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Microporous materials, containing pores and channels of similar dimensions to small molecules have
a range of applications in catalysis, gas storage and separation and in drug delivery. Their complex
structure, often containing different types and levels of positional, compositional and temporal disorder,
makes structural characterisation challenging, with information on both long-range order and the local
environment required to understand the structure—property relationships and improve the future design
of functional materials. In principle, O NMR spectroscopy should offer an ideal tool, with oxygen atoms
lining the pores of many zeolites and phosphate frameworks, playing a vital role in host—guest chemistry
and reactivity, and linking the organic and inorganic components of metal-organic frameworks (MOFs).
However, routine study is challenging, primarily as a result of the low natural abundance of this isotope

School of Chemistry, EaStCHEM and Centre of Magnetic Resonance, University of St
Andrews, St Andrews KY16 9ST, UK. E-mail: sema@st-andrews.ac.uk; reml@
st-andrews.ac.uk

Sharon Ashbrook is Professor of
Physical Chemistry at the
University of St Andrews, UK.
Her work focuses on the devel-
opment of solid-state NMR
spectroscopy, and its combined
application with first-principles
calculations to study local
structure, disorder and chemical
reactivity in inorganic materials.
Sharon completed her DPhil at
the University of Oxford in 2001
under the supervision of
Professor Stephen Wimperis. After postdoctoral work at the
University of Exeter, Sharon was awarded a Royal Society Dorothy
Hodgkin Fellowship in 2003 which she held at the Department of
Earth Sciences, University of Cambridge. She moved to St Andrews
to take up an RCUK Academic Fellowship in 2005 and was
promoted to Professor in 2013. She has published ~190 papers
and been recognised by the RSC Harrison Prize (2004), RSC
Marlow Award (2011), RSE MakDougall Brishane Medal (2012)
and RSC Corday-Morgan Prize (2015). In 2015, she was awarded
an ERC Consolidator grant for the development and application of
70 NMR spectroscopy. She is an elected Fellow of the Royal
Society of Edinburgh, Fellow of the RSC and recently held a Royal
Society Wolfson Merit Award. She was featured in the RSE Women
in Science Exhibition and was awarded a Suffrage Science Award
(2017).

5016 | Chem. Sci, 2021, 12, 5016-5036

Zachary Davis is a PhD student
at the University of St Andrews,
UK. Under the supervision of
Professor Sharon Ashbrook and
Professor Russell Morris, his
research focuses on exploring
methods for 7O enrichment of
MOFs in addition to investi-
gating the structure, flexibility,
and disorder of mixed-metal
MOFs using solid-state NMR
spectroscopy combined with
first-principles calculations.
Zachary completed his MChem degree at the University of St
Andrews in 2017, during which in his fourth-year (working with
Professor Sharon Ashbrook) and fifth-year (supervised by Dr Peter
Kilian), research projects he studied MOFs using solid-state NMR
and the coordination chemistry of a peri-supported diphosphine
complex, respectively. Following his undergraduate degree Zach-
ary took a year away from chemistry to serve as a Sabbatical
Officer (Director of Education) for the University of St Andrews
Students' Association, before returning to undertake his PhD
studies in 2018.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc00552a&domain=pdf&date_stamp=2021-04-12
http://orcid.org/0000-0002-4538-6782
http://orcid.org/0000-0003-2740-7137
http://orcid.org/0000-0001-7809-0315
http://orcid.org/0000-0003-1705-9896
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00552a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012014

Open Access Article. Published on 25 Ginora 2021. Downloaded on 01.02.2026 17:19:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Chemical Science

(0.037%), exacerbated by the presence of the quadrupolar interaction that broadens the spectral lines and

hinders the extraction of information. In this Perspective, we will highlight the current state-of-the-art for

7O NMR of microporous materials, focusing in particular on cost-effective and atom-efficient approaches

to enrichment, the use of enrichment to explore chemical reactivity, the challenge of spectral interpretation

and the approaches used to help this and the information that can be obtained from NMR spectra. Finally,

we will turn to the remaining challenges, including further improving sensitivity, the high-throughput

generation of multiple structural models for computational study and the possibility of in situ and in

operando measurements, and give a personal perspective on how these required improvements can be

used to help solve important problems in microporous materials chemistry.

Introduction

Crystalline microporous materials are defined as solids that
have ordered structures and form frameworks containing
channels, cavities and pores that are of similar scale to small
molecules (ie., less than 2 nm in diameter)." The class of
microporous solids is dominated by two main families of
materials: zeolites and metal-organic frameworks (MOFs),
shown in Fig. 1.

Zeolites are generally silicate- or phosphate-based solids (the
latter sometimes referred to as zeotypes) that contain tetrahe-
dral units, which are fully connected through oxygen atoms to
form open frameworks." Partial substitution of, for example,
silicon by aluminium in aluminosilicate zeolites imparts
a negative charge to the framework that needs to be balanced by
cationic species (often called extraframework cations) that can
be found in the pores and channels of the solid. It is the
combination of the chemistry of the framework and extra-
framework cations with the microporous architectures that
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leads to some exceptional properties that are utilised in many
different industrial applications, from heterogeneous catalysis
to ion exchange.?

Metal-organic frameworks have completely different chem-
istry to zeolites but share many of the topological features of the
porosity.> MOFs usually comprise a metal ion or metal cluster
that acts as a node and a polytopic organic ligand that links the
nodes together, resulting in a porous open framework. Probably
the most common organic linkers are those based on carbox-
ylates but almost any linker that has the possibility to form
coordinate bonds to two or more metals can be used: common
ones include imidazolates and pyrazolates.

For any porous material, the nature of the internal surface of
the pores is vitally important as it controls the interaction with
any guest species that are adsorbed. The amount of accessible
internal surface area is often measured using gas adsorption
experiments. For MOFs the quoted surface areas can be as high
a several thousand square metres per gram of material, which
has led to great interest in these materials for high-capacity gas
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Cu dimer

BTC

(a) The structure of CHA zeolite showing the dér and cha cage secondary building units (SBUs) with four-, six- and eight-membered rings

highlighted. (b) The structure of the Cu-based MOF HKUST-1 (viewed down the (010) and (110) directions) showing the Cu “paddlewheel” dimer

and benzene tricarboxylate (BTC) linker building units.

adsorption.*® For comparison, in zeolites this figure is usually
several hundred square metres per gram. The chemistry of the
internal surface is also important and techniques that can
probe the local environments around the atoms that form the
surfaces can provide pivotal information that aids in our
understanding of the structure and function of the materials.

In general, the detailed structural characterization of
microporous materials poses an interesting, but consider-
able, challenge. The presence of compositional, positional
and temporal disorder® in, for example, the framework
cations, any structure directing agents (SDAs) used in the
synthesis, charge-balancing cations and anions, water or
absorbed guest molecules, means that the use of a single
characterization technique is unlikely to yield a complete
picture. In this regard, nuclear magnetic resonance (NMR)
spectroscopy, with its sensitivity to the local chemical envi-
ronment, and to motion on timescales over several orders of
magnitude, has been widely used alongside more conven-
tional diffraction-based approaches.”® In many cases, the
information on long-range order, often readily obtained from
diffraction, can be linked to the atomic-scale detail provided
by NMR spectroscopy through the use of first-principles
calculations (an approach often referred to as NMR
crystallography).®*°

Although 'H, **C, *°Si, ?’Al and *'P NMR have been widely
employed for studying microporous solids,"** there is growing
interest in the potential application of oxygen NMR experi-
ments. In particular, for zeolites, oxygen atoms predominantly
line the surface of the internal pores that play such a vital role in
reactivity, while oxygen is also a common component of many
MOF materials - often joining the metal nodes to the organic
linkers, and potentially providing information on both

5018 | Chem. Sci, 2021, 12, 5016-5036

components of these hybrid materials. Oxygen is also a key
component of some SDAs, of charge-balancing hydroxyl groups,
of Bregnsted acid sites, in water and is present in many guest
molecules.

The twin challenges of improving sensitivity and resolution
are often said to be continual themes in solid-state NMR spec-
troscopy, and this is perhaps never truer than for 7O (the only
NMR-active isotope of oxygen)." The high spin quantum
number (I = 5/2) leads to additional spectral broadening from
the quadrupolar interaction that cannot be removed by
conventional sample rotation (known as magic-angle spin-
ning).”” Perhaps a more significant challenge is the extremely
low natural abundance of 7O, which is only 0.037%, severely
limiting sensitivity and making it difficult, if not impossible, to
study all but the simplest systems. This problem, however, is
perhaps also the greatest opportunity of ’O NMR; the isotopic
enrichment that can be used to improve sensitivity also offers
an ideal prospect for exploring the stability and chemical
reactivity of frameworks and for gaining insight into the
mechanism of their formation.

In this Perspective, we outline the current state-of-the-art in
7O NMR spectroscopy of microporous solids. We discuss the
different methods used for cost-efficient isotopic enrichment,
the challenges of acquiring and interpreting high-resolution
spectra, how these can be addressed using cutting-edge exper-
imental approaches and illustrate the information on structure
and reactivity that can be obtained with examples for some key
systems. Finally, we look to the future - considering the greatest
challenges that remain, the recent developments that may help
tackle these, and when, and indeed if, the true potential of ’O
NMR spectroscopy for microporous materials is likely to be
realized.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Approaches for efficient 7O
enrichment

The primary approach used to overcome the inherently poor
sensitivity of natural abundance O NMR spectroscopy is
isotopic enrichment. However, the high cost of isotopically
enriched reagents (e.g., 90% H,"O(l) @£2000 per mL or 70%
70,(g) @£3000 per L) often requires new synthetic procedures
(or the adaption of existing ones), to ensure that enrichment is
both cost effective (reduces the absolute amount of 7O used)
and atom efficient (ensures as much as possible of this is then
incorporated into the final product). For example, many
microporous solids are prepared using hydrothermal
approaches,'® with water present in significant excess, incurring
significant cost and considerable waste of enriched reagents.
The methods commonly employed for enrichment can be
divided into two distinct types: post-synthetic enrichment of an
existing microporous material and enrichment that takes place
during synthesis (or as part of a chemical reaction), as shown
schematically in Fig. 2. In many cases, the desire is for uniform
enrichment (to allow quantitative measurements to be made)
and experimental conditions must be carefully optimised to
achieve this. In contrast, if enrichment is more selective, with
very different rates or absolute levels of enrichment for different
species, insight into chemical reactivity and mechanism can be
obtained.

Post Synthesis
Gas Enrichment

Sealed Vial

"70,(9)
Microporous Material

Slurry/Hydrolysis

H,70(1)

Microporous Material

Hydrothermal Exchange

o Ty

7O-Enriched Microporous Materials

Mechanochemistry
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The earliest '’O enrichment of microporous materials (LTA
and FAU zeolites), by Oldfield and co-workers in 1986,"
exploited two different approaches: (i) a “hydrothermal”
exchange process and (ii) through the (albeit inefficient - see
later) use of H,'O(l) in a traditional zeolite synthesis. For
zeolites, the hydrothermal exchange process involves
combining a pre-prepared framework material with H,'”O(1) in
an autoclave (or similarly sealed vessel), and heating at autog-
enous pressure at temperatures typically between 125 and
220 °C. Some authors report enrichment in just 3 hours (for
LTA, LSX and SOD),>*?* while others use much longer durations
(4-6 weeks for LTA, FAU and STI).>>* The amount of H,"’O(])
added in each case also varies - typically between 50% (ref. 19)
and 100% (ref. 22 and 24) of the mass of zeolite to be enriched.
While the conditions chosen may well affect the absolute level
of enrichment, this is very challenging to measure in the final
product (see later), and it is not always stated in early work. It is
also not always clear how/if the levels seen would vary with
reaction time for any particular material (and therefore why,
and indeed how, the conditions were chosen). Note that the
three letter codes are used to designate zeolite topology (LTA,
FAU etc., above) and give no information about chemical
composition, and so even materials with the same topology
might have significantly different enrichment chemistry.
Hydrothermal exchange processes have been shown to enrich
both Si-O-Si and Si-O-Al framework linkages efficiently
(although the absolute uniformity of enrichment is not

. During Synthesis
: DGC

Solid Reagents
/ | |—PTFE Cup
X~— H,"70(1)

<«—— Hydrothermal Synthesis
l_,_|_|

H,"70()

T

—— Solid Reagents

lonothermal Synthesis

Microporous Material R Ball Mill / = lonic Liquid
PTFE Cup \\\, H,70(1) "t ,) 100
H,"7O(l) —17 Microporous Material/Solid Reagents —— Solid Reagents

Fig. 2 Schematic showing approaches for O enrichment of microporous materials during and post synthesis.
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considered in most studies), making it a generally useful
approach for O NMR studies of zeolite frameworks.

Post-synthetic '’O enrichment using a hydrothermal
exchange process has also been shown for MOFs. For Sc-MIL-53,
direct synthesis of an "O-enriched material using a dry gel
conversion (DGC) approach (chosen to limit the amount of
solvent required - see later) proved challenging, resulting in the
preferential (and sometimes exclusive) formation of an alter-
native, small-pore MOF, Sc,(BDC);.>* Enrichment was therefore
carried out through hydrothermal exchange of Sc-MIL-53 pre-
prepared using a conventional hydrothermal approach (which
is not itself easily amenable for direct enrichment owing to the
cost of the high volume of solvent required). Sc-MIL-53 was
placed in a PTFE cup inside an autoclave that contained 130 uL
of H,"’O(1) and was heated to 200 °C under autogenous pressure
for 72 h. This provided enrichment of both hydroxyl and
carboxyl O species, without breakdown of the framework, and
an estimated '"O enrichment level of ~25% in the final
product.”® It should be noted that the poorer thermal and
hydrolytic stability of many MOFs (compared to most zeolites)
requires careful consideration of exchange conditions,
balancing the level and rate of enrichment against the potential
for framework degradation.

Perhaps the most common method for '’O enrichment of
zeolites is high-temperature, post-synthetic exchange with
70,(g): an approach that is also widely applied to many other
inorganic oxides.'® For zeolites, this was first reported for Na-
ZSM-5 by Oldfield and co-workers in 1989.® For such reac-
tions, a dehydrated (and calcined) zeolite is heated in an
atmosphere of 70,(g) at high temperature (usually >500 °C) for
typically between 5 and 24 hours.”*** An elevated temperature
(usually close to the point at which the framework becomes
unstable and begins to degrade) is chosen to ensure enrichment
is as rapid and as uniform as possible although, where relevant,
conditions under which dealumination occurs must be avoided.
It is generally assumed that this approach provides uniform
levels of 7O throughout the material (i.e., equal levels of
enrichment for Si-O-Si and Si-O-Al linkages®*%), although it
should be noted that recent work on oxides showed that for
some materials much higher temperatures (~900 °C) were
required for this to be the case, and it may be that this is not
possible to achieve for some porous solids without risking
significant framework breakdown.** It is, perhaps, reasonable to
suggest that enrichment using this approach is likely to be more
uniform than that achieved using some of the other approaches
described. Both siliceous* and aluminosilicate zeolites have
been enriched using post-synthetic exchange with 70,(g). For
aluminosilicate zeolites, the framework can be in its protonated
(acid) form,?”** or metal-exchanged (e.g., with Na' 2 K'3!
Cs'** Ca®* %2 or Sr**,* etc.) form, providing a very flexible
approach. Typical enrichment levels are between 10 and 20%,
depending on the exact conditions and the isotopic composi-
tion of the 0,(g) used (usually between 40 and 70% '70,).
However, the O,rich atmosphere and high temperatures
employed make this method unsuitable for enrichment of
zeolites and phosphate frameworks in their as-made forms (i.e.,

5020 | Chem. Sci, 2021, 12, 5016-5036
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with the organic SDA present) or for MOFs, and alternative
approaches are required.

In some zeolites, it is not necessary to use hydrothermal
conditions to obtain enrichment. In recent work, it was
demonstrated that a number of zeolites frameworks (MOR, FER
and CHA) could be isotopically enriched in 7O simply by
exposure to H,'’O(I) under ambient conditions, revealing the
very surprising reversible lability of all framework bonds, even
at room temperature.””»*” These reactions were also carried out
in situ inside the NMR rotor (mixing ~ 50 mg of zeolite with 50-
100 pL of 90% H,"70O(1) in approach sometimes referred to as
slurrying), enabling the rate of enrichment to be followed as
a function of time for different species (see later). Although
enrichment was surprisingly rapid (i.e., within a day) much
longer durations (>30 days) were required to obtain a more
uniform distribution of '70.%” Although not published, we
have seen in recent work that a similar slurrying approach
enables enrichment of Si-O-Al linkages in SAPOs, but that
enrichment of the SAPO Al-O-P bonds (or indeed of AIPO
frameworks) is considerably slower at room temperature.*®

It is also possible to exploit the inherent susceptibility of
some zeolite materials towards hydrolysis to isotopically enrich
in 0. Bignami et al.** used H,"7O(]) in the acid hydrolysis of
germanosilicate UTL zeolite to produce a second, isotopically
enriched, but different zeolitic product. These reactions were
carried out in situ, i.e., in a sealed polymer insert within a 4 mm
ZrO, rotor, to enable insight into the mechanism of the ADOR
(Assembly, Disassembly, Organisation, Reassembly) process****
(see later for more detail) to be obtained.****

Many microporous solids, including zeolites, phosphates
and MOFs, are typically prepared using hydrothermal
synthesis,'”® in which frameworks are crystallised at high
temperatures (>100 °C) in a PTFE-lined autoclave at autogenous
pressure, typically for >12 hours in the presence of water. While
this should be an effective method to ensure random incorpo-
ration of 7O into a material, the volume of water required is
often many mL, leading to high overall costs and low overall
enrichment efficiency. It would be possible to use this approach
if the reaction volume could be reduced significantly, but while
this can be accomplished for some materials, in some cases this
can lead to different reactivity and the formation of different
products. Alternatively, costs could be decreased by reducing
the level of enrichment in the water used. In early work by
Oldfield, enrichment of zeolites and phosphates was carried out
using this traditional approach.*>** For Na-Y and Na-A zeolites,
2-3 g of 50% enriched H,"'”O(1) was used, leading to 0.8-1.2 g of
product that was 22-32% enriched in O (assuming equal
distribution of "0 between all reagents).'> Notably, for Na-X
a much larger volume of water was used (6.8 g) but with
a reduced enrichment level of 20% for the synthesis alumino-
and gallosilicate materials." For phosphate frameworks (AIPO-
5, AIPO-11 and AlPO-17), between 1 and 2 g of 50% H,"’O(1) was
employed, and the enrichment level was retained after calci-
nation and removal of the SDA (at 500 °C for 3 h).** Although
clearly a possible route to (hopefully uniform) enrichment, the
high costs and low atom efficiency suggest direct hydrothermal
synthesis is not the optimum route for routine *’O studies.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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One approach to remove the need for a significant excess of
water synthesis is ionothermal synthesis, where an ionic liquid
is used as both the solvent and as the SDA.***¢ This has
primarily been employed in the formation of phosphates,***’
with more limited examples in the literature of the synthesis of
silicon-based zeolites**** and MOFs.*® The first ionothermal
synthesis of phosphate frameworks (SIZ-1, SIZ-3, SIZ-4 and SIZ-
5) was reported in 2004, using 1-methyl-3-ethyl imidazolium
bromide as the ionic liquid.*” This procedure is similar to
hydrothermal synthesis, with starting materials combined with
the ionic liquid and heated (typically at temperatures of ~200
°C) at autogenous pressure. It was shown by Griffin et al. that
the inclusion of small (uL) quantities of H,'’O produced
isotopically enriched products.”* Using 50 pL of 35% enriched
H,"70(1) for 3 g of aluminium isopropoxide (and 1-methyl-3-
ethyl imidazolium chloride as the ionic liquid), gave a SIZ-4
product 4% enriched in '7O. This enrichment level was
retained upon calcination and removal of the SDA. The lack of
excess water in this approach ensures that it is atom efficient
and, as with hydrothermal synthesis, enrichment is presumed
to be uniform. Although the level of enrichment shown by
Griffin et al.** is low, the increase of a factor of 100 over natural
abundance levels reduces the experimental time by a factor of
~10 000, enabling conventional and two-dimensional NMR
spectra to be acquired on a reasonable timescale. It was noted
that increasing the enrichment level of the H,"’O(I) to 90%
would further increase the enrichment level by a factor of 2.6
(an additional time saving of a factor of 6.7 in experimental
time) whilst retaining reasonable cost.”* Although ionothermal
synthesis has, so far, only been used for 7O enrichment of
phosphate frameworks it could, in principle, be used for any
material that can be prepared in this way. Care must be taken,
however, as the amount of water that can be added to the
reaction without changing the reaction pathway and/or prod-
ucts is often restricted. In theory, one could imagine also
extending this idea to solvothermal synthesis (an approach that
is applicable to MOFs in particular), potentially widening the
range of materials that could be enriched.

Other approaches that reduce the amount of water required
in the synthesis of microporous materials are clearly potential
candidates for efficient '”O enrichment. First suggested in 1990,
DGC was proposed to reduce the solvent required and eliminate
waste liquids in the synthesis of zeolites (specifically ZSM-5) by
separating the amorphous gel/solid phase from the liquid
phase.®* This method has been extended to the synthesis of
other microporous materials including phosphates, such as
SAPO-18, SAPO-34 and AIPO-11, and MOFs, such as Al-MIL-53
and HKUST-1.**"” As DGC uses the minimum amount of
solvent required for a successful synthesis, this makes it
a potentially useful and cost-effective approach for producing
“0-enriched frameworks, with H,"®0O(l) simply replaced by
H,"70(l) in the reaction. The small volumes of solvent used
mean that high levels of H,"’O(l) enrichment (50-90%) are
typically required. Practically, DGC is carried out in a PTFE-
lined autoclave, which contains 50-200 pL of H,'’O(I). The
solid reagents are mixed in an additional PTFE cup which is
then placed inside the autoclave so that the reagents are not in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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direct contact with the liquid water, before the autoclave is
sealed and heated under autogenous pressure at temperatures
usually between 150-200 °C.>*>* This approach often leads to
uniform enrichment (as for example, seen for MIL-53,>*** where
carboxyl and hydroxyl O species are both efficiently enriched).
However, for AIPO-11, preferential enrichment of O bound to
two of the three unique P sites in the final product was
observed.* This was explained, on the basis of "’O NMR, by the
formation of a layered AIPO intermediate in which O species
were exchanged with '70 in the water vapour. Access to some O
species in this phase is restricted due to hydrogen bonding with
the SDA, and subsequent conversion to AIPO-11 led to absence
of 0 in the coordination sphere of P1.

A potentially interesting route for 7O enrichment of frame-
work materials is mechanochemistry.*® This approach, which
has been used for the synthesis of both organic and inorganic
materials, is known for its advantages over traditional synthetic
routes, including its more environmentally friendly nature,
faster reaction times, lower temperatures and reduced solvent
requirements. It is possible that mechanochemical approaches
could be used to introduce 7O to starting materials or to enrich
frameworks during synthesis or post synthetically. For example,
many MOFs contain linkers which bind to the metal nodes
through a carboxylate functional group, as seen in MIL-53, CPO-
27 and UiO-66.> Recent work by Laurencin and co-workers®
showed how a variety of organic molecules, including the ter-
ephthalic and trimesic acid linkers used in MOFs could be
isotopically enriched by ball milling. This involved activation of
the carboxylate by reaction with 1,1’-carbonyl-diimidazole, fol-
lowed by hydrolysis with 1.5 equiv. of 41% H,"O(l) when
milling for 5 min (at a rate of 25 Hz). Enrichment levels of
between 3 and 11% were obtained, allowing conventional "0
NMR spectra to be acquired in a few hours and multi-
dimensional NMR spectra to be acquired overnight. This was
shown to be an extremely efficient process, with 70 pL of 41%
H,"70(1) used to enrich 60 mg of four different acids (at a cost of
~€50). In order to then synthesise an enriched MOF frame-
work, care must be taken to design a subsequent synthetic
approach that does not result in any significant loss of the
incorporated isotope.

In recent work by Rainer et al,* mechanochemistry was
applied in zeolite hydrolysis, with 100 pL of 40% H,"’O(1) added
during ball milling (at 150 rpm) of 500 mg of (unenriched) Ge-
UTL in an ADOR reaction,**** leading to an overall enrichment
level in the daughter zeolite of 10%. In this context, mechano-
chemistry offers a simple and cost-efficient route to enrichment
of novel zeolitic products that are difficult to synthesise and
enrich using more traditional routes. Direct synthesis of
microporous materials with limited solvent or so-called “solvent
free” reactions (where no solvent is intentionally, and addi-
tionally, included but water is often present on the surfaces or
within the precursors) is also possible using mechanochemical
methods.®*** Although to our knowledge this approach has not
yet been used in the context of *”0O enrichment of porous solids,
solvent free synthesis may offer a simple and efficient route to
framework enrichment using pre-enriched starting materials
(such as the enriched carboxylic acids described above), while
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mechanochemical reactions with reduced solvent would be
a cost-effective route to direct enrichment if a small volume of
highly enriched H,""O(I) was used.

The theoretical maximum level of enrichment of a micropo-
rous material can be determined by considering the propor-
tions of 'O and 'O present in all starting materials and
reagents, and assuming a uniform distribution of the two
between all chemical species in all products and by products.
However, it can be challenging to measure the absolute level of
enrichment obtained using NMR spectroscopy, with the
extremely low natural abundance of 'O precluding a direct
quantitative comparison with NMR spectra of unenriched
materials for all but the simplest of oxides. A more accurate
determination of the enrichment level can be achieved using
mass spectrometry, as employed for MIL-53 by Bignami et al.,*
where enriched samples embedded in indium mounts and
covered with a 30 nm coating of gold were exposed to a '**Cs
focussed primary ion beam. Secondary ions were extracted (at
10 kV) for *°0, 70 and "®0 and results obtained with a standard
error of ~1% for enriched materials. Although this approach is
too expensive to be employed routinely, it is possible to compare
the sensitivity of ’O NMR spectra for systems where enrich-
ment levels have been accurately determined to those of other
materials to estimate the level of enrichment obtained.

Experimental measurement and
spectral interpretation

NMR spectra of solids are typically broadened by the orientation
dependence, or anisotropy, of the interactions that affect the
nuclear spins.” In solution, these are averaged to an isotropic
value by rapid molecular tumbling, leading to spectra with
inherently high resolution and easy separation of chemically
different species. In the solid state, this problem is usually
tackled by physical rotation of the sample around an axis
inclined at an angle x = 54.736° to the external magnetic field,
in an approach termed magic-angle spinning (MAS).”** For
sufficiently rapid rotation (i.e., at frequencies larger than the
magnitude of the spectral broadening the interaction causes),
the anisotropic components of the shielding, dipolar coupling
and J coupling interactions can be effectively removed, resulting
in high-resolution, isotropic NMR spectra. As the size of the
sample holder, or rotor, decreases, faster MAS rates are avail-
able; however, the potential increase in resolution this provides
has to be balanced against the loss in sensitivity from the
smaller sample volume, and so the fastest available MAS rate is
not always employed.

Solid-state NMR spectra for nuclei with high spin quantum
number, such as '’O (I = 5/2), are additionally broadened by the
quadrupolar interaction."®"” This interaction between the
nuclear electric quadrupole moment and the electric field
gradient at the nucleus is often significant, leading to aniso-
tropic broadening over many hundreds of kHz or even MHz.
The tensor that describes the interaction can be parameterised
by its magnitude, Cq (the quadrupolar coupling constant) and
its asymmetry or shape, 1q, which lies between 0, for an axially
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symmetric tensor, and 1. In many cases, the magnitude of the
quadrupolar interaction is such that its effect on the Zeeman
nuclear spin energy levels has to be treated using second-order
perturbation theory, leading to a more complex angular
dependence of the anisotropy, and field-dependent anisotropic
broadening that cannot be completely removed by MAS. This
results in limited resolution, with spectra often containing
overlapped powder-pattern lineshapes, as shown in Fig. 3.
However, the dependence of the MAS NMR spectrum not just on
the isotropic chemical shift, d;5,, but also on the quadrupolar
parameters, Cq and 7q, provides additional opportunities to
probe the local structure and to differentiate spectral signals.
This can also be seen in Fig. 3a-c, where the 'O MAS NMR
spectra of a chabazite (CHA) aluminosilcate zeolite, the calcined
CHA-type aluminophosphate framework SIZ-4, and a calcined
MOF, Al-MIL-53, are shown. The two chemically different O
species in the zeolite framework (Si-O-Al and Si-O-Si) have
different isotropic chemical shifts (18-20 ppm and 28-30 ppm,
respectively) but also different quadrupolar couplings (~4 and
~5.3 MHz).*” The four Al-O-P species in SIZ-4 have much larger
Cq (5.8-6.0 MHz) and shifts between 50 and 64 ppm.** For Al-
MIL-53, there is a significant shift difference between the
carboxyl signal at ~203 ppm, and that for the bridging hydroxyl
oxygens (~20 ppm), and also a difference in quadrupolar
couplings (~7 MHz and ~5.5 MHz).>>*®

The presence of the quadrupolar interaction can also pose
challenges for the acquisition of quantitative spectra, which are
necessary to determine the uniformity of enrichment and to
extract accurate information on the proportion of different
species present.”"” In addition to accounting for relaxation (as is
required in all quantitative NMR experiments), it is also
necessary to take into account the different nutation rates (i.e.,
the different responses to the application of a radiofrequency
pulse) of species with different Cq.* This is usually achieved by
choosing a pulse with very short duration (or small “flip angle”),
reducing sensitivity but ensuring a quantitative spectrum can
be obtained. Note that in cases where species with large and
very small Cqy are present simultaneously, it might also be
necessary to account for the contribution of the satellite tran-
sitions to the MAS spectrum, as described in ref. 36 and 67.

Although the quadrupolar interaction can provide structural
information, it is often desirable to remove this anisotropic
broadening completely and record a high-resolution spectrum.
In early work, this was achieved using the composite sample
rotation techniques, dynamic angle spinning (DAS)*® and
double rotation (DOR),* where the sample is rotated around
two angles (sequentially for DAS and simultaneously for DOR).
Although more widely employed for '”O NMR of simple oxides,
ceramics and minerals, these approaches have been applied to
zeolites and phosphates.>*>**%773 However, DAS and DOR are
technically challenging to implement, requiring specialist and
expensive hardware. The most popular approach for the
acquisition of high-resolution spectra for quadrupolar nuclei is
multiple-quantum (MQ) MAS,” a two-dimensional experiment
that correlates a multiple-quantum (usually triple-quantum, m;
= +3/2 < m; = —3/2) transition with the observable (m; = +1/2
< m; = —1/2) transition. The result of this experiment (after
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Fig.3 O MAS NMR spectra of (a) aluminosilicate CHA zeolite, (b) calcined CHA-type aluminophosphate framework, SIZ-4 and (c) calcined Al-
MIL-53. The external field strengths at which spectra were recorded are shown in the figure. In (c), the *H-"O CP MAS NMR spectrum is shown in
red. (d) O (14.1 T) MAS and MQMAS of a hydrated CHA zeolite (after slurrying with H,O(l)).

appropriate processing) is a two-dimensional spectrum that
contains a series of ridge-like lineshapes, one for each distinct
species, with an isotropic spectrum free from quadrupolar
broadening obtained from a projection onto the ¢, axis.
Analytical fitting of the quadrupolar-broadened lineshapes ob-
tained from cross-sections parallel to d, for each ridge allow
values of the NMR parameters (dis0, Cq and 7q) to be extracted
independently for each signal. As an example, the 'O MQMAS
NMR spectrum of a hydrated CHA zeolite (enriched after slur-
rying with H,"70O(l)) is shown in Fig. 3d and contains four
distinct framework signals; two Si-O-Al and two Si-O-Si,*” and
a significant increase in resolution from the MAS spectrum (also
shown). The larger quadrupolar coupling of the Si-O-Si sites is
clear from the broader lineshapes for these signals in d,.
MQMAS is commonly applied to acquire high-resolution
spectra of quadrupolar nuclei in many materials, owing to the
ease of its implementation and the need for only conventional
MAS hardware. Its biggest drawback, however, is its inherently
poor sensitivity - typically between 3 and 10% of a simple MAS
spectrum, leading to lengthy spectral acquisition. As an
example, the 7O MAS NMR spectrum of CHA in Fig. 3d was
acquired in ~2 hours, whereas the MQMAS spectrum took ~20
hours to obtain. Furthermore, the efficiency of MQMAS is

© 2021 The Author(s). Published by the Royal Society of Chemistry

strongly dependent on the Cq value (as well as on the strength of
the radiofrequency pulses and the MAS rate) leading to non-
uniform excitation of different signals.”’® Over the years,
there have been a number of attempts to improve the sensitivity
of this approach, primarily using composite pulses,””** to
improve the efficiency of the multiple-quantum conversion.
Although sensitivity improvements of factors of 2-3 are often
obtained (as seen in 7O NMR of LTA and FAU zeolites®®), most
of these approaches are sample dependent and can be time
consuming to implement and optimise (more so when sensi-
tivity is low). The satellite-transition (ST) MAS experiment®"*>
offers an alternative approach to high-resolution spectra from
quadrupolar nuclei. Related conceptually to MQMAS, this
method exploits different single-quantum (m; = £3/2 < m; =
+1/2) transitions within the spin system, resulting in inherently
higher sensitivity than MQMAS (often by a factor of 4 to 8).
However, STMAS is technically more challenging to implement,
requiring an extremely accurate setting of the spinning angle
and precise timings of the pulses. Interestingly, however, the
satellite transitions, and therefore STMAS spectra, are sensitive
to motion on the microsecond timescale and, hence, are
a potentially useful probe of dynamics.*® This has been
demonstrated for >’Al and 7'Ga NMR of zeolites®*® and 'O
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NMR of minerals®” - and so could be a potentially useful tool for
studying motion of e.g., guest molecules in future 7O NMR
studies of microporous solids.

For many ordered inorganic materials, MQMAS enables
resolution of crystallographically distinct sites - a good example
of this can be found in ref. 88, where the '’O MQMAS spectrum
of a silicate mineral resolves the signals from the six distinct O
sites, despite their similarities. However, if sites are so similar
that their NMR parameters are almost identical, complete
resolution is not always possible. This is the case for the "0
MQMAS spectrum of calcined SIZ-4 (the corresponding MAS
NMR spectrum for which is shown in Fig. 3b), where two signals
are seen in the isotropic spectrum at 20.0 T for the 4 distinct O
species (corresponding to 01/04 and 02/03 in the CHA
framework, respectively).”® For more disordered materials,
where a range of NMR parameters may be present for a specific
site, depending on the variation in the local environment, the
resolution of crystallographically distinct species can be chal-
lenging. In these cases, however, resolution of chemically
different species is usually possible. For example, in the 7O
MQMAS spectrum of zeolite CHA in Fig. 3d,*” signals from Si-
O-Al and Si—-O-Si species are very clearly resolved. Although two
different Si-O-Si signals are also resolved, there are four crys-
tallographically distinct sites, so not all signals are fully
resolved.

Once spectra can be acquired with sufficient resolution and
sensitivity, there still remains the challenge of understanding
and interpreting the complex lineshapes that are encountered,
and of assigning the signals to specific chemical environments.
While the existence of large databases of NMR parameters is
common for liquid-state 'H and *C NMR spectroscopy, such
information is not as readily available for inorganic solids, and
particularly for less commonly studied nuclei such as *’O. In
some cases, insight can be obtained using empirical correla-
tions, where NMR parameters for one or more model systems
are correlated with structural parameters (usually from prior
diffraction studies) before the structure-parameter relation-
ships derived are used to predict parameters or to assign
unknown signals. See the next section for examples of this
approach. However, it is often the case that these relationships
work well for systems that are very similar to the model system
but are poorly transferrable to a wide range of materials. Further
insight can be gained using more advanced experimental
approaches. In particular, experiments that transfer magnet-
isation between nuclei can indicate spatial proximity or
through-bond connectivity of spins (for transfers via the dipolar
coupling and J coupling, respectively).” As an example, the 7O
NMR spectrum of Al-MIL-53 (ref. 25) acquired using cross
polarisation (where magnetisation is transferred from 'H to "0
via the dipolar coupling) in Fig. 3c (red) shows the selective
excitation of the signal from the hydroxyl O. These magnet-
isation transfer experiments can be extended to two dimen-
sions, enabling site-specific information on the species that are
linked by the relevant interaction to be obtained. When both
spins involved in the transfer are quadrupolar, the spin
dynamics are considerably more complex and quantitative
measurements are hard to achieve, although qualitative
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information on spatial proximity can still be obtained.” A
number of different "H-""O experiments (e.g., HETCOR, REDOR
and TRAPDOR) have been used to probe Brgnsted acidity in
zeolites, in work pioneered by Grey and co-workers.***** Huang
and co-workers used *’0/*’Al and ’O/**P REDOR experiments
to aid assignment of the O signals seen during the formation of
an AIPO-11 aluminophosphate framework,* and to probe the
cation distribution in SAPO-34.%¢

In recent years, there has been growing interest in the use of
calculations to predict NMR parameters alongside experiment
to aid assignment and interpretation of spectral lineshapes.®*®
In most cases, these are carried out using density functional
theory (DFT), owing to the balance of efficiency and accuracy
that it provides, with many studies performed using periodic
planewave codes® to exploit the inherent translational
symmetry of crystalline solids. For microporous materials, it is
important to accurately account for dispersion forces in the
calculations, and semi-empirical dispersion correction schemes
are often added to the commonly-used PBE functional.’®** In
the absence of these, particularly flexible materials can adopt
different and often much more open conformations than ex-
pected (as demonstrated in the literature for phosphate
frameworks and for Sc-MIL-53 (ref. 10)), and host-guest inter-
actions are poorly represented, leading to incorrect prediction
of NMR parameters. For disordered solids sets of structural
models with different atomic positions or different composi-
tions can be easily and efficiently compared to experiment.®*°
While relatively little computational work has focused exclu-
sively on 7O NMR of microporous materials, there are many
studies demonstrating the accuracy of predicted O NMR
parameters in ceramics, minerals, biomaterials etc.” Computa-
tion of O NMR parameters has been used successfully to
assign signals in mixed-metal MOFs, phosphate frameworks
and zeolites.>>*'545%6%2 There is, however, considerably more
scope for closer interaction between 'O NMR experiments and
computation with recent improvements in hardware and soft-
ware, and with the growing expertise within the scientific
community.

Extracting information on structure
and disorder using O NMR

The sensitivity of NMR to the atomic-scale environment ensures
that chemically different O species (i.e., Si-O-Si, Si-O-Al, Al-O-
P, Si-O(H)-Al, etc.) within a framework solid have different NMR
parameters, enabling signals to be distinguished within the
spectrum, and the type and relative proportions of each species
present to be determined. Changes in the number of species
present can be monitored as the composition varies, guest
molecules are loaded or chemical reactions take place,
providing information on structure and reactivity that can,
ultimately, be linked to physical and chemical properties. For
zeolites and zeotypes, there has been a significant focus on
understanding how (and indeed if) the NMR interactions are
correlated to specific geometrical parameters, with the aim that
such relationships (if present) can then be used to determine

© 2021 The Author(s). Published by the Royal Society of Chemistry
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detailed structural information directly from an NMR spectrum.
However, there are challenges with this approach; it can be
difficult to extract accurate NMR parameters in the presence of
significant second-order quadrupolar broadening and the
distribution of local environments present in disordered
materials. This can be eased both through the study of more
ordered systems (e.g., zeolites with Si/Al = 1, high silica mate-
rials or calcined AlPOs),**** and the use of high-resolution
experiments, such as DAS, DOR and MQMAS. Given these
challenges, many authors have also exploited computation,
where the effect of varying a single structural parameter (often
using a simplified structural model consisting of a small cluster
of atoms) can be more easily studied.®*** While this allows
a deeper fundamental understanding of the origin of the NMR
parameters and their dependence on geometry, it can be diffi-
cult to relate this back to the more complex, disordered (and
often hydrated) frameworks studied in experiment.

For T-O-T linkages in zeolites and zeotypes (where T/T’
represent the atom(s) on neighbouring tetrahedral framework
sites) the nature of the coordinated cations, the O-T distances
and the T-O-T' bond angle should have the most significant
effect on '7O NMR parameters. Early work by Oldfield* (on both
silicate minerals and zeolites) established a dependence of the
0 C,, on the electronegativity of the bonded T-site cation (and,
therefore, on the average ionicity of the O-T bonds). Correla-
tions between the *’O quadrupolar parameters (Cq and 7n¢) and
the Si-O-Si bond angle were demonstrated computationally in
a series of publications by Grandinetti and co-workers,”*** and
were shown to hold for experimental NMR parameters extracted
for the ten '7O sites in high-silica ferrierite (clarifying earlier
work by Bull et al.*®). It was also shown, however, that slightly
different correlations were observed for different types of silica
materials, as a result of the dependence of the "0 Cq, also on
the Si-O distance. This results in NMR being a very sensitive
probe of the detailed local environment, but one that could
become challenging to interpret as the complexity of the system
increases. Experimental studies of Na-A and (Na,K)-LSX zeolites
found correlations between the 'O ¢;s, and both the Si-O-T
angle and hybridisation (i.e., the s character of the O hybrid
orbitals).>”>** However, care must be taken when attempting to
generalise these relationships, as other work has shown the
exact isotropic shift observed is dependent on the framework
topology and also on the proximity of water and the nature of
the charge balancing cation present.*>’*°® In comparison to
zeolites, there have been fewer studies of the dependence of 70
NMR parameters on local geometry for phosphates, owing, in
part, to the complexity of as-made materials (which contain
different, and often disordered, structure directing agents,
charge-balancing anions and water) and the challenges and
costs of enrichment. Oldfield* predicted 7O Cg, values for Al-
O-P linkages based on known correlations with the average
ionicity of the two bonds and the difference in ionicity between
the two. More generally, it was shown that more ionic linkages
exhibit smaller Cq, while as the difference in ionicity of the two
bonds increases the orientation of the quadrupolar tensor
rotated toward the more covalent bond.
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As the level of disorder in a system increases, the challenge
of resolving distinct sites and extracting accurate NMR param-
eters grows. Furthermore, the average structural picture that is
produced by diffraction-based methods also means that struc-
tural parameters cannot easily be extracted for individual
coordination environments in disordered solids. One solution
is to turn to computation, where site-specific NMR parameters
can be easily linked to the site-specific geometry for a range of
substituted frameworks. This approach (using periodic plane-
wave DFT) has been successfully applied to consider the
dependence of *°Si and *'P NMR parameters on the local
geometry in zeolites and phosphates, respectively.”””*® Fig. 4
shows a summary of calculated '’O NMR parameters for T-O-T"
linkages in a range of silicate/aluminosilicate zeolites and
substituted phosphate frameworks from our previous
work?®*°197% (with charge-balancing H added where required).
Fig. 4a plots 70 |Co| against gis,, and shows that chemical
variation of the linkage leads to differences in both of these
NMR parameters with, for example, Ga-""O-P oxygens having
higher Cq and Si-'’0O-Al oxygens having the highest shielding
(i.e., lowest chemical shifts). For gy, a poor general correlation
is seen with the T-O-T angle (not shown), but for each O type
there is a good correlation with the bond valence sum (ie.,
a measure of the ionic/covalent nature of the bonding at O) with
increased shielding (Fig. 4b). As shown in Fig. 4c, there is
a correlation between the 'O |Cq| and the s character of the O-T
bonds (defined as cos 0r_o_1/(1 — cos r_o-r))** for each type of
linkage (although the exact Cq, exhibited depends on the nature
of the atoms bonded). There is a clear (and general) correlation
of nq with s character of the O-T bonds, with nq approaching
0 (i.e., axial symmetry) as the s character approaches 0.5 (or as
approaches 180°), as shown in Fig. 4d. Although the NMR
interactions are correlated with the local geometry, these rela-
tionships are clearly complicated, and unambiguous prediction
of a structural model is not possible from these alone.

In addition to bridging T-O-T’ linkages in the framework,
zeolites may also contain defects such as silanols or aluminols
and/or non-bridging oxygens. The low levels in most frame-
works makes these species more difficult to identify or charac-
terise, and little "’O NMR work has been attempted on these so
far in conventional frameworks. However, in ADOR reactions,
a much larger number of non-bridging oxygens are found in the
hydrolysed intermediate phases produced. Work by Bignami
et al.* confirmed the presence of Si-OH species with 70 d;5, =
~23 ppm and Cq = ~3.4 MHz, although it should be noted
high-power decoupling was required to observe this signal at all
in the MQMAS experiments. Low temperature (108 K) 'H-"0
CP experiments, where dynamics are restricted, showed
a significant increase in signal, suggesting such species might
generally be difficult to observe if present only as defects in
conventional frameworks using '’O NMR at room temperature.

The NMR parameters for any non-bridging oxygens present
in zeolites are likely to vary with any extra-framework cation
present. Although not yet studied in depth for zeolites, work
from Oldfield and co-workers on alkaline Earth silicate
minerals'® showed a dependence of the O i, for non-
bridging oxygens on the cation radius and of the Cq on the
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cation electronegativity (with Cq increasing as the electronega-
tivity increased). Although the variation in Cq with cation elec-
tronegativity was similar to that seen for bridging oxygens in the
same materials, the absolute values of C, were lower (by ~2
MHz). In zeolites, the NMR parameters observed will depend
also on the level of hydration, and it seems likely more extensive
investigation will be required to understand these relationships
in more detail.

Much of the work on zeolites described above was carried out
on non-protonated or ion-exchanged materials. However, the
ability to study the Brensted acid sites that are important in
catalysis is crucial, but this has been more challenging, likely as
a result of a larger 7O C, and the mobility of H (and hence
rapid relaxation) in hydrated zeolites. In 2005, Grey and co-
workers used high-field double resonance experiments (and
reference to previous computational work'**) to unambiguously
identify the Si-O(H)-Al signal in dehydrated zeolite HY (Si/Al =

5026 | Chem. Sci, 2021, 12, 5016-5036

2.6), an important cracking catalyst.*® "H-'"O CP spectra (with
short contact time) enabled Si-O(H)-Al oxygens to be selectively
observed, giving a lineshape that could be fitted using Cq = 6.6
MHz, 1o = 0.8 and dis, = 28 ppm. "H-"70 REDOR and TRAP-
DOR experiments showed dephasing consistent with a large
dipolar coupling, proving the H was directly attached to the
framework O in the dehydrated zeolite. The acidity of this site
was demonstrated through the change in 'O NMR parameters
upon exposure to acetone-de.** Weak Si-O-(H)-Al signals were
later observed in 7O MQMAS spectra of dehydrated HY,* but
two-dimensional '"H-"0 HETCOR experiments were able to
resolve two different Si-O(H)-Al signals,® corresponding to the
Bronsted acid sites in the supercages and sodalite cages (which
had differences in *H and 7O d;s, of 0.7 and 3 ppm, respec-
tively). Similar Si-O(H)-Al signals were also identified in high
silica HZSM-5 (Si/Al = 25), although weaker REDOR dephasing
confirmed longer O-H bonds and/or increased H mobility was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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present in this material.®* Lower temperature "H-"0 REDOR
experiments on HY and HZSM-5 were able to freeze out some of
the motion that averages NMR interactions, enabling accurate
O-H bond distances of 0.97-0.98 A to be determined.”®'*
'H-"0 double resonance experiments were also used to probe
the accessibility of Brgnsted acid sites in a MOR zeolite, using
the adsorption of a trimethylphosphine-dy (TMP) probe mole-
cule.?” "H-""O CP and HETCOR spectra showed two types of
acidic hydroxyls, with longer and shorter O-H bonds, giving
lower and higher values of "0 7. The loading experiments
provided information on the distribution of the acid sites,
showing 20-25% were located in the 8-ring channels (and
therefore inaccessible to TMP), 25-30% at the intersection of
the side pockets and 12-ring channels were partially accessible
(i.e., only at low loading), while the fully accessible remainder
(45—50%) were located in the 12-ring channels.

The degree of ordering of heteroatoms in the zeolite frame-
work (and hence the distribution of acid sites) is thought to be
one of the most important factors in determining the physical
and chemical properties of these materials, and the develop-
ment of approaches to characterise the heteroatom distribution
continues to be the focus of considerable research effort. While
most investigations have focussed on *°Si and ?’Al NMR, studies
using '70O have recently started to appear in the literature. One
of the most comprehensive, by Cadars et al., studied the Ga/Si
distribution in a natrolite-type zeolite (Rb-PST-1).** O
MQMAS experiments resolved a number of different T-O-T'
linkages, and DFT calculations were used to aid their assign-
ment. A new computational approach'* was used to generate
a large number (8 x 10%) of structural models with different
possible cation arrangements within a 1 x 1 x 2 supercell,
from which 8000 were randomly selected. These were ranked
using a simple calculation of the electrostatic energy, with 32
low energy structures then selected for more accurate DFT
calculations. 7O MQMAS spectra simulated using the calcu-
lated parameters showed that the signal position was depen-
dent both on the chemical nature of the bonded cations (i.e.,
whether Si-O-Si, Si-O-Ga or Ga-O-Ga), but also on the type of
crystallographic O species present (of which there are three in
Rb-PST-1). However, these relationships resulted in the overlap
of signals from different species in the MQMAS spectrum,
hindering unambiguous deconvolution. Notably, the work dis-
proved that the simple assignment of all signals at low ¢, to Ga-
0O-Ga (as suggested in previous work on glasses),'** although the
presence of these linkages (which contravene Lowenstein's rule)
could not be ruled out completely. The computational work also
enabled a detailed investigation into the dependence of the 7O
NMR parameters on local structure, revealing a correlation
between 70 §;,, and the T-O-T’ angle and (unexpectedly) with
the average O-T-O angle, while exact values are also affected by
the distance to the nearest charge-balancing Rb cation.

Huang et al., used 70-*’Al and ""O-*'P REDOR and TRAP-
DOR experiments to assign the 'O NMR signals seen in AIPO-
11 (AEL) and SAPO-34 (CHA).”>*® In both cases, NMR was used
to characterise both the final product and the intermediate
phases (where OAl;, OAl,, H,O, P-O-H and Al-O-Al species are
also present) in the DGC synthesis. Significant differences in Cq
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were seen for chemically different species. For SAPO-34, Cq
values of 3.5-3.6 MHz and 6.1-6.3 MHz were found for Al-O-Si
and Al-O-P linkages, respectively, and the relative intensity of
these signals when resolved in an MQMAS spectrum confirmed
the level of Si substitution (~25%). Much smaller Cq, values (of
1.2 and 4.2 MHz) were found for OAl, and OAl; in the inter-
mediate phases, while Al-O-Al and P-O-H linkages exhibited
Cq values of 4.0 and 4.7 MHz. For SAPO-34,> it was shown that
the initial gel is amorphous, transforming during the first hour
of heating to a fairly ordered layered AIPO phase, where only Al-
O-Al (but notably not Al-O-P or P-O-H) linkages are enriched
in 0. A semicrystalline SAPO intermediate is formed after 4
hours, with P-O-H and Al-O-P linkages also now enriched, with
the final SAPO-34 product formed after 2 days.

The O species present in MOFs are chemically more varied,
resulting in chemical shifts of 0-150 ppm and 200-300 ppm for
hydroxyl and carboxylate groups, respectively.”>**'*® The exact
shift seen depends on the topology of the framework, the
organic linker and the type(s) of metal present, with hydroxyls
that bridge between adjacent metal cations showing the more
significant variation with the latter. For example, for MIL-53
where hydroxyls bridge adjacent metals in chain, increases in
diso of 11 ppm and a further 113 ppm are seen on moving from
Al- to Ga- and to Sc-based material. A third common oxygen
species present in MOFs is the oxo group, found in metal-
oxygen clusters, such as Zn,O in MOF-5 and ZrsO4(OH), in UiO-
66.>*'%° These can have very different shifts depending on the
binding mode (e.g., 1,-, 13-, 147, €tc.) and the type and number of
coordinated metals. As an example, the oxo groups in MOF-5
(1,—O”~ bonded to Zn) and Zr-UiO-66 (1;—O>~ bonded to Zr)
have shifts of —50 and 386 ppm, respectively.’*'*® In some
MOFs, O is also found in the linker itself, e.g., the Ar-O™ species
in Mg-CPO-27 has a shift of 87 ppm.* The "0 C,, is also diag-
nostic of the bonding environment, often being large for both
carboxyls (7-8 MHz) and Ar-O~ (9-10 MHz), smaller for
hydroxyls (4-6 MHz) and much smaller (1-2 MHz) for oxo
species.?%4%01% Although the significant variation in 7O
chemical shifts between different types of chemical environ-
ment in MOFs means that resonances are often reasonably well
separated even when Cg, is large and significant second-order
broadening is present, it can be considerably more difficult to
resolve signals from chemically similar but crystallographically
distinct species even using MQMAS. Recent work by Martins
et al. showed how very high magnetic field (35.2 T) was needed
to separate the signals from the different carboxylate oxygens in
O MQMAS spectra of o-Mg;(HCOO)s and Al-MIL-53, with
experiments at 21.1 T unable to do this. Notably the 12 distinct
species in a-Mg;(HCOO)s could be resolved and were assigned
using DFT calculations.'*”'*® 70 NMR spectra of a Cu(u)-based
MOF, HKUST-1 (prepared using DGC) have also been acquired.
This MOF contains a paddlewheel dimer, where two Cu centres
are bridged by four carboxylate groups, as shown in Fig. 1b.
Although antiferromagnetic coupling in this dimer resultsina §
= 0 ground state, the presence of a low-lying excited triplet (S =
1) state gives rise to considerable paramagnetic shifts for the
nearby '*C nuclei (which lie between —100 and 1000 ppm).**® As
the O is directly bonded to the Cu atoms, the paramagnetic
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interaction is more significant, and wideline spectroscopy was
used to acquire the anisotropically broadened lineshape, with
diso = 3530 ppm, and an anisotropy (span) of 3100 ppm.*’

The large range of shifts seen can make it difficult to predict
where 'O signals will appear, or to assign signals that are
observed. This can be addressed using a number of approaches,
including selective enrichment of different components of the
MOF,"*® comparison between chemically or structurally similar
sets of materials,*** use of CP to selectively excite O bonded to
H**** and prediction of NMR parameters using first-principles
calculations.?>***® Although the latter is extremely powerful,
care must be taken to account for any molecules adsorbed
within the pores and, for flexible MOFs, any structural changes
associated with these or with temperature, if accurate parame-
ters are to be obtained. The sensitivity of the '”O NMR spectra to
some of these changes is shown in Fig. 5a, where spectra of MAS
and MQMAS spectra of calcined (open pore) and hydrated
(closed pore) forms of AI-MIL-53, a breathing MOF, are shown.
Calculations reveal that the two separate signals seen for the
carboxylate O in MQMAS spectra of the (closed pore) hydrated
form result from those involved in hydrogen bonding with guest
water molecules, di5, = 225 ppm, and those that are not with d;5,
= 255 ppm. It is also important to account for dispersion forces
in calculations (often a problem when using GGA functionals
such as PBE) as these play an important role in host-guest
chemistry and the structural forms adopted for flexible
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materials such as MIL-53.'*°%*° For example, for AI-MIL-53, the
inclusion of dispersion forces (as a semi-empirical dispersion
correction) results in the narrow pore form of the calcined MOF
being predicted to be more energetically stable than the open
pore form, whereas the reverse is predicted if these interactions
are not accounted for.*®

The sensitivity of the 17O NMR parameters to changes in the
local environment can also be exploited in the study of disorder
in mixed-metal materials. Of the relatively few '”O NMR studies
of MOFs that have been published, many focus on materials
containing just one metal cation, but recent work by Bignami
et al.> exploited 'O NMR spectroscopy to probe cation disorder
in (Al,Ga)-MIL-53 materials enriched (to 11-20%) using DGC
reactions. As shown in Fig. 5, O MAS and high-field (20.0 T)
MQMAS spectra showed the presence of Al-O(H)-Al, Al-O(H)-
Ga and Ga-O(H)-Ga linkages in a material synthesised with
Al : Ga of 50 : 50, providing evidence for atomic-level mixing of
metals in the framework. The relative proportions of each
(extracted from a quantitative MAS spectrum, as shown in
Fig. 5), showed that the composition of the final product did not
reflect the composition of the starting materials, but proved
there was preferential incorporation of Al (with Al:Ga of
70 : 30). The spectra also demonstrate a slight preference for
clustering of like cations (with more Al-O(H)-Al and Ga-O(H)-
Ga and fewer Al-O(H)-Ga than would be expected if there were
a random cation distribution, as shown in Fig. 5). Bignami

a b
154 B p
calcined a
Q
Q.
— 204 - -
w
° |
hydrated 254 - _
T T T T T T T T T T T T T T T T T T T
300 200 100 0 ~100 40 20 0 -20 -40 40 20 0 -20 -40 40 20 0 -20 -40
70 § (ppm) 70 8, (ppm) 170 3, (ppm) 70 §, (ppm)
120 c d
calcined 13 :
g 140 — 3/0\’
s =D @ o @ b ‘ @
S !
O 160 353
i [ ° °
180 | . . " 36 o
exp. “ random
120 60 -andor
_ hydrated - i 50
E — Q
g 4o ST AI-O(H)-Al g
- = 30
w # & S |
O 160 R Al-O(H)-Ga "
” Ga-O(H)-Ga i
180 . T y v . . T . , u - i
250 200 150 100 40 0 -40 -80 AVAI GalGa AlGa
70 3 (ppm)

70 8, (ppm)

Fig. 5 (a) YO (14.1 T) MAS and MQMAS (carboxyl region only) NMR spectra of Al-MIL-53 in calcined (open pore) and hydrated (closed pore)
forms. (b) O (20.0 T) MAS NMR spectra of calcined 50 : 50 (Al,Ga)-MIL-53 (hydroxyl region). (c) YO (14.1 T) MAS NMR spectrum of calcined
50 : 50 (AL, Ga)-MIL-53 showing the overall fit and decomposition into components resulting from different bridging hydroxyls. (d) Schematic of
the X—O(H)-X bridging hydroxyl linkage and plot comparing the proportion of different linkages extracted from (c) to those predicted assuming
a random cation distribution. Figure adapted from ref. 25 and 66 with permission.
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et al.*® noticed that the mixed-metal MIL-53 materials exhibited
different breathing behaviour to the two end members, an
observation investigated further by Rice et al.®*® MOFs with high
Al content (>70%) adopted an open pore form upon calcination
(as evidenced by the presence of only one carboxylate signal in
the 7O MQMAS spectrum), but an increase in the Ga content
resulted in a mixture of the open pore and narrow pore forms
(resulting in three carboxylate oxygens — one from the open pore
form and two from the narrow pore form). However, MOFs with
highest Ga content (>90%) adopted only the open pore form.
Interestingly, the structures formed upon -calcination are
different from those seen for calcined, hydrated and subse-
quently dehydrated MOFs. All dehydrated mixed-metal mate-
rials exhibit both open pore and narrow pore forms with the
proportion of the narrow pore form increasing systematically
with the Ga content. Rice et al.®® also confirmed that the clus-
tering of like cations and higher incorporation of Al over Ga
seen previously does not result from the small-scale DGC
synthesis, as similar effects are also observed for a (nominally)
50:50 (Al,Ga)-MIL-53 framework synthesised using a tradi-
tional hydrothermal approach before being enriched post-
synthetically by reaction with H,"”O vapour at 150 °C.%

Exploring chemical reactivity using *’O
NMR

The advantageous physical and chemical properties of many
microporous materials (i.e., their stability and tolerance to
a range of operating conditions, their ease of use at bulk scale,
their facile preparation and handling, and the tunability of their
surface area, porosity and pore architecture) have led to appli-
cations in petrochemical refining, gas storage and as drug
delivery agents." Microporous materials are rarely consumed in
reactions; instead their role is usually to facilitate these as
catalysts, ion-exchange materials or shape-separation
membranes. Their high molecular weight, bulk and low
framework polarity also means that they are poorly soluble and
are most appropriately used in heterogenous reactions, either
neat or impregnated into a substrate. Understanding how
a microporous framework interacts with different disordered,
and often mobile, guests is challenging, but NMR is ideally
suited to provide this atomic-level detail and investigate how it
changes with time. In addition, for 70, the use of enriched
materials during synthesis, as reagents in a subsequent reaction
or simply as a solvent is able to provide additional information
on the formation of frameworks (and how this might ultimately
be controlled), their chemical reactivity and their stability or
lability under different conditions. It is possible to follow these
processes by monitoring from where enriched material is lost or
gained and on what sort of timescale this occurs. This does,
however, often come with caveats on the scale of reaction or
volumes of solvents that can be used to ensure the process
remains cost effective.

For zeolites, the level and distribution of Brgnsted acid sites
is key in determining reactivity, and this is often studied using
probe molecules and their interaction with the reactive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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framework sites. As described above, Grey and co-workers used
the changes in '”O NMR spectra upon exposure to acetone-dg to
study the Si-O(H)-Al sites in zeolite HY.** The change in the 7O
Cq (from 6.6 to 5.0 MHz) was in agreement with the correlation
of this parameter with O-H---O distance established in previous
computational work on aluminosilicate clusters.'® When
combined with information from the 'H-'"O TRAPDOR exper-
iments, an increase in the O-H Brgnsted acid bond length from
0.97 to 1.02 A could be demonstrated. The basicity-based reac-
tivity of zeolite frameworks was studied by Freude and co-
workers,” who used 'O DOR experiments to investigate the
reaction of different cation-exchanged forms of a low silica
zeolite LSX with pyrrole and formic acid. Although changes in
the 7O spectra were seen upon adsorption (and for pyrrole
appeared to suggest this affected one of the four O species more
than the others), it was not possible to define an unambiguous
relationship between the NMR parameters and structural
changes on binding, owing to the difficulties of spectral
deconvolution for these disordered materials. This highlights
the ongoing need to continue to develop high magnetic fields
and more sophisticated multiple-resonance experiments to
exploit the detailed information contained within the 0 NMR
spectra.

A particularly intriguing approach is to exploit the O
enrichment process itself to explore the chemical reactivity of
zeolites. Maupin et al," used temperature-programmed
isotope exchange (with '70,(g) in a recycling reactor at ~550
°C), and subsequent ’O NMR spectroscopy to illustrate the
enhanced reactivity of the NaX zeolite framework upon simple
mixing with CeO,. The promotion of the oxygen exchange into
the zeolite framework was attributed to the ability of CeO, to
activate O, from the gas phase as superoxide species, and
indicative of the presence of many small crystals of CeO, on the
zeolite surface. It was suggested that this process could aid the
regeneration (de-coking) of the zeolite during de-NO, conver-
sion. The reactivity of zeolites with H,O (both in liquid or
gaseous form) has long been of interest, as it has important
implications for the structural integrity of these systems in
a variety of industrial processes.’*? In recent work using "0
NMR spectroscopy***® the synthesis of new zeolites via the
ADOR**** process was investigated. Here, the structural weak-
ness in Ge-containing zeolites is exploited by reaction with
H,0(1), leading to selective hydrolysis and disassembly of the
parent (UTL) zeolite to give intermediate layered silicate phases
that are then reassembled into novel zeolites, as shown in
Fig. 6a. Bignami et al.*® found that performing this reaction on
a smaller absolute scale (i.e., similar to the volume of an NMR
rotor), and thereby reducing also the relative volume of water
used, a different ADOR mechanism was observed. Although the
anticipated final product (IPC-2P) was successfully formed, the
reaction proceeded via a highly disordered intermediate
(termed IPC-2P*) without any evidence for the IPC-1P phase that
was well known from previous work at larger reaction
volumes.**> However, as shown in Fig. 6, high-field 0 MAS
and MQMAS NMR spectra of Ge-UTL hydrolysed with H,'”O(l)
revealed that hydrolytic disassembly was more extensive than
previously thought. The unexpectedly high ratio of Si-'’O-
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Fig. 6 (a) Schematic showing the ADOR process for the formation of new zeolites. (b) O (14.1) MAS NMR spectrum of Ge-UTL hydrolysed with
H,YO() for 16 days. Also shown are the lineshape fitting (red) and individual lineshapes (grey) for Si-O-Si, water and Si—-OH. (c) ¥0-2°Si (20.0 T)
D-HMQC spectrum of Ge-UTL hydrolysed with H>YO(l) for 16 hours, with the green box highlighting the correlation between Q3 Si—OH species
and Si—-O-Si oxygens only at longer recoupling times, confirming enrichment of the zeolitic layers. (d) O (14.1 T) MAS NMR spectrum of Ge-UTL
hydrolysed with H,YO() for 16 h, acquired after 2, 16 and 30 days. Figure adapted from ref. 39, with permission.

Si: Si-'”OH species revealed that, in addition to irreversible
hydrolysis of the unstable Ge-O-Si/Ge linkages, framework Si-
O-Si linkages are susceptible to a reversible bond cleavage,
leading to enrichment of the zeolitic layers themselves (an
observation that was also supported using 2°Si-'’0 two-
dimensional double resonance experiments, where correla-
tions between Q’ Si species in the interlayer space and Si-O-Si
in the zeolitic layers could be seen at longer recoupling times).
Furthermore, changes to the '”O MAS lineshape over a period of
~30 days (Fig. 6d) after the initial reaction indicated that rear-
rangement of the local structure (resulting from the presence of
residual water in the interlayer space) continued even after the
“final” IPC-2P product was formed, despite no obvious changes
in the powder XRD pattern (or indeed the ?°Si NMR spectrum)
over this period. A similar reaction was studied by Rainer et al.,**
using mechanochemistry. *’O NMR spectra showed enrichment
of the Si-"’O-Si linkages in UTL after only ~30 min (at 150 rpm),
with the presence of a signal thought to be attributable to
Si-"7O-Ge at short reaction times (which has not yet been
observed in hydrothermal reactions). NMR spectra reveal that
the mechanism of mechanochemical disassembly was different
from that seen under hydrothermal conditions, with no
evidence for the formation of the IPC-1P intermediate, but the
formation of an (enriched) IPC-4 product alongside a notable

5030 | Chem. Sci, 2021, 12, 5016-5036

amount of Ge'’0,, most likely as a result of the very different
solvent availability.

Recent work has also investigated the lability of conventional
(i.e., non ADOR-able) zeolite frameworks in ambient aqueous
conditions using '”O NMR spectroscopy, with MAS and MQMAS
spectra used to follow the (in situ) enrichment of MOR, FER and
CHA frameworks by reaction with H,"’O(I) at room tempera-
ture.””*” This slurrying resulted (as described briefly above) in
rapid enrichment of the zeolite framework, with evidence for
Si-'70-Si and Si-'"0-Al signals after just a few hours of reac-
tion. No framework degradation was observed confirming
rapid, but fully reversible, bond cleavage. The exact rate of
enrichment depended on the framework topology and
aluminium content, but in all cases preferential enrichment of
Si-'70-Al linkages was observed at shorter reaction durations,
as demonstrated by the '”O MQMAS spectra of MOR in Fig. 7a.
Reactions for CHA (SSZ-13) appeared particularly rapid, an
observation that was supported by ab initio molecular dynamics
calculations.”” These predicted a low energy barrier for the
initial bond cleavage for Si-O-Al (20-30 kJ mol ) if the
Bronsted acid proton is attached to the framework, but that
a low barrier (~60 k] mol™") could also be seen for three of the
four crystallographic Si-O-Si oxygens in the presence of
a hydrogen bonded chain of water molecules along which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Isotropic projections of O (14.1 T) MQMAS NMR spectra of H-MOR after slurrying with H.YO(l) for different times, showing the
selective enrichment of Si—O—Al linkages at shorter times. (b) Schematic showing the proposed mechanism predicted using computation that
leads to low energy barriers for initial bond breakage in a CHA zeolite. (c) YO (14.1 T) MQMAS spectra of CHA zeolite after slurrying for 0 and 7
days, showing the growth of an additional Si—O-Si signal (marked *) at longer times. Figure adapted from ref. 27 and 37, with permission.

a proton was shuttled in a Grotthuss-type mechanism (see
Fig. 7b). This mechanism was not applicable for cleavage of
bonds to 02, owing to the increased steric hinderance at this
site (requiring water inside the dér). Interestingly, differential
rates of enrichment were seen experimentally for the two Si-O-
Si signals resolved in an MQMAS experiment (Fig. 7c), although
these must clearly result from the overlap of signals from the
four distinct O species. Although the Brgnsted acid proton
clearly plays an important role in bond lability, it should be
noted that reversible enrichment of both Si-O-Si and Si-O-Al
linkages was also seen for Na-MOR (albeit with some evidence
for slower reaction rates),” suggesting different mechanisms
may be active depending on the system and cations present. It
would appear, therefore, that not only can this slurrying
approach potentially provide a cost-effective and low energy
approach for enrichment of a range of microporous materials
but that the rate and selectivity of enrichment could offer
unique insight into chemical reactivity in future studies.
Although relatively less work has explored the chemical
reactivity of phosphates using 'O NMR, the work by Huang and
co-workers investigating the dry gel syntheses of AIPO-11 (ref.
55) and SAPO-34 (ref. 56) described above offers a tantalising
glimpse into the quality and detail of the information available.
The NMR spectra, and in particular, the selectivity of the
enrichment, provided unique insight into the synthesis mech-
anism and the intermediate phases formed during these reac-
tions. Recent work by Sun et al.'*® demonstrated the reversible
lability of the Al-O-P and Si-O-Al bonds in the SAPO-34
framework on exposure to steam (at 300 °C for 2 h) using 7O

© 2021 The Author(s). Published by the Royal Society of Chemistry

NMR spectroscopy. They were also able to exploit this dynamic
behaviour to incorporate triphenylphosphine and pyridine
guest molecules (both of which have kinetic diameters that are
larger than the pore window), with reversible opening and
closing of the bonds in the 8MR window (in a “ship in a bottle”
approach). This behaviour was observed at temperatures
between 100 and 300 °C, in contrast to the room temperature
lability seen previously for aluminosilicates,”*” with an expo-
nential increase in exchange efficiency at higher temperatures.
The authors propose a mechanism that involves only a single
water molecule (unlike the hydrogen bonded chain that appears
to be required for room temperature enrichment of Si-O-Si
linkages in CHA above), suggesting interesting differences
between the chemistry of these two isomorphous frameworks,
the use of temperature and the role played by liquid water
(rather than steam) in the hydrolysis reactions. There is still
much to learn from 7O enrichment of zeolites and zeotypes,
and the implications these results have for understanding the
role played by these materials in catalysis and ion exchange.
NMR spectroscopy has been used to follow the synthesis of
MOFs from secondary building units (SBUs),'**** although to
date no studies have exploited '”O solid-state NMR spectroscopy
- probably as a result of the large solvent volume used in
a conventional hydrothermal synthesis. Liquid-state O NMR
spectroscopy, where the quadrupolar interaction is removed
from the spectrum, has been employed to study the SBUs
themselves and MOF formation. Frot et al.*> used 7O NMR to
study TigOg(OOCR);6 titanium oxo clusters, potential building
blocks for Ti-based MOFs, with NMR resolving signals from the
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13-0X0, ,-0x0 and p,-carboxylate oxygen atoms. Liquid-state
O NMR spectroscopy has also been used (in combination
with *'P and "**W NMR) to follow the synthesis of the Cu-based
MOF HKUST-1 in the presence of a Keggin-type heteropolyacid
(H3PW;,040)."* NMR showed that the Keggin anion acts as
a template within the solution, first allowing Cu®" ions to attach
to this building unit, before the introduction of the trimesic
acid linker initiates the formation of the paddle-wheel frame-
work. Addition of Cu®** to PW;,0,,°~ had a significant effect on
the 70O NMR spectrum, resulting in several new resonances and
confirming quantitative binding of each Cu®" to one anion. The
ratio of the intensities of the '”O resonances suggest the Cu>*
ions bind preferentially to terminal oxygen atoms within the
Keggin ion. The greater chemical flexibility of MOF provides
opportunities to tailor the pore size and shape to a much greater
extent and, when coupled with the presence of open metal
coordination sites, leads to a wide range of applications in
adsorption and storage. In addition to enriching the framework,
information can also be obtained from *’O-enriched guests. For
example, Wang et al.'V investigated the dynamics of C'70,
within Mg- and Zn-CPO-27 using variable temperature 'O NMR
of static samples. Changes in the O NMR spectrum of C'70,
loaded into the framework were seen owing to reduced
dynamics as the temperature decreased. These changes were
compared to those in lineshapes simulated'® assuming
different types and rates of motion, and revealed that they
results from changes in the ‘wobbling’ of CO, adsorbed to the
metal centre and non-localised ‘hopping’ of molecules between
different metal sites, and were able to provide parameters to
define the two types of motion. The changes with temperature
of the CO, wobbling and hopping angles were more
pronounced for Zn-CPO-27 than the Mg analogue, confirming
the relatively weaker Zn-O binding. Three different enrichment
strategies were used in recent work on loading of nanoparticles
(Cu and ZnO) within MOF-5;'* including selective enrichment
of the terephthalate linker prior to synthesis, of the Zn,O metal
cluster (via use of H,"’O(1) in the synthesis) and simultaneous
enrichment of both. No isotopic exchange between the two
components was observed during MOF formation. *”O was also
incorporated into the ZnO nanoparticles via the in situ reaction
of ZnEt, with H,'”0(1) inside the MOF pores. '’O NMR was then
used to verify the presence of the nanoparticle inside the pore
but no exchange between the nanoparticle and the MOF-5
framework was seen, suggesting relatively little interaction
between the two.

Outlook

The goal for developing advanced structural characterisation
techniques such as NMR spectroscopy is to better understand
both the structure of materials and their reactivity. In the case of
the porous materials discussed in this Perspective, the fact that
oxygen atoms are important in the connectivity of structures of
almost all zeolites and MOFs means '"O NMR is ideal for
studying the local structure. This is particularly important in
cases of structural disorder where information from NMR
spectra can be vital because other techniques, such as X-ray

5032 | Chem. Sci,, 2021, 12, 5016-5036

View Article Online

Perspective

diffraction, do not provide the same atomic-scale insight.
NMR spectroscopy can also give important information in cases
where changes in the local structure leads to flexibility in the
material as a whole.

However, there are significant remaining challenges. While
there is no doubt that NMR spectra contain a wealth of struc-
tural information, they are sometimes difficult to obtain
experimentally and often complex to interpret. For 7O NMR,
the challenges of its low natural abundance and low sensitivity
have restricted its widespread and routine use for the study of
porous solids, despite its considerable promise. We have shown
in this Perspective that there have been recent advances in the
design of new and more efficient methods for enrichment of
microporous materials, but that understanding in detail how
this enrichment works (and the implications for the isotope
distribution between and within products) is by no means
a generally solved problem. Whilst undoubtedly a potential
challenge and complication, the potential selectivity of isotopic
enrichment also offers a huge opportunity to understand reac-
tivity and mechanism.

It might also be necessary to ask whether isotopic enrich-
ment and the modifications to synthetic procedures (and
possible even also to the final products) that this requires is
actually worth the cost and effort. Progress in dynamic nuclear
polarization (DNP) technology over the last few decades has
advanced this technique to the point where many believe it is
the best (or even the only viable) option for the future devel-
opment of NMR spectroscopy."*® The transfer of magnetisation
from electrons to nuclei of interest in the system has the
potential to yield vast signal enhancements (up to a theoretical
value of 660 for 'H, with potential savings of factors of over
430 000 in experimental time). Not only could DNP give spectra
with much greater sensitivity, enhancements of a magnitude
similar to the theoretical maximum would make it possible to
run experiments that simply aren't possible at natural abun-
dance. A number of 7O DNP experiments have been carried out
on non-porous solids (often also on enriched samples),"*® but
the first example of natural abundance '’O DNP experiment on
a MOF (Zr-containing MIP-206) has recently been shown.'® A
DNP enhancement of 28 was seen for 'H, with magnetisation
then transferred to *’O using CP, enabling a MAS NMR spec-
trum of 30 mg of sample to be obtained in 48 hours. While not
possible at natural abundance without DNP, this does highlight
that there is still a long way to go - much greater enhancements
are needed to perform the multi-dimensional and multi-nuclear
experiments that will be needed to understand the detailed
structure of porous solids. It is probably also worth noting that
even an 7O enrichment level of ~4% (reasonably routine in
many approaches) represents an increase in sensitivity of
a factor of 100, and substantial savings in time. Whilst enrich-
ment is reasonably costly, the advanced equipment required for
DNP comes at a very high capital and running costs at present.
It will be interesting to see how '”O DNP develops and improves
over the next few years - if direct (i.e., transfer to *’0) or indirect
(i.e., via CP from 'H) DNP becomes more popular or practical
and how applicable DNP is to materials with different pore sizes
and shapes (and whether particularly small pore volumes limit
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the sensitivity gain). While post-synthetic isotopic enrichment
can potentially change the structure or order in a material, and
adaptions to enable enrichment in situ during synthesis can
potentially change the final product formed, for microporous
materials in particular the need to introduce a radical solution
in DNP can have a significant impact on the pore structure and
host-guest interactions, in some cases limiting the specific
forms of porous solids that can be studied. There is much to
gain with DNP in the study of microporous materials, but also
much left to investigate and control. DNP is not without its
complications - the complex spin dynamics of CP transfer to
0 (particularly when relaxation is rapid as for many OH
groups), the potential surface selectivity and the lack of quan-
titative enhancement make accurate and quantitative
measurements a more difficult task. It seems likely that in the
medium term at least there is a place for isotopic enrichment
and conventional NMR experiments as well as increased DNP
investigations. In fact, it may well be that the most fruitful
avenue is combination of the two - maximising sensitivity and
enabling the selectivity inherent in both approaches to provide
more information on structure and reactivity.

The challenges of interpreting and assigning signals in
experimental NMR spectra of solids is considerable but has
been eased in recent years by the concomitant use of compu-
tation. As the level and types of disorder present increases, the
problem becomes how a sufficiently large, chemically sensible
and relevant set of structural models can be generated effi-
ciently, ensuring time is not wasted computing parameters for
structures related by symmetry. As described above, progress
has been made by using automated algorithms to generate all
possible atomic arrangements or crystal structure prediction
and structure searching. The very high sensitivity of NMR to
very small changes in the local structure requires high accuracy
both in structural optimisation and the calculation of NMR
parameters. However, the high cost of first-principles calcula-
tions restricts the number of structural models it is feasible to
study and limits study as the size of the system (and the level
and type(s) of disorder) increases. For significant progress to be
made future research must be focussed on the development of
methods to restrict the chemical, structural and energy space
that needs to be considered, and/or on carrying out such
searches in a more efficient manner. It will be interesting to see
how, and if, automation and machine learning can play a role
here. Recent work on chemical shifts in molecular organic
systems has shown that machine learning approaches can
predict this parameter to within DFT accuracy by considering
just the local environment.*** If this could be translated into
inorganic systems, and were applicable to a much wider range
of nuclei, this would allow very rapid analysis of huge suites of
structures, enabling the most relevant to be selected for further
study. While clearly a huge challenge, it is possible that
a combination of NMR, machine learning and DFT could be
used in the future in an automated structural refinement
process akin to that routinely implemented in powder XRD. It is
likely that such an ambitious aim could ultimately be limited by
the uncertainty associated with optimised geometries and pre-
dicted NMR parameters as a result of the inherent inaccuracy of
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the functionals used in DFT. Any step change in this accuracy
(whilst retaining transferability) could transform the use of
computation in NMR and, ultimately, the role NMR can play in
the structural characterisation of porous solids. The progress
made to date and the growing use of NMR crystallographic
approaches suggests this is an area worth pursuing, and one
where the reward is potentially great.

Perhaps even more important in the longer term is the
potential for '’O NMR spectroscopy to be used to follow the
reactivity of porous materials, giving us an enhanced under-
standing of how they work in practice. The fact that oxygen
atoms line the internal surfaces of many porous solids, and in
particular zeolites, leads to 7O NMR being the ideal probe to
follow local environment changes caused by, for example,
interactions with guest species inside the pores. The technical
challenges of rapid MAS (i.e., small rotor volumes, the need for
very stable spinning and the restricted temperature range that
can be accessed routinely) limit the conditions under which in
situ and in operando studies can be carried out and, therefore,
limit the ultimate relevance to real-life processes. For '”O, there
is the added complication of quadrupolar broadening and the
need for more complex (and longer) experiments if high-
resolution spectra are required to extract site-specific struc-
tural information. Easier approaches include experiments on
static samples, where there is significantly more flexibility to
add reagents and to vary temperature and pressure, or the use of
ex situ sampling of reactions. The former could suffer from
a lack of resolution, depending on the reaction and species
studied, while the latter has the danger that changes to the
sample are likely to occur during its preparation and transfer. A
recent review by Jaegers et al.'** describes recent progress in in
operando MAS NMR of catalysts, the introduction of new rotor
designs that can handle high temperatures and high pressures
in fast MAS experiments with a check valve for direct gas
loading, and the development of new continuous flow MAS
probes. While these technologies are at an early stage, initial
results are promising and it is hoped that these approaches will
not only be applicable to '’O NMR in the future but will be able
to exploit the additional information that use of selectively
enriched materials or reagents can bring.

We are at an interesting and exciting stage in 'O solid-state
NMR spectroscopy of microporous materials - this Perspective
shows significant progress has been made in the development
of new chemistry for enrichment, in NMR methodology and in
the interpretation and analysis of complex spectral lineshapes.
Research over the last few years has given us tantalising
glimpses into the level of detailed structural information that
can be obtained. The field is now in a position to fully exploit
the transformative developments in new hardware, advanced
computing and new polarisation technologies that will inevi-
tably be seen over the next decade, resulting in the question of
when, rather than if, 170 NMR will become a vital but routine
step in the characterisation of porous solids.
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