of Al on T sites has been deduced for
several zeolite frameworks which is in agreement with the intensity ratios of NMR
signals in Si spectra [70, 71]. These results confirm the complementary nature of
diffraction analysis probing long-range periodicity and spectroscopic analysis prob-
ing short-range local order. The combination and the quantitative interpretation
fully explain the atomic structure of many zeolite frameworks including the reactive
center, here, as a representative example, Al order on T sites.

6.3.1.2 Heteroatom Localization and the Problem of Reactive Centers
in the Porous Frameworks: Where Is Al?

Besides the porosity with its pore size and dimension, the distribution of electrical
charge in the framework is of major importance for applications. Charge is intro-
duced by substitution of Si on T sites by cations of lower valence, mainly by Al. The
charge is compensated by extra-framework mineral cations which can be exchanged,
also by protons introducing acidity. Cation sites and also the sites of acidity are
dominated by the local geometry of the framework which exerts, therefore, consid-
erable influence on the particular properties, ion exchange, and acid catalysis.

In the early period of zeolite science and applications, the discovery of new
materials and the geometrical analysis of framework topologies of the silicate zeo-
lites were in the focus of interest. Pore openings and pore geometries were related
to the functional properties in ion exchange, sorption, and catalysis. Si/Al order on
T sites in the silicate framework was not discussed mainly because of the poor scat-
tering contrast of Al and Si in X-ray diffraction experiments. This led to averaged
structure models where T site occupancies were simulated by Si/Al partitioning.
Therefore, the space group symmetries of these structures are typically too high,
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further hiding the local structure of silicate zeolite frameworks. Examples are
faujasite-, chabazite-, or gmelinite-type zeolites with Si/Al~2. In structure analyses,
highest space group symmetry is assumed, and T positions are simulated by Si/Al
ratios obtained from chemical analysis. Only in such cases where Loewenstein’s
rule required an ordered distribution for the T atoms (Si/Al=1), distinct sites for Si
and Al were considered in the description of the silicate host (Fig. 6.12).

The importance of the knowledge of the Al distribution in zeolite frameworks
and of the control over it is the reason that even today new studies are published and
controversial discussions about new findings take place. Loewenstein’s rule is gen-
erally accepted now; still there are discussions on Dempsey’s rule [72, 73]. The
examples show the impact of structure analysis on the atomic scale on the under-
standing of properties of zeolites, whether ion exchange or catalysis. This also
extends to the synthesis of particular materials with tailored properties, i.e., the
design of materials. In the next paragraph, the even more subtle structural descrip-
tion of the siting of active centers will be discussed.

With the advent of high-silica zeolites, tantamount to the introduction of organic
structure directors and the invention of ZSM-5, the demand for a structural under-

Fig. 6.12 Section of the
faujasite structure (FAU) with
Si/Al=1 showing a complete
ordering of Si (red) and Al
(violet) on distinct T sites
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standing of the distribution of Al on T sites became more and more urgent. In addi-
tion to structure analysis from X-ray diffraction data, neutron and electron diffraction
methods became heavily involved in structural characterization, and, in addition,
spectroscopic methods for the analysis of the short-range order added important
contributions to the understanding. Because of the limited availability of neutron
beam time and the problem of beam sensitivity in TEM imaging experiments, solid-
state NMR became the experimental technique of choice for the study of local order.
In addition, structure simulation using numerical methods of increasing complexity
was involved in the discussion of order/disorder of active sites in zeolite host frame-
works. Often, analytical techniques probing long-range and short-range order in the
host framework were combined because of the precarious nature of the single results
and of the complementary nature of the information acquired.

The complexity of the problem is exemplified using MFI-type materials. Shortly
after the structure of the materials was solved, a gradient in Al concentration across
the single crystal was established [74, 75]. Obviously, large crystals of ZSM-5 zeo-
lite showed a significantly increased Al content near the surfaces of the crystal.
Since the catalytic activity is correlated with the Al content, the surface near part of
the crystal should be more active than the center. In a number of structure analyses,
spectroscopic experiments, and numerical simulations, an attempt was made to
localize Al on specific T sites. The detailed X-ray diffraction analysis of ZSM-5
[76] explicitly investigated structural features related to the particular properties of
the zeolite. Because of the low Al content of the sample studied and because of the
given framework type, the authors concluded that even if all Al would occupy one
particular T site of the framework, still only a partial occupancy of that T site is real-
ized. Therefore, because of the small scattering contrast of the Si-Al pair, it is very
unlikely that Al could be identified. The claim of Al ordering in ZSM-5 material was
intensively discussed over many years based on the results of many different ana-
lytic methods.

A hint for Al ordered on T site was achieved by Al MQ-MAS NMR experi-
ments [77]. For the first time, nonequivalent Al sites were detected in NMR experi-
ments indicating the distribution of Al on specific T sites. However, computational
studies showed that simple correlations of the isotropic chemical shifts with geo-
metrical features of the local order of the structure are not unambiguous [78, 79].
Also, using ion-exchanged materials and introducing the strongly scattering cation
Cs, X-ray diffraction studies were carried out again in order to assign the ordering
pattern observed in spectroscopic analyses to distinct T site available from structure
refinement [80]. Different to previous studies, the most likely T sites for Al are T12,
T7, and T10 using the numbering of Olson et al. [76], to which those oxygen atoms
are connected with the shortest Cs—O distances (Fig. 6.13). The findings on the site-
specific distribution of Al on T sites of the silicate framework were transferred then
into synthesis recipes with the aim to direct Al on distinct T sites [81, 82]. In cata-
lytic experiments, the impact of distinct Al distribution pattern on the performance
and product distribution was exemplified [83]. Similarly, studies on SCR catalysis
(selected catalytic reduction) using MFI-type materials with distinct Al distribution
and, therefore, specific cation sites were published [84]. More recent investigations
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Fig. 6.13 Section of the structure of Cs-ZSM-5. The T sites which are coordinated by oxygen
atoms with short contacts to Cs cations (orange) are indicated in violet. These T sites are likely to
be partially occupied by AI**. T sites which are exclusively occupied by Si are represented by red
spheres. Oxygen atoms are displayed in blue

using NMR and computational techniques [85] again confirmed that there is
ordering of Al on T sites. There is evidence that 10 out of 24 T sites of the monoclinic
unit cell of ZSM-5 contain Al, and hence, 14 are occupied by Si only [83, 86].

Contrary to the diffraction study of Al-containing MFI-type material, Rietveld
analysis of synchrotron-based diffraction data of B- and Ga-containing MFI-type
materials shows close to random distributions of the trivalent T atom on the 12 T
sites of the silicate framework [87].

Al already indicated, the identification of Al on specific sites in the zeolite frame-
work establishes the reactive center for acid catalysis. As trivalent cation, Al introduces
negative charge into the tetrahedral oxide framework which is localized on the oxygen
atoms of the coordination polyhedron. The charge-compensating cation, therefore, is
proximately placed interacting with Coulomb forces. Both species are reactive centers,
and their reactivity and selectivity depend strongly on the local geometric structure.
The active sites might be diluted in the porous framework, preventing molecules from
multiple reactions on their way through the pore system. In order to judge, simulate,
and predict the specific activity of the reactive center, either the acid center in conven-
tional acid catalysis or the metal center for, e.g., in SCR catalysis of NOx, the knowl-
edge of the site is a prerequisite, and the controlled synthesis of appropriate materials
is based on this knowledge. Because of the impact of this challenging problem on the
performance of the catalyst, the controlled placing of active metal centers in micropo-
rous frameworks was called a major challenge for the future [88, 89].
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6.3.1.3 WhereIs B

The substitution of Si on T sites by B results in weaker acidity of the framework on
the one hand, and the amount of B introduced into the framework is much more
limited compared to Al on the other hand. There is no equivalent to the low Si/Al
ratio materials for B; in high-silica materials, the amount of B in the framework
relates to the number of organic cations in the pore system [90]. The evidence for B
on specific T sites is as difficult as for Al with the exception of some framework
structure types with B ordered on specific T sites. Single-crystal structure analysis
from synchrotron-based diffraction data of defect-free MFI-type crystals showed
almost random distribution of B on T sites [87] even if there is a slight preference
for T1. In contrast, in the clathrasil RUB-10 having a borosilicate framework, B,
occupies one T site exclusively and, therefore clearly, shows up in structure analysis
[23]. In this way, it is optimally positioned to compensate the charge of the organic
SDA in the cages confirming the correlations of SDA and B content in the material.
Obvious ordering of boron on T sites is also observed in SSZ-82, a 12-ring by
10-ring zeolite [91].

6.3.1.4 Redox Sites: Fe and Ti in MFI-Type Frameworks

The role of Fe in catalysis is not restricted to the isomorphously substituted species
on T sites but more importantly to extra-framework iron. There is one specific struc-
tural study from synchrotron-based single-crystal experiments on the iron location
at T sites [92]. The interpretation of the electron density map including the charge-
compensating non-framework Na cation indicates that Fe segregates on the T sites
9 and 10. This result is in contrast to an earlier energy-minimization calculation
where an almost statistical distribution of Fe on T sites is proposed [93] which is in
agreement with experimental EXAFS spectra. The energy differences relevant for
the location of iron by EXAFS spectroscopy, however, are very small. Therefore, no
site preference can be attributed. The hard experimental evidence given by the dif-
fraction experiment sheds new light on the structural organization in this compli-
cated framework and suggests preferential site occupation.

Fe on extra-framework sites and in its catalytically active form is present as small
oxide cluster or as ionic species [94, 95] which is not accessible for diffraction
analysis. For this purpose, various spectroscopic techniques such as EXAFS, UV,
IR, etc., were applied to study the structure of the iron oxide nanocluster.

Ti-substituted MFI-type materials are the most important zeolitic materials used
for oxidation catalysis. Ti concentration at T sites is in the ~1 % range, i.e., approxi-
mately 1 Ti atom is contained in one unit cell. Neutron powder diffraction experi-
ments on Ti containing MFI-type materials, which were either isotopically enriched
in Ti-46 or in Ti-48, showed the segregation of Ti on specific T sites. These experi-
ments used the contrasting positive (Ti-46) and negative scattering length (Ti-48) of
the respective isotope. The T sites which contain Ti are T3, T8, and T10, whereas all
other sites are essentially free of Ti [96]. In a different neutron powder diffraction
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analysis [97], the authors suggested that T3, T7, T8, T10 or T6, T7, and T11, respec-
tively, are preferentially occupied by Ti, with T10 showing only weak evidence
[98]. However, the authors did not use samples isotopically enriched in Ti isotopes
and, thus, were not able to differentiate contributions due to structural defects from
those of Ti occupancy at specific T sites. Attempts to refine the Ti segregation from
X-ray diffraction data failed [99].

6.3.1.5 Defect Structures

Despite the high crystallinity of zeolitic materials in X-ray diffraction experiments,
2Si NMR spectra of all-silica zeolite frameworks show rather poor resolution. This
is due to defects in the silicate network leading to local distortions which strongly
disturb the NMR signals. The interrupted framework or the T-site vacancies change
the material properties significantly, e.g., rendering a hydrophobic all-silica frame-
work into a hydrophilic material. Calcination might heal certain defects if neighbor-
ing T sites are of the -O;T-OH type, and the thermal treatment leads to the
condensation of the OH groups. If there are missing T atoms, calcination will not
improve the NMR spectrum. All these defective sites are introduced during synthe-
sis and are generally distributed over particular framework sites. Neutron diffraction
experiments of silicalite material showed that in the MFI-type material, the T sites
T7, T10, and T11 are involved in clustered defects leading to hydroxyl nests [100].
Ordered defects as systematic part of the microporous framework have been reported
for RUB-22, a derivative framework structure of the RUT-type framework. In the
as-made material, one T site is missing systematically in comparison to a RUT-type
zeolite, and the T atom (B or Si) is replaced by hydrogen atoms forming OH
groups [101] (Fig. 6.14). A similar material has also been described by Plevert and
Tatsumi [102].

SSZ-74 is another zeolite framework with ordered vacancies in its framework
structure [103]. The material with a three-dimensional 10-ring channel system are
promising for applications in catalysis. Considering that the ordered vacancy might
be filled in with functional T atoms, new possibilities are open.

6.3.1.6 Conclusions

The detailed structural analysis of elements on specific sites is still a challenging
analytical problem. Using techniques probing long-range periodic order, i.e., dif-
fraction experiments based on X-rays, neutrons, or electrons, will always remain
difficult and specific for the respective technique. Depending on the scattering cross
section, elements contribute differently to the diffraction diagram, and in some
instances such as Si and Al for X-ray and electron diffraction experiments, there is
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Fig. 6.14 The structure of RUB-22. Specific T sites of the (hypothetical) non-interrupted frame-
work are missing and replaced by hydrogen atoms forming hydroxyl nests. The hydrogen bonds
between them are displayed as dotted blue lines. Large green spheres represent the occluded TMA
cations

almost no difference between the nuclei. In such cases, the complementary nature
of spectroscopic experiments probing short-range local order is very helpful. In
particular, the combination of element-sensitive NMR experiments with diffraction
experiments has proved to be very useful. Wherever the analysis was successful,
computational analysis can complete the understanding of the material in shedding
light on reaction mechanism and structural dynamics.

Still, there are many problems concerning the local structure of the reactive cen-
ters in porous framework which remain unsolved. Structure analysis will definitely
play a key role in the experimental register, together and complementary to spectro-
scopic methods and numerical simulation studies. One way to include diffraction
analysis in the characterization of active centers is the resonant scattering experi-
ment. Such experiments use X-rays with a wavelength near the absorption edge of
the active element. The reflection intensities of the scattered light are dominated in
particular by the contribution of the stimulated T element. Elastic resonant scatter-
ing experiments have been demonstrated to be useful for the analysis of extra-
framework cations [104], but also for the distribution and structure of particular
active elements in nanoclusters, e.g., HgSe, inside the pore system of zeolites, such
as FAU- and LTL-type frameworks [105].
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6.4 Specific Building Units: Structure Direction
with Framework Constituents Ordered on Distinct
T Sites

The structure-directing effect of organic molecules in the course of seed formation
and crystal growth has been discussed widely [106, 107]. However, there are other
non-framework constituents such as the fluoride anion and Ge as framework T atom
which play a decisive role in structure direction. Besides the function as mineralizer,
the fluoride anion preferentially occupies double-4-ring units (D4R), thus directing
the crystallization process toward frameworks containing D4R units (Fig. 6.15). Ge
as substituent for Si on T sites of the silicate framework also exerts substantial
structure-directing influence. Using organic SDA together with fluoride and/or Ge,
various framework structures have been obtained.

6.4.1 The Clathrasil Octadecasil and the F Synthesis
of Zeolites

The fluoride route in zeolite synthesis had been introduced in order to use other
mineralization media than the basic hydroxyl anion. The first example of a zeolite
obtained via the fluoride route was silicalite-1, the all-silica analogue of zeolite
ZSM-5. It was known that fluoride binds to silicon and might also stabilize coordi-
nation states of Si higher than four; however, the role of fluoride during zeolite
synthesis was not recognized. The crystal structure analysis of the clathrasil octa-
decasil for the first time revealed that fluoride occupies the double-4-ring unit, thus
stabilizing the AST framework type which is of rather low framework density
(Fig. 6.16) [108]. The structure refinement from single-crystal data immediately

Fig. 6.15 The double-4-ring
unit (D4R) containing a
fluoride anion (orange
sphere)
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Fig. 6.16 AST framework showing the fluoride anion (orange sphere) occupying the D4R and the
TMA cation (green) occupying the larger cage

also explained the unusual chemical shift values in the YF MAS NMR spectra
at~-40 ppm as fluoride entity in the double-4-ring confinement (D4R confinement).
Later, in NMR experiments monitoring the synthesis of zeolite ITQ-7, it has been
shown that the signal characteristic for the fluoride anion in the D4R confinement
shows up long before the crystalline material could be detected in P-XRD experi-
ments [109].

Based on this insight, in particular, Avelino Corma and his group of the Instituto
de Tecnologia Quimica, ITQ, very successfully used fluoride as mineralizer and
structure director for the synthesis of many new silicate zeolite framework types all
containing the D4R unit as characteristic structural feature. These are the frame-
work structure types containing D4R units and the corresponding type materials
which have been obtained by the ITQ synthesis group where the fluoride route was
developed: ISV (ITQ-7) [110], ITW (ITQ-12) [12], ITH ATQ-13) [13], BEC (beta
polymorph C or ITQ-17) [36], IWW (ITQ-22) [11], IWR (ITQ-24) [11], IWS (ITQ-
26) [12], IWV (ITQ-27) [111], ITR (ITQ-34) [14], -ITV (ITQ-37) [112], and IRR
(ITQ-44) [113]. In addition, the all-silica LTA (ITQ-29) [114] was also obtained
using fluoride as one of the structure directors. The long list of different and new
framework structure types was not exclusively obtained by the fluoride SDA but in
combination with other molecular SDA, most often organic amines, and by the
addition of Ge as substituent for Si on T positions. However, for the successful syn-
thesis, fluoride was essential, and the prime intention of the synthesis chemists was
to stabilize D4R units as they were first detected in octadecasil with AST framework
type. Interestingly, before the fluoride anion was established experimentally in the
D4R unit, it was speculated from theoretical calculations that the sodium cation
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should fit inside the D4R and thus stabilize the structure. After some controversy,
new simulation studies consolidated the experimental result and also found the sta-
bilizing influence of the fluoride anion [115].

The octadecasil example very conclusively shows the impact of basic research
on the progress of science. The structure analysis of octadecasil crystallizing in the
AST framework type became a key experiment in zeolite science after realizing the
structure-directing role of the fluoride anion during synthesis. The crystal structure
analysis constituted the experimental growth protocol and allowed for the general-
ization of the findings to a specific synthesis strategy yielding many new zeolite
framework types.

6.4.2 Geon T Sites

Germanium was reported first as substituent on T sites in FAU-type zeolite in the
early 1970s [116] and later as germanate zeolite [117]. In the late 1990s, the
structure-directing effect of structural germanate subunits which fit into the silicate
framework was recognized [118]. Shortly after this report, the synthesis of ITQ-7
was drastically improved by adding Ge which was supposed to facilitate the forma-
tion of D4R units [119]. Now, these silico-germanates showed a high enough ther-
mal and chemical stability essential for ion exchange and catalytic applications.
As a consequence, systematic experiments were carried out to synthesize new zeolite
framework structures containing D4R units with the aid of other, organic SDA. The
first example was the D4R-containing polymorph C of the beta family of framework
structures [36, 120]. The zeolite groups of the ITQ de Valencia systematically
exploited the findings of Ge as structure director and discovered a series of new
zeolite framework structures. The detailed structural analysis of ITQ-7 [121] and
AST-type zeolite [122] showed that Ge preferentially occupies sites of the D4R
unit. The analysis of the solid solution series of AST-type zeolite which can be
obtained as all-silica and all-germanium framework structure revealed the stepwise
substitution pattern of Ge for Si following first an avoidance rule similar to
Loewenstein’s rule for aluminosilicates, before an all-germanium framework struc-
ture is formed. The local order is particularly obvious from ?F SS-NMR experi-
ments which show the coexistence of definite ordering schemes in the framework
avoiding random distribution of Ge on T sites. The Ge order on T sites and its elec-
tron density is significantly different from those of the main constituents on frame-
work T sites, Si, and Al, also alleviating the task of structure determination [36]. As
shown in several examples, conventional direct methods yielded the complete zeo-
lite framework from powder diffraction data [10, 123—125]. Structure refinement
then confirmed Ge ordering on T sites, e.g., the preferential occupation of D4R T
sites.

The theoretical and structural explanation for the unique property of Ge as struc-
ture director and codirector concurrently with organic SDA has been ascribed to the
ability to accommodate O-T-O angles in a wider range than other T atoms, in par-
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ticular Si, to smaller values down to close to 90°. This reflects the geometry in the
preferred six-fold coordination of Ge in oxides in its thermodynamically stable
form [121, 126].

6.4.2.1 Secondary Building Units as Framework Constituents
in Germanates

Germanium on T sites of porous framework materials has been classified by
O’Keefe [118]. Random substitution in silicates resulted in typical silicate zeolites
with no specific structural or chemical features. Substitution on specific T site of
structural subunits like the D4R leads to the new framework structure types which
were discussed above. The third category are those porous frameworks made pre-
dominantly by Ge or by Ge only which include other, new subunits as secondary
building units which are geometrically not compatible with silicate frameworks [39,
127-131] (Fig. 6.17).

Allowing for an extension of the four-fold coordination to five- or six-fold coor-
dination for [GeOx] primary building units extends the number of subunits leading
to complex oxide framework structures which are modularly constructed from few
basic units in varying ratio and number [132]. In particular, enormous ring sizes and
pore volumes have been stabilized leading into the mesopore dimension still main-
taining an ordered, crystalline structure of the pore wall [20, 130, 133]. Unfortunately,
the chemical and thermal stability of these materials is lower than that of mesopo-
rous silicas comparable in pore size and pore volume.

From the available literature data, there is no other T atom with such decisive
influence on the framework structure during synthesis. As already discussed, Al is
heavily disordered with a tendency of preference for particular T sites B or Ga show
hardly any segregation.

Fig. 6.17 Example of a secondary building unit which is not compatible with silicate frameworks
but requires a high Ge content (violet Ge, orange B, blue O)
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6.4.3 Three Rings and Spiro-5 Units

Li, Be, and Zn are additional T atoms which have a structure-directing influence,
replacing Si on T sites. The solution of the crystal structure of the beryllium con-
taining mineral lovdarite showed that the spiro-5 unit with two 3-rings connected
with one spiro-Si atom at the center was a so far unknown feature of these silicate
materials (Fig. 6.18, left). Be is part of the spiro-5 unit [134, 135] which is the char-
acteristic structural unit of this group of materials. Since three rings are correlated
with low framework density and, therefore, large pore volume of the framework
structure, much attention had been paid for the synthesis of new, 3-ring-containing
materials [136]. Nabesite is another beryllosilicate mineral, and OSB-1, OSB-2, and
LSJ-10 are synthetic materials which all contain spiro-5 units [137-139]. A related
material to lovdarite is the zinc containing mineral gaultite [140] and the isostruc-
tural synthetic materials VPI-7 [141] and VPI-7* [142] with Zn as part of the spiro-5
unit, however, in a different arrangement of the layer-like building blocks. Here the
chemical cross relationship of the elements Be and Zn shows up and enables the
synthesis of similar framework structures with the catalytically interesting and less
poisonous element Zn. The spiro-5 unit is also a structural feature in other zinc sili-
cate materials such as RUB-17 [143] and VPI-9 [144].

The same spiro-5 unit is also formed in the presence of Li; however, the central posi-
tion of the spiro-5 unit is now taken by Li as part of the tetrahedral silicate framework
(Fig. 6.18, right). Representative materials are RUB-23 [145], RUB-29 [146], and RUB-
12 [147]. Apart from these examples of T atoms in spiro-5 units in silicates, there are in
all 23 type materials listed in the zeolite framework data base [148] with spiro-5 units in
aluminosilicate, germanate, phosphate, arsenate, etc., microporous frameworks.

Single 3-rings as typical features of silicate framework structures are rare; how-
ever, they cannot be related to specific substitution patterns or single elements. They
are found in silicates, germanosilicates, aluminosilicates, etc., and are made of Si as

O~

Fig. 6.18 The spiro-5 units containing Be or Zn (violet spheres) or Li (orange sphere). Si atoms
are displayed as red and O as blue spheres
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T atoms exclusively. Why such a strained structural environment is stable cannot be
related to specific compositional features of the material. Where possible, substitu-
tion of Si in 3-rings by other T atoms releases strain, thus stabilizing the 3-ring or
double-3-ring units.

6.4.4 Zeolite Frameworks with Mixed Pore Sizes

Zeolites possessing framework structures with mixed pore sizes show an improved
catalytic performance and a broader applicability since the different pore sizes
allow for a variety of diffusion pass ways. The prominent example is framework
structure-type MWW with a 10-ring and 12-ring channel system which intercon-
nects. An evaluation of the catalytic performance shows that the properties are simi-
lar to those of 10-ring zeolite ZSM-5 and 12-ring zeolite B [149]. Other examples
are the framework structure types of CON with a three-dimensional pore system of
12-ring and 10-ring channels (12R x 12R x 10R) [150], UTL with 14R x 12R [151]
(see Fig. 6.19), MSE with again 12R x 10R x 10R [152], ITQ-39 with 12R x 10R

Fig. 6.19 Projection of the UTL-type framework structure along [010] with [100] across and
[001] down. 12-ring channels are running parallel [010] and 14-ring channels along [001]
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[22, 153], and ITQ-52 with 10R x 8R [154]. Only after the crystal structures were
solved, a rational understanding of their properties in catalysis and separation was
obvious. Since the differences in absolute pore dimensions are rather small and
quite different from those which are classified as hierarchical pore sizes, the geom-
etry-related properties are more hybrid type reflecting a fine-tuning in size and
shape selectivity.

From the synthesis point of view, there is no clear concept which links the mixed
pore size to structure directing by organic SDA. It seems more that building blocks
of higher packing density are linked to three-dimensional frameworks giving rise to
the particular channel systems. However, the questions whether these building
blocks exist in solution and whether “Lego-" type construction of zeolite frame-
works from building blocks occurs during crystal growth are discussed controver-
sially and have not been proven convincingly by experiments. In the future,
high-energy X-ray scattering experiments and their analysis using the PDF tech-
nique might help to understand the formation of these framework structures from
atomistic principles. The feasibility of such analyses has been shown in a delamina-
tion experiment of the MWW layered precursor. The PDF analysis of the scattering
diagram of the layered structure slab has been refined and proved the integrity and
stability of the subunit in its isolated state [55].

6.4.5 Positions of Active Cations in the Pore Volume

Structure analysis has also paid attention to non-framework constituents such as the
structure directors or the charge-compensating cations. In ion exchange, adsorption, and
catalytic processes, the cations are of major importance as carriers of the functionality
active in the chemical reactions. Recently, SCR catalysis and latent heat storage were in
the focus of interest, two processes, where the nature of the non-framework constituents
and their distribution in the pore system are strongly related to the applications.

6.4.5.1 Cu or Fe in MFI- or CHA-Type Materials

Cu or Fe ion-exchanged high-silica MFI- and CHA-type materials showed superior
performance and stability in selective catalytic reduction (SCR) and also in oxida-
tion catalysis [94, 155-158].

The analysis of the local structure of the ion-exchanged MFI-type zeolites, how-
ever, relies on probes for local and element-specific analysis and no longer on dif-
fraction studies. EXAFS and XANES as well as IR and UV spectroscopies were
employed to study the local structure of nano-oxide particles, their behavior during
reaction cycles, their embedding into the pore system, and interaction with the reac-
tant. The citation given above covers these aspects of the non-framework species in
relation with their function.
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CHA-type zeolites are much less studied. However, the Cu-exchanged materials
play an important role in Diesel-exhaust SCR, where the Cu cations and their loca-
tion in the zeolite framework are important for the excellent performance [159—
163]. Again, diffraction has only supportive character in the localization of the Cu
ions, although evidence from diffraction analysis indicates that three different Cu
sites exist. Because of the low concentration of the metal cation and the high sym-
metry of the framework structure, only the statistical distribution of the cation over
the different extra-framework sites can be determined.

6.4.5.2 Water Adsorption at Specific Sites (Example: Li-LSX), Use
of Neutron Diffraction Data

The storage of latent heat in zeolite materials requires cations with high hydration
energies, pore space for the deposition of water, high framework charge for a large
number of cations, and high stability against hydrothermal decay. In order to under-
stand the process of hydration, low-silica X zeolite in its Li form, Li-LSX, has been
studied extensively with neutron and X-ray diffraction analyses and numerical sim-
ulations (see Fig. 6.20). Since the cation sites of dehydrated zeolites are different
from those of the hydrated form, and since the process of hydration proceeds in
steps depending on the energy gain by the hydration process, a structure analysis of
starting and final state of hydration plus intermediate steps of hydration is required.

Fig. 6.20 Section of the Li-LSX structure at a low degree of hydration. Note the different coordi-
nation spheres of the Li atoms (orange): One Li is three coordinated by framework oxygen atoms
(dark blue) only, while the other is four coordinated by oxygen atoms and water molecules (light
blue)
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Surprisingly, there are only a few studies on the dehydrated faujasite-type
materials, even less on hydrated and partially hydrated phases [164-169]. The
structure analysis of the specific hydration behavior of Li-LSX reflects the calori-
metric study showing distinct steps in the heat of adsorption [170-172]. The com-
bination of the different techniques nicely complements each other showing the
atomistic structural and macroscopic thermodynamic evolution of the material
upon hydration.

6.5 Conclusions

The history of structure analysis of microporous materials and particularly silicas,
aluminosilicates, and aluminophosphates shows impressively that crystal chemistry
and the search for new synthesis routes have strongly benefited from the insight into
the details of the framework structure. Once structure analysis revealed the synthe-
sis mechanism, the modularity of structures, the ordering scheme of SDA, etc., the
door for exploration of the features was opened.

For example, the visualization of the crystal structure of ZSM-5 (framework
type MFI) in combination with data from nitrogen adsorption, chemical analy-
ses, NMR spectroscopy, etc., substantiated the 10-ring pore dimension and the
three-dimensional diffusion pathway of the pores in the material, even if twin-
ning or intergrowth occurs. Based on the knowledge of its crystal structure,
MFI-type materials became the most researched and best studied zeolites in the
following years. Successful and important applications in the field of catalysis
followed and emphasized the importance and the impact of structure analysis.
Structure analysis of a synthesized tetrapropylammonium silicalite, TPA-
silicalite, very convincingly underlined the concept of structure directing by
organic templates, the structure-directing agents, SDA. The intimate correspon-
dence of the molecular geometry of the SDA and the channel geometry in the
silicate framework of ZSM-5 [173] certainly inseminated chemists working in
the synthesis of zeolites and subsequently lead to the discovery of numerous
zeolite materials, the most important ones are ZSM-12 [174], ZSM-22 [175],
ZSM-23 [176], and ZSM-48 [177].

On the other hand, zeolite framework structures played the role of guinea pigs
for the development of diffraction techniques and structure solution theory of
microcrystalline materials. The most complicated structures solved from powder
diffraction data are zeolite materials. This is also true for the most complex struc-
tures which were refined from X-ray powder pattern. It is no surprise that electron
crystallography and its latest success in solving new structures from nano-crystallites
is strongly related to microporous materials. The near future will bring the distribu-
tion of the technique to more and more laboratories and work through materials
structures which have not been able to solve so far. Most of these materials still
derive from OSDA-driven synthesis which has been exploited by a number of labo-
ratories extensively. There must exist more, unsolved structural problems which
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now are ready to be worked up. The method bears also hope for poorly crystalline
materials such as the topotactically condensed phases or the interlayer expanded
phases. Since the electron diffraction experiment requires only nano-sized crystals
which scatter coherently, the chances of solving these structures improve signifi-
cantly. Therefore, technically speaking, the future is in electron crystallography for
structure solution combined with X-ray powder diffraction for the refinement of the
framework geometry.

As far as new strategies for the synthesis of new microporous materials are
concerned, there are interesting concepts beyond the structure-directing effect of
organic molecules which have not yet been exploited exhaustively. The use of
supramolecular assemblies of organic SDA was introduced by Corma [114] and
successfully demonstrated for the synthesis of all-silica LTA. Later, few follow-
up reports were published in the open literature, demonstrating the feasibility of
the approach [178-180]. A breakthrough of supramolecular assemblies as
organic SDA for the synthesis of new materials has not been reported. The use
of framework slabs as modular units for the synthesis of new framework struc-
tures was successfully shown for the cubic octamer or D4R, stabilized with fluo-
ride anions or Ge substituents for Si. There are many more subunits analyzed as
dominant species in silicate solutions which show similar potential in stabilizing
new framework structures. Purposeful experiments should be directed toward
the idea in order to prove or disapprove the approach. A more recent structural
subunit for three-dimensional framework structures, the layered precursor, has
shown remarkable variability, and several new structure types have been obtained
[181]. The technique of topotactic condensation should be extended to other
already known hydrous layer silicates, and, in addition, new hydrous silicate
precursors should expand the potential. Using different inorganic linker groups,
the layered precursors can also be obtained as thermally stable three-dimen-
sional framework structures [41, 47]. In this field, the exploration of product
space has just begun, and a wide range of new microporous framework struc-
tures are expected.

For all new synthetic crystalline products, the structure analysis is the final pro-
tocol of the successful experiment. Conclusions from the analysis of the framework
geometry and the host-guest interaction feed back in new experiments developing
the synthesis strategy and refining the synthesis experimental protocol.

It is expected that, with respect to structure solution, electron crystallography
will take over the role of powder X-ray crystallography in the future. In this sense,
the review also highlights the achievements of P-XRD and sets the starting point for
the new electron crystallography era in zeolite sciences. Extrapolating from the
past, TEM equipment with precession instrumentation will substitute for the syn-
chrotron experiment in the future; however, the technique still needs experts until
automation will substitute them.
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Chapter 7
Solid-State NMR Studies of Zeolites

Shenhui Li and Feng Deng

Abstract Due to having unique pore structures and intrinsic acid—base properties,
zeolites have been widely used in ion exchange, adsorption, and catalysis in chemi-
cal and petrochemical industry. Solid-state NMR is a well-established tool for the
structural characterization of zeolites. The detailed information about the zeolite
framework can be obtained from multinuclear and multidimensional 'H, ¥Si, ?’Al,
and 7O MAS NMR spectroscopy. The structure and communication of cages and
channels in zeolites can be extracted by ??Xe NMR spectroscopy. The acidic prop-
erties of zeolites can be well characterized through solid-state NMR probe molecule
techniques. In addition, two-dimensional (2D) 'H-'H and >’ Al1-*’ Al double-quantum
(DQ) MAS NMR experiments are utilized to probe the spatial proximities and the
synergy effect between different acid sites in zeolites. Moreover, in situ solid-state
NMR is able to explore the mechanism of zeolite-catalyzed reactions by monitoring
the evolution of the reactants, intermediates, and products. The crystallization
mechanism for synthesis of zeolites can be elucidated by detecting the variation of
framework #Si, ’Al, and *'P NMR signals at different crystallization stages.

Keywords Zeolite * Solid-state NMR ¢ Acidity characterization * Heterogeneous
catalysis ¢ Crystallization mechanism

7.1 Introduction

Zeolites, which are built of the corner-sharing SiO, and AlO, tetrahedral units,
represent the most important class of known porous materials which are widely
used as catalysts, sorbents, and ion exchangers. The wide application of zeolites
in chemical and petrochemical industry could be mainly ascribed to their unique
pore topology and tunable acid—base property. Incorporation of heteroatoms, such

S. Li « F. Deng (D<)

State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan
Center for Magnetic Resonance, Wuhan Institute of Physics and Mathematics, The Chinese
Academy of Sciences, Wuhan 430071, China

e-mail: dengf@wipm.ac.cn

© Springer-Verlag Berlin Heidelberg 2016 231
E.-S. Xiao, X. Meng (eds.), Zeolites in Sustainable Chemistry,

Green Chemistry and Sustainable Technology,

DOI 10.1007/978-3-662-47395-5_7


mailto:dengf@wipm.ac.cn

232 S.Liand F. Deng

as Al into siliceous zeolites, will introduce a charge imbalance in the framework
which is balanced by a proton, thus generating bridging hydroxyl groups (SiOHAI,
Brgnsted acid sites). Lewis acid sites can be formed by either the dealumination
of H-form zeolites or introduction of metal species into zeolites, in which extra-
framework Al (EFAL) and metal species act as the Lewis acid sites [1, 2]. The
catalytic performances and adsorption behavior of zeolites can be improved by
post-modification of as-synthesized zeolites. Thermal or hydrothermal treatment
of H-type zeolites could largely improve not only their stability but also their
catalytic activity [3, 4]. Bifunctional zeolite catalysts (such as Zn/ZSM-5 and
Mo/ZSM-5) exhibit significantly higher catalytic performances for alkane activa-
tion and conversion compared to conventional zeolite catalysts [5—7]. Both the
catalytic activity and selectivity of zeolites in various heterogeneously catalyzed
processes are strongly dependent on their acidic property as well as their pore
structure [8—10]. All these fundamental issues could be comprehensively addressed
through the characterization of zeolites, investigation of acidic properties of zeo-
lites, and elucidation of catalytic reactions via various advanced spectroscopic
techniques.

With the development of both solid-state NMR methodologies and high-field
spectrometers, solid-state NMR is emerging as an important tool for the determi-
nation of structures and dynamic behaviors of multifunctional materials [11-15].
In the past decades, various state-of-the-art solid-state NMR techniques facilitate
the investigation of the framework structure of zeolites and elucidation of cata-
lytic reaction mechanisms to clarify the structure—property relationship in zeo-
lites [16-20]. Here, the applications of solid-state NMR techniques to
characterization of the framework structures and acidic properties of zeolites and
to elucidation of crystallization process and catalytic reaction mechanisms of
zeolites were briefly introduced.

7.2 Structural Characterization of Zeolites

7.2.1 'H MAS NMR

'H MAS NMR can provide direct information about various hydroxyl groups in
zeolites [21-24]. The chemical shift ranges for the Brgnsted acidic proton, non-
acidic SiOH, and AIOH groups in various zeolites were comprehensively summa-
rized by Hunger et al. [18] (see Table 7.1). In addition, their concentrations could be
directly obtained by measuring the integrated areas of the corresponding 'H signals.
In the '"H MAS NMR spectrum of parent HY zeolite (Fig. 7.1a), two signals at 5.0
and 4.3 ppm are assigned to bridging SIOHAI groups (Brgnsted acid sites) in the
sodalite and the supercage of HY zeolite, respectively. The peak at 2.2 ppm is due
to nonacidic SiOH groups. For dealuminated HY (Fig. 7.1b), the resonances at 2.8
and 1.0 ppm are associated with two different types of AIOH hydroxyl groups.
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Table 7.1 Assignments of 'H NMR chemical shift for various hydroxyl groups in dehydrated
zeolites [18]

O/ppm Hydroxyl group | Assignment
1.2-2.2 SiOH Silanol groups on the external surfaces or lattice defect sites
0.6-3.6 AIOH Non-framework Al hydroxyl groups in the pore channels
3.643 SiOHALI Bridging hydroxyl groups in large channels
4.6-5.2 SiOHALI Bridging hydroxyl group in small channels

43

(b)

(c)

@

U[UUUUI,‘IIsU'U"U‘U'l'li'l

15 10 -5 -10
ppm

Fig. 7.1 'HNMR spectrum of (a) HY, dealuminated HY without ?’Al irradiation (b) and with 2’Al
irradiation (c), and difference spectra (d) of (b) and (c) (Reprinted with permission from Ref. [26].
Copyright 2007 American Chemical Society)

Under on-resonance Al irradiation in a TRAPDOR experiment [25], apart from
the signals at 5.0 and 4.3 ppm, the signals at 2.8 and 1.0 ppm are largely reduced as
well (see Fig. 7.1c, d), indicating that these hydroxyl groups are in close proximity
to aluminum and are due to extra-framework AIOH groups [26]. 'H MAS NMR has
been extensively used to characterize various hydroxyl groups in various types of
zeolites such as H-mordenite, H-ZSM-5, H-beta, etc. [27, 28].
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7.2.2 YAl MAS NMR

Zeolite framework consists of SiO, and AlO, tetrahedra linked by oxygen atoms. These
tetrahedra can link together by their corners to form cages or channels, which are consist-
ing of different types of zeolite topology. Solid-state >’Al and Si MAS NMR have been
widely used to characterize the local environments in zeolites [29-33]. The coordination
environments of aluminum species in zeolite could be clearly distinguished from 2’Al
MAS NMR spectroscopy. Figure 7.2 shows the Al MAS NMR spectra of hydrated
H-Y zeolites with calcination treatments at various designated temperatures. In the 27Al
MAS NMR spectrum of parent hydrated H-Y zeolite as shown in Fig. 7.2a, only a single
peak at 60 ppm arising from four-coordinated framework Al species can be observed
[34]. Whereas in calcined H-Y zeolite as shown in Fig. 7.2b, d, additional resonances at
30 and -2 ppm are assigned to five- and six-coordinated EFAL species, respectively. The
signals of five-coordinated and six-coordinated EFAL species gradually grow up at the
expense of the signal of four-coordinated framework Al with the increase of calcination
temperature, indicating a progressive increase in the extent of dealumination [34].

For non-hydrated zeolites, spin echo is usually applied to collect the NMR sig-
nals from various Al species [35-37]. A series of steam-treated dealuminated H-Y

7100 76 60 26 O -25 -80
27Al Chemical shift/ ppm

Fig. 7.2 ??A1 MAS NMR spectra of parent H-Y (a) and dealuminated H-Y zeolites upon calcina-
tion treatment at 400 (b), 500 (c), 600 (d), and 700 °C (e) (Reprinted with permission from Ref.
[34]. Copyright 2008 American Chemical Society)
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zeolites in anhydrous state were thoroughly investigated by the spin-echo method
[36]. (see Fig. 7.3) Signal 1 with a QCC (quadrupole coupling constant) value of
14.4-15.0 MHz is assigned to the tetrahedrally coordinated framework Al of the
bridging hydroxyl (SiOHAI) groups, whereas the signal 2 with a QCC value of
6.4-9.1 MHz is due to the tetrahedrally coordinated framework Al species which is
compensated by residual sodium cation. It is revealed that the relative signal inten-
sity of framework Al species on the bridging OH groups decreases dramatically
with increasing severity of dealumination [36].

7.2.3 YAIMQ MAS NMR

Multiple-quantum magic-angle spinning (MQ MAS) is a solid-state NMR method
for obtaining a high-resolution spectrum of half-integer spin quadrupolar nuclei
[38, 39]. It is performed as a two-dimensional NMR experiment, establishing the
correlations between isotropic (high resolution) dimension and anisotropic central

1000 500 0 -500 -1000 1000 500 0 -500 -1000

1000 500 0 -500 -1000 1000 500 0 =500 -1000
S a1/ ppm & 7m / ppm

Fig. 7.3 ?’Al spin-echo NMR spectra of anhydrated H-Y zeolites’ (a) parent sample, (b) deH-
Y/7.4, (¢) deH-Y/31.1, and (d) deH-Y/81.5. Experimental spectra (fop) are compared with simu-
lated spectra (bottom) (Reprinted with permission from Ref. [36] Copyright 2004 American
Chemical Society)



236 S.Liand F. Deng

transition MAS dimension. 2D Al MQ MAS NMR can provide a more resolved
pattern compared with 1D Al MAS NMR after averaging out the second-order
quadrupole interaction. ?A1 MQ MAS NMR was employed to investigate the varia-
tion of the chemical environment of Al species in zeolites upon calcination treat-
ment [40]. Figure 7.4 shows the 2’ Al MQ MAS spectra of H-Y zeolites calcined at
different temperatures. Four types of aluminum species can be clearly distinguished,
which can be assigned to four-coordinated framework Al, six-coordinated EFAL,
five-coordinated EFAL, and four-coordinated EFAL, respectively [40]. As shown in
Fig. 7.4, it is notable that the five-coordinated EFAL and four-coordinated EFAL are
present at high calcination temperature [40]. The isotropic chemical shift &;, as well
as the second-order quadrupolar interaction parameter Py of each aluminum species
can be calculated according to the position of signals in the 2D MQ MAS spectra.
Combined with Al MAS NMR, Al MQ MAS NMR has been extensively used to
investigate the dealumination process, the water hydration process, and the alumi-
num states in various zeolites [41-43].
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Fig. 7.4 A1 MQ MAS NMR spectra of parent HY zeolite (a) and dealuminated H-Y zeolites
upon calcination treatment at 500 (b), 600 (¢), and 700 °C (d) (Reproduced from Ref. [40] by
permission of John Wiley & Sons Ltd)
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7.2.4 ?*Si MAS NMR

Si NMR chemical shifts normally vary from different chemical environments in
the zeolite framework. Thus, the local framework structure can be reflected from the
2Si NMR chemical shifts [44-48]. Figure 7.5 shows the *Si MAS NMR spectrum
of H-Y zeolite upon calcination treatments at different temperatures [34]. As shown
in Fig. 7.5, four different peaks at -89, —95, —101, and —106 ppm arising from
Si[3Al, 1Si], Si[2Al, 2Si], Si[1A1,3Si], and Si[0Al1,4Si] could be clearly resolved.
As suggested by Lippmaa et al. [44], the framework Si/Al ratio could be quantita-
tively determined after careful deconvolution of these four different peaks. The cor-
responding framework Si/Al ratios were determined to be 2.8, 3.0, 3.5, 4.6, and 5.3
for parent HY, CAL-400, CAL-500, CAL-600, and CAL-700 zeolites, respectively
[34]. In addition, Si MAS NMR is well suited for observing the chemically dis-
tinct and the crystallographic nonequivalent silicon sites in a topologically ordered
framework of zeolite and the mapping of various sites to specific tetrahedral loca-
tions in the unit cell [48, 49]. Figure 7.6 shows the ?Si NMR spectra of nitrogen
substituted HY zeolites. Using 2Si MAS NMR spectra in conjunction with quantum
chemical calculation, the ?°Si resonances at —89, —80, and —68 ppm have been
ascribed to SiNH,Al, AI-OH-Si—-NH,-Al, and Si(NH,Al),, respectively. The

298] Chemlcal shift/ ppm
Fig. 7.5 ?Si MAS NMR spectra of parent H-Y (a) and dealuminated H-Y zeolites upon calcina-

tion treatment at 400 (b), 500 (c), 600 (d), and 700 °C (e) (Reprinted with permission from Ref.
[34]. Copyright 2008 American Chemical Society)
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Fig. 7.6 *°Si NMR spectra of HY zeolite with 0 % (fop) and 20 % (below) of oxygen substituted
for NH groups (Reprinted with permission from Ref. [50] Copyright 2008 American Chemical
Society)

framework structure of newly designed N-doped zeolites could be elucidated
accordingly [50]. For the pure siliceous zeolite, the °Si NMR chemical shift strongly
depends on chemical environment of different silicon sites, which could be further
verified from DFT theoretical calculations [51].

7.2.5 #SiDQ MAS NMR

The intramolecular distance constraints are of great importance to solve the 3D
topology structure of zeolites. To establish the 2*Si—?°Si correlations and probe the
long-range Si-Si distances in the zeolite frameworks, Levitt and coworkers intro-
duced a new »Si solid-state MAS NMR experiment by incorporating the homonu-
clear dipolar recoupling sequence SR26,'! [52, 53]. In the 2D *Si DQ MAS NMR
spectrum of a zeolite sigma-2 with natural abundance as shown in Fig. 7.7a, the
spatial proximity among different Si sites has been demonstrated. In addition, long-
range »Si-?’Si distances of different Si pairs can be elucidated from the #Si DQ
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Fig. 7.7 *Si DQ correlation spectra of sigma-2 obtained with (a) the SR26,'" dipolar recoupling
sequence and (b) the J-coupling-based refocused INADEQUATE experiment (Reprinted with per-
mission from Ref. [53]. Copyright 2005 American Chemical Society)

built-up curves as a function of homonuclear recoupling time [53]. Moreover, as
manifested in Fig. 7.7b, the two-bond ®Si—*Si connectivity in sigma-2 could be
obtained through 2D J-coupling-based refocused INADEQUATE experiment [54].
Both the spatial proximity and bond connection information can be successively
achieved separately from the °Si—*°Si correlations through dipolar and J-coupling
interactions [53]. By incorporation with the unit cell parameters and space group
from the powder XRD, the 3D topology structure of zeolites can be accurately deter-
mined based on the long-range and short-range °Si—*°Si distance constraints which
were obtained from the 2D *Si DQ MAS NMR experiments. It was also demon-
strated that the structure of two purely siliceous zeolites could be solved by the 2D
»Si DQ MAS NMR technique [53]. This method opens up a new window for high-
resolution structure determination of zeolites by solid-state NMR spectroscopy.

7.2.6 70 MAS NMR

70 MAS NMR has been used to observe the zeolite framework oxygen signals
since the 1980s [55, 56]. The framework oxygen sites (Si—O-Si) could be directly
detected from 70O MAS and MQ MAS NMR techniques. However, the 7O signal of
the Brgnsted acid "0 site (AI-OH-Si) cannot be clearly distinguished due to its
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relatively low concentration. To detect the 7O site in HY, H-ZSM-5, and H-morde-
nite zeolites, several double-resonance solid-state NMR techniques including 'H-
70 TRAPDOR [25], "O-'H REDOR [57], '"H-'70 REDOR, and 'H-'"O HETCOR
experiments were utilized by Grey and coworkers [58-61].

Figure 7.8 shows the "O{'H} REDOR NMR spectra of "O-enriched HY zeo-
lite. The intensity of the shoulder at —24 ppm decreases significantly in the double-
resonance experiment, whereas the intensity of the broad peak at 21 ppm remains
almost unchanged [58]. According to the double-resonance experiment, the broad
peak at 21 ppm could be assigned to the framework oxygen atoms in the Si—-O-Al
and Si—O-Si linkages, whereas the shoulder signal at —24 ppm could be associated
to the oxygen site in Brgnsted acid site (Si—-OH-Al) [58]. 'H-'"0O CP-REDOR
NMR experiment was further applied to determine the O—H distance in zeolite
HY, which is around 0.98-1.01 A [60]. The Brgnsted acid sites in other zeolites
such as H-ZSM-5 and H-mordenite [61] were also studied by "O MAS NMR
spectroscopy, which provides insights into the active center in acid-mediated zeo-
lite catalysts.
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Fig. 7.8 '7O-'H REDOR NMR spectra of "O-enriched HY zeolite. The difference spectrum is
obtained by subtracting the double-resonance spectrum from the control spectrum (Reprinted by
permission from Macmillan Publishers Ltd: Ref. [58], copyright 2005)



7 Solid-State NMR Studies of Zeolites 241
7.2.7 1Xe NMR

The structure of cages and channels of zeolites play key roles in their adsorption
and desorption behavior and their catalytic activity. '??Xe NMR chemical shifts are
very sensitive to the pore geometry, which can serve as a probe for studying the
microstructure of zeolites [62—64]. For xenon adsorbed in a porous material, the
observed '®Xe chemical shift is a weighted average of different types of interac-
tions on NMR time scale. '*Xe NMR has been used to characterize the pore struc-
ture and adsorption properties in various zeolites such as MCM-22, MAS-7,
ZSM-5, etc. [65-68, 6].

By using ®Xe NMR, Chen et al. [65] found that Xe atoms were preferentially
adsorbed in the supercages of zeolite MCM-22 at low Xe pressure, while Xe atoms
could penetrate into the two-dimensional sinusoidal channels at high Xe pressure.
As Xe adsorption pressure is greater than 6 atm, two different kinds of xenon
exchange could be observed. Exchange of xenon at different adsorption sites in the
same supercage occurs at lower temperature ranges of 170-122 K (see Fig. 7.9).
Exchange between xenon in the supercage and the sinusoidal channel would take
place through gaseous xenon at higher temperatures (280-350 K) as shown in
Fig. 7.9. The ®Xe NMR results provided some new insights into the adsorption
properties of the MCM-22 zeolite [65]. Since the chemical shift of the xenon is very
sensitive to the types of atoms with which it collides, 1?Xe NMR is especially suc-
cessful in investigating charge, location, and state of cations in the metal-exchanged
zeolites [6, 67].

7.3 Acidity Characterization of Zeolites

7.3.1 Acidity Type and Strength

The acidity of zeolites dictates their catalytic performance during various hydrocar-
bon reactions [69]. Thus, a comprehensive investigation of the acidic properties is
crucial for the design, modification, and application of zeolites. The most important
features during the acidity characterization lie in the precise determination of the
acid type (Brgnsted vs Lewis), strength, concentration, and distribution (or location)
of acid sites.

The utilization of probe molecules was widely used to investigate the acidity of
zeolites. Pioneered by Lunsford et al. [70], trimethylphosphine (TMP) was adopted
as a probe molecule to characterize the acidity of H-form faujasite-type zeolites
based on the observed 3P NMR chemical shifts. Thereafter, the technique has
been widely used for acidity characterization of other zeolites [28, 71, 72]. As a
TMP molecule adsorbed onto a Brgnsted acid site, the formation of a TMPH™ ionic
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Fig. 7.9 Temperature-
dependent '¥Xe NMR spectra
of Xe adsorbed in the H-
MCM-22 zeolite with a Xe
pressure of 6.0 atm
(Reprinted with permission
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complex would give rise to a *'P chemical shifts ranging from ca. —1 to —6 ppm,
whereas TMP molecules bound to Lewis acid sites normally result in *'P chemical
shifts in the range of —30 to —70 ppm [70]. Therefore, Brgnsted and Lewis acid
sites in zeolites can be clearly distinguished, and their concentrations can be quan-
titatively determined. Recent DFT calculation results indicate that the *'P NMR
chemical shifts of adsorbed TMP molecules can be used as a scale to quantitatively
measure the Lewis acid strength, i.e., the Lewis acid strength linearly increases
with the increase of the 3'P NMR chemical shift [73].

In order to accurately determine the Brgnsted acid strength of zeolites, several
spectroscopic and analytical methods such as IR spectroscopy, temperature-
programmed desorption (TPD), and microcalorimetry have been employed.
However, in the conventional NH;—TPD and pyridine IR experiments, ammonia and
pyridine probe molecules are normally too basic to distinguish the differences of
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Brgnsted acid strengths of zeolites. It is very promising to characterize the acid
strength of zeolites by utilizing solid-state MAS NMR spectroscopy of various
probe molecules. 3C MAS NMR of adsorbed 2-'3C-acetone [74-76], 3P MAS
NMR of adsorbed trimethylphosphine oxide (TMPO) [77, 78], and '"H MAS NMR
of adsorbed pyridine-ds [79, 27, 80] were used to characterize the acidity of various
zeolites.

Besides the experimental observations, theoretical DFT calculations were
recently employed to establish the correlation between the 'H, '*C, and *'P NMR
chemical shifts of probe molecules and the acid strength of zeolites [81-88]. Proton
affinity (PA) or deprotonation energy (DPE) can serve as an indicator for the intrin-
sic acid strengths of Brgnsted acid sites. A smaller PA or DPE corresponds to a
stronger Brgnsted acid. In the DFT calculations, Brgnsted acid sites with varying
acid strengths were built by a series of 8 T zeolite models with varying terminal
Si—H bond lengths. As such, proton affinities of Brgnsted acid sites varying from
246.7 to 310.8 kcal/mol could be generated from these selected models, covering
from weak, medium strong, strong, to super acid [83]. Furthermore, the 'H, *C, and
3P NMR chemical shifts could be calculated after optimizing the complex struc-
tures of the probe molecules adsorbed on the Brgnsted acid sites, and thus, the
correlations between the Brgnsted acid strengths and NMR chemical shifts were
established [83, 84, 82, 81].

For pyridine-ds probe molecule, it was found that the 'H chemical shift of pyri-
dinium ions decreases linearly with the decrease of PA or the increase of Brgnsted
acid strength, indicating that the 'H chemical shift of adsorbed pyridine-ds can be
used as a scale for quantitatively measuring the Brgnsted acid strength [83].
Moreover, by taking a PA value of 250 kcal/mol as the threshold for superacidity, an
observed 'H chemical shift of 12.6 ppm could be inferred as the corresponding
chemical shift threshold for pyridine-ds probe molecule (see Fig. 7.10), which is in
well agreement with the experimental values. As pyridine-d;s is adsorbed on a strong
Brgnsted acid site, a complete transfer of the Brgnsted acidic proton to the pyridine
molecule prevails; the pronounced shielding effect arising from the pyridine ring
thus results in variation in the observed d,y toward a lower value [83]. The linear
correlation between 8,y and acidic strength based on the 'H-pyridine-ds NMR
approach affords quantitative assessment of Brgnsted acid strength in solid acid
catalysts.

For 2-13C-acetone probe molecule, it was found that three adsorption conforma-
tions (hydrogen bonded, proton shared, and ion pair) exist, corresponding to differ-
ent extents of proton transfer from the Brgnsted acid site to the adsorbed acetone
[84]. A correlation of three-broken lines was obtained for the *C chemical shift of
acetone versus DPE values [84]. As shown in Fig. 7.11, trifolded correlation
between &3¢ and DPE may be described as followed: Region I (DPE<270 kcal/
mol) is associated with the formation of ion-pair adsorption complexes, correspond-
ing to the presence of strong Brgnsted acid sites. Region II (270 <DPE <276 kcal/
mol) may be related to proton-shared adsorption scheme with medium acidic
strength, whereas Region III (DPE>276 kcal/mol) belongs to hydrogen-bonded
adsorption scheme with relatively weak acidity. A '*C chemical shift threshold of
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13¢ Chemical Shift of Acetone (ppm)

245

240

225

220

111

240 250 260 270 280 290 300 30 320

Deprotonation Energy (kcal/mol)
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Copyright 2010 American Chemical Society)
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ca. 245 ppm was obtained for superacidity in this case [84]. The correlation can be
used as a scale for quantitatively measuring the Brgnsted acid strength of various
solid acid catalysts.

Similarly, the *'P chemical shift of TMPO probe molecule also exhibits a linear
correlation with Brgnsted acid strength (see Fig. 7.12) [81]. In this case, the 'P
chemical shift increases linearly with the decrease of PA or the increase of Brgnsted
acid strength, a larger *'P chemical shift corresponds a strong acid strength, and a
3P chemical shift of 86 ppm was obtained as the threshold for superacidity [81]. It
is noteworthy that the acidic scales have been extensively utilized to measure the
acid strength of other solid acids [8§9-91], including heteropolyacids [92-94].

A recent study theoretically investigated the influence of acid strength on solid-acid-
catalyzed protonation of olefins. This revealed that with increasing acid strength, the
extent of energy reduction generally follows the order of the ionic character of these
species. Ionic species are much more sensitive to acid strength than covalent species,
regardless of intermediates or transition states. Therefore, an increase in acid strength
can result in the preferential formation of ion-pair intermediates with greater stability
than & complex and alkoxy species intermediates [95]. The rule that ionic species are
more sensitive than covalent species to acid strength can be used to interpret and pre-
dict the effects of acid strength on catalytic activity for other solid-acid-catalyzed
reactions [96]. Comprehensive studies have been carried out on the product selectivity
and reaction pathway during alkane activation (hydrogen exchange, dehydrogenation,
and cracking) and alkene hydrogenation reactions over zeolite catalysts with varied
acid characteristics [96, 97]. It is well known that catalysts with greater acidic strength
are more favorable for enhanced alkane activation during propane cracking, but
hydrogen exchange reactions are not sensitive to the acidic strength of the catalyst,
which is also well explained by the ionic character of the transition states [97].

31P Isotropic Chemical Shift (ppm)
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300 290 280 270 260 250 240 230
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Fig. 7.12 Correlations of calculated *'P chemical shift of adsorbed R;POH* complexes and proton
affinity (PA) (Reprinted with permission from Ref.[82]. Copyright 2008 American Chemical
Society)
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7.3.2 Acid Site Location

The characterization of acid site distributions is of great importance to understand
the detailed mechanism of catalytic reactions occurring on different sites. In order
to distinguish the acid sites located in the internal voids and on the external surfaces
of zeolites, a solid-state 3'P NMR technique was proposed by using trialkylphos-
phine probe molecules with different sizes, such as trimethylphosphine oxide
(TMPO) and tributylphosphine oxide (TBPO) [98]. The size of TMPO (kinetic
diameter ca. 0.55 nm) is smaller than the typical pore aperture of the ten-membered
ring (ca. 0.60 nm) of zeolite ZSM-5. The small size of TMPO enables it to diffuse
into the intracrystalline channels and pores of the zeolite. Both the internal and
external acid sites are accessible to TMPO, whereas the size of TBPO (ca. 0.82 nm)
is too large to penetrate into the channels and can only detect acid sites located on
the external surface of the zeolite. Therefore, the concentration of the internal acid
sites can be obtained from the difference between those determined from TMPO
and TMBO. With the aid of DFT calculation, it was demonstrated that the 3'P chem-
ical shifts of various trialkylphosphine probe molecules (triethylphosphine oxide,
TEPO; tributylphosphine oxide, TBPO; and trioctylphosphine oxide, TOPO) could
be utilized as scales for quantitatively measuring the Brgnsted acid strength, and
a 3'P chemical shift of 92-94 ppm corresponded to the chemical shift threshold for
superacidity (also see Fig. 7.12) [82]. Similarly, Zhang et al.[99] adopted perfluo-
rotributylamine as a probe molecule and employed '"H MAS NMR to distinguish the
internal and external acidic sites in zeolites. By using DFT calculations and solid-
state NMR of adsorbed TMPO, Zheng and coworkers [100] found that the accessi-
ble Brgnsted acidic protons reside in both the supercages (at the AI8—OH-Si8 and
Al1-OH-Si2 sites) and the external surface pockets (at the AI8—OH-Si8 site) rather
than in the sinusoidal channels (at the AIS-OH-Si7 site) of zeolite H-MCM-22,
with the AI1-OH-Si2 site having the strongest acid strength. This finding may par-
tially explain the special selectivity of acid-catalyzed reactions occurring inside the
channels of the zeolite.

7.3.3 Spatial Proximity Among Different Acid Sites

In order to better understand the possible synergy effect between Brgnsted and
Lewis acids, advanced 2D solid-state NMR methods, such as 'H-'H [26], 2’Al-*"Al
[40], and 3'P-*'P [101] double-quantum (DQ) magic-angle spinning (MAS) NMR
spectroscopy methods, have been developed and applied to investigate the spatial
proximity among different acid sites in various zeolites.

2D 'H DQ MAS NMR experiment is a robust technique for probing proton—proton
proximities in various functional materials [102]. It was first employed by Li et al. to
explore the spatial proximities among various acid sites in dealuminated HY zeolites
[26]. As shown in Fig. 7.13, several types of correlation peaks can be clearly discerned
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Fig. 7.13 'H DQ MAS NMR spectra of dealuminated HY (Reprinted with permission from Ref.
[26]. Copyright 2007 American Chemical Society)

in the '"H DQ MAS spectrum of dealuminated HY. The autocorrelation peaks at (4.3,
8.6) ppm and (5.0, 10.0) ppm suggest the spatial proximity of Brgnsted acid sites in the
supercage and sodalite cage, respectively. The autocorrelation peak at (2.2, 4.4) ppm
results from the formation of silanol groups during the dealumination process. Another
autocorrelation peak at (2.8, 5.6) ppm is due to EFAL species containing more than
one hydroxyl group such as AI(OH); and AI(OH),*. Additionally, the off-diagonal peak
pair at (1.0, 6.0) and (5.0, 6.0) ppm corresponds to the correlation between the extra-
framework AIOH group and the bridging hydroxyl group in the sodalite cage, suggest-
ing the spatial proximity between Brgnsted and Lewis acid sites. The appearance of
another off-diagonal peak pair at (2.8, 7.1) and (4.3, 7.1) ppm confirms the spatial
proximity between the Lewis and Brgnsted acid sites in the supercage [26].
Meanwhile, 'H-'"H DQ MAS NMR experiments were performed with varying
DQ recoupling time to determine the average 'H-'H distance between various
hydroxyl groups [34]. Accordingly, the '"H-'H distance between a Brgnsted acidic
proton and an extra-framework AIOH species in both the supercage and the sodalite
cage was determined to be 4.3 A, whereas the average distance between two nearby
Brgnsted acidic protons in the supercages was measured to be 5.0 A. By using the
similar techniques, a comprehensive study was carried out to probe the spatial prox-
imities between different acid sites in H-Y zeolites modified with different dealu-
mination treatments (including calcination, steaming, and acid leaching) [26]. It
was found that the Brgnsted/Lewis acid synergy effect was always present in the
samples prepared by thermal and hydrothermal treatments but absent in the samples
prepared by acid leaching treatment [34]. Furthermore, extra-framework aluminum
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(EFAL) species in hydrated dealuminated HY zeolite were also investigated by
"H-'"H DQ MAS NMR experiments [103]. The '"H-"H DQ MAS NMR spectroscopy
is also employed to investigate the spatial proximity of acid sites in highly siliceous
zeolites, such as H-ZSM-5, H-mordenite, and H-MCM-22 [104, 105]. All these
findings would provide insights into the roles of Lewis acid and its synergy with the
Brgnsted acid in zeolite-mediated hydrocarbon reactions.

Apart from 'H-'H DQ MAS NMR, Al-*’Al DQ MAS NMR can also be
employed to investigate the Brgnsted/Lewis acid synergy in dealuminated zeolites
as well [40]. By utilizing a sensitivity-enhanced 2D ?’Al DQ MAS NMR technique
[106], the spatial proximities among various Al species in dealuminated HY zeo-
lites were demonstrated.

Figure 7.14 shows 2D *’Al DQ MAS NMR spectra of parent HY and calcined
HY zeolites. For the parent HY as shown in Fig. 7.14a, the autocorrelation peak at
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(d) HY-700 zeolites (Reproduced from Ref. [40] by permission of John Wiley & Sons Ltd)
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(61, 122) ppm in the ?’Al->’Al DQ MAS NMR spectrum indicates that four-
coordinated framework Al (FAL) species are in close proximity to one another. For
the HY-500 zeolite, the cross peak pair at (61, 61) and (0, 61) ppm results from the
spatial proximity between the four-coordinated FAL and the six-coordinated EFAL
(see Fig. 7.14b), implying the existence of Brgnsted/Lewis acid synergy in the
dealuminated HY zeolite [40]. For the HY-600 zeolite, it is revealed that three
kinds of aluminum species including four-coordinated FAL, five-coordinated
EFAL and six-coordinated EFAL are in close proximity one another (Fig. 7.14c).
In the 2D Al DQ MAS NMR spectrum of HY-700 (Fig. 7.14d), the correlation
peak pair at (55, 87) and (32, 87) ppm is ascribed to the spatial proximity between
four-coordinated EFAL species and five-coordinated EFAL species. On the basis
of the experimental observations, the detailed spatial correlations among various
aluminum species in hydrated HY zeolites after dealumination treatment are
clearly identified [40]. With the assistance of DFT theoretical calculation, a new
dealumination mechanism was proposed, and three types of EFAL species,
Al(OH);, AI(OH),*, and AI(OH)*, in close proximity to framework aluminum,
were identified in dealuminated HY zeolites [40]. The spatial proximities of
Brgnsted and Lewis acid sites in the highly siliceous zeolites, such as H-MOR,
H-ZSM-5, and MCM-22 zeolites, were also investigated by 2D Al DQ MAS
experiments [104, 105]. It was found that the Brgnsted/Lewis acid synergy was
present in these highly siliceous zeolites as well.

To measure the Brgnsted acid densities in zeolites, Peng et al. [101] proposed a
new method by using diphenyldiphosphines, Ph,P(CH,)nPPh, molecules having
two basic sites. 2D *'P DQ MAS NMR experiments were employed to probe 3'P->'P
internuclear distances and distinguish the non-protonated, single-protonated, or
double-protonated diphenyldiphosphines binding sites in the zeolite. By using these
techniques, the density and distribution of Brgnsted acid sites in HY and H-ZMS-5
zeolites with different Si/Al ratios were comprehensively investigated [107].

7.4 Elucidation of Reaction Mechanisms in Heterogeneous
Catalysis

Understanding the reaction mechanisms involved in heterogeneously catalyzed
reactions is helpful to refine zeolite catalysts and design new ones. In order to elu-
cidate the catalytic reaction mechanisms, the nature of reactant, intermediate, and
product formed on the working catalysts during catalyzed reaction process needs to
be clearly identified. The reaction pathway in heterogeneous catalysis involves in
the several important stages: adsorption of the reactant molecules onto active sites,
activation of the adsorption molecules, formation of possible reaction intermediates
and products, and desorption of the product molecules from the catalyst [16]. The
adsorption states of reactant, reaction intermediates, and final product formed on
zeolite catalysts during reaction process can be identified from in situ MAS NMR
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spectroscopy [17, 108, 109]. Meanwhile, the thermodynamic behavior and kinetic
property, strongly subject to the catalyzed performance, could be theoretically
described on the basis of activation barriers and reaction energies derived from the
reaction pathway calculations [110-112]. A combined in situ MAS NMR and theo-
retical DFT calculation study could provide deep insight into the structure—activity
relationship of zeolites in heterogeneously catalyzed reactions [6, 113].

Wang et al. [114] studied the formation and decomposition of N, N,
N-trimethylanilinium cations in the methylation of aniline on acidic zeolite cata-
lysts through in situ *C MAS NMR spectroscopy under continuous-flow and stop-
flow conditions. Figure 7.15 shows the formation of N, N, N-trimethylanilinium
cations during methylation of aniline by methanol on H-Y zeolite performed under
continuous-flow conditions. As shown in Fig. 7.15a, the signal at 50 ppm was due
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Fig. 7.15 In situ C MAS NMR spectra recorded during aniline methylation on zeolite H-Y
under continuous-flow conditions at reaction temperatures of 473 K for 10 min (a), 473 K for
90 min (b), 498 K for 90 min (¢), and 523 K for 90 min (d) (Reprinted with permission from Ref.
[114]. Copyright 2002 American Chemical Society)
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to methanol adsorbed on Brgnsted acid site, while the peaks at 63.5 and 60.5 ppm
were ascribed to the formation of dimethyl ether (DME). After 90 min reaction at
473 K (Fig. 7.15b), a new signal appeared at 39 ppm, corresponding to the forma-
tion of N-methylanilinium cations ([PhNH,CH;]*). After further increasing the
reaction temperature, the intensity of the signal at 58 ppm due to N,N,N-
trimethylanilinium cations increased, while signal intensities of methanol and DME
decreased. During the aniline methylation reaction at temperatures of 498523 K,
other signals at 48 and 16 ppm were assigned to N, N-dimethylanilinium cations
([PhNH(CHj;),]*) and ring-alkylated reaction products, respectively [114]. The role
of N,N,N- trimethylanilinium cations in the methylation of aniline process was fur-
ther investigated by stopped-flow ©C MAS NMR techniques. As
N,N,N-trimethylanilinium cations were formed on zeolite H-Y, the reactant flow
was stopped and the progressive reaction of these cations on the catalyst was inves-
tigated by stopped-flow MAS NMR spectroscopy at different reaction
temperatures.

On the basis of the results of in situ *C NMR investigations, a mechanism of
aniline methylation on acidic zeolite H-Y was proposed (see Fig. 7.16) [114]. In the
first step of the reaction, methanol is converted to DME and surface methoxy groups.
Then, alkylation starts as a consequence of the formation of N-methylanilinium,
N,N-dimethylanilinium, and N,N,N-trimethylanilinium cations on H-Y zeolite. The
products of the N-alkylation of aniline, N-methylaniline, and N,N-dimethylaniline
are further formed via deprotonation of the N-methylanilinium and N,N-
dimethylanilinium cations [114].

Recently, in situ *C MAS NMR was also employed to monitor the carbonylation
of methane with CO over a Zn-modified ZSM-5 zeolite catalyst [115]. Figure 7.17
shows the *C CP/MAS NMR spectra of products formed from carbonylation reac-
tion of '3C-labeled methane with CO on ZnZSM-5 catalyst heated at different tem-
peratures for 1 h [115].

At 523 K, the signal at —7 ppm was assigned to unreacted methane, and the
intense peak at 173 ppm was due to formate species (Fig. 7.17a). In addition, two

CH,0H =——— DME

(50 ppm) (60.5, 63.5 ppm)

N

CH,0Z

/ = \
+CH30H, -H;0 +CH;0H, -H;0 +CH30H, -H;0
[PhNH,]*0Z° === [PhNH,CH,|'0Z === [PhNH(CH,);]'0Z" —~———= [PhN(CH,),]'0Z
K, (39 ppm) K, (48 ppm) Ky (58 ppm)
ZOH 1I, K, ZOH ‘“A’s ZOH ﬂ K
aniline NMA NNDMA

Fig. 7.16 Aniline methylation mechanism on zeolite H-Y (Reprinted with permission from Ref.
[114]. Copyright 2002 American Chemical Society)
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Fig. 7.17 '3C CP/MAS NMR spectra of products formed from co-adsorption of CH, and CO on
ZnZSM-5 catalyst heated for 1 h. (a, b) '3*CH, and "*CO at 523 K and 623 K. (¢, d) *CH,, '*CO,

and O, at 523 K and 623 K. (e, f) '*CH,, '*CO, and H, at 523 K and 623 K (Reproduced from Ref.
[115] by permission of John Wiley & Sons Ltd)

other weak signals were observable at 58 and —20 ppm, which could be assigned to
surface methoxy species and zinc methyl species, respectively [115]. The appear-
ance of methyl (21 ppm) and carbonyl groups (187 ppm) of acetic acid indicated the
occurrence of the carbonylation reaction on the ZnZSM-5 catalyst at 623 K (see
Fig. 7.17b). Interestingly, when a trace of molecular oxygen was added, the amount
of zinc methyl species (=20 ppm) was significantly increased at 523 K while the
methoxy species (58 ppm) disappeared (Fig. 7.17c). Meanwhile, a small amount of
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formate (173 ppm) and carbonate species (164 ppm) was observable as well. Further
increasing the reaction temperature to 623 K resulted in selective formation of ace-
tic acid (see Fig. 7.17d). In contrast, when a trace of H, was adsorbed, the signals of
the methoxy species and its derivatives dimethyl ether (65 ppm) and methanol
(53 ppm) were remarkably increased at 523 K (Fig. 7.17¢). Acetic acid was formed
along with the zinc methyl species and ethane (Fig. 7.17f). It was demonstrated that
acetic acid could be generated directly under a mild reaction condition (573—-623 K)
through two parallel reaction pathways (see Fig. 7.18) [115]. In one reaction path-
way as manifested in Fig. 7.18, methane is activated into methoxy intermediates,
which can further interact with CO to generate acetic acid. In another reaction path-
way, methane is activated into zinc methyl intermediates that can be consequently
transformed into the methyl group of acetic acid with CO, through a typical organo-
metallic reaction [115].

In combination with other spectroscopic tools such as GC-MS and UV-vis, in
situ MAS NMR spectroscopy has been extensively used in the elucidation of the
reaction mechanisms in various zeolite-mediated heterogeneously catalyzed reac-
tion processes such as the activation of alkane C—H bonds by Brgnsted acid sites
over Ga-modified beta zeolite [116], co-aromatization of methane with propane on
Mo-containing zeolite H-BEA [117], propane aromatization on Zn-modified BEA

H
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Fig. 7.18 Proposed reaction pathways for the formation of acetic acid from methane and carbon
monoxide on ZnZSM-5 catalyst (Reproduced from Ref. [115] by permission of John Wiley &
Sons Ltd)
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zeolite [118], methanol-to-hydrocarbon conversion over SAPO-41 [119], methanol-
to-olefin conversion on silicoaluminophosphate catalyst [120], and Beckmann rear-
rangement of cyclohexanone oxime on MFI-type zeolites [121]. In-situ solid-state
NMR spectroscopy has also been employed to monitor the reaction intermediates
such as alkoxy species [16] and carbenium ion intermediates [108, 122, 113] such
as alkyl-substituted cyclopentenyl cations [123], methylindanyl carbenium ions
[124], gem-dimethylbenzenium cations [125], and heptamethylbenzenium cation
[126] in a variety of zeolite-catalyzed reactions.

In addition to the detection of reactants, intermediates, and products, the adsorp-
tion and desorption behavior and reaction kinetics in the reaction process can also
be studied by in situ solid-state NMR spectroscopy. Xu et al. [127] proposed an
approach of in situ continuous-flow laser-hyperpolarized (HP) '*Xe MAS NMR in
combination with *C MAS NMR to simultaneously obtain the adsorption states and
the reaction kinetics on working zeolites. !*C-labeled methanol and laser-
hyperpolarized '**Xe were introduced into CHA zeolite. During the catalytic reac-
tion process, the reaction intermediates and products which were detected by in situ
BC CP/MAS NMR experiments are helpful for the elucidation of reaction mecha-
nisms. Meanwhile, the adsorption and reaction kinetics could be investigated by in
situ HP 1Xe MAS NMR. Figure 7.19 shows in situ HP 1*Xe MAS NMR and *C
CP/MAS NMR spectra of methanol reaction in CHA nanocages at various
temperatures.

In the BC CP/MAS NMR spectra as shown in Fig. 7.19a, only methanol signal
with a chemical shift at 50.5 ppm was observed at temperature below 120 °C. By

HP '®Xe MAS NMR B¢ CP/MAS NMR

s 7 \______._JL__ZOO IS+ W
A L 1s0 °C___ 6057 AN 505
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i
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—
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Fig.7.19 In situ hyperpolarized (HP) '¥Xe MAS NMR and *C CP/MAS NMR spectra of metha-
nol reaction in CHA nanocages at various temperatures (Reprinted with permission from Ref.
[127] Copyright 2009 American Chemical Society)
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increasing the temperature beyond 120 °C, methanol was converted into dimethyl
ether (DME, 60.5 ppm) via methoxy species (56.8 ppm). In the HP '*Xe NMR
spectra as shown in Fig. 7.19b, the main peak A at 94.5 ppm was due to Xe coad-
sorbed with methanol in the CHA cages. The peak B at 89.8 ppm was ascribed to
xenon in the methanol reaction cage, in which methanol molecule was converted to
DME on the Brgnsted acid site. By analysis of the '2Xe MAS NMR spectra as a
function of time, the evolution of methanol conversion in the CHA nanocages at
different temperatures was identified. It was revealed that empty cage signal at
84 ppm decreased in intensity, while the signals of methanol adsorbed cage (92 ppm)
and methanol reaction cage (88 ppm) increased with the time. By measuring the
reaction kinetics at three different reaction temperatures, the activation energy of
active site in methanol reaction could be calculated to be ca. 57 kJ/mol according to
the Arrhenius equation [127]. This technique might be promising to investigate
other reaction kinetics inside restricted zeolite nanocages.

7.5 Crystallization Mechanism of Zeolites

Solid-state NMR has been employed to characterize the synthesis processes of sili-
coaluminum, aluminophosphate, and silicoaluminophosphate molecular sieves
[128, 129]. The detailed structural information on the evolution of intermediate
phases is of great importance for better understanding the crystallization mecha-
nisms of molecular sieves.

Figure 7.20 shows in situ *Si and Al MAS NMR spectra of silicoaluminate
zeolite A synthesis from gel at 65 °C as a function of crystalline periods [130]. 2Al
and ?Si NMR were used to monitor the growth of the crystalline phase. As shown
in Fig. 7.20a, a rapid increase in crystalline is evidenced from decreasing line width
of the peak at —89 ppm assigned to Si(3Al) site as a function of the crystalline time.
Meanwhile, the peak intensity increase of the A1(OSi), at ~60 ppm at the expense of
[AI(OH),] species (Fig. 7.20b) indicates that [AI(OH)4]" species is gradually trans-
formed into Al1(OSi), and zeolite A framework is formed during the crystalline pro-
cess [130]. Therefore, an ordering of the local environment of silicon tetrahedra and
formation of aluminum tetrahedral Al(OSi), can be clearly evidenced from the in
situ 2°Si and 2’ A1 NMR spectroscopy [130].

AlPO,-n is usually prepared by hydrothermal synthesis, and the crystalline
molecular sieves are produced from the gel phases. Huang et al. [131] investigated
the hydrothermal synthesis mechanism of AIPO4-18 molecular sieves using multi-
nuclear solid-state NMR spectroscopy. As shown in Fig. 7.21, the evolution of the
local environments for various P and Al sites during the crystallization process
could be manifested from *'P and ??A1 MAS NMR. The states and the coordination
of 3P and *’Al species can be tentatively assigned according to the NMR chemical
shifts and line width. The assignments can be further confirmed by two-dimensional
A1 MQ MAS and ’Al/*'P CP-HETCOR experiments. Several representative inter-
mediate phases could be clearly identified according to ?’Al and *'P assignments as
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Fig. 7.20 (a) Si and (b) Al MAS NMR spectra of zeolite A synthesis from gel at 65 °C
(Reprinted with permission from Ref. [130]. Copyright 1996 American Chemical Society)

a function of crystallization time. It could be concluded that the formation of
AlPO,-18 undergoes several distinct stages [131]. Firstly, the ordered aluminophos-
phate phase and a phosphate material were converted into an amorphous AIPO
phase under hydrothermal conditions. Subsequently, crystalline microporous
AlPO,-5 was transformed from the amorphous phase after continuous heating.
Finally, a further increase in heating time resulted in the formation of AIPO,-18
[131].

The synthesis of zeolites usually requires the presence of solvents and organic
templates. Very recently, Xiao et al. [132] developed a novel strategy for sustainable
synthesis of zeolites without addition of both organotemplates and solvents. Zeolite
beta has been successfully synthesized and thoroughly characterized by XRD pat-
terns, SEM images, UV-Raman spectra, and *Si and ?Al MAS NMR spectra.
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Fig. 7.21 3'P and ?Al MAS spectra of the selected gel samples as a function of crystallization
process (Reprinted with permission from Ref. [131]. Copyright 2003 American Chemical Society)

Figure 7.22 shows Si NMR spectra of synthesized beta zeolites as a function of
crystallization time [132]. Before crystallization, the Si(2Si) signal is dominant.
After crystallization for 2 days, Si(3Si) signal intensity increases at the expense of
that of Si(2Si). Here, Si(2Si) includes Si(2Si, 2Al), Si(2Si,1AL,10H), and Si(2Si,
20H) structural units, while Si(3Si) includes Si(3Si, 1Al) and Si(3Si, 10H) struc-
tural units. The observed phenomenon might be related to the rearrangement of
zeolite building units. Meanwhile, a broad signal in the range of 50-70 ppm is
observed in the A1 NMR spectrum, mainly attributed to A1(3Si) and Al(4Si) spe-



258 S.Liand F. Deng

Fig. 7.22 *Si (lefr) and ’Al (right) MAS NMR spectra of S—beta samples crystallized at (a) 0, (b)
2, (c) 4, (d) 5, (e) 7, and (f) 9 days, respectively (Reprinted with permission from Ref. [132].
Copyright 2014 American Chemical Society)

cies. It is noted that the concentration of Si(2Si) species is increasing with the crys-
tallization time from 2 to 4 days while decreasing with the crystallization time from
4 to 9 days. The enrichment of Si(2Si) species should be assigned to the hydrolysis
of silica species due to the presence of a little amount of water in the solid mixture,
while the significant reduction of Si(2Si) species at longer crystallization time could
be due to the crystallization of zeolites by condensation of Si(2Si) species contain-
ing hydroxyl groups. After crystallization for 9 days, the 2Si NMR spectrum exhib-
its major peaks at —104.7 and —110.5 ppm associated with Si(3Si) and Si(4Si)
species. Meanwhile, a major peak at 57 ppm assigned to tetrahedral coordination of
framework Al is predominant in the Al MAS NMR spectrum [132]. These results
are well consistent with those of beta zeolite synthesized under hydrothermal condi-
tions. Using similar methods, 3P, 2’Al, and ?Si MAS NMR spectroscopy was also
used to characterize solvent-free as-synthesized S—SAPO-34 and calcined S—SAPO-
34 zeolites [133].

Solid-state NMR spectroscopy has also been used in the investigation of crystal-
lization mechanism of other microporous and mesoporous aluminophosphate or
silicoaluminophosphate zeolites [134—136]. Huang et al. [137] directly monitored
the involvement of ?O-enriched water vapor in the formation of molecular sieve
process of AIPO,-11 by dry-gel conversion methods through 7O solid-state NMR
spectroscopy. Fluorine ion is a well-known mineralizer in the synthesis of alumi-
nophosphate molecular sieves [138]. By using 'H-'H DQ MAS NMR spectros-
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copy, Shen et al. [139] proposed a model for surfactant aggregation and phase
transformation during the crystalline process of mesostructured aluminophosphate
materials on the basis of the spatial proximities among surfactant polar head
groups, cetyl chains, and nonpolar tail CH; groups. Additionally, the crystallization
of SAPO-34 molecular sieve under hydrothermal condition and dry-gel conversion
condition was comprehensively examined by multinuclear *'P, 2’Al, and *Si solid-
state NMR techniques [134].

7.6 Conclusion and Outlook

Solid-state NMR spectroscopy has been demonstrated to be a powerful tool for the
characterization of topology structures, crystallization processes, acidic properties,
and catalytic reaction mechanisms of zeolites. In order to obtain deeper insights into
the structure—property relationship of zeolites, it is still desirable to further develop
solid-state NMR techniques. Enhancement of sensitivity and resolution in solid-
state NMR spectroscopy would be achieved from various methods such as wide-
band excitation [140], inverse detection [141] for the low-gamma nuclei [142],
homo- and heteronuclear dipole recoupling and decoupling techniques via
symmetry-based [143—145] and optimized-control [146] scheme under magic-angle
spinning. Recently, utilization of ultrahigh-field NMR spectrometers has made the
observation of a wide range of low-y quadrupolar nuclei with low sensitivity feasi-
ble [147-149]. Even though progress to identify the low-y active centers over zeo-
lite catalysts has been gained by using high magnetic field solid-state NMR
spectrometer [150], there are still lots of challenges and opportunities to design
advanced solid-state NMR methods to enhance both sensitivity and resolution of the
NMR signal of low-y nuclei in real zeolite catalysts, in which the loading of active
metal species is extremely low (usually less than 5 %). Nowadays, dynamic nuclear
polarization (DNP) [151, 152] is favorably considered to be very promising tech-
niques to remarkably enhance NMR signals in materials and biological systems. As
external paramagnetic centers must be introduced, DNP technique has been only
applied to study the surface property of mesoporous materials [153—157]. It is still
a great challenge to study the heterogeneously catalytic reactions occurring in zeo-
lites by using DNP technique since the externally introduced paramagnetic centers
might cover the reaction active sites. The existence of various interactions in solids
sometimes hinders the resolution and sensitivity of solid-state NMR spectroscopy.
In this case, multiple-dimensional NMR spectroscopy is usually applied to gain
enough sensitivity and resolution. However, the time-consuming drawback of the
multiple-dimensional NMR techniques usually limits their wide application in zeo-
lites. Thus, it is desirable to develop fast acquisition methods [158—161] in the
multiple-dimensional NMR spectroscopy to remarkably reduce the acquisition time
of NMR experiments, especially for the homonuclear and heteronuclear correlation
experiments involving quadrupolar nuclei.
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