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Abstract
Zeolites remain one of the most important classes of industrial
catalysts used today, and with the urgent drive for the transition
from petrochemical to renewable feedstocks, there is a
renewed interest in developing new types of zeolite. Recent
synthetic advances in the field have included the development
of the assembly-disassembly-organisation-reassembly
(ADOR) method. In this short review, we will discuss how solid-
state NMR experiments can be used to probe the mechanism
of the process by characterising the structure of the in-
termediates and products, show how 17O NMR spectroscopy
can be used to probe the reactivity of ADORable zeolites and
explain how this, in turn, can lead to fundamental questions of
how zeolites behave in the presence of liquid water.
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Introduction
Zeolites are extremely important industrial chemicals,
making up probably the most common family of heter-
ogenous catalysis used in chemical processes today [1].
The utility of zeolites is a function of both their
chemistry, which is based on fully connected tetrahedral

units TO4 of different compositions (T = Si, Al, P and a
range of other elements), and their porous architectures
that allow small and medium-size molecules to access
the internal surface, resulting in a range of interesting
chemistry. Zeolites have been particularly successful as
catalysts in the oil refining and petrochemical sectors,
primarily for hydrocarbon interconversions [2].
www.sciencedirect.com
However, the transition from fossil fuel feedstocks to-
wards renewables (such as biomass) poses different
challenges [3]. Biomass-derived substrates tend to be
more highly oxygenated than hydrocarbons, and this
gives new challenges for optimising catalytic processes
based on zeolites, including reactivity and stability
issues, especially in the presence of water, which is more
common in bio-based systems [4,5]. Similarly, 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.

The traditional method of preparing zeolites uses hy-
drothermal crystallisation [6]. However, in recent years,
a new method for zeolite synthesis has been developed,
based not on direct crystallisation but on the manipu-
lation of a parent zeolite material through controlled

partial disassembly followed by reassembly into a new
structure. This mechanism is called the assembly-
disassembly-organisation-reassembly (ADOR) process
[7e10] and is shown schematically in Figure 1. A note
on nomenclature: zeolite topologies (such as UTL, PCR
and OKO as in Figure 1) are given codes by the Inter-
national Zeolite Association (see iza-online.org, for
further details). Individual materials are named by
convention with a code plus a number indicating (usu-
ally) the name of the laboratory where the sample was
made. For example, in Figure 1, IPC-n = Institute of

Physical Chemistry.

The ADOR mechanism relies on the availability of a
suitable parent zeolite, which itself is usually made by
crystallisation (the assembly step). For successful
application of the ADOR process, the parent zeolite
should have a chemical composition that enables selec-
tive reactions to occur that disassemble this into stable
building units that are terminated by silanol groups [11].
These units are then organised with respect to each
other and reconnected (or reassembled) through a

condensation reaction that forms SiOSi links between
the units, producing a new daughter zeolite material that
has a different structure to the parent. By changing the
organisation step, it has been shown that several
different daughter products can be prepared from the
same parent, some of which would be viewed as ‘unfea-
sible’ targets using hydrothermal crystallisation [12].
Current Opinion in Colloid & Interface Science 2022, 61:101634

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:sema@st-andrews.ac.uk
mailto:sema@st-andrews.ac.uk
mailto:rem1@st-andrews.ac.uk
http://www.sciencedirect.com/science/journal/18796257/vol/issue
https://doi.org/10.1016/j.cocis.2022.101634
https://doi.org/10.1016/j.cocis.2022.101634
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://iza-online.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cocis.2022.101634&domain=pdf
www.sciencedirect.com/science/journal/13590294
www.sciencedirect.com/science/journal/13590294


Figure 1

The top panel shows a schematic diagram of the design of the ADOR process. The bottom panel shows how this can be applied for the synthesis of new
zeolites. A parent zeolite (in this case UTL) is assembled (A) and then hydrolytically disassembled (D) to remove the Ge-rich d4r units that link the Si-rich
layers together – the material formed from this process is called IPC-1P. The resultant IPC-1P layers can then be organised (O) in such a way so as to
form two new daughter zeolites, such as IPC-4 and IPC-2, by two different processes: either arranging the layers themselves to form ICP-1P or by
intercalating further silicon into the interlayer region to form IPC-2P. The final zeolites are formed in the reassembly (R) step by calcination at a high
temperature. Different organisation steps can lead to different final products, such as IPC-6, IPC-9 and IPC-10 (not shown).
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In practice, the ADOR process is most successful when
the parent zeolite is a germanosilicate with a structure
that contains double four-ring (d4r) units. These units
contain eight T atoms in a cubic structure and are rare
in pure silica zeolites because of their slightly strained

nature. However, germanium, as it is slightly larger
than silicon, releases some of the strain and therefore
preferentially sits in the d4r units. Figure 1 shows the
zeolite UTL (zeolite topologies are named with three-
letter codes, see the International Zeolite Association
website, iza-online.org, for further details). UTL is a
typical ADOR parent zeolite, with silica-rich layers
connected through germanium-rich d4r units. The
preferential location of the germanium is key as it
allows one to take advantage of the difference in
chemistry between silicon and germanium and, in
particular, the more susceptible nature of germanium

to hydrolysis. The treatment of a parent zeolite, such
Current Opinion in Colloid & Interface Science 2022, 61:101634
as UTL, with water or aqueous acid, leads to selective
removal of the d4r units to leave a layered intermedi-
ate. In the case of UTL, this layered compound is
given the code IPC-1P. The important point to note
about this material is that the silanol groups, conden-

sation of which will lead to the formation of the reas-
sembled, 3D material, are formed from a fully
connected parent, and are therefore perfectly arranged
to return to a fully connected zeolite e but since the
d4rs have been removed the structure will necessarily
be different from the starting zeolite. All that has to be
done is to ensure that the layers are appropriately
organised relative to each other before instigating the
condensation process by heating the material rapidly
up to a temperature (typically around 550 �C) that
drives off the water and leaves a fully connected
zeolite. Figure 1 shows two ways in which this can be

performed to form two new zeolites, such as IPC-4 and
www.sciencedirect.com
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IPC-2. Which of these happens in the experiment can
be controlled by the use of intercalation chemistry.

However, while the ADOR process looks fairly simple at
first sight, especially in the schematic form as shown in
Figure 1, in real situations, it is a complex process. Ze-
olites are relatively dynamic materials when in contact
with water (even at room temperature [13]), and during

the ADOR reaction, there is the possibility for a self-
organisation process to occur, where silicon is reinter-
calated between the layers of IPC-1P to form a new
intermediate pseudo-layered material, IPC-2P (this is
pseudo-layered because the intercalation of silicon leads
to some of the layers being connected), and reassembly
of this type of material can lead to a new set of zeolites,
such as IPC-2, IPC-6 and IPC-10, depending on the
exact nature of the organisation step [7,12,14]. This
means the ADOR process can produce a number of
daughter zeolites from the same parent, each of which

has a different topology (in the case where UTL is the
parent five new materials can be prepared). Since the
extended layers from the parent material remain intact
throughout the process [15], the phase purity of the
zeolite (usually measured using powder X-ray diffraction
(XRD)) is not usually a problem. However, the mech-
anism 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 zeo-
lites) being heavily faulted [12,14] while others, such as
the OKO and PCR zeolites, as shown in Figure 1 [7]
being quite well ordered and showing few faults.

Since the initial development of the process, several
different parent zeolites with appropriate chemistry and
topology have been used successfully to produce ADOR
daughters [16e19]. In addition, other mechanisms of
manipulation involving, for example, mechanochemistry
[20] or vapour phase [21] (rather than liquid phase)
hydrolysis have shown the range and importance of the

ADOR process in zeolite chemistry.

Given that the ADOR mechanism is so varied and com-
plex, an important question is how tobest characterise the
starting, intermediate, and final products of the process.
As the initial parent and final daughter products are
usually relatively crystalline, 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

[22], does not give as much information as for highly
crystalline solids. Other techniques, such as X-ray pair
distribution function (PDF) analysis [23], positron anni-
hilation spectroscopy [24] and computation [25] provide
complementary and extremely useful information.
www.sciencedirect.com
NMR spectroscopy is ideal for studying local structure,
disorder and chemical reactivity in the solid state
because of its sensitivity to the atomic-scale environ-
ment (without the need for any long-range order)
[26e28]. This is particularly so for microporous mate-
rials where it provides information on both the frame-
work and on any guest molecules incorporated in the
pores or attached to metal centres [29e33]. 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 17O and 27Al), more complex
experiments (e.g., MQMAS [34,35] and STMAS
[36,37]) are required to remove the quadrupolar
broadening and resolve distinct species. Surface struc-
ture and chemistry can be selectively probed using
magnetisation transfer approaches, such as cross-polar-
isation (CP) [38,39], while similar methods can also be
exploited in multidimensional correlation experiments

to probe through-bond connectivity and spatial prox-
imity of nuclei, building up a detailed picture of the
atomic-scale structure of the material [26e28].
Although it can be difficult to understand the complex
and overlapped lineshapes that are seen in NMR spectra
of disordered solids, recent advances in the first-prin-
ciples computation of NMR parameters using plane-
wave pseudopotential codes, such as CASTEP [40,41],
have led to a step change in the quality and quantity of
information available and combined NMR crystallo-
graphic approaches to understand disordered or partially

disordered solids have shown their worth [42e45].

In this short paper, we will review how NMR spectros-
copy can be used to characterise the parent zeolites, the
intermediates and the daughter zeolites in the ADOR
process and demonstrate how in situ NMR experiments
can provide further information that helps us to under-
stand the ADORmechanism and the chemical reactivity
of zeolites more generally.
NMR spectroscopy of parent and daughter
zeolites
The key to understanding the ADOR mechanism is the
detailed characterisation of its intermediates and prod-
ucts, and NMR spectroscopy is well suited to this task
because of its sensitivity to the local structural envi-
ronment. The materials appropriate for, and produced
by, the ADOR process are compositionally related to
SiO2 (or hydrated SiO2) and often contain dopant ele-
ments, such as Ge, Al, B or F. As shown in Table 1, this
provides a range of opportunities to explore spatial
proximity, local structure, the level and distribution of
defects and chemical reactivity using NMR spectros-

copy. The different nuclear spins and natural abundance
of the nuclides result in sensitivity and/or resolution
challenges [46], but the different position of these
atoms within the structure, and their varied roles in the
Current Opinion in Colloid & Interface Science 2022, 61:101634
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Table 1

NMR properties of nuclei present in materials relevant to the ADOR process.

Nucleus I Natural
abundance (%)

Larmor
frequency at
14.1 T/MHz

Role in ADOR materials Applicability

1H 1/2 99.99 600.1 Present in water, silanols and
Brønsted acid sites

Used for magnetisation transfer in CP (e.g., to Si, Al
or O) and provides information on silanol formation

2H 1 0.01 92.1 Present in water, silanols and
Brønsted acid sites

Can reveal level of exchangeable OH and used to
explore dynamics

11B 3/2 80.1 192.5 Present in zeolite framework of
B-substituted ADOR parents

Used to determine the preferential location of B and
coordination environment

13C 1/2 1.07 150.9 Present in organic SDA/
intercalates

Provides information on SDA/intercalate
incorporation and form within parent or daughter
zeolites

17O 5/2 0.037 81.4 Present in all ADOR parents
and daughters and in water
used in hydrolysis

Requires (costly) isotopic enrichment but can be
performed in situ and provides mechanistic insight
through level and position of incorporation

19F 1/2 100 564.7 Can be incorporated into Ge-
containing zeolites

Can provide information on preferential Ge location
Requires post-synthetic fluorination

27Al 5/2 100 156.4 Present in zeolite framework of
Al-substituted ADOR parents
or daughters

Provides information on the location and distribution
of Al and its coordination number

29Si 1/2 4.7 119.2 Present in all ADOR parents
and daughters

Characterisation of parent, intermediate and
daughter zeolites and extent of disassembly/
reassembly
Can require isotopic enrichment for
multidimensional experiments

73Ge 9/2 7.7 20.9 Present in many ADOR parent
zeolites

Could indicate Ge location and distribution but a large
quadrupole usually prevents easy study
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reaction pathway, often determines which are the most
appropriate nuclei to study and the most appropriate
experiments to perform to answer a particular question
of interest. The many bond breaking and forming steps
in ADOR mean that the investigation of the nuclei that
occupy the tetrahedrally coordinated Tsites (e.g., Si, Al,
B and Ge) often provide the most useful information;
29Si NMR studies are the most commonly encountered.

The original and most widely studied ADORable
parent zeolite is the germanosilicate UTL framework.
The structure of this “extra-large pore” material is best
described as a series of two-dimensional silicate sheets,
connected via germanium-rich d4r units, that form 12-
ring (12r) and 14-ring (14r) channels that run
perpendicular to each other [47,48]. UTL is an ideal
model system to study the ADOR process as it can be
prepared with varying Ge content, and it is, therefore,
possible to control the degree of disassembly
[7,9,12,48e52]. The increased susceptibility of the

Ge-O bond to hydrolysis (compared to the Si-O bond)
is the origin of the controlled ADOR disassembly. As
germanium is concentrated primarily in the d4r, disas-
sembly products can be achieved reliably [53e57].
Furthermore, the two-dimensional layered silicate
structure of UTL means that disassembly and reor-
ganisation are restricted to a single dimension along the
Current Opinion in Colloid & Interface Science 2022, 61:101634
d4r-containing axis of the material, in principle allow-
ing the mechanistic processes to be followed more
easily than in germanosilicate frameworks which
contain d4r in two dimensions [7,51,52,58].

The ADOR process for Ge-UTL in water or acid is
reasonably well understood, with zeolite precursors, in-
termediates and products characterised using diffrac-
tion- and scattering-based techniques, allowing the long-

range structural order to be revealed. Initial hydrolysis in
hot aqueous conditions has been shown to break down
the d4r units to form IPC-2P*, a short-lived and disor-
dered germanium-containing layered material. This is
rapidly converted through continued hydrolysis to IPC-
1P, a disordered layered structure almost free from
germanium, and where the d4r units have been removed
[23,58e60]. This material may, depending on the con-
ditions used, reintercalate aqueous silicon species from
solution to form IPC-2P, a material with single four-ring
(s4r) units between the zeolitic layers; however, this

often requires an induction period (i.e., a time where no
change is seen in the long-range order of the zeolitic
layers) before such reorganisation occurs [14,22]. The
intermediates in this process can be isolated and used
further as they are, or other species can be intercalated.
Depending on the exact treatment, a range of high-silica
zeolites with novel topologies may be formed [12].
www.sciencedirect.com
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While the information on the long-range order from
diffraction (e.g., the spacing of the zeolitic layers) can
provide important mechanistic insight, it is not able to
probe the changes to the local structure. An under-
standing of the interplay between the local structure
and organisation/reassembly is, therefore, key to un-
derstanding the mechanistic pathways adopted under
different conditions. The primary approach used to

investigate this has been 29Si NMR spectroscopy. As
shown in Table 1, 29Si has I = 1/2, and MAS and CP
MAS experiments are easily implemented (despite its
relatively low natural abundance). UTL has 12 crystal-
lographically distinct Tsites, giving rise to an overlapped
29Si MAS NMR spectrum (see Figure 2(a)). By
comparing the 29Si MAS NMR spectra of a pure silica
UTL with that of a germanium-substituted material, Wu
and co-workers [61] were able to identify the specific
region of the spectrum that corresponds to Si in d4r, as
shown by the highlighted box in Figure 2(a), enabling

insight into the distribution of germanium in the ma-
terial and the ability to follow the degermanation pro-
cess and any reintercalation of Si in the interlayer space.

The hydrolysis of UTL to form layered structures results
in significant local disorder and the formation of SiOH
Figure 2

(a) 29Si (9.4 T, 10 kHz MAS) NMR spectra and (b) plot of the variation in the
hydrolysed in water at 100 �C. Reproduced from Ref. [10], with permission. (c)
Ge-UTL zeolite as a function of hydrolysis time at 95 �C in 6 M HCl under low-
10 kHz MAS) NMR spectra for an ADOR hydrolysis of 18% 29Si-enriched Ge
(bottom). Adapted from Ref. [63], with permission. (e) 29Si (9.4 T, 14 kHz MAS)
from Ref. [20], with permission.

www.sciencedirect.com
groups at the surface of the interlayer space. 29Si MAS
NMR spectra of the layered IPC-xP structures should
contain signals from Qn Si species, where (4 e n) is the
number of hydroxyl groups attached to the Si, which are
introduced through the hydrolytic cleavage of a Si-O-Ge
linkage. Recently, the ADOR process for Ge-UTL
treated with hot water and acid has been followed
using a combination of powder XRD and solid-state

NMR spectroscopy [10,22,59]. A high-throughput sam-
pling of the hydrolysis reaction was carried out (with
samples taken every minute for the first 5 min, every
5 min for the first hour and every 30 min up to 8 h) [10].
Figure 2(a) shows 29SiMASNMRof selected samples for
an ADOR reaction, and Figure 2(b) plots the variation of
the d200 reflection position from XRD with time. As
shown in Figure 2(a), the initial hydrolysis of Ge-UTL
yields a material with significant Q3 Si, indicating a
very rapid and significant structural rearrangement,
accompanied by a significant reduction in d200 spacing

(Figure 2(b)) [10]. The 29Si spectrum after an hour of
hydrolysis exhibits a Q3:Q4 ratio of 1:2.3, in good agree-
ment with the ideal ratio expected for IPC-1P (1:2.5)
[62], consistent with the d200 spacing seen in the XRD of
IPC-1P. However, upon additional hydrolysis, the mate-
rial formed exhibits a Q3:Q4 ratio of 1:4.8, which is
position of the d200 reflection during the ADOR process for Ge-UTL
Plot of the Q4/Q3 intensity ratio in 29Si (9.4 T, 10 kHz MAS) NMR spectra of
volume conditions. Adapted from Ref. [62], with permission. (d) 29Si (9.4 T,
-UTL carried out in situ at room temperature using H2O (top) or 6 M HCl
NMR spectrum of calcined Ge-UTL ball milled in H2O for 30 min. Adapted

Current Opinion in Colloid & Interface Science 2022, 61:101634
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different to the value expected for ideal IPC-2P (1:7)
[62] confirming that although the product at this point
has the d200 spacing expected from the s4r between the
layers, the material is much more defective on the local
level. This suggests incomplete formation/connection of
the s4r units.

Further investigation [22] has shown that the duration

of the induction period depends on temperature, with
the onset of rearrangement to IPC-2P extending (from
120 min at 100 �C) to 600 min at 81 �C and 1200 min at
70 �C. Presumably, local structural changes are taking
place during this time that eventually facilitate the
formation of IPC-2P. However, 29Si NMR spectra of
IPC-1P intermediates during the induction period show
surprisingly little change in the Q3:Q4 ratio, suggesting
it is a rearrangement of the positions of the hydroxyl
groups on the surface of the zeolitic layers that is taking
place, rather than a significant change in their number,

perhaps ensuring the optimum alignment of these for
forming the interlayer SiOSi bonds in IPC-2P.

Given the sensitivity of NMR spectroscopy to small
changes in local structure, a highly desirable, but some-
what challenging, aim would be to follow the ADOR re-
action in situ (i.e., inside the NMR rotor), enabling the
local structure to be monitored directly under the reac-
tion conditions. This, however, places very strict limits
on the volume of the reaction that can be used (theNMR
rotor has an external diameter of 4 mm if MAS rates of

10e14 kHz are desired), and this is further compromised
by the requirement to combine the solid and hydrolysing
solution inside a sealed PTFE HRMAS insert, placed
inside the rotor, to ensure stable spinning. Plots of the
29Si Q4/Q3 ratio from Ge-UTL materials hydrolysed ex
situ in low-volume conditions (2.4 mL of 6 M HCl) at
95 �C showed that this change in volume (both in ab-
solute terms and the reduction in the relative amount of
acid) resulted in significant changes, with a much slower
rate of initial hydrolysis [62]. As shown in Figure 2(c), a
plot of the Q4/Q3 intensity ratio against time, the initial
hydrolysis now occurs over 8e12 h, and IPC-1P is never

really fully formed before the rearrangement to IPC-2P
begins to dominate.

The low volume required for an in situ reaction results in
poor spectral sensitivity, particularly for 29Si, which has a
natural abundance of 4.7%, and the extensive signal
averaging that would usually be employed may not be
feasible on the timescale of the ADOR reaction. This can
be overcome (at some cost) by preparing the UTL using
isotopically enriched 29Si, which then enables the reac-
tion to be followed in real time. Figure 2(d) shows 29Si

MAS spectra acquired in situ during ADOR reactions
carried out at room temperature and reacting 20 mg of
18% 29Si-enriched UTL with 10 mL of either distilled
water or 6MHCl [63]. When water is used an increase in
the Q3 signal is seen relatively quickly (over the first 2 h
Current Opinion in Colloid & Interface Science 2022, 61:101634
of reaction), indicating the removal of Ge and loss of the
d4r units. The reaction is more rapid when acid is used,
and the organisation process (and subsequent growth of
Q4 Si species as IPC-2P is formed) can then be followed
over 24 h as shown in Figure 2(d). The increase in Q4 Si
arises from the reintercalation of Si (originally located in
the d4r) from solution, and the layers become recon-
nected. 29Si NMR (of samples hydrolysed ex situ) [63]

revealed that the local structure continued to change
even after the final interlayer spacing of IPC-2P has been
reached, with the Q4/Q3 ratio increasing fromw4 at 24 h
(when XRD suggests IPC-2P is fully formed) to the ex-
pectedw7 only after 48 h, cautioning against the use of
only a single technique to probe the reaction and the
products formed.

A key target in ADORexperiments is the development of
sustainable and scalable methods for the disassembly and
organisation steps, with a view to increasing the economic

and industrial viability of the process. A significant
reduction in the solvent and the reaction time is desir-
able, and several approaches, employing mechanochem-
ical synthesis, high-pressure reactions, hydrogen-
reduction and vapour-phase syntheses, have been
explored [20,22,64,65]. Ge-UTL was successfully
hydrolysed at room temperature with significantly
reduced solvent, and at very short reaction times
(maximum 30 min) using mechanochemistry (150 rpm)
[20]. ICP-2, IPC-6 and IPC-4 materials were obtained
depending on the acid concentration, and notably

without complete disassembly to IPC-1P. However, the
materials exhibit a greater degree of disorder compared to
those from conventional syntheses, as shown in the 29Si
MAS NMR spectrum of a mechanochemically prepared
IPC-2P in Figure 2(e). This spectrum exhibits broader
lines than expected, and aQ4/Q3 ratio of 3.1, closer to that
expected for IPC-1Prather than the IPC-2P (despite the
material exhibiting the d-spacing for the latter). High-
pressure, high-temperature (1 GPa, 200 �C) treatment
of IPC-1Presulted in the unexpected formation of IPC-2,
a less-dense material than the IPC-4 obtained by con-
ventional calcination [64]. The formation of siliceous s4r

in the interlayer space in the absence of additional silicon
implies that silicon from the zeolitic layers relocates to
populate this region. 29Si CP MAS and MAS NMR
spectra show evidence of Q3 species, confirming the
presence of a defective IPC-2 phase (with a total silanol
content of 10%). The degermanation of UTL using
controlled hydrogen reduction produced a range of sili-
ceous ADOR daughter zeolites, depending on the initial
reduction conditions [65]. 29Si NMR spectra revealed
that the length of the hydrogen reduction treatment
affected the degermanation level (and the Si/Ge ratio)

and the presence of Q3 and Q2 Si, owing to the fact that
silicon migration, as seen in solution, is not likely.

ADOR reactions on zeolites other than UTL have also
been carried out. Recently, Kasneryk et al. produced
www.sciencedirect.com
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Figure 3

(a) 19F (14.1 T, 25 kHz MAS) NMR spectra of calcined post-synthetically fluorinated Ge-UOV synthesised with varying Si/Ge ratio. Adapted from Ref. [17].
(b) 11B (11.7 T) MAS NMR spectra hydrothermally prepared Ge,B-UTL, with varying concentrations of boron included in the synthesis. Reprinted
(adapted) with permission from Ref. [71]. Copyright 2011 American Chemical Society. (c) 27Al (9.4 T, 15 kHz MAS) NMR spectra of Al-UTL prepared
during ADOR transformation of Ge-UTL and heated for varying times. Reprinted (adapted) with permission from Ref. [74]. Copyright 2021 American
Chemical Society. (d) 2H (9.4 T, 10 kHz MAS) NMR spectrum of a deuterated hydrolysed (16 h) Ge-UTL zeolite, with an expansion to show the broad
spinning sideband manifold. Reprinted (adapted) with permission from Ref. [62]. Copyright 2017 American Chemical Society.
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new daughter zeolites through an ADOR transformation
of germanosilicate IWW, using vapor-phase transport
[21], with 29Si NMR used to follow the formation of the

novel IPC-18P precursor and the novel zeolitic calcined
product IPC-18. 29Si NMR has also been used in the
analysis of ADOR materials derived from UOV and
*CTH parent zeolites [19,52,66]. For example, the
ADORable zeolite SAZ-1 (*CTH), containing
germanium-rich d4r units, was disassembled to a layered
precursor SAZ-1P which can be annealed to give two
novel zeolites, such as IPC-15 and IPC-16, depending
on the calcination conditions [19]. The comparison of
29Si MAS NMR spectra to those of IPC-1P and IPC-2P
reveals a comparably high level of silanols present in

SAZ-1P. Calcination produces the two novel zeolites
with comparable defect levels to those seen in UTL-
derived IPC-2 and IPC-4.

A key prerequisite for a successful ADORable zeolite is a
high concentration of germanium in strained framework
units (such as d4r), located between porous, highly
siliceous two-dimensional layers, allowing selective
disassembly and organisation. It is useful, therefore, to
assess the location and distribution of germanium with a
zeolitic framework. In conjunction with conventional

XRD measurements (which can provide the average
composition of an atomic site), this is often studied
www.sciencedirect.com
using 19F NMR spectroscopy, with post-synthetic fluo-
rination resulting in the occlusion of fluorine within d4r
units. The 19F chemical shift is then sensitive to the

number of next-nearest neighbour (NNN) silicon or
germanium atoms within the d4r [67e69]. The use of
19F NMR (I = 1/2, 100%) is significantly easier than
probing the Ge distribution directly using 73Ge NMR
spectroscopy, owing to the very large quadrupolar
broadening this typically exhibits (see Table 1).
Figure 3(a) shows 19F MAS NMR spectra of a parent
UOV zeolite, prepared using different Si/Ge ratios in the
starting gel [17]. Although the final UOV-derived
products had very similar Si/Ge ratios (3.1e3.3) irre-
spective of the initial composition, 19F NMR spectros-

copy revealed some subtle differences in the Ge
distribution. 19F spectra of all materials showed two
major signals; one at �10 ppm (assigned to Fe occluded
in Ge4Si4 rings) and one at �30 ppm, typically assigned
to Fe in the siliceous layer. However, a gradual increase
in the intensity of a signal at�20 ppm, attributed to F in
Ge1Si7 rings, was observed with increasing Si/Ge ratio.
This was shown to prevent the successful formation of
the daughter zeolite IPC-12, leading to low lability
interlayer regions. Similarly, the presence of hydrolyti-
cally stable Ge1Si7 units in an ITH parent zeolite (even

at reasonably high levels of Ge incorporation) was shown
to significantly hinder the lability of the structure [70].
Current Opinion in Colloid & Interface Science 2022, 61:101634
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The inclusion of germanium in a parent zeolite provides
the possibility of producing frameworks with topologies
that contain constrained units (e.g., d4r) or extra-large
pores (e.g., 12r or 14r). Owing to the high cost of
germanium precursors, such as GeO2 or Ge(OEt)4,
there is also a drive to replace some or all of the Ge with
other framework atoms, such as B or Al. These trivalent
atoms produce a negatively charged framework, result-

ing in the possibility of additional Brønsted acid sites.
The inclusion of B in UTL has been achieved under a
range of conditions [69,71,72]. 11B NMR spectroscopy
has been able to reveal the preferential locations of B
within the framework, as shown in Figure 3(b), which
shows 11B MAS NMR spectra of B,Ge-UTL prepared
with different initial concentrations of B [71]. The final
concentration of B in the zeolite did not change signif-
icantly with any increase in the starting reagents; how-
ever, increasing the B content did result in a higher Si/
Ge ratio (i.e., less Ge being incorporated). The authors

demonstrated that the 11B spectra could be decomposed
into four components and that the intensities of these
varied with Si/Ge ratio. By comparison to DFT calcula-
tions to determine the most energetically favourable
positions for B substitution, it was determined that
when there are low levels of B in the starting gel, this is
incorporated into the final zeolite at the T4 and T9
positions and in lower levels into T6. As the Ge content
of the final product decreases, additional B is seen in the
T9 position. Similar work using 27Al NMR has investi-
gated the loading and distribution of Al in germanosili-

cate zeolites, providing information on the preferences
for Al siting, and the level of Al retained in the frame-
work after ADOR hydrolysis. In general, Al incorporation
has proven more difficult than for other framework el-
ements, and more often, a post-synthetic incorporation
approach has been employed. The successful incorpo-
ration of Al into the zeolite framework can be confirmed
by the presence of signals corresponding to tetrahedrally
coordinated Al (at 50e60 ppm), and this has been
shown for ADOR daughter zeolites of ITH, IWW, UTL
and UOV frameworks [12,49,66,72e74]. In recent work,
however, post-synthetic alumination successfully pro-

duced tetrahedrally coordinated framework Al in the
parent UTL structure through the reassembly of sili-
ceous layers in the presence of Al [74]. This reaction was
followed using 27Al NMR, with framework Al species
evident after 1 h of reaction, as shown in Figure 3(c).
This use of the ADOR reaction may facilitate the design
and synthesis of previously predicted, but currently
inaccessible, Al-containing zeolites.
17O NMR spectroscopy of zeolite
frameworks
One nucleus with significant potential in solid-state
NMR spectroscopy of ADOR parents, intermediates
and daughters is 17O. Oxygen is a key component of the
zeolite framework, and 17O NMR provides information
Current Opinion in Colloid & Interface Science 2022, 61:101634
on framework composition through the nature of the
two directly bound atoms, Brønsted acid sites and the
silanols/germanols created by hydrolysis, which line the
surfaces of the layered intermediates. 17O, however, has
been much less commonly studied using NMR spec-
troscopy than, e.g., 29Si, because of its quadrupolar
nature (I = 5/2), which complicates the acquisition of
high-resolution spectra, and it has an extremely low

natural abundance of 0.037%, as shown in Table 1
[33,46]. To acquire spectra on a reasonable timescale
requires isotopic enrichment, although this can be
costly, and often necessitates changes to synthetic pro-
cedures (both in terms of the number/type of steps used
and the scale at which a reaction is performed) [33].
However, the ability to introduce isotopically enriched
reagents at different points in the ADOR pathway pro-
vides a unique insight into the mechanism of
the process.

17O NMR spectroscopy was first used to follow the
ADOR process by Bignami et al. in 2017 [62]. Although
the hydrolysis of a Ge-UTL (18% 29Si enriched) was
carried out ex situ in 6 M HCl solution for 16 h, this was
performed at small volume, both to reduce the amount
of costly isotopically enriched water required and with a
view to future in situ reactions. As shown in Figure 4(a),
the 17O MAS spectrum of the IPC-2P product shows
more than one chemically different type of O species is
present, and SiOSi and SiOH signals can be resolved
using MQMAS experiments (although high-power 1H

decoupling is required to see the latter, as shown in
Figure 4(b)). Interestingly, the MAS spectrum shows
small changes in the lineshape during the time the
sample was studied (over 30 days), indicating a low
level, ongoing hydrolysis and rearrangement process.
This suggests some water is retained in the interlayer
space (despite the prior drying of the sample), and this
was confirmed by 2HMAS NMR spectra of a deuterated
hydrolysed sample. The spectrum (as shown in
Figure 3(d)) reveals a sharp resonance from D2O, and an
extensive sideband manifold from SiOD groups
(CQ = 80e100 kHz). The relative intensities of the two

signals suggest up to four D2O molecules per SiOD
group are present in the interlayer space, with rapid
isotropic tumbling of the water molecules (and likely H
exchange between water and silanols) accounting for the
poor CP signal observed for SiOH in the protonated
sample. The relative proportions of SiOSi, SiOH and
H2O species were obtained from a quantitative 17O
MAS spectrum (acquired with a short flip angle). The
8:1 SiOSi:SiOH ratio observed indicates that 17O is
incorporated not just into the interlayer space but,
perhaps more unexpectedly, also into the bulk of the

zeolitic layers and suggests a much more extensive
ADOR rearrangement process than previously expected
(Figure 4(c)). This was further investigated using two-
dimensional 17O/29Si D-HMQC spectra (Figure 4(d))
of the doubly enriched hydrolysis product, which
www.sciencedirect.com
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Figure 4

NMR spectra of 29Si-enriched Ge-UTL hydrolysed with an 17O-enriched solution of 6 M HCl for 16 h. (a) 17O (14.1 T, 20 kHz MAS) NMR spectra acquired
2 (black), 16 (red) and 30 (green l) days after synthesis. (b) 17O (20.0 T, 20 kHz MAS) MQMAS NMR spectrum acquired with high-power 1H decoupling.
(c) Schematic showing hypothetical models of possible 17O incorporation (green spheres) into idealised IPC-2P, showing the expected SiOSi/SiOH ratios.
(d) 17O−

29Si (20.0 T, 20 kHz MAS) D-HMQC correlation spectra, acquired using t = 600 ms and 2400 ms of SR4
2
1 recoupling. The dashed green line

denotes the position of Si−OH species in the CP MAS spectrum. Reprinted (adapted) with permission from Ref. [62]. Copyright 2017 American Chemical
Society.
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showed a correlation between the SiOSi oxygens in the
zeolitic layers and Q4 Si at short recoupling times, but an
additional correlation to the Q3 Si in the interlayer
spaced only at longer recoupling times, confirming the
spatial separation of these two types of species. Note

the rapid relaxation of SiOH 17O signals means that
these do not appear in the HMQC spectrum (but these
are present in and can be quantified from the
MAS spectrum).

We have carried out a range of ADOR hydrolyses with
17O enriched water using a variety of different condi-
tions, including lower/higher volumes, differing relative
levels of water, different levels of acidity (and simply
using water) and at a variety of temperatures, enabling,
in principle, the reaction rates and nature of the in-

termediates/products to be followed using 17O NMR
[20,62]. As an example, Figure 5(a) shows the 17O
MQMAS spectrum of a sample of Ge-UTL ball milled in
www.sciencedirect.com
H2
17O at room temperature for 2 h [20]. Mechano-

chemistry provides an interesting opportunity for 17O
enrichment of the ADOR starting materials, in-
termediates or products in a cost-effective and atom-
efficient way, owing to the use of very limited amounts

of enriched reagents (as shown more generally for
oxides, hydroxides, carboxylic acids, amino acids and
silica surfaces in recent work [75e77]). In the example,
as shown in Figure 5, 100 mL of water was used to
hydrolyse 500 mg of Ge-UTL, leading to an estimated
overall enrichment level of w10% (in good agreement
with the level of 17O present in all reagents and starting
materials). Even with this relatively low amount of water
(and no acid), the zeolite is successfully disassembled,
and subsequently reassembled to an IPC-2-like mate-
rial. An 17O MQMAS spectrum reveals the enrichment

of SiOSi and SiOGe signals (although these are signifi-
cantly overlapped and can only be identified using
multiple field measurements) and a significant amount
Current Opinion in Colloid & Interface Science 2022, 61:101634
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Figure 5

(a) 17O (14.1 T, 14 kHz MAS) MQMAS NMR spectrum of Ge-UTL ball-milled in 100 mL of H2
17O(l) at room temperature for 2 h [20]. (b) 17O (14.1 T, 14 kHz

MAS) MQMAS NMR spectrum of Ge-UTL heated in 6 M HCl at 92 �C for 24 h, dried and then exposed to 100 mL of H2
17O(l). (c) 17O (14.1 T, 14 kHz MAS)

MQMAS NMR spectra of SSZ-13 H-CHA and Na-CHA slurried in situ with H2
17O(l) for 47 and 115 days, respectively [13]. (d) Projections of 17O MQMAS

NMR spectra of H-MOR slurried in situ with H2
17O(l) for varying time. Reprinted (adapted) with permission from Ref. [80]. Copyright 2020 American

Chemical Society.

10 NMR 2022
of GeO2 [20,78]. Although this latter species has been
identified in previous ADOR reactions, in the more
traditional synthesis when large volumes of solvent are

used, this is recyclable within the reaction [79]; how-
ever, this is not the case here where the level of solvent
is significantly lower. Despite this low level of solvent, a
high level of 17O incorporation into the silicate layers is
observed. Interestingly, we have also seen 17O enrich-
ment of SiOSi in UTL with little or no germanium
present (Si/Ge z 120), perhaps suggesting the bond
lability results, at least in part, from the zeolite frame-
work itself, rather than purely from the presence of
germanium or from the ADOR conditions. This can also
be seen in Figure 5(b), an 17OMQMAS spectrum of Ge-

UTL hydrolysed in 6 M HCl at 92 �C for 24 h in high
volumes of (unenriched) solvent, and subsequently
dried, before being mixed with 100 mL of H2

17O (which
is simply dropped onto the solid at room temperature).
The ADOR conditions employed should remove all Ge
from the intermediate IPC-2P phase, yet high levels of
17O enrichment can be still seen, not just of the SiOH
Current Opinion in Colloid & Interface Science 2022, 61:101634
groups (as perhaps expected) but also of the SiOSi ox-
ygens. Again, this suggests it is the zeolite framework
itself that is labile, even simply upon exposure to water

at room temperature.

The precise mechanism of the dynamics and lability of
the zeolites in the ADOR process is still under study,
but the greater than expected framework lability seen in
ADOR raises the more general, but perhaps more
interesting, the question of whether zeolites can indeed
be thought of as inert scaffolds in contact with aqueous
solutions. However, any ADOR intermediate or product
could potentially still contain small amounts of
germanium and/or exhibit a higher level of defects,

depending on the reactions that have produced it.
Therefore, the surprising zeolitic bond lability upon
exposure to water has further investigated using con-
ventional aluminosilicate zeolites [13,80]. As shown in
Figure 5(c), rapid 17O enrichment of the framework was
seen when the acid form of a CHA zeolite (SSZ-13) was
slurried at room temperature with a small volume
www.sciencedirect.com
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(25 mL) of H2
17O inside the NMR rotor [13]. Even after

just a few hours, 17O MQMAS spectra can be easily
collected and reveal enrichment of both SiOAl and
SiOSi oxygens. While the lability of the SiOAl bonds
might be less unexpected, owing to their more acidic
nature, significant enrichment at room temperature of
the SiOSi bonds is certainly more surprising. It is clear,
however, that the enrichment of SiOAl species is more

rapid, with the Si17OAl/Si17OSi intensity ratio
decreasing from 0.5 after 1 day to the ideal value ofw0.1
afterw150 days [13]. A similar result can also be seen in
Figure 5(d) for a MOR zeolite that has been treated
similarly [80]. Although 17O enrichment of the chemi-
cally different O species is seen even after 1 day, there is
a clear preference for SiOAl enrichment at short slur-
rying times. However, the work in Ref. [80] for both
MOR and FER confirms that rapid enrichment is seen
for zeolites with different framework topologies, and
that this phenomenon is not simply a function of the

CHA topology. Ab initio molecular dynamics simulations
(using a CHAmodel with 15H2Omolecules within a cell
with 36 Tsites and Si/Al of 11) showed that breaking the
SiOAl bond required an interaction with just a single
water molecule (giving an activation energy of
20e30 kJ mol�1 at 300 K) [13]. A room-temperature
accessible barrier was also seen for SiOSi bond
breakage (w60 kJ mol�1), but, in contrast, this required
a hydrogen-bonded chain of at least three water mole-
cules and a “Grotthuss-type” proton shuffling along the
chain. This novel “axial” mechanism, with the Si-O

bond breaking in an anti-position to the adsorbed
water, was predicted to be possible for three of the four
crystallographic oxygens (O1, O3 and O4) in CHA,
perhaps explaining the slower enrichment seen experi-
mentally for some signals in the 17O spectrum [13].

Although, in ongoing work, we have seen similarly rapid
17O enrichment for zeolites with different topologies
and different levels/distributions of Al, the role played
by the Brønsted acid H in any framework lability (and
how important this is for the rate of exchange) is still
unclear. In some cases, reasonably rapid enrichment can

still be seen for ion-exchanged zeolites (e.g., Na-MOR
in Ref. [80] and Na-CHA as in Figure 5(c)), but there
is anecdotal evidence that this is often slower (although
in absolute terms still surprisingly rapid given the lack of
Brønsted acid protons and the low temperature). It is
also notable that the enrichment of some purely sili-
ceous zeolites (e.g., CHA) is also possible, where there
is no Brønsted acidity at all. However, for other ion-
exchanged zeolites, although enrichment occurs over
longer times, it is clearly much slower and at a lower
level. Interestingly, different rates of enrichment can be

seen for ion-exchanged zeolites that are supposedly
chemically similar but have been prepared/exchanged in
different ways. This suggests that framework lability
with water results not just from the chemical structure
and topology, but perhaps also from the presence and
www.sciencedirect.com
nature of the defects present (e.g., residual acid H or
SiOH groups, even though these are clearly not at any
significant level), and that the chemical reactivity
of a zeolite framework is likely to be dependent on how
exactly it has been prepared and treated. While this
recent work has perhaps raised more questions than it
has answered, it seems clear that NMR spectroscopy
(and 17O NMR spectroscopy in particular) offers a

unique opportunity to explore the lability and flexibility
of zeolites (whether conventional or ADORable), and
ultimately their chemical reactivity in solution-based
processes, in a more systematic way in the future.
Conclusions and outlook
The ADOR process, and the range of novel materials it
can produce, offers new opportunities in zeolite syn-
thesis. As the process is not a reversible crystallisation
like the majority of hydrothermal zeolite preparations,
there is the potential for making new materials that are
not possible using the traditional mechanisms. The
synthesis of such ‘unfeasible’ zeolites (as they have been
termed) is now a realistic possibility and further
research is ongoing.

However, the complexity of the process leads to real
challenges in understanding the mechanism, what con-
trols the intermediates and daughter products that can
be produced and, ultimately, how the approach can be
better controlled to selectively design functional solids
with specific properties. An understanding not just of
the long-range order, but also of the detailed local
structure, is vital for insight into how the surfaces of the
zeolitic layers can be manipulated, functionalised and
reconnected. NMR spectroscopy provides a unique
insight into this detailed structure and should be the
perfect complement to diffraction and other techniques

in these systems. Its element-specific nature allows
species to be studied selectively, and its sensitivity to
motion enables investigation, not just of the atomic-
scale structure, but also of dynamics and chemical
reactivity. Recent work using 17O, which can be intro-
duced at a variety of specific points within the mecha-
nistic pathway, provides additional and exciting
possibilities for deepening and widening understanding,
in addition to simply improving NMR sensitivity. The
number of publications that really exploit advanced
NMR techniques to understand the ADOR process, and

the daughter zeolites produced is still relatively small,
but as the complexity of the reactions carried out using
this approach increases (e.g., with greater functionali-
sation of the interfaces and surfaces), NMR will become
an increasingly important tool. It is also likely that more
conventional NMR experiments will become further
supplemented by (i) techniques with increased surface
selectivity such as dynamic nuclear polarisation (DNP)
[81e84] which also has additional sensitivity benefits,
although in situ studies may be more challenging using
Current Opinion in Colloid & Interface Science 2022, 61:101634

www.sciencedirect.com/science/journal/13590294


12 NMR 2022
this approach owing to the specific conditions under
which it is carried out and (ii) more advanced compu-
tational approaches, e.g., first-principles calculations
and molecular dynamics [42e45]. Inspired by the
mechanistic insight from studies of the ADOR process,
17O NMR is also making a significant contribution to our
understanding of the unexpected lability of zeolites
when in contact with aqueous solutions. This work

shows the value of developing routes for isotopic
enrichment and the development of experiments that
exploit such enrichment in these materials. The rich-
ness of the information available from such studies
offers great potential for a better understanding of the
practical mechanisms in which these important solids
are involved as well as their fundamental properties.
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