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ABSTRACT

Zeolites are one of the key materials in the chemical industry with their applications ranging from water purification to gas separation or oil refining. In the recent
years, the research of zeolites focuses more and more on specialised applications including fine chemical synthesis or separation of small organic compounds, which
increase the demand for new types of zeolites with unique structural and chemical properties. Introduction of tailored organic structure-directing agents and
especially the introduction of germanium stimulated the discovery of new zeolite frameworks and particularly led to a discovery of numerous new extra-large pore
zeolites with attractive properties for selective catalysis. However, the germanosilicate chemistry also opened up an unparalleled opportunity for tailoring even more
new zeolites and zeolite-derived materials by controlled post-synthetic transformation of the germanosilicates into layered zeolites or to new zeolite frameworks by
solid-, liquid- or vapour-phase transformations such as the Assembly-Disassembly-Organisation-Reassembly process. The following research provided new strategies
for preparation of porous materials with characteristics and properties tailored on-demand.

1. Introduction

Many chemical technologies ranging from large facilities for oil
processing or small-scale processes for fine chemicals manufacturing
employ zeolites as heterogeneous catalysts. Zeolites encompass a diverse
group of crystalline microporous frameworks varying significantly in
their structural features, pore sizes, pore connectivity but also their
chemical composition or crystal morphology. Most widely used zeolites
possess either small- (8-ring), medium- (10-ring) or large (12-ring)
pores. However, numerous synthetic frameworks also contain pores
wider than 12-rings, referred to as extra-large pore zeolites. Further-
more, individual zeolites vary in the connectivity of the channels, ge-
ometry of pore cavities as well as their elemental composition. These
features directly influence their physical properties including the hy-
drothermal stability, surface area, pore accessibility or hydrophobicity
and also their physico-chemical behaviours such as the ability to sepa-
rate small compounds based on their size, shape and polarity, and their
unparalleled shape-selective catalytic properties [1-3].

Large structural and compositional variability, emphasised by
continuous discoveries of new distinct zeolite structures, prompted the
research and application of zeolites to catalyse not only conversions of
small simple compounds but also to focus on reactions of bulkier bio-
logical compounds wusing extra-large pore zeolites or even
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enantioselective transformations in asymmetric catalytic processes
using chiral zeolite frameworks (See Fig. 1 for examples) [4-9]. In
addition, the transition from fossil fuel feedstocks towards renewables
(such as biomass) poses new challenges [10]. Biomass-derived sub-
strates tend to be more highly oxygenated than hydrocarbons, and this
gives new challenges for optimising catalytic processes based on zeo-
lites, including reactivity and stability issues especially in the presence
of water, which is more common in bio-based systems [11,12]. Simi-
larly, many bio-derived substrates may be more complex polymers, and
so larger porosity (or more extensive hierarchical porosity) may be
required. This means there remains a great incentive to develop new
zeolites based on either a different chemistry or structural topology.
Preparation of these highly specialised zeolites is still far from being a
routine task and the synthesis protocols commonly rely on advanced
synthetic methods.

This review intends to present an outline of the established as well as
newer promising synthetic methods for preparation and targeted design
of new zeolite structures. There will be a slight focus on using hetero-
atoms such as germanium to change both the toplogical and chemical
properties of zeolites. In particular we will discuss how germanosilicates
have enabled the synthesis of large pore zeolites and allowed novel
transformation routes to new materials. However, zeolite synthesis is
not just dependent on heteroatoms but is a complex interplay between
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framework elements, synthesis conditions and the presence of structure-
directing agents. We will also briefly discuss the latter in the context of
zeolite synthesis.

2. Synthesis of new zeolites

Design of new zeolite structures commonly involves introduction of
heteroelements into the framework, usage of elaborate organic structure
directing agents (SDA) or uncommon synthesis conditions such as highly
concentrated synthesis gels [6,7]. Although zeolites are most commonly
described as silicates, numerous other tetrahedrally coordinated ele-
ments (B, Al, Ti, Fe, Zn, In, Ga, Ge, Zr, Sn ...) can substitute the silicon in
the framework positions [3,13-16]. The elements can not only signifi-
cantly alter the chemical composition of the zeolite but even promote
formation of new building units and thereby stabilise and favour for-
mation of new structures [17-21].

Among the viable heteroelements, germanium holds a special posi-
tion due to its ability to promote the formation of small 3- and 4-rings
and double-4-rings (D4R) crucial in formation of zeolite structures
with low framework density [6]. Avelino Corma was one of the pioneers
in this area, developing the use of germanium substitution for the syn-
thesis of large pore materials [22-25]. The larger size of the germanium
atom compared to silicon provides an increased range of Ge-O-Ge bond
angles (120-180°) compared to Si-O-Si (137-180°). As a result, the
presence of germanium in the framework leads to relaxation of frame-
work distortion and stabilises otherwise strained building units such as
small four- or three-rings and D4R and D3R units. The small rings are
particularly common in extra-large pore zeolites and structures with low
framework density [8,18,26,27]. Fig. 2 illustrates a set of examples of
zeolite structures containing the D4R units promoted by the germanium.
Nevertheless, it needs to be stressed that exceptions to the rule also exist,
such as the germanosilicate ITQ-69 which is free of D4R or D3R units
despite crystallizing in presence of germanium [28].

The germanium possesses structure directing ability that stabilises
small ring units, which would be less favourable or unstable in silicate
form [17,20,30-32]. However, the presence of strained structural units
also causes the regiospecificity in the distribution of the germanium
throughout the framework. The germanosilicate ITQ-44 (IRR) acutely
illustrates the inhomogeneous germanium distribution within its D3R
and D4R units. Around 50% of the germanium resides in the highly
strained D3R framework positions, 37% in the D4R positions and only
13% reside in the less strained framework sites. Ergo, while the
germanium governs the formation of small ring units, the presence of
such units governs the distribution of the framework germanium
[33-37].
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But germanium does not only have a structural effect: it also has a
chemical one. The Ge-O bonds are also more susceptible to hydrolytic
attack than the Si-O and so the introduction of germanium decreases the
hydrothermal stability of the zeolite. Germanosilicates are particularly
sensitive to water, which occasionally results in structure deterioration
upon prolonged exposure to moisture [38-40]. The stability of a zeolite
generally increases with decreasing germanium content; however, since
the germanium provides the structural directing ability, its presence in
the synthesis is often unavoidable and so there is a balance between
stability of the final material and the need for Ge-induced structure di-
rection. In addition, the phase selectivity of the synthesis also depends
on the choice of the structure directing agent (SDA). Therefore, careful
choice of suitable SDA may stabilise the zeolite and reduce the amount
of germanium needed for a successful synthesis [41,42].

2.1. SDA design

One of the most significant breakthroughs in zeolite synthesis came
with the introduction of organic structure directing agents (SDAs) which
greatly accelerated and augmented the preparation and discovery of
new zeolites [43,44]. The SDAs stabilise silica clathrate cages forming
during the crystallisation and direct the growth towards a structure with
specific cages or building units. The structural and chemical variety of
organic SDAs exceeds that of the inorganic SDAs (e.g. alkali metal ions)
considerably and provides more options for tuning the phase-selectivity
and may facilitate formation zeolites with new compositions - most
notably high-silica zeolites - under broader range of conditions, or
preparation of entirely new and more complex zeolite structures [6,21,
45-471.

Proper choice of the SDA frequently decides the outcome of zeolite
synthesis and its reliability. Though, disconcertingly, the nature of the
structure-directing ability of SDAs is not understood in its entirety. On
one hand, isolated examples of SDAs act as true templates, such as the
triquaternary amine C;gH3gN3 in synthesis of ZSM-18 (MEI) zeolite or
[Ni(en)s] 2t in synthesis of CJ63 (JST) gallogermanate, both of which
possesses the same symmetry as the respective SDA [8,27,46]. On the
other hand, most SDAs show only loose relation to the respective zeolite
structure and their structure-directing ability is not limited to just one
zeolite. The stability of one zeolite structure over another depends on
delicate interplay of weak interactions between the SDA and the
framework during the crystallisation, which is further complicated by
the high temperature (and thus SDA dynamics) under common zeolite
synthesis conditions. As a result, one SDA can commonly stabilise
multiple zeolite structures under varying synthesis conditions and
conversely the same zeolite structure can form in the presence of several

Fig. 1. Chiral and extra-large pore zeolites (a — STW; b — OSO; ¢ — CZP; d — -ITV, e — BEA polymorph A) [4].
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Fig. 2. Examples of germanosilicate zeolites containing the D4R units [29].

different SDA molecules. Therefore, it is commonly considered that the
most important function of SDAs is to stabilise the zeolite by pore filling
and charge balancing, rather than by true templating effects [46,48].

2.1.1. N-SDAs

The most common organic SDAs contain one or several quaternary
nitrogen atoms substituted with alkyl groups or embedded into a cyclic
molecule. The SDA molecules range from simple tetraalkylammonium
cations to complex derivatives of imidazolium. The complexity and
structure features of the SDA molecule including size and shape but also
rigidity and charge density can considerably alter its properties [49,50].
Occasionally, replacement of one functional group switches the
phase-selectivity towards an entirely different zeolite framework. For
illustration, N-methyl-N'-ethylimidazolium favours the formation of the
IM-16 (UOS) zeolite. However, substituting the ethyl group for more
spatial butyl or p-methylbenzyl changes the phase selectivity towards
IM-20 (UWY) and NUD-1 zeolites, respectively (Fig. 3) [51,52]. Simi-
larly, zeolite SSZ-57 (*SFV) crystalizes in a presence of N-butyl-N-cy-
clohexyl-pyrrolidinium. However, the same SDA with methyl or ethyl in
place of the butyl group results in formation of ZSM-12 (MTW) instead
[53].

HPM-1 (STW)

—_—
large crystals
NA/\N—/
\§/ T

Although the correlation between structures of the SDA and the
zeolite formed is not entirely straightforward, more bulky compounds
commonly favour formation of zeolites with large pores and cavities and
lower framework density. Also, the phase-selectivity generally increases
with rigidity of the SDA molecule and by balancing its C/N ™ ratio within
10-16 [47,49]. An example of this is the preparation of extra-large pore
zeolites ITQ-44 (IRR) or IM-12 (UTL), which crystalize using bulky and
rigid SDAs while more flexible SDA molecules, such as tetraethy-
lammonium, produce zeolites MTW, *BEA or BEC [49,54,55].

Spatially rigid SDA molecules provide high phase selectivity, which
is often a determining factor for preparation of zeolites with unique
structural features or extra-large cavities. However, the tedious prepa-
ration of these SDAs limits their practical usage and thus they are often
avoided in favour of assemblies of simpler and more accessible mole-
cules. Smaller SDAs interacting by H-bonding or n-m interactions can
assemble into dimers and cooperatively fill the cage of a zeolite in a
similar manner as one large molecule, as illustrated by the synthesis of
pure silica ITQ-29 (LTA) [56]. Analogous to small molecules, diqua-
ternary ammonium SDAs containing rigid charged groups connected by
flexible hydrocarbon chain can contort and fill the channels of varying
zeolite structures. For instance, the hexamethonium SDA can produce

pure phase

34

Fig. 3. Zeolites prepared using SDAs based on substituted imidazolium [46].
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zeolites EU-1 (EUO), ZSM-48 (*MRE) or ITQ-13 (ITH) [57,58]. The
external conditions presumably prompt the SDA to adopt a specific
conformation that determines its structural-directing ability. Further-
more, the hydrocarbon chain length also impacts the phase selectivity.
For instance, the bis-(N-methylpyrrolidinium) connected with methy-
lene chain favours formation of SSZ-74 (-SVR) zeolite when connected
by a chain of six carbon atoms while IM-5 (IMF) and TNU-9 (TUN) ze-
olites for chain consisting of five and four carbons, respectively [46].

2.1.2. P-SDAs

Phosphorus-based SDAs (P-SDAs) including phosphonium, phos-
phazenes or aminophosphines provide an alternative to the nitrogen-
based SDAs (N-SDAs). Although the use of P-SDAs is often avoided
due to the concerns of their toxicity and availability, the P-SDAs possess
several distinct advantages. First of all, the P-SDAs possess higher
thermal stability and, unlike the N-SDAs, do not undergo Hoffmann
degradation under high pH and temperature. Due to the enhanced
thermal stability the P-SDAs can be used in synthesis requiring more
severe conditions. Second, the P-SDAs can provide new types of phase-
selectivity and stabilise zeolite structures uncommon for the N-SDAs
[46]. The bis(trimethylphosphonium) illustrates this unique phase
selectivity of P-SDAs in synthesis of ITQ-34 (ITR) where conventional
bis-(trimethylammonium) SDA fails to produce any pure zeolite phase
[59]. Other P-SDAs proved to be beneficial in synthesis of zeolites
ITQ-26 (IWS), ITQ-27 (IWV), ITQ-34 (ITR) - polymorph B of the ITQ-13
(ITH), ITQ-40 (-IRY), ITQ-49 (IRN), or ITQ-52 (IFW) [59-64].

Additionally, P-SDAs also include phosphazene SDAs. The phos-
phazenes stand out for their easy construction, nearly unlimited struc-
tural variability and high basicity. The basicity enables them to produce
hydroxide anions upon reaction with water [27,46]. Introduction of
phosphazene SDAs most prominently enabled preparation of ITQ-47
with boggsite (BOG) structure, a natural aluminosilicate mineral
which has proven to be exceptionally difficult to synthetize [65,66].

2.2. Highly concentrated gels

Crystallisation of zeolites commonly takes place in a basic to neutral
aqueous solution containing dissolved SDA and sources of building el-
ements such as various silicate, aluminate or germanate species [67].
However, high water content impedes the formation of some zeolites,
especially germanosilicates, and then a synthesis from highly concen-
trated gels or solid phase is preferred. Synthesis conditions with low
water content favour formation of zeolite structures with low framework
density or structures prone to hydrolysis [68].

The synthesis under reduced water content includes crystallisation
from highly concentrated gels, vapour-assisted crystallisation or dry gel
conversion. Highly concentrated gel crystallisation uses a synthesis gel
with HyO/Si content bellow 10 [58,69]. The amount of water is
commonly insufficient to dissolve the synthesis compounds and, hence,
the synthesis gel is prepared from more dilute solutions and the excess
water is subsequently evaporated to achieve the desired content before
the crystallisation. However, in most aspects the synthesis procedure
essentially resembles ordinary hydrothermal synthesis. On the other
hand, vapour-assisted crystallisation and dry gel conversion differ
significantly from the regular crystallisation, because the liquid water
remains separated from the synthesis gel for the duration of the syn-
thesis [69-72]. The synthesis of ZSM-5 (MFI) developed by Dong et al.
proceeds from an amorphous synthesis gel and a mixture of water with
ethylenediamine and trimethylamine located in separate compartments.
The gel only comes in contact with the vapours during the synthesis. The
water and amine vapours absorb into the gel and result in local disso-
lution of the oxide phase. The amines protonate upon contact with
water, producing OH™ ions which mediate Si-O bond breaking and
making and incite transformation of the amorphous gel into a crystalline
ZSM-5 (MFI) zeolite. Additionally, newer studies also utilised similar
synthetic methods to yield *BEA, FAU or FER, demonstrating the
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variability of the method [69,73].
2.3. High-throughput synthesis

Zeolite synthesis gels are complex systems consisting of large number
of compounds and the success of the synthesis further depends on
numerous conditions such as temperature, pH, duration or even heating
rate and agitation. Thereby discovery of new zeolites or optimising
existing synthetic recipes requires extensive screening of synthetic
conditions with large number of variables. Such experiments become
physically inconceivable even for simple synthetic mixtures. However,
thorough screening of synthetic procedures becomes manageable when
combined with automation and large number of parallel small-volume
reactors [74-76]. This high-throughput method takes advantage of
automatic dispensing of individual reactants which facilitates and ac-
celerates the preparation of the synthesis mixtures and may even enable
higher precision in dosing of the synthetic compounds [77]. The syn-
thesis proceeds in co-joined array of small-volume (e.g. 500 pl) auto-
claves using only small volume of synthetic mixture for the experiment.
The small volumes joined with automation of the dosing and charac-
terisation enables simultaneous and efficient screening of dozens of
synthetic parameters including concentrations of individual compounds
or pH [75,78]. The high-throughput method, pioneered especially by
the group of Avelino Corma, led to the discovery of several new zeolites,
including extra-large pore ITQ-33 (ITT) with 18- and 10-ring channels
[791 or ITQ-30 of the MWW family feasible within a wide range of Si/Al
ratios (10-c0) [80].

The high-throughput experiments provide an extensive amount of
data which can benefit from advanced computation analysis for evalu-
ation. Most recently, the combination of high-throughput synthesis with
machine learning appeared as a promising method of analysing the high-
throughput synthesis data for determining the relations between syn-
thetic conditions and the outcome [77,81,82]. The analysed data are
most commonly presented as a series of phase diagrams and libraries of
permutations of tested conditions. The trends and correlations observed
from the data sets shed light on the fundamental relationships between
the synthetic conditions and the outcome, pointing to the next target or
predicting outcome of future experiments [83].

3. Transformations
3.1. Hydrothermal stability

Germanosilicate zeolites generally suffer from reduced hydrothermal
stability compared to their purely siliceous analogues. The stability
decreases due to the relatively labile character of the Ge-O bonds which
are especially susceptible to hydrolysis by acidic solutions, liquid water
or even air moisture [38,39,84,85]. Interaction with large amounts of
water results in bond breaking and extraction of germanium. In zeolites
with high framework content of germanium, the degermanation
generally leads to structure deterioration and amorphization [39].

In contrast, zeolites with low germanium content retain their struc-
ture; nevertheless, the degermanation introduces defects into their
structures impacting their textural properties and increasing hydrophi-
licity [40]. Increasing the stability of the low-germanium zeolites can be
achieved by post-synthetic substitution of the germanium atoms with
silicon. The silicon heals the defects formed by the degermanation and
thus improves the hydrothermal stability of the zeolite framework [86,
871.

High content of germanium makes the post-synthetic stabilisation of
the framework more intricate. Zeolites with high germanium content
often lose their structural integrity when treated with aqueous solutions
due to leaching of significant number of framework germanium atoms.
The degermanation thus proceeds too rapidly and extensively compared
to the slow reinsertion of silicon species into the framework positions.
Nevertheless, the substitution can successfully proceed on a zeolite
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supported by SDA molecules in its pores (Fig. 4). The SDA molecules
support the framework during the degermanation and provide increased
stability and additional time for the silicon to heal the vacancies in the
structure [88].

The structure can also be stabilised by other elements. For example,
trivalent elements, such as aluminium can heal the vacancies and sta-
bilise the zeolite in a similar way to silicon, but on top of that introduce
catalytic activity in a form of Brgnsted acidic sites. The method thus
enables post synthetic functionalisation of the zeolites, which is espe-
cially noteworthy, since direct synthesis of aluminium-containing ana-
logues of some germanosilicate zeolites has not been reported [87,89].

However, the degermanation also offers another unique opportunity.
Due to the preferential location of the germanium in the D4R and D3R
units, the germanium-rich domains can selectively hydrolyse and pro-
duce new materials. In zeolite structures such as IM-12 (UTL) or CIT-13
(*CTH), the germanium-rich D4R units connect two-dimensional silica-
rich layers into the three-dimensional framework. Hydrolysis of the
germanium-rich D4R units effectively breaks the connections between
the layers, resulting in a layered material (Fig. 5) [84,90].

3.2. ADOR transformation

Selective decomposition of germanosilicate UTL into a layered ma-
terial opened up a new pathway to the development of ADOR (Assem-
bly-Disassembly-Organisaion-Reassembly) transformation [91,92]. The
ADOR transformation of the germanosilicate zeolites offers more direct
and controllable alternative to the hydrothermal synthesis. The hydro-
thermal synthesis suffers from the lack of a clear and obvious relation-
ship between the synthesis conditions and the resulting structure. On the
other hand, the result of the ADOR is easily predictable due to trans-
forming one zeolite structure into another by replacing certain structural
units (e.g. D4Rs) [93,94].

The ADOR takes advantage of labile Ge-O bonds in zeolites such as
UTL or *CTH to selectively hydrolyse the germanium rich D4R units and
form layered precursors. The disconnected layers then participate as
building blocks in the formation of new zeolite frameworks. Since the
new frameworks consist of the same layers, only the interlayer con-
nections and the respective layer positions determine the topology and
porosity of the resulting materials. The interlayer connections directly
affect the size of the micropores. The pore size decreases upon replacing
the D4R units of the UTL by S4R units in IPC-2 (OKO) or oxygen linkages
in IPC-4 (PCR) from 14-ring to 10-ring (see Fig. 7) [91,92]. The gradual
and controlled decrease in pore size produces a family of isoreticular
zeolites with identical layer structure and channel architecture but
varying pore size. The isoreticular zeolites present a unique tool for
studying relations between pore size and separation or catalytic prop-
erties with as few variables as possible [95-98]. On top of that, the
ADOR process also enables altering the respective layer positions by
introducing a mismatch between the layers. This structural mismatch
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Fig. 5. Transformation of UTL germanosilicate into a layered material IPC-
1P [84].
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Fig. 6. ADOR transformations of the UTL zeolite [92].

produces new high-energy structures, such as IPC-9 or IPC-10, which
often do not obey the LID (local interatomic distances) criteria estab-
lished for zeolites prepared by hydrothermal synthesis. The LID consist
of several rules based on observations of existing zeolites which relate
geometrical features of the framework (e.g. average T-T and T-O dis-
tances or T-O-T angles) and hydrothermal feasibility of the zeolite [99,
100]. However, zeolites such as IPC-9 and IPC-10 are considered “un-
feasible” by the hydrothermal method. Moreover, they contain odd-ring
pores (7-ring and 9-ring, respectively) with the potentially attractive
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Fig. 4. Stabilisation of Ge-rich UTL by isomorphous substitution with Si [88].
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Fig. 7. UTL zeolite and the products of its ADOR transformations.

separation properties [101].
The ADOR process consists of four steps (Fig. 6):

1) Assembly

The first step of the ADOR process is the hydrothermal synthesis of
the parent germanosilicate. The synthesis parameters determine two key
properties of the parent material; the germanium content (Si/Ge molar
ratio) and germanium distribution in the framework. The germanium
promotes the formation of D4Rs and the Si/Ge ratio determines the
amount of germanium within them. Lower Si/Ge results in higher
number of germanium in the D4R positions which decreases the hy-
drothermal stability and facilitates the subsequent hydrolysis [90]. The
stability also depends on the germanium distribution, namely its pref-
erence to occupy the D4R sites. The relative occupancy varies among
individual framework types as well as the synthesis method. The ger-
manosilicates synthesized under alkaline conditions generally contain
majority of the germanium located in D4R sites. On the other hand,
zeolites prepared in fluoride media show more even distribution of
germanium throughout the framework [30].

2) Disassembly

Zeolites with high germanium content suffer from decreased stability
against liquid water or even air moisture [39]. Small amounts of water
(1 molecule per unit cell) can reversibly adsorb onto the zeolite without
inducing any structural changes. However, higher water loadings (18
molecules per unit cell) enable thermodynamically highly favourable
hydrolysis mechanisms and the water molecules react with the frame-
work. The adsorbed water hydrolyses the labile Ge-O bonds, forming
defects and extracting germanium [40].

The germanium preferentially occupies the D4R units that connect
the silicon-rich layers in the framework [33,35]. Complete separation of
the layers by hydrolysis occurs when the D4Rs contain at least four
germanium atoms and no Si-O-Si linkages between the layers. The
hydrolysis of the D4R units effectively removes the connections between
the layers and the three-dimensional zeolite transforms into
two-dimensional layered material. The layered materials contain char-
acteristic silanol quadruplet defects left after the hydrolysis of the D4Rs.
The unique arrangement and periodicity of the silanol quadruplets
facilitate the subsequent condensation of the layered precursor to a new
3D-framework [92].

3) Organisation

Direct re-condensation of the as-hydrolysed layered precursor

commonly produces a disordered material [84]. Formation of highly
ordered zeolite requires enhancing the layer ordering prior to the
condensation. Although the layers may self-organise spontaneously
under favourable conditions, majority of the transformations involve
assisted organisation through intercalation of sufficient organic agents
[29,91,92,102,103]. The intercalation offers significantly higher control
over the quality of the final material and enables further modification of
its properties. Not only the ordering, but also the interlayer distance,
pore size or relative layer spatial position depend on the choice of the
intercalated agent. For example, intercalation of cationic surfactants
neatly increases the interlayer distance and creates an expanded mate-
rial with pore size exceeding that of common zeolites (up to 3,5 nm)
[104]. Inversely, intercalation of small agents (e.g. choline) induces
parallel shift in the respective layer position. The shifted layered pre-
cursor then produces zeolites with new interlayer connectivity and even
uncommon structural features such as odd rings [101].

4) Reassembly

The re-condensation of the layered precursor into a three-
dimensional zeolite differentiates the ADOR transformation from com-
mon hydrothermal synthesis. While the hydrothermal crystallisation is a
reversible process, the 2D-3D condensation of the layered material is
irreversible. Due to the irreversible nature of the last step, the ADOR
transformation is able to produce high-energy configurations, structures
which were previously described as unfeasible by hydrothermal syn-
thesis. Furthermore, the irreversible condensation yielded unique
structures such as odd-ring pore zeolites or interlayer expanded mate-
rials [99,105-107]. All hydrothermally synthesized zeolites obey the
LID criteria. In contrast, the rules do not necessarily apply to zeolites
prepared by the ADOR transformation, such as IPC-9 and IPC-10 [92,
101].

3.3. Liquid phase transformations

The ADOR transformation is most commonly carried out by
immersing the parent germanosilicate in water or acidic solution to
produce the layered precursor, subsequent intercalation of organics into
the interlayer space to adjust the layer arrangement and finally, calci-
nation. The outcome of the transformation depends on the concentration
of the solution, temperature and acidity [108]. The rate of the hydrolysis
depends on the amount of water in the system. High volumes of water
boost the hydrolysis rate while low water content results in slower hy-
drolysis. Furthermore, the reaction rate increases with increasing tem-
perature, resulting in faster hydrolysis [29,40,103].

The acidic environment promotes breaking and making of Si-O
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bonds. Thus, highly acidic conditions facilitate leeching and re-insertion
of Si (or other elements) from/into the framework and, consequently, in
forming and healing defects and formation of new structural units; e.g.
S4R [95]. The structure of the final zeolite also depends on the experi-
mental conditions. Mildly acidic environment favours hydrolysis of the
UTL to the layered IPC-1P material. The IPC-1P layers subsequently
condensate into the IPC-4 (PCR) zeolite. On the other hand, moderately
or highly acidic conditions promote the Si re-insertion, formation of S4R
units and the IPC-2 (OKO) zeolite [91,92,95]. The preparation of the
IPC-2 can also occur in two steps by intercalation of the layered IPC-1P
with a source of Si and forming the S4R units by treatment with 1 M acid
solution under raised temperature [108]. Lastly, the IPC-2 forms directly
from the UTL upon hydrolysis in 12 M HCI through mechanism known as
“inverse-sigma transformation”. The inverse-sigma transformation pro-
ceeds through simultaneous cleaving of germanium from D4R units and
their rearrangement to S4R [85].

3.4. Vapour phase transformations

The vapour-phase ADOR addresses numerous issues of the liquid-
phase transformation which limit its application. The liquid-phase
ADOR fails for “open framework” zeolites with low framework den-
sity, which typically degrade to amorphous phase or retain the original
structure and only undergo degermanation [109,110]. On the contrary,
the vapour-phase approach mitigates the downsides of working in large
volume of liquid water by disassembling the zeolite by contact with
acidic vapours. The disassembly takes place in a vessel with two com-
partments, separated by a porous membrane. First compartment con-
tains the source of the vapours, such as solution of hydrochloric acid or
pure ammonium chloride (Fig. 8). The second compartment contains the
germanosilicate zeolite. Upon heating, the acidic vapours pass through
the porous membrane to the second compartment and diffuse into the
sample. Upon contact with the vapours the hydrolysis of the Ge-O bonds
proceeds rapidly. The leeched germanium forms volatile germanium
chloride, which easily diffuses out of the zeolite. On the other hand, the
migration of Si is hindered, preventing the healing and restoration of
parent structure. Ergo, the absence of the liquid water not only provides
more sensitive conditions for transforming labile zeolites but also affects
the Si migration and reinsertion, resulting in formation of new zeolites
[110].

The Si migration and re-insertion most notably impacts the outcome
of the transformation of ITQ-22 (IWW) zeolite. The IWW contains
interconnected system of 8-, 10- and 12-ring pores. The high pore con-
nectivity facilitates the Si migration during the ADOR transformation. In
the liquid phase, the fast Si migration promotes rapid healing of the
defects from the disassembly. As a result, the liquid-phase ADOR of IWW
commonly causes degermanation but results in a preservation of the
IWW zeolite structure [109]. On the other hand, the vapour-phase setup
restricts the Si migration and reinsertion during the ADOR. The
vapour-phase ADOR thus enables transformation of the IWW and to
IPC-18 with 8-, 8- and 12-ring pores and S4R connections in between the
layers [110].

3.5. High pressure & mechanochemical transformations

Aside from the chemically mediated transformations, the literature
describes several examples of germanosilicate transformations induced
by high pressure. Applying high pressures on most germanosilicate ze-
olites commonly results in structural deterioration and amorphization.
Nevertheless, notable structures, such as ITQ-29, can undergo controlled
structural transformation. The silicate ITQ-29 possesses the LTA struc-
ture consisting of sod cages connected through d4r units. Under high
pressure half of the d4r units converts to sti units accompanied by
transformation of the lta cages to ify. The structural transformations
manifest as 3D-3D conversion of the ITQ-29 (LTA) to ITQ-50 (IFY). The
transformation is reversible up to moderate pressures around 1.2 GPa
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Fig. 8. Vapour-phase ADOR transformation of IWW, UOV and UTL germano-
silicates [110].

and the ITQ-50 reverts back to ITQ-29 once the pressure decreases.
However, higher pressures over 3.2 GPa cause irreversible changes and
the zeolite retains the IFY structure even after the pressure is released
[111].

Pressure-induced transformations also occur among the layered
zeolite precursors. The layered IPC-1P obtained by hydrolysis of zeolite
UTL undergoes condensation to IPC-2 (OKO) under 1 GPa and 200 °C.
Contrary to the liquid-phase transformation of IPC-1P to IPC-2P, the
high pressure 2D-3D transformation proceeds without a solvent and
significantly reduces the experimental temperature from 550 °C to
200 °C. Interestingly, the high-pressure condensation of IPC-1P favours
the formation of less dense IPC-2 (OKO) over the denser IPC-4 (PCR).
The seemingly contra-intuitive behaviour originates from underlying
reactions that accompany the 2D-3D transformation. The silanol groups
on the IPC-1P condense to form the interlayer connections releasing
water into the zeolite channels in the process. The formation of IPC-2
with micropores filled with water molecules thus becomes more
favourable than IPC-4, because the total volume of the system contain-
ing both the released water and the zeolite is lower for IPC-2 [112].

3.6. Characterisation of ADOR products and mechanistic studies

The complex nature of the ADOR process means that characterising
the intermediates, final products and the overall mechanism can be a
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challenge. The essential 3D to 2D to 3D nature of overall transformation
[113] means that there is great scope to lose and then regain crystalline
order during the process itself. This means that both long range and
short range characterisation techniques play a vital part.

As the initial parent and final daughter products are usually rela-
tively crystalline, X-ray diffraction (XRD) is an obvious technique to use.
However, during the process itself the long-range order (e.g., the register
between layers in IPC-1P) is partially, but not completely, lost and XRD,
while still useful in measuring, for example interlayer distances (Fig. 9)
[29], does not give as much information as for highly crystalline solids.
Since the extended layers from the parent material remain intact
throughout the process the phase purity of the zeolite (usually measured
using X-ray diffraction) is not usually a problem. However, the mecha-
nism means that there is the possibility of significant disorder in the
interlayer space and, as is common with the stacking/reconnection of
any layered material there is the possibility of introducing stacking
faults. The extent of disorder and faulting varies between materials, with
some solids (such as the so-called unfeasible zeolites) being heavily
faulted while others are well ordered and show few faults. Transmission
electron microscopy, combined with XRD is often the best way to
characterise these materials.

Other techniques, such as X-ray pair distribution function (PDF)
analysis [114], positron annihilation spectroscopy [115] and computa-
tion [94] provide complementary and extremely useful information.

NMR spectroscopy is ideal for studying local structure, disorder and
chemical reactivity in the solid state because of its sensitivity to the
atomic-scale environment (without the need for any long-range order)
[116]. This is particularly so for microporous materials where it pro-
vides information on both the framework and on any guest molecules
incorporated in the pores or attached to metal centres [117]. Conven-
tionally, rapid magic-angle spinning (MAS) is used to remove the
anisotropic broadening found in NMR spectra of solids, but for nuclei
with spin quantum number I > 1/2 (such as 1”0 and ?”Al), more complex
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experiments (e.g. MQMAS and STMAS), are required to remove the
quadrupolar broadening and resolve distinct species.

NMR spectroscopy has been particularly useful at following the na-
ture of the silicon species in the process and by following how the ox-
ygen species changes, especially on hydrolysis [118]. Techniques that
probe local structural changes in situ during the process are particularly
valuable for determining the overall mechanism. NMR [103] and PDF
[119,120] analysis have both been vital tools in understanding the
process.

4. Summary and perspectives

The development of germanosilicate chemistry on zeolite science has
had two major impacts. First, the larger size of the germanium atom
compared to silicon has led to the stabilisation of smaller multiple rings
(D3R and D4R), which in turn has opened up new avenues in the
preparation of large pore zeolites of 14-rings and above. The correlation
between small rings in the frameworks and large pores is well known,
and the work developed by Corma and others has opened up several new
avenues in this area. Perhaps the most surprising result of all is the
tendency of germanium to substitute for silicon in a regiospecific
manner. It is unusual in zeolites to have quite such strong regiospecific
substutions — and indeed a major synthetic challenge is to control where
dopant atoms (especially aluminium) are located as it is these dopants
that often control the reactivity of the materials. Understanding how the
regiospecificity of germanium substitution works could well help our
overall understanding of the process in all zeolitic solids.

The downside of germanium substitution in zeolite science is its
susceptibility to hydrolysis. This makes the use of germanosilicates as
active materials more difficult under many conditions. However, even
this seeming disadvantage can be turned into an advantage as is shown
by the various transformation routes including the ADOR process and
related methods. This controlled disassembly/reassembly method is a

a b 2h Fig. 9. Advanced characterisation of the ADOR pro-
145 8 Gouy cess. (a) shows the variation of the daoo spacing
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fundamentally different synthetic procedure from traditional hydro-
thermal synthesis, relying as it does not on a crystallisation process but
on condensation of large-scale intermediates. The primary importance
of this is that mateirals that could be regarded as difficult to prepare (or
unfeasible synthetic targets) using hydrothermal/solvothermal methods
may indeed now become viable materials.

So what of the future of germanosilicate materials. Clearly there is a
great deal of research still required to understand the impact of Ge (and
indeed other substituting elements) on zeolite synthesis in general. The
effects of different amounts of Ge in the synthesis on the structure and
morphology of the resultant materials are only beginning to be under-
stood. This is common with much zeolite synthesis mechanism studies.
Improved in situ or operando characterisation techniques will surely play
a part in developing our understanding of these processes. But there is
also still a part to play in developing the breadth of feasible synthetic
targets — we have certainly not exhausted the potential for the prepa-
ration of new topologies using either germanium in traditional hydro-
thermal synthesis or in the transformation syntheses like the ADOR
process. There is much still to be done with exploring the interplay of
designer SDAs with heteroatoms such as Ge and the scope for new ma-
terial discovery is still a strong driver for future research.
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