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Abstract

The presented PhD thesis is focused on the synthesis, characterization, and
modifications of zeolites and zeolitic materials. The main interests are two-dimensional
(2D) zeolites and modification of their interlamellar space. Presented work was
performed at the Department of Synthesis and Catalysis at J. Heyrovsky Institute of
Physical Chemistry in Prague, Czech Republic under the supervision of Prof. Jiii Cejka.
Zeolites are inorganic crystalline solids with a microporous framework structure. They
are widely used as catalysts, sorbents, and ion-exchangers. Conventional zeolites have
been recognized as three-dimensional (3D) tetrahedrally-connected frameworks.
However, some of them are also known to exist in various layered forms (2D zeolites).
Recently, the transformation of 3D germanosilicate UTL into layers (IPC-1P) has started
a new branch in 2D zeolites chemistry. This chemically selective degradation of UTL
framework was performed via acid hydrolysis. In the structure of this germanosilicate,
Ge atoms are preferentially located in specific building units, double-four-rings (D4R),
which connect dense silica layers. Modifications of the layered precursor IPC-1P led to
discovery of the two novel 3D zeolites: IPC-4 (PCR) and IPC-2 (OKO). This novel
approach in the zeolite synthesis, called ADOR chemistry (Assembly, Disassembly,
Organization, Reassembly), is in principle applicable to other germanosilicates with
D4R units.

The thesis was focused on the investigation of the interlamellar space of 2D zeolite
precursor — IPC-1P. The interlayer space was expanded by intercalation of organic
compounds like amines and quaternary ammonium cations. The organic molecules
organize the layers in designable way, e.g. with controlled interlayer distance.
Calcination of variously intercalated precursor produces materials with substantial
differences in the structure. This confirms that the use of various intercalates affects
the organization of layers.

Intercalated IPC-1P precursor was subsequently modified either with silanes,
alkoxysilanes, silsesquioxanes or polyhedral oligomeric siloxanes. Stabilization of IPC-1P
with various silanes or siloxanes produces mostly IPC-2 zeolite, but also more expanded
structures. It shows that the interlayer inorganic connections can be relatively short

(e.g. one additional Si atom).



Expanded layers were connected with permanent props, which create large spectrum
of novel materials with controllable textural properties. The interlayer distance of them
was tuneable (expansion up to 35 A). Amorphous silica props were introduced by
pillaring procedure resulting in materials exhibiting BET areas and mesopores volumes
up to 900 m?/g and 0.6 cm?/g, respectively. The incorporation of organic props (made
of silsesquioxanes) resulted in hybrid organic-inorganic zeolitic materials. Final
materials have relatively good thermal stability (up to 350 °C) and show BET areas and
mesopores volumes larger than 1000 m?/g and 1.0 cm?/g, respectively.

The main aim of presented work was to produce new zeolites predicted by theoretical
calculations. Theoretical studies suggested that there are millions of possible zeolite
topologies. However, up-to-date only about two hundred were prepared by traditional
solvothermal methods. The limitation of the synthesis of predicted zeolite frameworks
is known as zeolite conundrum. Several criteria have been formulated to explain why
most zeolites are unfeasible synthesis targets. Here, the procedure of the synthesis of
two new zeolites is reported. Both of them were previously recognized as ‘unfeasible’.
The novel materials were denoted as IPC-9 and IPC-10 and belong to the family of
ADOR :zeolites. These zeolites were obtained by reorganization of IPC-1P layers.
Intercalation of proper organic molecules (choline, diethyldimethylammonium cation)
at basic pH induces the shift of the layers to the preferable position. The layered
precursor intercalated with choline or diethyldimethylammonium cation was denoted
as IPC-9P. Direct condensation of IPC-9P creates new zeolite IPC-9 with higher
framework energy than their unshifted analogue IPC-4. IPC-10 is formed by
alkoxysilylation of IPC-9P. This new zeolite can be described as shifted analogue of IPC-
2, with single-four-ring (S4R) units incorporated in between layers. New structures
have exceptional channel systems exhibiting odd-member channels (10-7-rings and 12-
9-rings for IPC-9 and IPC-10, respectively). Structures of IPC-9 and IPC-10 zeolites were
confirmed using Rietveld refinement and Le Bail method by comparison of calculated
XRD powder patterns with experimental ones. BET areas were 128 m?/g and 217 m?%/g
for IPC-9 and IPC-10, respectively. HRTEM images also proved the structure of new
zeolites to be consistent with the predicted structural models.

The ADOR approach has been extended towards new synthetic pathway. The newly

prepared zeolites have unprecedented energetics and rare structural features. The



results presented in the thesis show great opportunity for further exploration of this
area and the possibility of preparing a whole new class of structures that cannot be
accessed by traditional methods of synthesis. This study suggests that the zeolite

conundrum is solved.



Abstrakt

Predlozend dizertacni prace se zabyva syntézou, charakterizaci a modifikaci zeolitll a
zeolitickych material(l. Dizertace se zaméruje predevsim na dvourozmérné (2D) zeolity
a modifikaci jejich mezivrstvového prostoru. Prace byla vypracovana v Oddéleni
syntézy a katalyzy Ustavu fyzikdlni chemie J. Heyrovského AV CR, v.v.i. pod vedenim
profesora Jitiho Cejky.

Zeolity jsou anorganické krystalické pevné latky s mikroporézni strukturou. Jsou Siroce
vyuzivany jako katalyzatory, sorbenty a iontoménice. Obvykle jsou to tfirozmérné (3D)
struktury vzniklé propojenim tetraedr( kifemiku/hliniku. Nékteré zeolity existuji také
v rliznych vrstevnatych formach (2D zeolity). V neddvné dobé objev premény 3D
germanokiemicitanu UTL na vrstevnaty materidl IPC-1P odstartoval novou oblast
chemie 2D zeolitl. Ve struktufe tohoto germanokiemicitanu jsou atomy germania
umistény ve specifickych stavebnich jednotkach, tzv. double-four-ring (D4R), které tvofi
pilife mezi pevnymi kfemicitanovymi vrstvami. Selektivni odstranéni téchto D4R
jednotek bylo provedeno pomoci kyselé hydrolyzy. Nasledna modifikace
mezivrstvového prostoru prekurzoru IPC-1P vedla k objevu dvou novych 3D zeolit(:
IPC-4 (PCR) a IPC-2 (OKO). Tento novy pfistup pfipravy novych zeolitl byl nazvan ADOR
(z anglického Assembly, Disassembly, Organization, Reassembly) a je v principu
aplikovatelny na ostatni germanokremicitany.

Hlavnim tématem dizertace byl vyzkum moznych modifikaci mezivrstvového prostoru
2D prekurzoru IPC-1P. Prostor mezi vrstvami byl zvétSen pomoci interkalace rlznych
organickych slouéenin (aminy a kvartérni amoniové soli). Vmezefenim organickych
molekul rdznych velikosti Ize fidit vzdalenost mezi vrstvami. Po kalcinaci takto r(izné
interkalovanych prekurzord vznikaji materidly svyrazné odliSnou strukturou. To
potvrzuje, Ze interkalace rozdilnych molekul ovliviiuje organizaci vrstev.

Interkalovany prekurzor IPC-1P byl nasledné modifikovan pomoci silant, alkoxysilan,
silsesquioxanll nebo polyhedralnich oligomerickych siloxand. Stabilizaci IPC-1P rlznymi
silany nebo siloxany vznikl prfevainé zeolit IPC-2, ale také struktury s vice oddalenymi
vrstvami. To ukazuje, Ze nova anorganicka spojeni vrstev mohou byt relativné kratka,

tzn. o pouhy jeden atom kifemiku vétsi.



Expandované vrstvy byly propojovany pires pevné mustky (pilite), ¢imz vzniklo Siroké
spektrum novych materidlQ, u kterych bylo mozné fidit jejich texturni vlastnosi a také
vzdalenost mezi vrstvami (aZ na 35 A). Vytvoreni amorfnich kiemicitych mastkd vedlo
k pfipravé materialt se specifickych BET povrchem az 900 m?/g a objemem mesop6ri
a? 0.6 cm®/g. Zavedenim organickych mustkd ze silsesquioxant vznikly hybridni
organicko-anorganické zeolitické materidly. Tyto materidly maji relativné dobrou
termalni stabilitu (do 300°C) a vykazuiji specifické BET povrchy nad 1000 m?/g a objemy
pérd nad 1.0 cm’/g.

Hlavnim cilem predkladané prace byla pfiprava novych zeolitl predpovézenych na
zakladé teoretickych studii. Teoretické prace naznacuji, ze by mélo byt mozné pripravit
miliony rdznych typ( zeolith. Presto jich bylo dosud pfipraveno za poufZiti tradi¢ni
solvotermalni syntézy jen néco pres dvé sté. Toto omezeni syntézy predpovézenych
zeolitd je ve védé o zeolitech velkd hadanka. Kvysvétleni tohoto fenoménu bylo
formulovano nékolik kritérii, které maji objasnit, pro¢ je vétSina predikovanych
struktur synteticky nedosazitelnd. V této praci je popsana syntéza dvou novych zeolitd,
které byly oba dfive povazovany za ,nedosazitelné”.

Nové materidly oznacené IPC-9 a IPC-10 patfi do skupiny ADOR zeolitl a byly
pfipraveny diky reorganizaci vrstev IPC-1P. Vmezefenim vhodnych organickych molekul
(cholinu a diethyldimethylammoniového kationtu) za bazického pH dojde k posunu
vrstev do poZadované pozice. Vrstevnaty prekurzor interkalovany cholinem nebo
diethydimethylammoniovym kationtem se oznacuje jako IPC-9P. Pfimou kondenzaci
IPC-9P vznikd novy zeolit IPC-9 svyssi mrfizkovou energii nez ma jeho analog
s neposunutymi vrstvami, IPC-4. Napfiklad zeolit IPC-9 je analogem zeolitu IPC-4, ale
ma posunuté vrstvy. Vznika pfimou kondenzaci prekursoru IPC-9P. Zeolit IPC-10 vznikd
alkoxysilylaci IPC-9P prekurzoru. Tento novy zeolit mUZe byt popsan jako analog k IPC-
2, kdy vrstvy jsou spojeny pres tzv. single-four-ring (S4R), ale v pfipadé IPC-10 jsou
vzajemné posunuté. Obé nové struktury maji vyjimeéné kanalové systémy s lichym
poctem atom0 tvofici vstup do kanalkd (10-7-Cetné - IPC-9; 12-9-Cetné - IPC-10).
Struktury IPC-9 a IPC-10 byly potvrzeny Rietveldovou a Le Bailovou metodou
porovnanim experimentalnich a simulovanych praskovych rentgenogramu. Specificky

BET povrch byl stanoven na 128 mz/g pro IPC-9 a 217 mz/g. Struktury obou zeolitl byly



potvrzeny i na zakladé HRTEM snimk(, které jsou vsouladu s predpovézenymi
strukturnimi modely.

ADOR metoda byla rozsifena o novou syntézni cestu spojenou s posunem vrstev. Nové
pfipravené zeolity maji neobvyklé mrizkové energie a unikatni strukturni vlastnosti.
Vysledky prezentované v predkladané dizertacni praci poukazuji na velké moznosti
pripravy celé fady novych struktur, které nelze pfipravit klasickymi syntéznimi cestami.
Vysledky prace naznacuiji, Ze metoda ADOR umozZnuje pfekonat dfive popsana omezeni

hydrotermalni syntézy zeolitd.
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1. Aims of the study

This PhD thesis explores the chemistry of two-dimensional zeolites, their synthesis and
modifications. Special interest was dedicated to the exploration of interlamellar space
of zeolite precursor IPC-1P. The work was focused on searching of appropriate
synthetic paths to prepare new materials, including fully crystalline zeolites. The main

goals are summarized as follows:

Synthesis

e Toinvestigate intercalation chemistry of IPC-1P zeolite precursor by introducing
various organics into interlayer space.

e To prepare expanded zeolitic materials with designable textural properties by
pillaring.

e To synthesise inorganic-organic hybrid materials based on IPC-1P layers.

e To synthesise computationally predicted zeolites IPC-9 and IPC-10 with
unprecedented energy of the framework and rare, odd-ring channels.

e To extend ADOR approach as the alternative way of zeolite synthesis.

Characterization
e To perform detailed characterization of prepared materials using different
techniques e.g. X-ray powder diffraction, nitrogen and argon adsorption
measurements, and microscopy techniques (scanning and transmission electron

microscopy).



2. Introduction

2.1. Zeolites

Zeolites are defined as crystalline microporous aluminosilicates with pores and cavities
of molecular dimensions [1-4]. This class of inorganic materials is vastly used in
catalysis [5-9], adsorption [10-12], separation [13-14], and ion exchange [15-16].
Recently, zeolites and zeolitic materials have found new applications in fields such as
luminescence, medicine, electricity, microelectronics, and magnetism, etc. [17] Their
widespread use in so many segments of science and technology is a consequence of
their chemical composition and unique porous structures. Since the pioneering
contributions by Barrer in 1940s [18], zeolites still remain in the spotlight of interest of
many academic and industrial researchers worldwide. The continuous search for new
zeolite topologies, their derivatives, and application of these materials is the source of
many research papers in the most prestigious journals.

Zeolites are composed of TO, tetrahedra sharing corners. In this general formula, T
stands for tetrahedrally coordinated framework atoms (usually Si and Al, but also other
heteroatoms, such as B, Ge, Ti, Ga, etc.) [19]. Generally, zeolites are synthesized under
the hydrothermal-solvothermal conditions [20]. The reaction medium typically consists
of framework-forming atoms, solvent, structure-directing agent (SDA) and mineralizers
(e.g. OH and/or F)) [2, 21]. Most commonly, the synthesis generates three-dimensional
materials, which crystallize directly from the reaction gel [22-24]. Even though the
solvothermal approach is the most common for zeolites preparation it has some
disadvantages. The biggest one for synthetic chemists is the limited control over the
synthesis process and therefore, the structure of final product [25-26]. The mechanism
of the formation of zeolites is still not completely revealed [20].As a result, most of the
methodologies are based on trial-and-error approach. Nonetheless, the continuous
study of this field brought several new strategies allowing a better control of zeolite
synthesis towards materials with designed structures and specific features. Those
strategies are based on the usage of pre-designed SDAs [27], topotactic transformation

[28-29], heteroatom substitution [30], charge density mismatch [31], etc. Furthermore,



the development of theoretical methods such as structure determination or simulation
techniques constantly increases the ability to solve complex zeolite structures and the
prediction of hypothetical ones [32]. Improvement of theoretical and synthetic
approaches caused rapid development in revelation of new zeolite topologies. Up-to-
date, 231 framework type codes have been assigned by International Zeolite
Association Structure Commission [33]. Surprisingly, this number is relatively low
considering that computer enumeration suggests that there are millions of possible
zeolite topologies [Fig 2.1] [34-37]. This is known as zeolite conundrum [38]. To explain
it different feasibility criteria for successful synthesis of zeolites have been formulated
[39-41]. Structures which do not obey these specific rules are not likely to be
synthesized. The important question concerning this issue is: are these criteria ultimate

and can one by-pass them to get beyond the currently suggested limits?

Energies above quartz, up to +30 kJ/mol Si
30 R

N
o

Energy (kJ/mol Si)
o

Density (Si/1000 A3)

Fig. 2.1. Calculated possible zeolite structures. The red line shows the correlation
presented by known silica zeolites, so-called traditional synthesis vector [34].



2.2. Feasibility of zeolite synthesis

Zeolite conundrum is based on the essential question: why have so few from all
possible structures been made yet? To answer this question, criteria of the feasibility of
zeolite synthesis have been proposed. These criteria include a measure of how far a
hypothetical structure lies away from the energy-density correlation of zeolites that
have already been synthesized. It is measured by a so-called feasibility factor ¥ [39],
and the awareness that the known zeolites are usually placed in the certain range of
density called the flexibility window [40]. The most recently formulated criteria are
based on local interatomic distances (LIDs) and they assume that feasible zeolites are
only those that obey these rules. It is described by limits on the values of the
interatomic distances and angles [41]. These five geometrical criteria will be discussed
below in detail (in unit 4.3.). All previously known zeolites obey all five LID criteria, so
the ones that do not follow these rules were considered as “unfeasible”.

It is commonly known that existing zeolites exhibit a strong correlation between
framework energy and density. This dependence was predicted computationally [42-
43] and also experimentally confirmed [44]. Regardless, theoretical studies have
proposed relatively large set of hypothetical zeolites that do not show such a
correlation. Those potential structures were postulated by connecting SiO4 tetrahedra
in every possible way. It resulted in the collection of hypothetical structures that cover
a vast area in energy-density space [34] [Fig 2.1]. Noteworthy is the fact that all known
zeolites can be found at the low-density edge of the energy-density distribution of this
set of structures [34, 45]. This brings very important suggestion for synthetic chemists,
that all known zeolites obey the correlation not because of properties of zeolites itself,
but because of the kinetic limitations of the solvothermal synthesis procedure. In other
words, most of the structures are considered as unfeasible to be prepared by
conventional approach. Possible solution of this issue would be to find other synthetic
pathways [46]. That brings us to the conclusion that development of new synthetic
approaches could help to overcome the limitations of solvothermal synthesis and lead

to preparation of zeolitic structures previously considered as unfeasible.



2.3. Synthesis of 3D and 2D zeolites and their modifications

The vast majority of zeolites are 3D structures synthesized via solvothermal method
using different reaction conditions, reactants, and structure-directing agents [20].
Some zeolites can be obtained via solvent-free synthesis [47]. Despite the fact that in
most cases the reaction proceeds directly to 3D zeolites, some zeolites were found to
form two-dimensional (2D) layer zeolite precursors (LZP) [48-49]. 2D zeolites are
materials with crystalline layers with thickness of a few unit cells at maximum. The
lamellas are propagated in only two dimensions [28-29, 48, 50]. This kind of material
combines the essential features of zeolites (like acidity) with the advantages of
lamellas, i.e. overcoming the diffusion limits. Moreover, unlike the 3D zeolites, 2D
zeolites have many post-synthesis modification possibilities. To date, 2D zeolites have
been used for the preparation of the new materials via condensation, intercalation,
stabilization, pillaring, and delamination processes. This resulted in more than 15
different structural types constructed with zeolite layers [51]. Most of them are not
strictly zeolites due to the presence of additional non-4-connected components as
consequence of the geometry of layers. Usually, the layers can be condensed into 3D
solids, but not always to produce fully 4-connected materials. The examples of such
zeolitic materials are Interlamellar Expanded Zeolites (IEZs) containing SiO4 linkage

connecting the layers [52].
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Fig. 2.2. Principal transformations reported for MCM-22P and MCM-56 with
representative interlayer d001 spacing distances from XRD [53].

MCM-22P is one of the most important and explored 2D zeolites as - layered precursor
with MWW topology [53-56] [Fig. 2.2.]. It has been shown that the synthesis of MWW
can proceed along two different pathways: 1) direct synthesis, as in the standard
zeolites (obtaining MCM-49) [55] or 2) via layered precursor (MCM-22P), which can be
further calcined to 3D zeolite (MCM-22) [56]. The lamellar nature of MCM-22P was
identified by the analysis of X-ray diffraction powder pattern. It shows the mixture of
broad and narrow peaks; some of them underwent considerable shift toward lower d-
spacing upon calcination. Pattern indexing confirmed the contraction of the unit cell in
the ¢ direction after calcination (about 2 A). This was related to the condensation of
surface silanol groups and formation of oxygen bridges between layers. The existence
of MCM-22P layers was also proved by post-synthesis modifications like swelling and

pillaring, which resulted in micro-mesoporous zeolitic material designated MCM-36



[54]. In most cases pillars are inorganic, exhibiting thermal resistance up to 500 °C and
even higher. Moreover, for MWW layers the connections do not need to be necessarily
inorganic. Pillaring with organic compounds has been carried out to combine
advantages of solid structure of the inorganic zeolitic layers with easier and broader
functionalization potential of organic pillars [57]. Main goal for producing this kind of
materials is to attain high BET areas with much shorter diffusion paths in comparison
with more condensed architectures like standard zeolites. Zeolite layers with MWW
topology produce more than 10 different packing arrangements giving rise to a family
of zeolitic architectures [58]. In principle this approach can be repeated with other
frameworks. The zeolites of AFO [59], AST [60], MTF [61], MWW [58], RRO [62], RWR
[63], and SOD [64] topologies as well as structurally related pairs having the same
layers, but differently arranged, CAS [65] and NSI [66], CDO [67] and FER [68] have
been obtained from directly synthesized 2D precursors. Most of these frameworks can
also be synthesized by a direct route.

At the moment, there are two main direct ways to prepare 2D zeolites, both based on
solvothermal procedure. First, it is the traditional direct synthesis analogous to the
known methodology for discovering regular zeolites, such as the procedure for
preparation MCM-22P - the first recognized layered zeolite [58] [Fig. 2.3.]. Second
method, introduced by Ryoo and coworkers, was the synthesis of MFI nanosheets

using specially designed SDA [69-70] [Fig. 2.3.].
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Fig. 2.3. The three main pathways for synthesis of two-dimensional zeolites [28].



Contrasting the traditional solvothermal synthesis, the topotactic transformation of
zeolite frameworks has been developed as an efficient method for the preparation of
new zeolitic materials. This strategy can be described as a solid-state structural
transformation from one into another structure [71]. This is accomplished through
various ways, e.g. dehydration-condensation [67, 72] or phase-to-phase reconstruction
[73]. The example of synthesis by dehydration-condensation was described for silicate
zeolite CDS-1 (CDO) prepared from layered silicate PLS-1 heated at high temperature
under vacuum [67, 72]. Phase-to-phase 3D-3D reconstruction as an effect of pressure
was shown by synthesis of ITQ-50 zeolite (IFY) from pure silica zeolite ITQ-29 (LTA)
[73]. These methods can be used for preparation of new zeolite structures with
predetermined units like layers, cages, or pores.

The most recently developed strategy in zeolite synthesis is ADOR approach
(Assembly-Disassembly-Organization-Reassembly) [74-75]. This highly predictable
method is based on the sequence of transformation steps whereby a previously
assembled 3D zeolite is selectively and controllably disassembled into 2D layered
zeolite precursor [Fig. 2.3.]. In the following steps, layers are organized into a suitable
orientation and finally reassembled into a new, fully-connected, 3D zeolite, not
possible to be prepared by solvothermal method by now [Fig 2.4]. ADOR method is
universal and in principle can be employed for many zeolites, nevertheless, the first
and the most thoroughly studied example of parent zeolite suitable for this purpose is

germanosilicate UTL.



IPC-4 (PCR)

Reassembly

Fig. 2.4. The ADOR method scheme. Assembly step is a hydrothermal synthesis of 3D
UTL germanosilicate, Disassembly is hydrolysis of UTL to IPC-1P zeolite precursor,
Organisation is realized by intercalation of octylamine or dimethyldiethylsilane into
IPC-1P, Reassembly is based on direct condensation or alkoxysilylation of IPC-1P to IPC-
4 or IPC-2 respectively.

2.4. UTL as a parent zeolite for IPC materials family

Discovery of UTL zeolite was reported in 2004 independently by two research groups,
designated as IM-12 [76] and ITQ-15 [77]. It was the first synthesized extra-large pore
zeolite with intersecting 14- and 12-ring channels. The size of these pores is 9.5 x 7.1 A
and 8.5 x 5.5 A, respectively. ITQ-15 was prepared using 1,1,3-trimethyl-6-azonia-
tricyclo-[3.2.1.4%%]decane hydroxide as SDA. The template used for preparation of IM-
12 was (6R,10S)-6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxide. Further work
exploring the formation of UTL zeolite showed that there are at least 21 organic
compounds suitable as SDAs for the synthesis, all of them are spiro-azo compounds
[78-79]. Moreover, the appropriate reaction mixture composition has to be used for
producing desired structure. Final zeolites reported in the two initial papers had
relatively low Si/Ge ratios: 4.5 and 8.5 for IM-12 and ITQ-15 respectively. Further

investigation had shown that UTL formation is promoted in the case of lower Si/Ge



ratio, and without F" anions in the reaction mixture [78-81]. UTL zeolite has been also
exploited by incorporation of heteroelements into the structure. This was achieved by
the optimization of synthesis parameters such as gel composition, pH, crystallization
time, and so on. As result it was possible to gain UTL zeolite with Al, B, Ga, Fe, and In in

the framework [80].

Fig. 2.5. Structural models of UTL, IPC-2 (OKO), and IPC-4 (PCR) zeolites [74].

UTL germanosilicate has been found appropriate for mentioned ADOR application
because of its exceptional architecture. Generally, presence of the germanium atoms is
known to promote the formation of double-four-ring units (D4Rs) [82-85]. The UTL
structure can be described as compact silica layers connected with interlayer D4Rs.
Those units consist mostly of Ge atoms. Not only the presence of Ge in double-four-
ring is important, but also the number of these atoms in those units. D4R is cubic-shape
unit consist of 8 T-sites. The Si/Ge ratio in the final UTL prepared by hydrothermal
synthesis can vary in the range of 4.3 - 6.0. This means that the contribution of Ge in
D4Rs can vary in the range of 7 Ge/unit (7Ge, 1Si) and 5 Ge/unit (5Ge, 3Si) respectively
[86].

UTL zeolite substituted with heteroatoms was investigated in many catalytic reactions
to take the advantage of its extra-large pore channel system [87-89]. Isomorphously

substituted UTL zeolite with heteroatoms Al, Ga and Fe was tested in
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disproportionation of toluene, toluene alkylation with isopropyl alcohol and
trimethylbenzene disproportionation/isomerization [87]. Further investigated reactions
were acylation of p-xylene with benzoyl chloride and Beckmann rearrangement of 1-
indanone oxime [88]. Germanosilicates with various topologies (UTL, BEC, UWY, IWR)
serve as efficient heterogeneous catalysts for the Baeyer—Villiger oxidation of ketones
[89]. The issue in catalysis was the instability of the framework under certain reaction
conditions. It appeared to be irreversibly damaged, especially in the presence of water
[90]. As reported by Li et al. [91-92], zeolites become increasingly unstable in water
with the proportional increase in the Ge content in the framework. The samples were
so sensitive that the damage was caused even by atmospheric moisture. However, it
was reported that the degradation of this structure can be controlled [75]. This was the
breakthrough used for the introduction of novel synthetic strategy so-called ADOR

approach [74].

2.5. ADOR process and staging chemistry

The assembly of 3D UTL zeolite is the first step of the ADOR approach. Second,
disassembly step was possible to perform thanks to the instability of UTL structure.
Zeolite was hydrolyzed in slightly acidic medium (0.1M hydrochloric acid or 1M acetic
acid) resulting in its conversion to lamellar material [75]. Further analysis proved that
during hydrolysis selective degradation of structure occurs. D4R units are selectively
decomposed while dense silica layers are preserved. This distinctive process is possible
because of essential differences in composition between layers and D4Rs. Apparently,
the Si-O-Ge and Ge-O-Ge connections are less stable than Si-O-Si linkages, so it is
possible to dismantle the 3D zeolite structure with simultaneous preservation of layers.

The lamellar zeolite precursor obtained in this way was denoted IPC-1P [75].
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Fig. 2.6. Structure of 3D UTL zeolite, single IPC-1P layer, and silanol arrangement on its
surface.

The thickness of a single UTL layer is approximately 9 A and their x-y projection is the
same like for preFER layers [68]. IPC-1P and preFER differ in the z-direction, as the IPC-
1P have more complicated connectivity corresponding to longer repeat unit (12.5 A,
while for preFER it is 7.5 A). The relatively high stability of layers is probably the
consequence of the lack of intralayer channels [75]. On the surface of layers there are
silanol groups in the position where previously D4Rs were attached. The layers are not
covalently bonded with each other; however they are connected by hydrogen bonds
among surface silanols [93]. First attempts of the reconnection of the layers by
calcination resulted in IPC-1 material, which presented rather poorly defined XRD
pattern [Fig. 2.7.]. Presumably, the reconnection of layers by simple calcination occurs
in not very organized way and IPC-1 consists of collapsed layers randomly connected
with each other.

The theoretical investigation of IPC-1P layers brought the outcome that the specific
location of the silanols on the surface of layers should allow to reassembly them in
organized way to get new 3D zeolite [74]. Furthermore, the non-precedential location
of surface silanols hypothetically permits four possible arrangements of layers to be
reconnected to create four fully connected zeolites. This vision followed by the
experimental investigation resulted in the discovery that IPC-1P intercalated with
octylamine (OA) after calcination produces the well-organized structure, in fact one of

12



the four predicted zeolites. This material, denoted IPC-4, was proved to be four-
connected zeolite with well-defined structure [74] [Fig. 2.5.]. This zeolite has the two
intersecting channel system, perpendicularly crossing 10-ring and 8-ring, with size of
5.8 x 3.8 A and 4.5 x 3.6 A respectively. It was approved by Structure Commission of
International Zeolite Association (IZA) with assigned code PCR. This realized the two
final stages of ADOR strategy - organization of layers by using OA and reassembly them

into new zeolite.

— PCR (IPC-4)

A A L W

— IPC-1P, OA- int.
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—IPC-1P
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Fig. 2.7. The XRD powder patterns of IPC-1P layered precursor, IPC-1 calcined material,
IPC-1P intercalated with octylamine, and PCR zeolite.

In conclusion to this, the accomplishment of idea of ADOR strategy has been done in
four steps: assembly of UTL parent zeolite, its disassembly to IPC-1P layered precursor,
organization of layers by intercalation of octylamine, and finally reassembly of
intercalated precursor to another 3D zeolite — PCR.

Next zeolite prepared with ADOR was IPC-2, material isostructural to COK-14 [94] with
OKO topology [Fig. 2.5.]. IPC-2 was prepared by the intercalation of silane-type
molecules to the interlayer space of IPC-1P [74]. Similar procedure, so-called
stabilization, was used for production of IEZs (e.g. for MWW topology) [95]. MWW-|EZ
is not strictly zeolite because the interlamellar linkages are not fully connected with
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each other [52]. By definition, atoms in the zeolite framework have to be fully 4-
connected. Unlike the MWW-IEZ, stabilized IPC-1P was proved to be defined zeolite.
Again, it was possible because of exceptional arrangement of surface silanols of IPC-1P.
They are close enough to each other allowing the condensation of the linking silanes to
create the single-four-rings (S4Rs) [Fig. 2.8.]. In other words, the IPC-2 zeolites consist
of IPC-1P layers connected with S4R building units. This topology has intersecting 12-
ring and 10-ring channels (6.6 x 6.2 A and 5.4 x 5.3 A, respectively). What is
outstanding, at this point the ADOR shows that one parent zeolite (UTL) can be

transformed to two different topologies (PCR and OKO).

—— OKO (IPC-2)
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- |PC-1 IEZ

Intensity [a.u.]

5 10 15 20 25 30
20 [deg]

Fig. 2.8. XRD powder patterns of IPC-1P layered precursor, IPC-1 IEZ stabilized
precursor, and OKO zeolite.

The synthesis of IPC-2 is the example of the organization of layers by intercalation of
organizing agent finally covalently bonded to the layers. Beforehand, the synthesis of
IPC-4 has shown that the organization of layers can be realized by intercalation of
organics, which are SDA-type agents that order the layers through non-covalent
interactions. Besides the intercalation mechanism of layers organization, the other
technique was reported. It is based on self-organization mechanism. This type of
process can have two possible outcomes depending which conditions were used: 1) de-
intercalation of any residual species remaining between the IPC-1P layers followed by

14



alignment of them and 2) rearrangement of the silica within the layers to transfer into
other part of framework and condensation into a different material. The study showed
that employing different conditions e.g. various acidity, on calcined UTL samples
changes the hydrolysis mechanism and final calcined samples have different
interlamellar connections. Both, the presence and kind of the species between layers
(oxygen bridges, S4Rs, and D4Rs) were found to be controllable during hydrolysis step
depending on concentration of hydrochloric acid used, time, and temperature of
treatment [96]. This study showed that there is linear relationship between the
molarity of hydrolysis solution and d-spacing (d,o0) as concentration increases up to
3M. Above this molarity the relationship is slightly more complex whereby at point of
5M HCI solution the dygg passes through maximum and then decreases as the
concentration grows to 7M. Above 7M the d,go remains constant up to 12M. This
phenomenon was described as the controllable degradation of structure. Following
calcination produces materials with various ratios between interlamellar connecting
species (D4Rs, S4Rs and oxygen bridges). This was claimed to be fully tuneable with
two specific points of molarity. At first of them (1.5M) consecutive calcination creates
the material with the same amount of oxygen bridges and S4Rs. The final material has
two kinds of channel system 12-ring x 10-ring and 10-ring x 8-ring (can be described as
alternating IPC-2 and IPC-4 layers; not an intergrowth of these topologies but new
zeolite). This material was denoted as IPC-6. Second point of the molarity scale was
found to be 5M, where, analogically to IPC-6, was recognized that 50% of connections
are D4Rs and the other half are S4Rs. This material has two kinds of channel system 14-
ring x 12-ring and 12-ring x 10-ring (can be described as alternating UTL and IPC-2
layers; again, not an intergrowth of these topologies but new zeolite denoted IPC-7).
Overall, d-spacing of the final, calcined materials increases proportionally with the
increasing acid concentration in the range from 0.01M to 5M. Under specific
concentrations the well-ordered zeolites were obtained. Their d-spacing increases with
following tendency: IPC-4 (0.01M) < IPC-6 (1.5M) < IPC-2 (3M) < IPC-7 (5M). Above the
molarity of 5M the final solids were recognized as IPC-2 materials [96].

In the IPC family there are also materials with IPC-1P layers, which are not zeolites. The
representative examples are swollen and pillared zeolites. Swelling, likewise in the

MWW case [54], was performed by intercalation of hexadecyltrimethylammonium

15



(C16TMA) cations into the interlayer space of precursor in basic environment (using
tetrapropylammonium hydroxide solution - TPA-OH), and caused the expansion of the
interlayer distance [97]. The obtained material was denoted IPC-1SW. Expanded
precursor was used in consecutive pillaring process where tetraethyl orthosilicate
(TEOS) was introduced in between IPC-1P layers. TEOS then was converted into
amorphous pillars and calcined product was designated IPC-1PI [97]. This material,
consisting of amorphous silica pillars supporting the IPC-1P layers, is of mesoporous
structure with huge potential for catalytic applications.

As reported, IPC family is group of zeolites and zeolitic materials prepared from zeolite
precursor by various post-synthesis modifications. The most interesting among them is
ADOR process because of the great potential for synthesis of new architectures.

There are several great novelties in the ADOR approach. Namely, i) the first top-down
synthesis of zeolite precursor, ii) the modification of one zeolite towards different
topologies, iii) designable zeolite synthesis, iv) prospect of preparation of a set of
zeolites with continuously tuneable porosity, etc. Current efforts of researchers still
constantly increase the family of ADOR materials interesting from the structural and
functional point of view [98]. In addition, UTL topology is not the only one 'ADORactive’
and, in principle, described strategy can be extended to other germanosilicates, which
make this method universal for synthesis of many new predictable zeolite structures
[99].

In this contribution the chemistry of interlamellar space of 2D zeolite - IPC-1P is
discussed. Presented research was mainly focused on the organization of layers by the
intercalation of various molecules into IPC-1P. Extension of ADOR approach leading to

two new zeolite topologies is presented.
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3. Experimental part

Table 3.1. The list of chemicals used for syntheses and modifications.

Chemicals Purity Producer Abbreviation
Cab-0-Sil M-5 (Si0,) Havel
Composites
Cetyltrimenthylammonium 25wt. %inH,0  Aldrich CiTMACI
chloride
Diethoxydimethylsilane 98% Aldrich DEDMS
Germanium oxide 99,999% Alfa Aesar GeO,
Tetraethyl orthosilicate 98% Aldrich TEOS
Tetrapropylammonium hydroxide 40 wt.% in H,0 Aldrich TPA OH
Hydrochloric acid p.a. Penta HCI
1,4-bis-(triethoxysilyl)benzene 96% Aldrich BSS1
1,2-bis-(triethoxysilyl)ethane 96% Aldrich BSS2
4,4—b|s—(tr|§thoxy5|IyI)—1,1 - 95% Aldrich BSS3
biphenyl
Octak|s(tetram.ethylammonlum)T8— Aldrich POS1
siloxane
Sodium hydroxide p.a. 98% Penta
Cis-2,6-Dimethylpiperidine 98% Aldrich
1,4-Dibromobutane 99% Aldrich
Aluminum hydroxide Al,03, 50-57% Aldrich Al(OH)3
Acetic acid 99% Aldrich
Choline chloride 99% Aldrich
Diethyldimethylammonium 20 wt. % in H,0 Aldrich

hydroxide

3.1. Synthesis and modifications of UTL-derivatives

Synthesis of the parent germanosilicate UTL was carried out under hydrothermal
conditions. (6R,10S)-6,10-dimethyl-5-anizosporo[4.5]decane hydroxide was used as a
SDA. Synthesis was performed following the procedure described by Shvets et al. [78].
The obtained bromide form of SDA was converted into hydroxide one by ion-exchange
with AG 1-X8 resin (Bio-Rad). The yield of the product was about 93%. Structure of the

SDA was confirmed by NMR spectroscopy [Fig. 3.1.].
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Fig. 3.1. The structural model of used SDA with *H NMR spectrum.

The reaction gel of a molar composition: 1.0 SiO,: 0.5 Ge0O,: 0.2 SDA: 37.5 H,0 was
prepared by dissolving amorphous germanium dioxide (Aldrich) in the solution of SDA
in water. Then, silica (Cab-O-Sil M5) was added into the solution and the mixture was
stirred for 1h at room temperature. Al-containing UTL was prepared using aluminum
hydroxide (Aldrich) as a source of Al. In case of AI-UTL the ratio of reaction mixture
was: 0.782 SiO,: 0.4 GeO,: 0.018 AlO;5: 0.5 SDA: 30 H,0. The obtained homogenous
fluid gel was charged into 100 ml Teflon-lined autoclave and heated at 175 °C for 6
days with agitation (40 rpm). Synthesis of Al-UTL was performed for 28 days. The solid
product was recovered by filtration, thoroughly washed out with distilled water and
dried in the oven at 60 °C. To remove the SDA, the solid product was calcined in air at

550 °C for 6 h with a temperature ramp of 1 °/min.

3.1.1. Hydrolysis of UTL

Calcined UTL was hydrolyzed in 1M acetic acid with the w/w ratio 1/250 at 85 °C for 16
h. The product was isolated by centrifugation, washed with water and dried at 60 °C.

The hydrolyzed product was a layered material denoted IPC-1P.
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3.1.2. Intercalation of layered zeolite precursor

The layered material obtained by hydrolysis of UTL germanosilicate was treated with

different amines or quaternary ammonium salts to attempt their intercalation between

the layers. Used intercalates are collected in Table 3.2. Quaternary ammonium salts

were prepared also in hydroxide form by ion-exchange following the procedure by

Chlubnd et al. [97]. The IPC-1P was treated with the solutions of the organic

compounds with w/w ratio of 1/65 for 16 h. Intercalation of hydroxides was performed

at room temperature. Amines and organic salts were introduced at 75 °C. The solid

products were isolated by centrifugation, washed out with distilled water, centrifuged

again, and dried at 60 °C. Intercalated layered precursors were denoted IPC-

1P(organic). Samples were calcined at 550 °C for 8 h with a temperature ramp of 2

°/min.

Table 3.2. Organic agents used for intercalation of IPC-1P.

Concentration

Organic agent Abbreviation in water [%] Producer
Octylamine OA neat Aldrich
2,6-dimethylpiperidine DMP neat Aldrich
Triethylenetetramine TET neat Aldrich
Dipropylamine DPA neat Aldrich
Tributylamine TA neat Aldrich
N-methylpiperidine NMP neat Aldrich
Hexamethylenetetramine HMTA 25 Aldrich
Hexamethonium bromide HMH 25 Aldrich
Tetramethylammonium chloride TMA 25 Aldrich
Tetraethylammonium bromide TEA 25 Aldrich
Tetrapropylammonium bromide TPA 25 Aldrich
Trimethylphenylammonium bromide TMPhA 25 Aldrich
Trimethyladaman'FyIammonium TMAA-OH 55 Sachem
hydroxide

Trimethyloctylammonium bromide OTA 25 Aldrich
Dodecyltrimethylammonium chloride DTA 25 Aldrich
Cetyltrimethylammonium chloride CisTMA 25 Aldrich
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IPC-1P intercalated with choline hydroxide or diethyldimethylammonium hydroxide
was designated as IPC-9P. Intercalation of those two molecules was performed in two
ways: by direct intercalation and by de-swelling method. The first method, direct
intercalation was achieved using 50% water solution of choline hydroxide. The choline
hydroxide was prepared by ion-exchange of choline chloride 50% water solution using
Ambersep® 900 resin (100 g of resin per 100 g of solution). Then, 1 g of zeolite
precursor IPC-1P was mixed with 30 g of choline hydroxide solution and stirred for 4 h
at room temperature. Measured pH of the mixture was 13. Solid IPC-9P was
centrifuged, washed out with distilled water, centrifuged again, and dried in oven at 60
°C. De-swelling method involves an exchange of intercalate in between layers. The first
step of the preparation was swelling of IPC-1P with C;sTMA-OH 25% solution with w/w
ratio of 1/30 for 16 h at room temperature. Solid product was centrifuged, washed out
with distilled water, and dried. Next step was choline-assisted de-swelling of swollen
layered precursor (IPC-1PSW). A 0.62 g of IPC-1PSW was introduced into choline
chloride (16 g) solution in absolute ethanol (40 g). The mixture was stirred for 10 h at
room temperature, zeolitic powder was separated by centrifugation, decanted, washed
once with absolute ethanol (~15 ml), and centrifuged again, then decanted and dried in
oven at 60 °C. Repeating of the de-swelling ensures more complete exchange. IPC-9P
was calcined at 550 °C for 8 h with temperature ramp of 2 °/min. The obtained material
was designated as IPC-9. To get the IPC-9 zeolite with aluminum the Al-UTL was used as

a parent material.

3.1.3. Alkoxysilylation

IPC-1P(organic)s were also stabilized by alkoxysilylation. The stabilization of
intercalated IPC-1P was carried out in a 25 ml Teflon-lined autoclave. The reaction
mixture contained 1.0 g of IPC-1P(organic), 10 ml of 1M HNO3 water solution, and 0.5 g
of diethoxydimethylsilane (DEDMS). The autoclave with reaction mixture was heated at
175 °C for 16 h. The solid product was separated by filtration, thoroughly washed with
water, dried at 60 °C, and calcined. Calcination was carried out at 550 °C for 8 h with a

temperature ramp of 2 °/min.
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Synthesis of new zeolite IPC-10 was performed by alkoxysilylation of choline
intercalated layered precursor. 0.1 g of IPC-9P was introduced to 25 ml teflon-lined
autoclave. Then, 0.05 g of diethoxydimethylsilane and 10 ml of 1M HNO; was added.
Autoclave was kept in the oven without agitation for 16 h at 175 °C. Product was
filtered, washed with water (100 ml), and dried in oven at 60 °C. Final step was
calcination at 550 °C for 8 h with temperature ramp of 2 °/min. Obtained product was
designated as IPC-10. The IPC-10 samples containing aluminum had been prepared
using Al-UTL as a parent material and additionally 0.1 g of Al(NO3)3:9H,0 was added to

the autoclave in the alkoxysilylation step.

3.1.4. Pillaring

The pillaring of intercalated materials was carried out using 1 g of IPC-1P(organic) in 5
ml of TEOS. The mixture was stirred and heated under reflux at 99 °C for 16 h. The solid
product was isolated by centrifugation and washed out with water (100 ml) for 8 h.
After that, the product was once again isolated by centrifugation, washed out with
water, dried at 60 °C, and calcined. Calcination was carried out at 550 °C for 8 h with a

temperature ramp of 2 °/min.

3.1.5. Synthesis of zeolitic organic-inorganic hybrids

IPC-1SW (0.2 g) was vigorously stirred with a chloroform solution (5 ml) of 0.2 — 0.4 g of
1,4-bis-(triethoxysilyl)-benzene (BSS1), 1,2-bis-(triethoxysilyl)-ethane (BSS2), 4,4-bis-
(triethoxysilyl)-1,1'-biphenyl (BSS3) or octakis(tetramethylammonium)T8-silsesqui-
oxane (POS1) for 2 days at 60°C. Solvent was partially evaporated at 40°C and 20 torr.
The white solid obtained was dried for 2 days at 65°C. To remove C14TMA, the pillared
material (0.2 g) was suspended in 30 ml of 1M NH4NOjs solution in ethanol/H,0 (w/w =
1/1) for 2 days at room temperature. The solid, separated by centrifugation, was
treated with 0.2M HCI solution in ethanol/octane mixture (w/w = 1/1) for 2 days at
60°C. The final product was filtered off, washed with water, ethanol/octane (w/w =

1/1) solution, ethanol and then dried at 65°C overnight.
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The materials obtained are denominated XUTL-HY, where X = w/w ratio for
intercalating agent/IPC-1SW (1, 1.5, 2) and Y = 1 for BSS1, 2 for BSS2, 3 for BSS3 and 4
for POS1.

3.2. Characterization techniques

X-ray powder diffraction data were obtained on a Bruker AXS D8 Advance
diffractometer with a Vantec-1 detector in the Bragg-Brentano geometry using Cugq
radiation. Samples were gently ground using agate mortar to limit the effect of
preferential orientation of individual crystals in the holder.

Textural parameters of the samples were determined using adsorption of nitrogen and
argon. The adsorption isotherms of nitrogen at —196 °C and argon at —186 °C were
recorded using an ASAP 2020 (Micromeritics) static volumetric apparatus. Before
adsorption the samples were degassed under turbomolecular pump vacuum at 250 °C
for 8 h.

The morphologies of the specimen particles were examined by scanning electron
microscopy (SEM) using a JEOL JSM-5500LV. For the measurement, crystals were
covered with a thin platinum layer by sputtering in vacuum chamber of a BAL-TEC SCD-
050.

Concentrations of the Lewis (c.) and Brgnsted (cg) acid sites were determined after
adsorption of ds-acetonitrile (ACN) and pyridine (PYR) by FT-IR spectroscopy using a
Nicolet Protégé 460 Magna with a transmission MTC/A detector. The zeolites were
pressed into self-supporting wafers with a density of 8.0 — 12 mg-cm_2 and activated in
situ at T = 450 °C and p = 5:10™ Torr for 4 h. Ds-acetonitrile adsorption was carried out
at room temperature (150 °C in case of pyridine) for 20 min at a partial pressure of 3.5
Torr, followed by desorption for 20 min at the same temperature. Before adsorption
ds-acetonitrile and pyridine were degassed by freezing-pump-thaw cycles. Spectra
were recorded with a resolution of 4 cm™ by collecting 128 scans for a single spectrum
at room temperature, and then recalculated using a wafer density of 10 mg-cm_z. For a
guantitative characterization of acid sites, the following bands and absorption
coefficients were used: ds-acetonitrile Brgnsted band at 2296 cm™, € = 2.05 cm-umol'l,
ds-acetonitrile strong and weak Lewis bands at 2323 and 2310 cm™ respectively , € =
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3.60 cm-umol'l. Concentration of ¢, and cg were evaluated from the integral intensities
of bands at 1454 cm™ and 1545 cm™ respectively. The coefficients used were g(L) =
2.22 cm-pmol™ and g(L) = 1.67 cm-pmol™ [100].

3¢ MAS NMR spectra were collected using an Agilent V-500 (at 126 MHz, 3.7 us 90°
pulse with a DEPTH filter [101], 30 s delay, spinal *H decoupling and shifts referenced
to tetramethylsilane (0 ppm) using adamantane (at 38.5 and 29.4 ppm) for powders
contained in 4 mm rotors spinning at 14 kHz. A Bruker ASX-300 was used to observe
295j (59 MHz, 3.8 us = 60° pulse, 90 s delay, mlev16 *H decoupling, shifts referenced to
tetramethylsilane at O ppm using tetrakis(trimethylsilyl)silane at -9.8 and -135.2 ppm)
for samples contained in 7 mm rotors spinning at 5 kHz.

Thermogravimetric analyses were performed on a TG-750 Stanton Redcroft
thermobalance in air between 20 and 900°C with a heating rate of 10°C/min. The
weight of the sample was about 5 mg.

The thermogravimetric analyses and *C MAS NMR were performed in Eni S.p.A.,
Refining and Marketing Division, San Donato Milanese, Italy.

High resolution transmission electron microscopy (HRTEM) was carried out on a JEOL
JEM-2011 electron microscope operating at an accelerating voltage of 200 kV. The
HRTEM images were recorded using a 9 Gatan 794 CCD camera. The camera length,
sample position, and magnification were calibrated using standard gold film methods.
The measurements were carried out in Advanced Microscopy Laboratory, Nanoscience

Institute of Aragon, University of Zaragoza, Spain.
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4. Results and discussion

4.1. Expansion of the interlayer space

4.1.1. Separation of layers of IPC-1P

The first challenge was to propose the method how to control the interlayer distance
of layered precursor. Hydrolysis of UTL zeolite under acidic conditions provides layered
zeolite precursor denoted IPC-1P. It was recognized by the analysis of XRD powder
patterns [Fig. 4.1.1.]. The dominant peak, indicating the interlayer distance, is shifted
towards higher 206 values. Moreover, the XRD pattern of IPC-1P shows intralayer
reflections proving the preservation of layers [Fig. 4.1.1.]. This process is possible
because of the presence of Ge atoms preferentially located in the D4R units in the
zeolite framework. The bonds containing Ge atoms are less stable than those with
silicon. Under acidic conditions (1M CHsCOOH, 85 °C) hydrolysis occurs. After
hydrolysis only dense silica layers are preserved. On the surface of each layer there are
silanol groups [Fig. 2.6.], which keep the layers together by hydrogen bonding. There
are no covalent connections between separated layers, which makes possible to

separate them during further modifications.

IPC-1P

Intensity [a.u.]

UTL

5 10 15 20 25 30
20 [deq]

Fig. 4.1.1. XRD powder patterns of UTL zeolite (black) and IPC-1P layered precursor
(red).
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For the separation of the IPC-1P lamellas it is crucial to break the hydrogen bonds. The
common way is to use the solution of intercalate with basic pH. The appropriate pH
(pH approx. 13) was achieved by adding of a base (TPA-OH) or by exchange of the
agent molecule itself to hydroxide form. Both routes were used in the study; however
more regular materials were obtained by using the second method. Generally,
diffraction lines were sharper and more intensive indicating better organization in the
material. The major advantage of usage of exchanged organic agent is that there are no
additional species in the system. Nevertheless, in some depicted processes the
additional hydroxide solution had been used.

The next step was swelling. The purpose of swelling is an expansion of interlayer space
of 2D zeolite. The standard agent used for swelling is hexadecyltrimethylammonium
(C16TMA) chloride or bromide in basic pH achieved by addition of TPA-OH. This
procedure was successfully applied for IPC-1P.

Surfactants with different molecule size were used as swelling agents. General formula
for used organics can be described as C,TMACI, where n was the lenght of alkyl chain (n
=8, 10, 12, 14, 16, 18). The first strategy was the swelling with the mixture of chain
surfactant solution and TPA-OH. Various size of the surfactant molecules was expected
to influence the interlayer distance of expanded materials. XRD was used for
determination of the interlayer distance [Fig. 4.1.2.B.]. Recorded XRD patterns showed
dominant peaks in low-angle section. Position of these peaks (with Miller indexes
(200)) corresponds with the distance between the layers of precursor. A series of peaks
at higher angles located at 7-30° 20 are consistent with preserved intralayer peaks of

UTL / IPC-1P proving unchanged structure of the layers [Fig. 4.1.1.].
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Fig. 4.1.2. XRD patterns of swollen samples obtained using C,TMAOH at 25 °C (A),
mixture of TPAOH and C,TMACI at 25 °C (B), and C,TMACI at 90 °C (C).



The second protocol involved the hydroxide form of surfactant instead of the chloride.
This allows to avoid the introduction of TPA cations into the system [Fig. 4.2.1.A.], what
presumably would increase the efficiency of swelling. Without additional TPA it is more
likely that molecules of surfactant would be more packed in the interlayer space.
Indeed, the XRD powder patterns of these materials proved this hypothesis [Fig.
4.2.1.A.]. The low-angle lines were slightly moved towards lower values with respect to
previously described swollen materials (intercalated with the addition of TPA-OH) [Fig
4.2.1.B.]. Moreover, those peaks were sharper, which means that swelling with
hydroxide form of surfactant produces more regular material. The interlayer distance
in materials treated with hydroxide solutions increased with increasing length of the
surfactant alkyl chain (18.6 (n = 8) < 21.1 (10) <22.6 (12) = 22.6 (14) < 24.3 (16) < 27.1
(18) A). The swelling with surfactants in chloride form was not successful, and

expansion was not observed [Fig. 4.2.1.], even at increased temperature (90 °C).

The next step was the treatment of the layered zeolite precursor IPC-1P with a series of
amines and quaternary ammonium compounds with shorter chains. It was performed
to investigate the influence of size and nature of the organic (guest) molecules on the
interlayer distance in the intercalated product. Where possible, the treatments were
carried out using neat liquids (amines), otherwise 25% aqueous solutions were used,
sometimes in combination with added base to rise pH in order to enhance intercalation
efficiency (especially in the case of introducing the cationic surfactants with long alkyl

chains).
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Fig. 4.1.3. XRD patterns of variously intercalated IPC-1P.

The treatments with amines and ammonium salts (chlorides or bromides) were
performed at 75 °C while those at elevated pH (hydroxides) were performed at room
temperature. Lower temperature in the case of hydroxides was used due to a
sensitivity of IPC-1P layers to dissolution under basic conditions. The products
designated IPC-1P(organic), were characterized by powder XRD [Fig. 4.1.3.]. Positions
of the first dominant diffraction line, (hkl) = (200), correspond to the interlayer
distance. It was confirmed that the size of the molecule is significant for the expansion
the intercalation causes [Table 4.1]. Amines produce only a small expansion, which
indicates the horizontal position of these molecules on the surface of the layered
precursor [Fig. 4.1.4.]. Presumably, amines are not able to break the hydrogen bonding

between individual layers and thus, the significant extension has not been observed.
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However, even in the case of amines, the bigger intercalate is, the higher interlayer

distance is produced.

This study showed that the interlayer expansion can be controlled by proper choice of

intercalates. This opens further ground for another post-synthesis modification of

expanded precursor.

Table 4.1. Interlayer d-spacing and calculated distances in intercalated IPC-1P.

Low angle line, XRD  pistance

Material i
ateria Organic agent 20[°] d-spacing extension
IPC-1P None 8.52 1.04
IPC-1P(0A) Octylamine 8.42 1.05 0.01
IPC-1P(HMH) Hexamethonium bromide 7.84 1.12 0.08
T hyl i
IPC-1P(TMA) etramethylammonium 7.80 1.13 0.09
chloride
IPC-1P(TEA) Tetraethylammonium 7.13 1.24 0.20
bromide
T | i
IPC-1P(TPA) etrapropylammonium 6.55 1.35 0.31
bromide
IpC-1p(TMPha)  "imethylphenylammonium o . 1.41 0.37
bromide
IPC-1P(HMTA) Hexamethylenetetramine 5.97 1.48 0.44
Trimethyl | i
IpC-1p(TMAa)  TImethyladamantylammoniu o, 1.95 0.91
m hydroxide
IPC-1P(OTA) Trimethyloctylammonium 5 5, 2.67 1.63
bromide
Dodecyltrimethylammonium
IPC-1P(DTA) . 2.80 3.15 2.11
chloride
Cetyltrimethyl i
IPC-1P(C1sTMA) ctyltrimethylammonium 2.43 3.63 2.59

hydroxide
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Fig. 4.1.4. XRD patterns for IPC-1P intercalated with amines.

Summarizing this part, the increase in the d-spacing upon intercalation compared with
IPC-1P correlates with the size of intercalated organic molecules and expansion of the
structure and varies from 1 A for octylamine to 27.1 A for the cationic surfactant with
Cis chain. The high-angle diffraction peaks prove the preservation of silica layers of IPC-
1P. The observed correlation between interlayer expansion and dimensions of
intercalates indicates ability to control the former at least for the ranges studied.
Intercalation is rarely the final goal and usually is the first step to further

transformations.

4.1.2. Layers organization as a crucial step in ADOR approach

The ADOR approach is the synthetic strategy that has been successfully used for
producing new zeolites. First zeolite prepared using ADOR protocol is IPC-4 zeolite (IZA
code PCR). This zeolite is built of IPC-1P layers connected by oxygen bridges. Synthesis
of this predicted structure was performed by the intercalation of octylamine into the
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interlayer space of IPC-1P. As it was shown before, octylamine produces only minimal
expansion [Fig. 2.7.]. This indicates that under the employed conditions molecules of
octylamine are positioned horizontally on the surface of the layers. Even though the
expansion caused by octylamine is very small, the presence of octylamine was crucial in
producing the IPC-4 (PCR) zeolite.

The intercalation was followed by reconnection of the layers by oxygen bridges. To
realize that IPC-1P(OA) was calcined in 550 °C for 8h. IPC-4, new 3D zeolite was the
product of this process. What needs to be underlined, the calcination of pure, non-
intercalated precursor usually did not produce a highly ordered zeolite but disordered
IPC-1 material. It was concluded that octylamine is able to organize the layers of
precursor. This hypothesis has been also proposed by theoretical study [74]. Moreover,
theoretical investigation of the silanols on the surface of IPC-1P layers shows that there
is more than one possible arrangement, in which the layers can be reconnected. In
other words, if the layers would be organized and reassembled in a different way it
would result in 3D fully connected zeolite different from IPC-4. According to the
location of the surface silanols there are four possible ways to reconnect the IPC-1P
layers. The calculations show that the most favourable arrangement due to the
energetic factors is the one caused by intercalation of octylamine, in which the silanol
qguadruplets are directly one on another. Reassembly of layered precursor in this
arrangement leads to PCR zeolite. Three other possibilities would require the shift of
the layers towards different crystallographic axis and are much less energetically
preferred. According to the theory, synthetic experience, and energetic rules for the
solvothermal synthesis of zeolites those materials are not feasible to synthesize in
standard way. Nevertheless those three structures were not likely to be obtained, the
goal of this study was to find the conditions, under which the shift of the layers would
be achieved.

Synthesis of IPC-4 zeolite proves that the intercalated organics are able to organize the
layers in specific way to create ordered solids. Part 4.1.1. has shown that intercalation
of organics can cause different expansion of the interlayer space. As a part of further
characterization the samples of the intercalated products were calcined at above 550
°C. The organic guest molecules have been removed from the interlayer space. The

corresponding XRD patterns show that the intercalating compounds were removed by
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calcination, and layers covalently connected producing different materials depending
on the nature of the organic. In most cases one either PCR (IPC-4) or OKO (IPC-2) were
obtained. Generally, amines showed tendency to produce the smaller pore PCR of high
quality, similar to that observed in the case of octylamine [Fig. 4.1.4]. It suggests that
amines in general interact with hydrogen bonding present in IPC-1P in a favourable
way for ordered condensation. Those results brings couple important conclusions.
Firstly, it generalizes the outcome that was previously recognized with one compound
only, i.e. octylamine, as intercalate. Secondly, it emphasizes the results of calculations
about particularly favourable energy for one configuration of IPC-1P layers among four
4 possible, i.e. the one providing PCR zeolite. It also suggests that amines may not be
good candidates to induce the remaining 3 alternative layers configurations leading to
the other predicted zeolite structures. It should be reminded that calcination of IPC-1P
without organic intercalates between layers produces material IPC-1 (d-spacing = 8.8 A)
with poorly defined structure most likely due to lateral disorder (with no alignment of

layers).

IPC-1P(TA) calc.

IPC-1P(NMP) calc.
_M*
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Intensity [a.u.]

IPC-1P(TET) calc.

IPC-1P(DMP) calc.
A N~ NN
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Fig. 4.1.5. XRD patterns for IPC-1P intercalated with amines, after calcination (550°C).
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Calcination of intercalated precursors with relatively large initial basal spacing gives
inconclusive results [Fig. 4.1.6.]. XRD patterns suggest that IPC-1P(DTA) provides IPC-4
while calcination of IPC-1P(OTA) leads to a mixture of IPC-4 and IPC-2 zeolites.
However, the calcination of IPC-1P(C1sTMA) and IPC-1P(TMAA), which also have large
d-spacings, does not produce well-ordered materials. It can be recognized by very low
intensities of diffraction lines. It resembles formation of IPC-1 and is probably caused
by more expanded interlayer space (up to 27.1 A) in those intercalated materials.
During calcination process the intercalated organics were burned out. Presumably, long
interlayer distance makes the organization of layers and formation of ordered, well-
defined structures more difficult. It is also possible that pairs of each two layers may be
fused as ordered units but across the crystal height there may be a mismatch in
successive layers. The products observed after calcination of HMH, TMA, TEA and
C1sMTA intercalated species resemble IPC-2, zeolite build of IPC-1P layers connected
with S4Rs [Fig. 4.1.6.]. The formation of IPC-2 is partially seen also in the case of
calcination of IPC-1P(OTA). As mentioned before, IPC-2 material is usually produced by
stabilization procedure. Stabilization is based on addition of the source of silica
(alkoxysilane) inserting silicate bridging moieties between layers. In this case no
additional silica was used. This outcome is intriguing as it implies some kind of ‘self-
stabilization” process involving introduction of bridges that condense into the S4R units
between layers. This requires additional free silica, which may come from partial
decomposition and/or dissolution of the UTL layers during earlier treatments. The
formation of stabilized structures without additional, separate alkoxysilylation has
been reported before by Tatsumi et al. [95]. The novelty here is that it is achieved at

basic pH while it is typically successful in rather strongly acidic medium.
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Fig. 4.1.6. XRD patterns for calcined IPC-1P and for variously intercalated IPC-1P after
calcination (550°C).

To conclude this part of the study, use of different organics as intercalates is
fundamental for organization step in ADOR approach. Amines support the preparation
of well-ordered IPC-4 zeolite. The surfactant molecules cause the bigger expansion of
the interlayer distance, which is useful for further manipulations. However, calcination

of relatively more expanded materials gives less ordered solids.

4.1.3. Props in the structure of 2D precursor

Layered zeolites can be modified by addition of props in between the layers. These
props connect the consecutive layers and create three-dimensional framework of
zeolite-based material. Props built into the structure can be of different types,

inorganic [54] or organic [57], both type of materials were prepared with IPC-1P layers.

34



First example of introduction of permanent props is made with amorphous silica. This
method, referred as pillaring, exploits inter-layer separation through swelling. In
previous chapters, there has been shown that swelling can lead to the precursor with
adjustable d-spacing (expansion of the structure up to 27.1 A). The swelling of the
latter followed by pillaring with appropriate silica source, TEOS, results in mesoporous

molecular sieves with permanently expanded inter-layer distance.
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Fig. 4.1.7. XRD patterns of the pillared samples derived from samples swollen with the

C,TMAOH at 25 °C (A), mixture of TPAOH and C,TMACI at 25 °C (B), C,TMACI at 90 °C

(C).
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Based on the experience for pillaring of MWW layered precursor (MCM-22P) [54, 97]
also IPC-1P has been investigated. The successful initial work on swelling and pillaring
of IPC-1P was significant as the source of novel materials [75, 102]. The study of
pillaring with TEOS was extended to IPC-1P intercalated (swollen) with various organic
agents [Fig. 4.1.7., 4.1.8.]. It resulted in preparation of new mesoporous layered

materials with adjustable textural properties.
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Fig. 4.1.8. XRD patterns for variously intercalated IPC-1P after pillaring procedure.

In opposite to MWW layers IPC-1P has no micropores. That is why pillared IPC-1P
derivatives have no intra-layer microporosity. In other words, the layers are dense
fragments of the framework. Adequate inter-layer distance is crucial for successful
pillaring, which does not occur in the case of intercalated precursors with relatively d-
spacing expansion less than 5 A. This conclusion is based on the analyzed diffraction

patterns and textural parameters measured by nitrogen sorption [Fig. 4.1.9.]. It is
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probably due to constrained inter-layer space, most probably filled with organics

preventing introduction of sufficient amount of silica in between layers.

Pore diameter [nm] according to Kruk, Jaroniec [103]
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Fig 4.1.9. Nitrogen adsorption isotherms for IPC-1 and IPC-1P intercalated with TPA,
HMTA, TMAA, OTA, DTA and CTA after pillaring procedure.

*Estimating pore size from nitrogen isotherm — values of the pore diameters
calculated at selected nitrogen capillary condensation relative pressure [103].

Pillared derivatives of the samples swollen with mixtures of surfactants (CnTMA) and
tetrapropylammonium hydroxide or tetraalkylammonium cations had a broader pore
size distribution than those prepared using neat surfactant hydroxide (CnTMA-OH)
solutions. The latter ones exhibited pore size distribution in the range of 25 — 35 A. The
pore size diameter of created mesopores corresponds to the dimensions of the

correlative swelling agents and expansions gained using them. Another parameter
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examined for its effect was the ratio of the pillaring agent TEOS in a chloroform
solution to the swollen precursor. Optimal conditions were found to be TEQOS/IPC-1P-
swollen ratio = 1.5 (w/w). Pillared materials produced using this ratio had large BET
areas and mesopores volumes (up to 900 mz/g and 0.6 cm3/g, respectively). As might
be expected, too low amount of TEOS was not enough to create the well-ordered
pillared derivatives. On the other hand, excess of TEOS resulted in decrease of the
porosity [Fig. 4.1.10]. It indicates that pillaring using larger amount of TEOS creates

thicker and densely distributed props.
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Fig. 4.1.10. XRD patterns (A) and Ar ad-/desorption isotherms (-186 °C) (B) for the
pillared samples with different TEOS / IPC-1BSW16 ratio obtained using C;sTMAOH at
25 °C followed by calcination.
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The inorganic connections in between the layers do not have to be amorphous. In case
of using alkoxysilanes as intercalates it is possible to build 3D zeolite from IPC-1P
layers. It is realized by incorporating additional silicon atoms between layers. As
mentioned before, this so called 'stabilization' process results in Interlamellar
Expanded Zeolite. It is more open than directly condensed (by calcination) layers. The
typical stabilization procedure of zeolite precursor is based on alkoxysilylation with
diethoxydimethylsilane in acid solution followed by calcination at 550 °C in the air to
remove the organic residue. As found previously, the stabilized IPC-1P is unique among
the other precursors because the distribution of the silanol groups on the surface of
layers. They create silanol nests consisting of 4 groups close to each other. The silanol
density in the case of IPC-1P is relatively high (1 silanol/43 A?) [74] in comparison with
other zeolite precursors, e.g. MCM-22P has 1 silanol/ 90 A? [104]. Thus, after the
stabilization, interlayer siloxane bridges are close enough to each other to condense
producing square S4R units between layers. Therefore, differently from other zeolite
topologies, stabilization of IPC-1P leads to the fully connected, 3D zeolite - IPC-2 (OKO).
Structure of this zeolite with S4R interlayer units is in between IPC-4 (layers connected
by oxygen bridges) and UTL (layers connected with D4R units) in terms of interlayer
distance. The variously intercalated precursors were subjected to stabilization.
Majority of the IPC-1P(organic) materials, especially those with smaller organic, did
produce IPC-2 as the final product. However, stabilization of initially more expanded

precursors leads to obtain structure with longer interlayer distance [Fig. 4.1.11].
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Fig. 4.1.11. XRD patterns for stabilized IPC-1P and IPC-1P intercalated with OA, TEA,
TPA and Ci;6TMA after stabilization procedure.

This was concluded based on similarity of the XRD patterns positions of the most
intense maximum corresponding to d = 11.5 A. Some of the intercalated precursors,
particularly those with larger organic agents like TPA and C;¢TMA, seemed to produce
more expanded structures. It is determined based on the presence of peaks at lower
20[°] values (6.24 and 6.68 respectively) than IPC-2. XRD patterns for these materials
have several additional peaks in the range from 6.2 to 8.1 [°], which may indicate
mixtures of differently expanded structures, rather than single components. Those
materials were not fully described yet, but they look promising and should be further
explored. Perhaps, firstly by attempt to enrich the content of the expanded phase. As is
typical for this kind of chemistry separation of each phase included in this mixture is
hardly possible, that is why the effort should be directed towards obtaining separate
well-ordered phases. What was clearly shown by these screening experiments is the

possibility to stabilize IPC-1P layers with more expanded interlayer distances compared
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to IPC-2 zeolite. In addition, some other alkoxysilylation agents were tested for the
stabilization. The other molecules (1,3-diethoxy-1,1,3,3-tetramethyldisiloxane and
1,3,5,7,9,11,14-heptaisobutyltricyclo[7.3.3.15,11]heptasiloxane-endo-3,7,14-triol) were
bigger than standard agent (DEDMS). The results did not vary much from the previous
attempts and produced IPC-2 zeolite. Nevertheless, there is a possibility that other
linkers especially with more atoms in the structure can be intercalated in between
layers to produce new structures. Keeping in mind that intercalation chemistry allows
to obtain the precursor with different interlayer distance, in principle the extension of
stabilization could be likely. Perhaps it is possible to choose the intercalating agent
(with desired size) and then apply the alkoxylating agent (with corresponding size) to
produce the structure expanded beyond IPC-2 zeolite or even reassembly the UTL
topology with silica D4R.

Second type of props introduced into the IPC-1P was organic ones. This resulted in the
creation of inorganic-organic hybrids. Organic molecules containing silicon atoms were
inserted into the IPC-1P(C1,TMA). The props were covalently bonded to the layers of
zeolite via the condensation of terminal alkoxide groups with terminal Si-OH groups of
IPC-1P. This produces porous materials that can be referred to as pillared with organic.
These covalently bonded organic-inorganic materials combine the advantages of both
components. Mechanical and structural stability of inorganic part, are complemented
by high flexibility and possibility for functionalization of the organic props. The overall
thermal stability is decreased due to the presence of organics, moreover stability of
this part is limiting factor. Despite the limitations of such materials they can find the
application under relatively mild conditions. The similar idea was executed for MWW
layered zeolite [57]. That study accomplished the bridging of MCM-22P with
silsesquioxanes as pillars. It shows a functionalization of benzene rings in the organic
part of the hybrid with basic amino groups resulting in bifunctional acid-base catalysts.
Based on this concept the experiments with IPC-1P were performed. Due to relatively
large size of the molecules the intercalation of silsesquioxanes was executed using the
swollen precursor. Organic-inorganic hierarchical hybrids with tailored textural
properties can be produced from IPC-1P swollen with Ci;sTMA surfactant. Bridged
silsesquioxanes (BSSs) and polyhedral oligomeric siloxane (POS) were introduced into

swollen IPC-1SW after two days of stirring at 60 °C. Afterwards, the swelling agent was
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removed by consecutive extraction using NH4;NO3 and HCl solutions. In the final pillared
material the intercalated molecules are covalently bonded with 2D zeolite layers.

Samples were described based on XRD [Fig. 4.1.12.], TEM, thermogravimetry and
micropore size distribution analysis. The intercalate BSSs molecules used for
modifications were 1,4-bis-(triethoxysilyl)benzene (BSS1), 1,2-bis-(triethoxysilyl)ethane
(BSS2) and 4,4-bis-(triethoxysilyl)-1,1’-biphenyl (BSS3). Inorganic props were
introduced by intercalation of octakis(tetramethylammonium)T8-siloxane (POS1).
According to the interlayer distance in the final product it assumed that more than one
linker molecule is connecting the layers. This system has mesopores or hierarchical
micro-mesoporous systems exhibiting BET areas higher than 1000 m?, micropore
volumes above 0.3 cm3/g and total pore volumes over 1 cm3/g. Thermal stability of
these hybrid materials is up to 350 °C which can be described as relatively high for such
kind materials. Textural properties of this type or layered materials with organic pillars
can be varied. Desired properties can be obtained by the manipulation with the ratio

between layered precursor and organic species forming pillars.
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Fig. 4.1.12. XRD patterns of the IPC-1SW (at the bottom) and synthesized hybrid
materials with different intercalating agent/IPC-1SW w/w ratio: 1 — black, 1.5 —red, 2 —
blue.
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4.2. Layer manipulation — shift of the layers

The particularly challenging goal of the thesis was exploration of interlamellar
chemistry of IPC-1P, especially focused on the finding of a synthetic pathway to get the
predicted “unfeasible” zeolite structures. On one hand, this challenge was considered
as achievable according to the hypothetical deliberations on the arrangement of
surface silanols of layered precursor. On the other, this task was demanding, as the
lateral shift of layers followed by their reassembly in the shifted ordering was not
preferred from the energy point of view. ADOR strategy of zeolite synthesis is
essentially different from the traditional methods. This difference was a key to get the
“unfeasible” zeolites, which structures are discussed below.

The synthesis of IPC-4 showed that it is possible to organize the IPC-1P layers and
reassembly them towards new zeolite structure by calcination. If this reassembly was
preceded by intercalation of additional alkoxysiloxane the product is another zeolite
IPC-2. In both cases, the orientation of layers with respect to each other is the same as
in the parent UTL zeolite. Reconnection of IPC-1P layers in that way does not require
the lateral shift. Produced zeolites, IPC-4 and IPC-2, obey all LID criteria [41] and are
described as feasible, even towards solvothermal synthesis. Reconnections through
oxygen bridges or S4Rs do not introduce any strain into new materials. To produce
'unfeasible’ zeolites it was predicted that the relative arrangement of the layers needs
to be changed to introduce a geometric mismatch between them. This is exploited by
the controllable lateral shift of the layers with respect to each other and consecutively
by reassembly of them in that configuration by forming oxygen bridges or S4Rs. The
shifted structures have been predicted [74] as hypothetical zeolites possible to prepare
due to the special distribution of the silanols in IPC-1P. Layered precursor has relatively
high concentration of surface silanols (1 silanol/ 43 A?%) located as quadruplets [Fig.
2.7].

DFT calculations showed that there are four possible arrangements of reconnected IPC-
1P layers. As outcome, four new defined structures were proposed. One of the
predicted structures, prepared without lateral shift, was IPC-4 (PCR) zeolite [Fig.
4.2.1.a).
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Fig. 4.2.1. Four predicted structures possible to obtain by reassembly of IPC-1P layers
by connection with oxygen bridges.

Topological analysis shows that all four possible structures are unique. Unlike PCR,
three other architectures require a lateral shift of layers, though each of it in different
crystallographic direction(s). Consequently, all four structures have particular channel
system. Directly connected IPC-4 (PCR) has intersecting 10-ring and 8-ring channels
[Fig. 4.2.1.a.]. Shifting the layers along b vector results in the reduction of the channel
running along ¢ from 10-ring to 8-ring while size of 8-ring channel along b axis is
unaffected. In other words, the structure shifted towards b axis has intersecting 8-ring
and 8-ring channels [Fig. 4.2.1.c.]. The shift of layers along c axis leads to reduction of
8-ring along b to 7-ring. Resulting material has 10-ring x 7-ring intersecting channels
[Fig. 4.2.1.b.]. Finally, the last possibility is the shift along both b and c axis, as a result
the channel system of this topology is intersecting 8-ring x 7-ring [Fig. 4.2.1.d.]. Some
of those possible arrangements produce zeolites with odd-ring channel systems, which
is very rare in case of known zeolites prepared by standard methods. Significant
differences between those 4 topologies are observable in simulated PXRD patterns

[Fig. 4.2.2.]. Structural parameters of those architectures are summarized in Table
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4.2.1. Relative energy of PCR framework is 0 kl-mol™ [74]. Relative energies of the
frameworks shifted only in one direction are 105 and 109 kJ-mol™ for shift along ¢ and
b vectors, respectively. The difference in relative energy between those two is
relatively small indicating that they should be evenly like to prepare, in principle. The
highest framework energy (186 kJ-mol™) corresponds to layers shifted along both b and
c vectors [74]. This is expected because this shift is the most demanding and causes the
biggest strain in the structure among those four. It suggests that this shift is less
probable to get synthetically. According to the calculations, zeolites shifted along c axis

break at least one of LID criteria, while the one shifted along b satisfies all of them.
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Fig. 4.2.2. Theoretical XRD patterns of four possible architectures to gain after
reassembly of IPC-1P layers with oxygen bridges between them.
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Table 4.2.1. Structural parameters of four possible architectures to gain after
reassembly of IPC-1P layers with oxygen bridges between them.

Space

Channel system alAl | b[A] | c[A] | o[ | BI v [°] group

10-ring x 8-ring (PCR) | 20.462 | 14.200 | 12.615 | 90.00 | 115.42 | 90.00 | C2/m

10-ring x 7-ring 15.544 | 14.168 | 12.168 | 89.69 | 131.12 | 117.31 P1

8-ring x 8-ring 10.038 | 13.960 | 12.116 | 90.00 | 111.74 | 90.00 Pm

8-ring x 7-ring 9.363 | 13.881 | 12.199 | 90.00 | 101.03 | 90.00 Pm

Even more complicated is the case of the lateral shift of the layers with simultaneous
reconnection of them by S4R building units. Totally 16 different structures were
suggested for this kind of reassembly [99]. However, the topological analysis revealed
that only 8 of them are unique. One of the possibilities is IPC-2 (zeolite with OKO
topology). This is the only alteration among them, which satisfies the LID criteria [99].
All other possible structures containing S4R species as connecting unit have higher
framework energy, thus their feasibility factors are larger [99].

The energetics calculated for the 'shifted' structures (3 alterations for layers with oxide
bridges, and 7 alterations for layers with S4Rs in between) placed them in the group of
'unfeasible' zeolites. This conclusion has been made based on the LID criteria and
location of this zeolite above the energy-density line [41], which were defined for
zeolites obtained by solvothermal method. The question was if the uniqueness of
ADOR approach, so different from standard synthesis, would be suitable to get at least
some of those predicted zeolites. And the answer was affirmative. ADOR strategy is
useful for the synthesis of zeolites previously concerned as unfeasible targets. It was
proved by development of the experimental pathway to get two new zeolites: IPC-9

and IPC-10, shifted alterations of PCR and OKO topologies, respectively.

4.2.1. New ‘unfeasible’ zeolite prepared by direct condensation: IPC-9

Synthesis of IPC-9 was possible by the control of the layers organization. The layers of
IPC-1P have to be shifted in respect to each other towards c crystallographic axis. To
achieve this it was necessary to fulfil two requirements. First one is to break the

hydrogen bonding between the layers. The separation of layers was discussed in
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chapter 4.1.1. In basic pH (pH approximately 13) the surface silanols are deprotonated,
and hydrogen bonds are broken. This allows the layers to change the original
alignment. Next important issue is the organization of layers with designed alignment.
Both of these two conditions have to be satisfied.

The synthesis was realized in two different ways. One is a two-step method, in which
large surfactant molecules (C;TMA-OH) are at first intercalated in between layers, and
at second, de-intercalated in the presence of SDA (choline) molecules that favours the
desired relative arrangement of the layers. Alternatively, one-step method can be
performed using the basic conditions (pH = 13) to deprotonate the silanol groups on
the layer surface and, simultaneously intercalate proper SDA (choline or DEDMA) in
hydroxide form into the structure. Then, SDA was intercalated into IPC-1P forming
shifted precursor IPC-9P. To produce IPC-9 zeolite, shifted precursor was calcined at
550 °C for 8h with a ramp of 1 °C/min. During calcination step the layers were
connected by condensation of silanols. SEM image shows that the crystals of obtained
zeolite are smaller than original IPC-1P [Fig. 4.2.7.]. The partial dissolution of crystals is

probably due to the intercalation at relatively high pH.
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Fig. 4.2.3. The energetics of IPC-9 and IPC-10 (a) The positions of IPC-9 and IPC-10 in
energy-density space (squares) in comparison to the positions of all other known silica
zeolites (circles). Typical energy-density correlation is marked as black line. (b)
Comparison of the 2D unit-cell area parallel to the UTL-like layers demonstrating
contraction of layers in IPC-9 and IPC-10 in comparison to their feasible analogues (IPC-
4 and IPC-2 respectively).
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The IPC-9 zeolite has 10-ring x 7-ring channel system. It means the layers are shifted
along ¢ axis compared to non-shifted IPC-4 alignment. The shift is of half unit cell long.
Choline cation as SDA is suitable for this shift. This organic molecule favours the
desired, shifted orientation of the layers. Density functional theory (DFT) studies on the
interactions between choline cations and surface silanols quadruplets predict that
cation will preferentially locate between them. Studies also indicated that the most-
favorable arrangement of multiple layers presumably depends on the amount of
choline intercalated in the interlayer space. At low choline concentrations (choline to
silanol ratio = 1 : 4) the layers would be shifted from their original IPC-1P position
towards crystallographic b direction. In contrast, when the choline amount is higher
(choline to silanol ratio = 1:2), the most favorable shift is, like in the IPC-9, towards ¢
axis. The experiments showed good agreement with the calculations. The XRD pattern
of the precursor intercalated with choline (denoted IPC-9P) is consistent with that
predicted for the c-shifted material with high choline content. The refinement of the
final, calcined IPC-9 structure also showed great agreement with the predicted,
simulated pattern. Structure of IPC-9 was confirmed by comparison the experimental
pattern to the simulated one by whole-pattern (Le Bail type) refinement of the unit cell
against the X-ray diffraction data. Further, structure was also refined by Rietveld
refinement of the structural model against the XRD data [Fig. 4.2.4.]. Moreover, the
HRTEM technique allowed to confirm the structure by comparison with the model [Fig.

4.2.6.].
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Fig. 4.2.4. Rietveld refinement of IPC-9 structure.

Table 4.2.1. Crystallographic data from the Rietveld refinement of IPC-9 zeolite.

a 18.6695(20) A
b 13.8984(15) A
c 12.1020(30) A
B 102.409(34) °
Space group C2/m
Geometric Restraints
Si-0 1.61(2)
0-0 2.62(3)
Si-Si 3.07(4)
Re2 0.0296
wRp 0.0315
Rp 0.0260

Very interesting feature of the IPC-9 framework is odd-number channel (7-ring) [Fig.
4.2.5.]. It is relatively rare feature in case of zeolites. Up to date, known zeolite
structures have only very few seven-rings [45]. All known zeolites can be found at the
low-density edge of the energy-density distribution [Fig. 2.1.]. Predicted structures

with low density have relatively few seven-rings and odd-rings in general. Apparently,
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the constraint of proximity to the low-density edge of predicted structures leads to a

low probability of 7-rings in zeolites [45].

Fig. 4.2.5. The structure of IPC-9 viewed parallel to the 7-ring channels (010) in the
structure (left) and parallel to the 10-ring channels (001) (right).

It is necessary to underline that the IPC-9 is fully four-connected, well crystalline zeolite
[Fig. 4.2.5.] without remaining internal free silanol groups. Moreover, this structure has
interesting energetics and was concerned as theoretically ‘unfeasible’ synthetic target

[Fig. 4.2.3.]. That will be discussed in details in unit 4.3.

Fig. 4.2.6. SEM (a) and HRTEM (b,c) images of IPC-9 ‘unfeasible’ zeolite.
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4.2.2. New ‘unfeasible’ zeolite prepared by alkoxysilylation: IPC-10

Next newly synthesized zeolite, denoted as IPC-10, has been also prepared starting
with the shift of layers. The IPC-9 was prepared by calcination with zeolite precursor
intercalated with choline cations - IPC-9P. In the case of IPC-10, the additional silicon
atoms were added (in the form of DEDMS) and intercalated between the layers. This
process is analogical to the synthesis of IPC-2 zeolite, with the difference in the initial
arrangement of precursor layers. IPC-9P after alkoxysilylation, followed by calcination,
produces a shifted structure with added S4R units connecting layers. IPC-10 is fully
connected zeolite without any remaining silanols which was confirmed by MAS NMR.
The SEM image shows that, like in case in IPC-9, the crystals are smaller than initial IPC-
1P [Fig. 4.2.7.]. This is caused by treatment at high pH (pH = 13) during intercalation of
choline. IPC-10 has the same layer arrangement as IPC-9 (shifted by half unit cell
towards crystallographic c direction). The creation of single-four ring units leads to
slightly more complex structural arrangement because there are two possible ways, in
which the S4Rs can be formed with the same layer arrangement. Theoretical
calculations (DFT) indicate that those two possibilities are very close to each other in
term of energy (the difference between them is only 2 kJ mol™ per silicon). This
suggests that both forms may be simultaneously present in the material, which leads to
some disorder in the interlayer region. The disordered nature of IPC-10 was confirmed
by HRTEM [Fig. 4.2.7.] The channel system in this zeolite comprises 12-ring x 9-ring,
regardless of the way of formation of S4Rs [Fig. 4.2.8.]. The structure was identified by
comparison of the experimental X-ray diffraction pattern with that predicted from

computational studies using Le Bail fit [Fig. 4.2.9.] and [Table 4.2.2.].
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Fig. 4.2.8. The structure of idealized IPC-10 viewed parallel to the 9-ring channels (010)
(left), and parallel to the 12-rings (001) (right).

Table 4.2.2. Crystallographic data from the Le Bail refinement of IPC-10 zeolite.

a 22.261(2) A
b 13.852(2) A
c 11.809(6) A
a 87.22(5) °
B 97.78(3) °
y 91.90(2) °
Space group P-1
wRp 0.0287
Rp 0.0166
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Fig. 4.2.9. The Le Bail fit for the IPC-10 structure.

IPC-10, similarly to IPC-9, has odd-number channels in the structure (9-ring channels).
9-rings are even less probable than 7-rings to appear in zeolite structure [45]. Also the
energetics of IPC-10 is unprecedented, so this new zeolite, as well as IPC-9, would be

considered as unfeasible synthesis target in the case of standard, solvothermal

synthesis [Fig. 4.2.3.].

4.3. New insights into zeolite feasibility

There have been several attempts to rationalize the feasibility of zeolites as synthesis
targets. This results in the proposal of feasibility factor, 9, which should be as near zero
as possible. This factor can be calculated based on Sanders-Leslie-Catlow (SLC) force
field method. Essentially, it is a measure how close the framework energy of the
material lies to the ideal energy-density correlation [105]. Calculation shows that

feasibility factor for IPC-9 is 1.7, while for IPC-10 is 4.9 which is relatively huge number.
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Also the Local Interatomic Distance (LID) criteria were developed as a way to describe
the feasibility of framework synthesis. LID criteria describe the local distortions from
idealized tetrahedron that are possible in feasible zeolites. There are five criteria, and
all of them are met by all previously known zeolite materials. The average distances

between atoms (<D1o>, <Dgo> and <D+r>) were collected in Table 4.3.1.

Table 4.3.1. Average T-O, 0-0, and T-T distances (<D>), standard deviation values for
average distances (o), the values that the distances adopt from average (R), and the
measures of the distortions (g).

PCR OKO IPC-9 IPC-10

<Dro> 1.5981 1.6022 1.6012 1.6054
O10 0.0061 0.0080 0.0095 0.0134
Rro 0.0268 0.0406 0.0567 0.0687
<Dgo> 2.6093 2.6156 2.6134 2.6199
€00 0.0002 0.0006 0.0010 0.0015
000 0.0333 0.0412 0.0495 0.0636
Roo 0.1688 0.2106 0.3089 0.3542
<Dr> 3.0926 3.0728 3.0784 3.0583
€17 0.0009 0.0003 0.0000 0.0007
o7 0.0401 0.0590 0.0728 0.0801
Rrr 0.1539 0.2297 0.3134 0.3498

All values in A

The first LID criterion suggests that the average tetrahedron should be very close to an
idealized tetrahedron, by saying that the values of <Dto> and <Dgo> should fit the
correlation described by equation <Dgo> = 1.6284x<D1o> - 0.0071. €.00> is @ measure of
the distance away from this correlation and for all previously known zeolites this value
was less than 0.0009. In the case of both IPC-9 and IPC-10 this criterion is not met
[Table 4.3.1]. This suggests that the average tetrahedron in both structures is far away
from the idealized one.

The second LID criterion is similar to the first one, except that it is a correlation
between <Dr1o> and <Dyr> is tested. The equation is as follows: <Dyr> = -4.8929x<Dro> +
10.9128, and the distance from this correlation (g<1s) should be less than 0.0046. This
says that the T-T distances and T-O-T angles are within normal parameters for zeolites.

In this case, the criterion is met both by IPC-9 and IPC-10 structures [Table 4.3.1].
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The third criterion considers the standard deviation values (oto, 000 otr) for the
average distances (<D1o>, <Doo>, <Dtr>) respectively. The criterion states that these
standard deviations should be within tight limits, meaning that local distortion of the
structures are kept to a minimum. Specifically, the values should obey the relations:
070 < 0.0196, 0po < 0.0588 and ot < 0.0889. IPC-9 passes this one, but IPC-10 fails the
test for ooo [Table 4.3.1], indicating that some angles in this material show a larger
distortion than is expected for a feasible structure.

The fourth criterion deals with the ranges of values that the T-O, O-0 and, T-T distances
can adopt. Namely, the distances should lie within the following ranges: Rro < 0.0634 A,
Roo< 0.2746 A and Rrr< 0.3332 A. Neither IPC-9 nor IPC-10 passes this test having Ryo =
0.0567 A, Roo = 0.3089 A, and Rro = 0.0687 A, Roo = 0.3542 A respectively.

The fifth criterion is for conventional zeolites only. The criterion is based on T-O
distance saying that this value should be in the range of: 1.5967 < Dro < 1.6076 A. Both
IPC-9 and IPC-10 structures obey this criterion [Table 4.3.1].

Table 4.3.2. The values of framework energies for framework densities (calculated
using both DFT and SLC force field) for zeolites IPC-9 and IPC-10. Also listed are O (the
feasibility factors) and the LID criteria (1=pass, 0=fail). For comparison, data for zeolite
with PCR and OKO topologies are listed.

. . a a b b LID criteria
Structure DeSIgnatlon FEprr FEgr FDprr FDe O 1 5 3 4 5
UTL-D4R(C2/m) PCR 9.1 10.4 18.1 193 14 1 1 1 1 1
UTL-S4R(C2) OKO 11.2 13.8 17.0 178 05 1 1 1 1 1
UTL-D4R(P1) IPC-9 12.5 14.0 18.7 198 17 0 1 1 0 1
UTL-S4R(P-1) IPC-10 16.8 20.1 18.0 188 49 0 1 0 0 1

®inkJ-mol?, ®in 103 A3

The comparison of the feasibility factors and LID criteria is shown in Table 4.3.2. Shifted
structures have significantly higher ¥ values than structures with original alignment.
There are differences in the comparison of LID criteria agreement. PCR and OKO, both
obey all 5 criteria while IPC-9 does not meet two of them, and IPC-10 disagrees in case
of three of them. This is the reason why shifted structures were called 'unfeasible'. Also
the framework energies of them show interesting outcome, especially in comparison to
these values for all known zeolites. Figure 4.2.3a shows the energy-density plot for all

known silica zeolites and demonstrates the location of IPC-9 and IPC-10 on it. IPC-9 lies
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at the edge of the region in which known zeolites can be found. IPC-10 has even higher
energy for its density because it lies well outside the region populated by known
zeolites. In the case of IPC-10 it is very clear that it does not obey the standard
correlation between framework energy and density (marked by red line). The slight
geometric mismatch needed to form these two 'unfeasible' frameworks can be seen in
a reduction of a product of a unit cell parameters b and c that corresponds to the
interlayer directions. For IPC-9 the contraction is smaller (about 3.2 % compared to the

IPC-4) than this value for IPC-10 (almost 5 % in comparison to IPC-2) [Fig. 4.2.3b].

All these calculations and comparison with previously known structures show that IPC-
9 and IPC-10 materials would not be considered as feasible synthetic targets in the case
of solvothermal synthesis. Among those two zeolites, IPC-10 meets less LID criteria and
have higher feasibility factor. This brings the conclusion that the LID criteria should be
re-considered, due to new synthetic outcomes. The ADOR strategy had shown the way
to prepare materials that probably would not be possible to gain towards conventional,

solvothermal route.

4.4, ADOR as universal strategy to create new materials

The most important outcome of the presented results is not the new zeolites
themselves. The most important outcome is the discovery and extension of general
method for synthesis of new zeolites — ADOR. The next meaningful is the fact, that the
initially suggested criteria of feasibility can be overcome. There are at least two
previously 'unfeasible' zeolites that are currently synthesizable materials. In principle
ADOR is an excellent method to be applicable for other germanosilicates, which should
be able to produce layered precursors. Presumably, the frameworks with similar
architecture to UTL could be used in ADOR. Germanium has been found to
preferentially occupy D4Rs. This feature was essential for the top-down synthesis of
IPC-1P, as the very first step of ADOR applied for UTL zeolite. There are other
germanosilicates with D4R units reported, but not every of them is expected to be

ADOR applicable. There are some conditions that have to be met to consider zeolite as
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'ADORactive'. Clearly, the first requirement is the presence of germanium in the
framework and moreover, specific location of Ge in D4R (or in some cases in D3R)
units. Also, the location of those units in the structure and their connectivity is
important. There are two possible arrangements for such materials. The first can be
considered as 1-dimensional location of D4Rs in the structure. The units appear only
along one axis, so the structure of zeolite is based on the silica layers connected with
germanium 'pillars'. Breaking of all interlayer bonds via hydrolysis would result in 2D
lamellas like IPC-1P in case of UTL. This kind of architecture has been described for ITH,
IWW, ITR, UOV, and some other topologies [99]. Second type of D4R location is in two
dimensions. It means they are located not only in between layers, but some of them
are part of layers in one direction. Hydrolysis of such type of architecture, for instance
IRN or UWY, would probably cause the separation of the framework along 2 two axes.
It may result in 1-dimensional zeolitic fibers or chains. Last possibility is location of D4R
in framework in all 3 dimensions, i.e. for BEC, IWS, IRR, and STW zeolites [33]. It means
that full hydrolysis of this kind of material would lead to the total fragmentation of the
structure. The first group among three presented is consider as potentially usable is
ADOR strategy. It means that at least 8 zeolites can be examined as probable parent
materials for ADOR. Keeping in mind that UTL zeolite was exploited to create many
new zeolites, including two previously considered as unfeasible, the in-depth study of
other topologies can bring the whole class of new materials as the outcome.

It opens a huge number of potentially obtainable structures. This work proved that the
conventional look on the feasibility of hypothetical zeolites can be expanded by new
synthetic approach - ADOR. Zeolite conundrum is the fact that, even though there are
millions of hypothetical structures calculated, only few of them have actually been
prepared experimentally. The advances presented herein give hope that this

conundrum is solved.
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5. Conclusions

The interlamellar space of IPC-1P zeolite precursor was explored using different
synthetic pathways. The IPC-1P is a layered material made by hydrolysis of UTL
germanosilicate. Using various organic compounds the intercalation in between the
IPC-1P layers was performed. Intercalation was a cause of expansion of the interlayer
distance. The scale of expansion depends on the used agent. The separation of the
layers requires relatively high pH, achieved by addition of tetrapropylammonium
hydroxide solution or by ion-exchange of initial salt. The intercalation process was
controlled and the features of produced material were designable. The IPC-1P layers
were expanded with various distances and organized in different ways.

The intercalation was followed by reconnection of the layers by calcination. The
product of the calcination of amine intercalated IPC-1P was mostly IPC-4 zeolite (PCR).
The calcination of pure, non-intercalated precursor usually did not produce a highly
ordered zeolite but disordered IPC-1 material. It was concluded that amines are able
to organize the layers of precursor. Calcination of intercalated precursors with
relatively large initial basal spacing showed that long interlayer distance makes the
organization of layers and formation of ordered, well-defined structures more difficult.
Alkoxysilylation of the lamellar precursor showed that it is possible to stabilize the
layers with distance longer than IPC-2 (OKO) structure. Those materials were thermally
stable and presumably could lead to new architecture. More expanded structures are
not fully described and should be further investigated.

The organized layered precursor was modified by introducing permanent props in
between layers. The props were of different nature, inorganic amorphous silica pillars
and organic silsesquioxanes. The final materials diversified due to the textural
properties such as BET area, micropore and mesopores volumes. Inorganic pillaring
showed that properties of those materials are designable in wide range. The
introduction of organic parts showed the possibility of further functionalization of
those materials. Although, the thermal stability of inorganic-organic hybrids was lower
than pure inorganic pillared materials, still they were relatively stable and can be
potentially use under milder conditions (up to 350 °C). This resulted in preparation of

series of different materials using the same starting precursor.
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The intercalation was used mainly as a part of investigated ADOR approach. This
synthesis strategy led to two new, previously predicted, zeolites - IPC-9 and IPC-10 [Fig.
5.1]. These structures are exceptional because of their 'unfeasibility' in term of
standard synthetic approach. Moreover, those new zeolites have rare structural
features and can potentially be used e.g. as catalysts. The study has shown that ADOR
strategy is suitable for the synthesis of materials that probably would not be possible
to prepare by solvothermal method. The feasibility of zeolite synthesis was discussed in
details showing that some rules and feasibility factors should be reconsidered. The
rules which are obeyed by materials prepared in a standard way are not fully applicable

on the zeolites prepared by novel ADOR approach.

IPC-10

Fig. 5.1. The scheme showing synthetic pathway to obtain ‘unfeasible’ zeolites. (i)
disassembly of UTL to IPC-1P zeolite precursor, (ii) shift of layers realized by
intercalation of choline or DEDMA to get IPC-9P, (iii) direct condensation of IPC-9P to
IPC-9 zeolite, (iv) alkoxysilylation of IPC-9P to IPC-10 zeolite.

The perspectives for further investigation of the interlamellar space of 2D zeolites are
very vast. First of all, there are other germanosilicates that can be, in principle,
“ADORactive”. Extension of the ADOR process to other zeolites is the biggest challenge
in the future. Secondly, it would be interesting to use the materials with tuneable
properties for catalytic applications, e.g. after functionalization of them with

heteroatoms. The precise control of the size of pores would be probably in designing of
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the catalysts for bulky molecules transformations. However, the most promising
outcome is related to the zeolite conundrum. The ADOR method is a pathway suitable
for producing the materials probably out of reach for solvothermal synthesis, which
indicates that in the long term the number of accessible zeolites will be increased
vastly.

The study on the interlamellar space of two-dimensional zeolite precursor, IPC-1P,
showed the big diversity in the products possible to prepare using it. Especially, the
new synthetic strategy - ADOR - was proved to be exceptional way to prepare the

materials unlike to get by conventional methods.
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