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Abstract

Microporous materials, having pores and channels on the same size scale as small
to medium molecules, have found many important applications in current technologies,
including catalysis, gas separation and drug storage and delivery. Many of their
properties and functions are related to their detailed local structure, such as the type and
distribution of active sites within the pores, and the specific structures of these active sites.
Solid-state NMR spectroscopy has a strong track record of providing the requisite detailed
atomic-level insight into the structures of microporous materials, in addition to being able
to probe dynamic processes occurring on timescales spanning many orders of magnitude
(i.e., from s to ps). In this Perspective, we provide a brief review of some of the basic
experimental approaches used in solid-state NMR spectroscopy of microporous materials,
and then discuss some more recent advances in this field, particularly those applied to the
study of crystalline materials such as zeolites and metal-organic frameworks. These
advances include improved software for aiding spectral interpretation, the development
of the NMR-crystallography approach to structure determination, new routes for the
synthesis of isotopically-labelled materials, methods for the characterisation of host-guest
interactions, and methodologies suitable for observing NMR spectra of paramagnetic
microporous materials. Finally, we discuss possible future directions, which we believe

will have the greatest impact on the field over the coming years.
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1. Introduction

Microporous materials, containing molecule-sized (typically <2 nm) channels and
pores, have applications involving manipulation of adsorbed “guest” molecules, including
storage, controlled release and chemical transformation (e.g., catalysis)." In addition, their
physical properties, such as expansion behaviour, luminescence and magnetism, may also
be of interest. Microporous materials may be entirely organic (e.g., van der Waals
crystals®), carbonaceous (e.g., activated carbons), a mixture of organic and inorganic
components (e.g., metal-organic frameworks, or MOFs’), or wholly inorganic (e.g.,
zeolites'). This diversity makes it difficult to provide even a brief overview of the entire
tield and this article will focus just on MOFs and zeolite-related materials (zeotypes) and
in particular the recent advances in their study using nuclear magnetic resonance (NMR)

spectroscopy. Readers are referred to more comprehensive recent reviews for more detail.”

10

The structures of microporous materials can generally be considered as nets, with
cationic vertices and anionic links between the vertices, as shown schematically in Figure
1(a) for the sodalite (SOD) net." The nature of the vertices and links depends on the class
of material in question, and the same underlying topology (i.e., network connectivity) can
be constructed from many chemically-distinct species. Aluminosilicate zeolites are
composed of SiO, and AlO, tetrahedra, connected by Si-O-Si and Si-O-Al linkages, as
shown in Figure 1(b),” (Al-O-Al linkages are generally disfavoured according to
Lowenstein’s rule, and typically absent at low Al content'), giving structural motifs such
as chains, rings and cages, known as secondary building units (SBUs). The connectivity of
the SBUs determines the pore size and structure of the zeolite. Zeolitic frameworks are
classified by the International Zeolite Association (IZA), which currently recognises 218
framework types, although more are added every year."Aluminosilicate zeolites are
formed by substituting Al for Si* in the parent SiO, framework, resulting in a negative

framework charge, which is balanced by cations within the pores or Breonsted acid sites
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(H") on the framework. Lewis acidity and/or redox behaviour, which can be important for
catalysis, may be introduced by the substitution of different elements into the tetrahedral

framework sites."””

Zeolites are typically prepared hydrothermally, with the reagents (Si
and Al precursors, and a cationic species (e.g., group 1 or 2 metal ions, NH,", HNR;" or
R,N") combined in an aqueous medium, and heated until the zeolite precipitates. The
cations are often known as structure-directing agents (SDAs), as changing the cation can
alter the topology of the zeolite. Organic solvents (solvothermal synthesis),” ionic liquids
(ionothermal synthesis)"® and solvent-free syntheses” allow different reagents and reaction
conditions to be used, potentially yielding different framework types. The precise size and

geometry of the framework determines the available void space and surface area of the

zeolite, both of which are crucial to the function of the material.

Aluminophosphate zeolites” (AIPOs) have an overall neutral AIPO, framework, as
their component AlO, and PO, tetrahedra are in strict alternation, as shown in Figure 1(c),
for AIPO-20." AIPOs may be synthesised hydrothermally, solvothermally and
ionothermally, or using deep eutectic solvents (DESs).”" The (cationic) SDA typically
remains in the pores of the AIPO after synthesis and its charge is balanced by the presence
of Al-bound F or OH’, giving five- and/or six-coordinate Al species. “As-made” AIPOs
may also contain water, which may be found in the pores or may attach to the framework
Al' Calcination of an AIPO removes the SDA, anions and water, yielding the purely
tetrahedral AIPO framework, as shown in Figure 1(c)." AIPOs readily form many
structures isomorphous to aluminosilicates, as well as some framework types that are (so
far) unique to AIPOs." Chemical activity may be introduced to AIPOs by substitution of
either isovalent or aliovalent cations for some of the Al or P. These materials are generally
termed MeAPOs (Me = metal) or SAPOs (Si-substituted AIPOs) and have an activity
comparable to zeolites for industrially-relevant processes.' Alternatively, the active centres
can be included in the pores of the framework or the “dangling” P-OH and Al-OH groups

of partially-condensed or “interrupted” frameworks.'
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Gallophosphates (GaPOs) generally exhibit frameworks analogous to other zeolites,
although some frameworks are unique to GaPOs." Like AIPOs, GaPOs are composed of
strictly alternating GaO, and PO, tetrahedra, giving an overall neutral GaPO, framework.
Their synthesis is typically hydrothermal or solvothermal, with relatively few ionothermal
syntheses reported.” While GaPOs are structurally similar to AIPOs, calcined GaPOs can
be more challenging to prepare, and many are thought to “collapse” when the SDA is
removed.”” While the applications of GaPOs are less well explored, some GaPOs,

particularly the large-pore cloverite, have been demonstrated to be catalytically active.”

MOFs contain inorganic SBUs connected by polytopic (multiply-connecting)
organic “linkers”.””" For example, the SOD-type ZIF-8 contains Zn* ions connected by

imidazolate anions, as shown in Figure 1(d).""

MOFs are typically synthesised
hydrothermally or solvothermally, although DESs have also been used."” The SBUs may be
mononuclear, or larger clusters or chains of metal ions. The great structural diversity of
MOFs stems from the vast number of possible combinations of SBUs and linkers. The
modular nature of MOFs (i.e., the SBUs and linkers may be considered as separate entities)
allows the synthesis of series of isoreticular (possessing the same underlying connectivity)
structures,” with pore volumes and chemistry that may be “tuned” to the desired guest.
The required chemical functionality may be introduced by three routes; direct synthesis,
post-synthetic modification, or in situ modification, as shown in Figure 1(e).”’ In many
cases, direct synthesis is not possible, either because of undesired side reactions of the
desired functionality or because the steric bulk of the functional group hinders framework
formation. In such cases, post-synthetic modification of the framework may be achieved
by installing a precursor functional group during synthesis and then transforming this
once the framework has formed.” In situ linker modification, through desired side
reactions of the linker, provides a further avenue to the functionalisation of MOFs.” The
SBUs of many MOFs contain metal-bound solvent molecules, which may be removed by

heat/vacuum treatment to generate “coordinatively unsaturated” sites (CUSs). CUSs are

typically reactive, and will bind any suitable ligands. The CUSs, therefore, represent an
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additional target for modification, either by using a different metal in the SBU or using
mixed-metal SBUs.” In recent years, MOFs have found applications including medicine,
gas separation/purification and storage, catalysis, polymerisation and fuel cells.” In
addition, physical properties such as magnetism, luminescence and extreme expansion
mean that MOFs may have applications including magnetic resonance imaging (MRI),

data storage, sensing and communication technology and construction.”

The structural characterisation of microporous materials involves many techniques,
particularly crystallographic diffraction and solid-state NMR spectroscopy. Solid-state
NMR spectroscopy is ideally suited to the study of microporous materials, as most contain
multiple NMR-active nuclei, as summarised in Table 1. A combination of Bragg diffraction
and solid-state NMR spectroscopy is particularly useful, since Bragg diffraction techniques
can determine the long-range “average” periodic structure, whereas solid-state NMR can
provide detailed, element-specific, information on the local structure, disorder and motion
present. Combining these two complementary techniques, in an approach often termed
“NMR crystallography”, can lead to a much deeper understanding of the structure of the
material than either technique alone could provide.” In support of these experimental
methods, quantum chemical calculations can provide insight into structural features that

are difficult to understand by experimental methods alone.””*

In this Perspective we will first introduce the basic experimental approaches to
studying microporous materials using NMR spectroscopy. We will then discuss some of
the recent synthetic, methodological, theoretical and technological advances in this field,
before considering the possible directions of future research efforts. We will restrict our

discussion to the investigation of MOFs and zeotypes only.

2. Basic Approaches to NMR of Microporous Materials

Unlike in solution, NMR spectra of solids are affected by anisotropic (orientation-
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dependent) interactions, including dipolar couplings and chemical shift anisotropy (CSA),
which broaden the spectral lines, and hinder the extraction of information.” A range of
methods, including magic-angle spinning (MAS), decoupling and cross polarisation (CP),
are commonly used to improve spectral resolution and/or sensitivity.” Once high-
resolution spectra have been obtained, the sensitivity of the isotropic chemical shift
(usually termed §,_) to the atomic-scale environment is able to provide a range of simple
structural information for microporous solids. For spin 1 = 1/2 nuclei, such as “Si in
zeolites, P in phosphates and “C in MOFs, the number of distinct resonances provides
information on the symmetry of the structure, thereby supporting (or disproving) possible
space group suggestions. In addition, "C NMR spectra are also able to confirm the type
and relative ratios of organic linkers present in MOFs, and the nature of any organic guest
species within the pores of each type of microporous material. This can be seen in Figure
2(a), where "C MAS NMR spectra of two Sc,BDC, MOFs (where BDC = benzene-1,4-
dicarboxylate), with unfunctionalised and functionalised linkers, respectively, are shown.”
For the unfunctionalised MOF, it is clear from the carboxylate region (~170-180 ppm) that
there are two distinct dicarboxylate linkers (ratio 1 : 2). Although the spectra for the
functionalised (amino-substituted) MOFs are more complicated, the peak at ~151 ppm
shows that the functionalised linker has been incorporated intact into the MOF. In general,
the differences observed in chemical shift in microporous materials result from changes in
the local geometry; for example, it has been shown that the *Si isotropic chemical shift in
zeolites is sensitive to both changes in the T-O-T angle and the Si-O bond distances, and to

1,45 . 1. .
For aluminosilicate zeolites,

changes in the next nearest neighbour (NNN) environment.
the 5-6 ppm change in chemical shift observed with each Al NNN has long been exploited
to determine Si/Al ratios and ordering — where it is usually assumed that Lowenstein’s
rule (i.e., the absence of Al-O-Al linkages described above) holds."”*’ Perhaps less well
known is the observation of small, but significant, downfield shifts in P NMR spectra of

phosphate frameworks with a change in the coordination environment of the Al NNN

. 31
species.
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For quadrupolar nuclei, i.e., those with I > 1/2, such as “Al, "O and "Ga, MAS does
not result in a high-resolution spectrum, as it cannot remove completely the second-order
quadrupolar broadening (which has a more complex angular dependence than the dipolar

or CSA interactions).””

Despite the line broadening observed, if the magnitude of the
quadrupolar coupling, C,, remains reasonable, valuable information can still be obtained.
NMR spectroscopy of quadrupolar nuclei is useful for studying zeotype framework
cations, metal cations within zeolite pores and the metal centres in MOF frameworks. For
example, significant differences in chemical shift are observed for Al and "Ga in zeolites
and/or phosphate frameworks when the coordination number is changed. This can be
seen in Figure 2(b), where the “Al spectrum of as-made JDF-2 shows four- and five-
coordinate Al, while only four-coordinate Al is present in the calcined form (AIPO-53(B)).”
It has also been shown that “Sc NMR is a good probe of the local coordination
environment in Sc-based MOFs,”*” with sharp lines (i.e., small quadrupolar coupling)
observed for Sc,BDC,, which contains isolated ScO, units, but broader lines observed for
MIL-53(Sc), which contains chains of ScO, octahedra. However, for MOFs containing
trimeric Sc,(1,0) units (e.g., MIL-88(Sc) and MIL-100(Sc)) the effects of structural disorder
(of the two waters and hydroxyl attached to the trimer unit) are easily apparent, with
broadened and asymmetric lineshapes observed.” For many AIPOs and GaPOs, the ratio
of the intensities of the resonances for four-, five- and six-coordinate Al/Ga is able to
provide information on the position of the charge-balancing anions (e.g., OH or F)

attached to the framework, i.e., whether they are terminal or bridging in nature.

It is possible to remove the quadrupolar interaction completely, but more complex
approaches are required than sample rotation about a single angle. Double rotation (DOR)
experiments,” where the sample is rotated about two angles simultaneously, have been
utilised for “Al and "O in both zeolites and phosphates, and for "Ga in ULM-18."* The
simplicity of DOR (where the high-resolution spectrum is obtained in real time) is
appealing, but the applicability of the technique has been limited by the slow spinning

speed of the outer (larger) rotor, and the need for a specialist probehead. A more popular
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approach, using only a conventional probehead, is the multiple-quantum (MQ) MAS
experiment,” where the quadrupolar broadening is removed by a combination of MAS
and the correlation of multiple-quantum (usually triple-quantum, i.e., m; = +3/2 <> m, = -
3/2) and single-quantum transitions in a two-dimensional experiment. The result is a two-
dimensional spectrum containing a series of ridge lineshapes (one for each species), with
an isotropic spectrum obtained from a projection onto the orthogonal axis. The resolution
advantage of MQMAS is clear in Figure 2(c), where “Sc NMR spectra of two forms of MIL-
53(Sc) are shown.™ Although the MAS spectra look fairly similar (each containing broad
lineshapes, with features characteristic of quadrupolar broadening), the MQMAS spectra
are quite different. For the dehydrated form the two Sc sites are clearly resolved, while for
the hydrated form the change in symmetry is clear, with two resonances observed now
with a 1 : 3 ratio. MQMAS has been widely applied to zeolites, phosphates and MOFs in
recent years, enabling the number of distinct framework or cationic species to be
identified, and phase transitions to be investigated.” The satellite-transition (ST) MAS
experiment™” offers a similar, but alternative, approach, with the correlation of two
different single-quantum transitions (i.e., central (m, = +1/2 <> m, = -1/2) and satellite (m,
=-3/2 ¢ m =-1/2 and m, = +1/2 <> m, = +3/2) transitions. Although STMAS usually
has inherently higher sensitivity than MQMAS, it is significantly more challenging to
implement, requiring a very accurate setting (to 54.736° + 0.002°) of the spinning axis,
accurate pulse timings and very stable sample spinning.” This has generally limited its
application in comparison to MQMAS, although it has been applied to phosphate-based

frameworks.*>*

Although wuseful structural information can be obtained from high-resolution
spectra, more detailed information can be obtained by exploiting the interactions between
nuclei, through experiments that “recouple” a particular interaction or that transfer
magnetisation between nuclear species.” Experiments that use the dipolar coupling enable
internuclear distances or proximities to be probed, while those that use the scalar coupling

provide information on covalent connectivity. A popular choice is to reintroduce the
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dipolar coupling, in experiments such as rotational echo double resonance (REDOR)" and
transfer of populations in double resonance (TRAPDOR),” allowing the measurement of
internuclear distances between pairs of spins. These experiments have recently been
applied to study framework-cation interactions in zeolites and cation-anion interactions in

4,5,49,50

phosphates as well as the ordering and distribution of functional groups within
MOFs.” An alternative approach involves recording a two-dimensional spectrum, where
magnetisation is transferred from one spin to a second. These correlation experiments can
be classified into two main types; homonuclear, where the two spins are of the same
species, and heteronuclear, where the two spins are different nuclides. Common
applications for microporous materials have included *Si/*Si COSY and INADEQUATE
experiments to probe through-bond connectivity in high-silica zeolites,””* and “Al/*P
heteronuclear correlation experiments (via both the dipolar (i.e., HETCOR) and ] (i.e.,

4,5,52

INEPT-based) interactions) for aluminophosphates.” Challenging applications include
the recent use of “Al/*P HETCOR correlation experiments (with magnetisation transfer
via the dipolar coupling) to probe the connectivity in complex zeotypes, where disorder of

the SDA or charge-balancing anions is present.””**

The transfer of magnetisation was
achieved simply using CP, but additional techniques were used to improve the sensitivity.
More recently, “Al/”Al correlation experiments have been utilised to study microporous

materials*>”

— although the presence of the quadrupolar broadening in both dimensions of
the spectra can hinder resolution, and recoupling interactions between two quadrupolar
nuclei can be somewhat complicated. Furthermore, pulse sequences that combine
MQMAS (or STMAS) with magnetisation transfer, ensuring that both dimensions of many
heteronuclear correlation experiments have high resolution, have been introduced and

have been applied to microporous materials, particularly AIPOs and, more recently,

GaPQOs.”™™

In recent years the advent of higher magnetic field strengths has allowed a wider
range of nuclei to be studied routinely, including those more challenging species with low

gyromagnetic ratio, lower natural abundance or larger quadrupolar broadening. For

10

Page 10 of 54



Page 11 of 54

Physical Chemistry Chemical Physics

example, high magnetic field (21.1 T) enabled the first “Zn studies of MOFs (specifically
for zeolitic imidazolate frameworks, or ZIFs) to be performed recently.” This work
demonstrated that different sites could be differentiated from the MAS spectra, and that
the “Zn NMR parameters were sensitive to the presence and nature of guest molecules
within the cavities. High magnetic field (also 21.1 T) was also used to study “Mg in the Mg
form of the MOF, CPO-27 (sometimes referred to as MOF-74),” where the removal of a
water molecule activates the MOF, enabling a direct interaction between Mg and the guest
species adsorbed. Zhu et al. have used both 9.4 T and 21.1 T to investigate "Zr (I = 5/2)
NMR spectroscopy of microporous zirconium silicate frameworks (AM-2 and AV-3) and
“Mg NMR of a magnesium-substituted AIPO framework (MgAPO-20).” In the cases above
spectra were acquired for static samples, owing to the significant quadrupolar broadening.
Such “wideline” experiments have become more common over recent years, particularly
at high field where the second-order quadrupolar broadening is reduced (as it is
proportional to 1/B). For very wide spectral lineshapes the limited excitation bandwidth
of the radiofrequency pulses can be a problem. This has been overcome by acquiring the
spectrum in a series of separate experiments with the transmitter frequency varied for
each acquisition (sometimes referred to as “frequency-stepped acquisition” or “spin-echo
mapping”),” after which the separate spectra are co-added to produce the final spectrum.
More recently, the use of adiabatic WURST® pulses has been shown to improve the
excitation bandwidth, and enable much broader lines to be acquired in a single spectrum.
In many cases, the sensitivity of wideline spectra is improved by using Carr-Purcell-

Meiboom-Gill (CPMG)** echo trains.

An additional hardware improvement in recent years has been the introduction of
MAS probes capable of faster sample spinning rates. This is generally achieved by using
smaller sample rotors; for example the fastest available spinning rates for commercial
probes (~100 kHz) are obtained using rotors with a 1-mm outer diameter, which are able
to hold 0.8 pl of sample. Fast MAS is required for removing larger interactions, and is

particularly useful for 'H or “F NMR, where significant dipolar interactions are observed

11
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between closely-spaced and strongly-coupled abundant spins. Using fast MAS it is
possible to resolve different 'H signals in microporous materials — for example, 'H MAS at

62.5 kHz was able to resolve at least 5 different 'H species in UiO-66(Zr).””

3. Recent Advances in Applications to Microporous Materials

The combination of improvements in pulse sequence development, magnet
technology and probe hardware have advanced the characterisation of microporous
materials using solid-state NMR considerably over the last decade. While these
improvements and the subsequent applications they have enabled are too numerous to

discuss in detail, some of the main areas of recent interest are discussed below.

3.1 First-Principles Calculations and NMR Crystallography

The presence of anisotropic interactions in solid-state NMR spectra generally
hinders the extraction of accurate structural information. Techniques to improve
resolution, such as MAS or high-power decoupling, may also remove other information
(e.g., the isotropic J coupling in the case of decoupling) that could aid structure solution. In
an attempt to improve the quality and quantity of information that is easily available from
NMR spectra, many experimentalists have started to exploit first-principles calculations,
where NMR parameters can be predicted for a known structure or proposed structural
model. Many of the approaches used are based on density functional theory (DFT), as this
provides a cost-effective and efficient approach. Considerable interest was generated by
the introduction of the Gauge-Including Projector Augmented Wave, or GIPAW, approach
by Pickard and Mauri in 2001,” as this enabled the calculation of accurate chemical
shielding and quadrupolar interactions (using DFT) under periodic boundary conditions,
an inherently intuitive approach for solid-state structures. This avoids the need, as in
earlier methods, to approximate a solid as a cluster, centred on the atom of interest, with

any “dangling” bonds terminated (typically by hydrogen), thereby perturbing the local

12
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structure. The initial GIPAW paper was cited 455 times between its publication in 2001
and the end of 2013, but notably many of these citations arise from the experimental NMR
community, showing the wide impact of this work. GIPAW has been successfully applied
to the calculation of NMR parameters for a wide variety of materials including organic

materials, glasses, ceramics, minerals and polymers.”””

For ordered solids, calculations can be used to help with spectral assignment and
interpretation, and, in some cases, to aid experimental acquisition by prior prediction of
the NMR parameters. Specifically for microporous materials, the calculation of “Al and *'P
NMR parameters was able to help assign the spectra of calcined and as-made AIPO-14,
where distinct Al and P species have very similar local geometry, preventing the use of
simple empirical relationships to provide a conclusive and unambiguous spectral
assignment.” Similarly, the 10 inequivalent oxygen sites in the "O spectrum of the SiO,
zeolite ferrierite were able to be assigned using GIPAW calculations.” DFT calculations
were also crucial in understanding the reversible phase transition that was observed in situ
during NMR experiments on AIPO-53(A). These were able to show that this transition
involved dehydration of the material to produce JDF-2. The two materials have the same
framework topology and SDA (methylammonium), but differing amounts of water.”
Other examples include the calculation of 'H, “°C, "O, “F, “Al, P, "Ga, “Sc, “Zn and "Zr

9,27,28

NMR parameters in zeotypes and MOFs.

A pre-requisite for the calculation of NMR parameters is an initial structure or
structural model. In many cases this is obtained from diffraction measurements, although
some may be produced from prior computational work. The accuracy of diffraction-
derived structures depends upon the type of experimental measurement (i.e., single crystal
or powder diffraction), whether experiments have been carried out on laboratory
instruments, or using synchrotron or neutron sources, and whether the position of light
atoms have been refined explicitly or simply added post refinement. This latter point is

particularly important for as-made AIPOs and MOFs, where organic molecules are present

13
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in the structure. For example, for AIPO-14,"* poor agreement between experiment and
calculation was obtained, unless the structural models were “optimised” (typically
achieved by reducing the forces upon the atoms) prior to the calculation of the NMR
parameters. Although the structural changes resulting from this optimisation were small,
this did produce significant changes in the NMR parameters, reflecting the sensitivity of
NMR as a probe of local structure. Similar optimisation was employed for a range of other
zeotypic frameworks to obtain good agreement between experiment and calculation.””” Tt
should be noted that for GIPAW calculations on AIPO-15" good agreement was obtained
using the structural model from diffraction. However, in this case the structure was
determined using synchrotron measurements on a single crystal, and almost no change

was observed upon structural optimisation using DFT.

Any optimisation of structures or models using DFT must be undertaken with
caution, and some thought given to the exact optimisation procedure used. It is possible to
only optimise the position of light atoms (e.g., H), which can be difficult to locate
accurately using X-ray diffraction methods. Alternatively, all atomic positions may be
varied, as may the size and shape of the unit cell. However, many DFT calculations do not
adequately describe long-range dispersion forces, leading to potential inaccuracies in the
cell size if these are under represented. While possibly not a problem for dense, crystalline
solids, this may be of greater importance for the more flexible microporous frameworks,
particularly for MOFs and zeotypes with organic molecules within the pores, where
dispersion interactions may have a significant effect upon the structure. It has been shown
that optimisation of a Zn-based MOF using basic DFT calculations resulted in a cell
expansion of ~12%,” while an expansion of ~4% was obtained for MIL-53(Al).” Although
it is possible to constrain the cell parameters, this will not be possible when considering
any sort of substitutions into, or variations of, a structure. Recent approaches to include
dispersion interactions in DFT calculations have been introduced; the use of semi-
empirical dispersion correction (SEDC) schemes (or DFT-D)" was shown to produce cell

sizes in much better agreement with experiment for the two MOFs described above.”™”

14
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These schemes have also been shown to be applicable to AIPO-based frameworks,
although the differences between the structures obtained when different optimisation

methods are used are smaller than those seen for the more flexible MOFs.”

Although calculations can aid spectral assignment for ordered crystalline solids, in
these cases their main role is often one of supporting or confirming experimental
measurements. However, the real power of such calculations lies in their ability to provide
structural insight for materials with less well-characterised structures, where potential
models can be evaluated by considering the agreement between predicted NMR
parameters and those observed experimentally. Although it is usually the combination of
diffraction and NMR spectroscopy that is often referred to as NMR crystallography, as
described previously, in many cases additional insight can be gained by using first-
principles calculations to bridge between the two techniques. (This has also been referred
to as Structure elucidation by coMbining mAgnetic Resonance, compuTation modEling
and diffRaction, or “SMARTER” Crystallography).” Although the framework topology for
many microporous materials can be determined using diffraction, the framework cation
disorder, the position of adsorbed molecules and/or water and the position of charge-
balancing anions attached to the framework is considerably more challenging to establish.
This combined approach has been applied to study phosphates, zeolites and MOFs,

7 One recent example of an NMR

supporting or disproving possible structural models.
crystallographic approach for microporous materials is the investigation of the position of
the charge-balancing hydroxyl groups in the as-made aluminophosphate framework,
STA-2." It was possible to determine that the two hydroxyls per unit cell are bridging
between Al species, from the relative ratio of four- and five-coordinate Al in the 7Al MAS
spectrum (shown in Figure 3(a)), and MQMAS experiments showed that the hydroxyls
bridged between All and Al2 species. Diffraction measurements showed additional
electron density within the “cancrinite” cages of the structure, suggesting that the

hydroxyls could be found on two of six symmetry-related sites. By calculating NMR

parameters for possible structural models and comparing them to an experimental Al/P

15



Physical Chemistry Chemical Physics

two-dimensional correlation spectrum (Figure 3(b)), it was possible to show that only one
hydroxyl was found per cage and that not all hydroxyl arrangements were equally likely,
but certain arrangements were favoured.” Other, extremely elegant examples of the NMR
crystallographic approach were demonstrated recently by Taulelle and co-workers for
AlIPO-cloverite and AIPO-CJ2.”” In each case, the framework topology was determined
primarily using powder diffraction methods (supported by *Al and P NMR
experiments), but information on the non-periodic F subnetworks was only able to be

obtained using NMR spectroscopy.

Although in many of the examples of NMR crystallography of microporous
materials, the framework topology is often known in advance, for pure silica zeolites, it
has been shown that rather than using NMR spectroscopy to “refine” structural models,

. . . ,80
structure “solution” is also possible.””

Initial work demonstrated that, using just basic
information from diffraction (cell parameters and space group), a “Si MAS NMR spectrum
and a series of Si-Si distance measurements (from two-dimensional homonuclear
correlation experiments), it was possible to solve the framework structure of two zeolites
(later identified as ITQ-4 and ferrierite)." Figure 4 shows an overview of the structure
determination strategy used, along with examples of the *Si MAS and two-dimensional
correlation spectra of ITQ-4. A comparison of the framework structure derived using
NMR and that from diffraction is also shown, demonstrating the good agreement
achieved. In subsequent work, it was shown that by comparing experimental and
calculated *Si chemical shift tensors (i.e., the isotropic and anisotropic components of the
shielding interaction) improvement of the initial structural models was possible, with

refinement of the exact atomic positions.””

Calculations were performed initially using
small clusters, and gave good agreement with experiment for optimised structural
models,” but more recent work using a periodic GIPAW approach was shown to result in
an improvement.” In perhaps the most impressive advance in this area, the methods

described above have been adapted and improved to enable structure determination in

zeolites even when the space group is not known.” While the unit cell parameters can
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usually be obtained even for XRD patterns with overlapping reflections, it can be
considerably more difficult to determine the space group in this case. Although so far
restricted to high-silica zeolites, these methods have demonstrated the power of NMR
spectroscopy for structure solution, and offer great promise for future improvement and

application to other types of microporous materials.

3.2 Isotopic Enrichment

The low natural abundance of many NMR-active isotopes (e.¢., “H (0.012%), "O
(0.037%) and "N (0.036%)) can hinder or preclude their routine study. However, in many
cases, NMR spectra of these nuclei can provide valuable information on structure and
dynamics in the solid state. Therefore, isotopic enrichment, which allows the acquisition of
NMR spectra of these nuclei on a reasonable timescale, is often carried out, particularly for
’H, for which enrichment is generally comparatively cheap. In addition to uniform isotopic
enrichment to enhance the overall signal, isotopic labelling may be used to provide site-
specific information ranging from the assignment of particularly complicated or unusual
NMR spectra to information on the local structure and dynamics present in a specific

location within the structure.

‘H

H (I = 1) NMR is particularly useful for the study of dynamics, owing to the small
(typically 100-250 kHz) first-order quadrupolar broadening of the resonances. The
lineshapes are affected by motion on the ps timescale (see Section 3.3), and variable-
temperature experiments (carried out on either a static or rotating sample) can be used to
extract information on the geometry and rate constant of any dynamic processes present.”
In addition, as the gyromagnetic ratio of *H is a factor of ~6.5 lower than that of 'H,
homonuclear dipolar interactions are much weaker and 'H MAS NMR spectra are

typically of higher resolution. In heavily deuterated materials, the 'H homonuclear spin
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network is broken into essentially isolated spins and the MAS NMR spectrum of the

residual 'H nuclei is of higher resolution than at natural abundance.

’H (or D) enrichment is commonly achieved with the use of commercially-available
deuterated starting materials (particularly D,O and the linkers of many common MOFs).
For example, variable-temperature static ‘'H NMR experiments have been used to observe
ring flipping of deuterated terephthalate linkers,”** as shown for the Sc,BDC, MOF,
discussed above, in Figure 5(a). Gul-E-Noor et al. used deuterated trimesic acid as the
linker in HKUST-1, removing the 'H signal from the MOF framework and allowing the
binding of adsorbed H,O to be probed by 'H NMR, even at low levels of loading.” The fact
that OH and NH groups will exchange rapidly with OD and ND can be exploited as a
means of introducing selective deuteration, and has allowed ’H NMR to probe structural

features such as hydrogen bonding at acid sites in zeolites."”""

"0

Despite the ubiquitous presence of oxygen in MOFs and zeolites, "O (I = 5/2) NMR is
relatively underexploited, due to its poor sensitivity and the typically high cost of
enrichment. However, as O atoms are often close to the active sites of microporous
materials (e.g., Bronsted acid sites of zeolites and open metal centres in MOFs), "O NMR
has great potential to provide information on both the structure of the active sites and any
chemical processes occurring there. "O enrichment of zeolites may be achieved by heating
the material in an atmosphere enriched in O, (g) or H,"O (g). However, in many cases,
chemically-inequivalent O species will exchange at different rates, leading to non-uniform
enrichment. While non-uniform enrichment may not always be desirable, Stebbins et al.
exploited the more rapid exchange of Al-"O-Al linkages in the natural zeolite, stilbite, to
confirm their presence (in violation of Lowenstein’s rule) in a series of hydrothermal
enrichment and back-exchange experiments.” The introduction of "O into AIPOs, using
just a small volume (50 pl) of 35%-enriched H,"O (1) was achieved recently by Griffin et al.,

who added the small volume of water to a nominally-anhydrous ionothermal synthesis,
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and achieved overall enrichment levels in the resulting SIZ-4 of ~4%."” This represents a
very cost-effective enrichment method (total cost of the H,”O used was ~€0.50) and the
enrichment level achieved was shown to be suitable both for DOR and two-dimensional
MQMAS experiments (at 20.0 T), shown in Figures 5(b and c) for the as-made and calcined
materials. One of the earliest examples of "O-enriched MOFs is the work of Muller et al.,
who used "O-enriched terephthalic acid and H,"O (1) to investigate the fate of O atoms in
MOF-5 upon growth of ZnO nanoparticles in the pores.” More recently, He et al. have
developed procedures for the synthesis of some MOFs in a small volume of aqueous
solvent to allow the use of reasonable volumes of H,"O to be incorporated.” It was shown
that "O NMR of enriched UIO-66 was able to distinguish between oxo and hydroxide
ligands at the Zr metal sites — a task that would be impossible for Bragg diffraction
techniques. This ability to distinguish between O and OH is also of great interest when

probing the Brensted acid sites of zeolite (see also Section 3.3).""”

In zeolites, the isotropic
shift and quadrupolar coupling constant of "O can be used to distinguish between Si-O-Si,
Al-O-Si and Al-O-Al linkages,”””*” while the isotropic shift has been linked to the T-O-T (T
= Si, Al, P, etc.) angle."””” As there are typically many chemically similar, but magnetically
distinct, O species present (even in a well-ordered zeolite), the resolution of individual
species may not always be possible. However, Bull et al. demonstrated that, for the FAU
and FER type siliceous zeolites" (having no Al within the frameworks), the individual
crystallographic O species could all be resolved by high-resolution MQMAS spectra and,

41,90

in the latter case, multiple-field double rotation (DOR) spectra.”” More recently, Huo et al.
demonstrated that 'H-"O experiments are also capable of providing quantitative

measurements of hydrogen bond lengths in mordenite.”

“c

Carbon is ubiquitous in the linkers of MOFs, and most guest species in zeolites also
contain carbon. While the natural abundance of °C (1.1 %) is sufficient to allow routine
study, enrichment of “C is often desirable to enhance the sensitivity of the experiment,

allowing, for example, the detection of rare chemical species (i.e., catalytic intermediates or
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guests with low loading).” In many cases, the desired “C-enriched material is not
commercially available and new synthetic procedures must be developed to prepare the

material in a cost-effective manner, using the limited number of available “C sources.

In addition to the uniform enrichment of “C, specific isotopic labels may be
introduced. For example, Dawson et al. used selective isotopic enrichment of trimesic acid
to confirm the counter-intuitive assignment of the resonances in the "C NMR spectra of
the paramagnetic MOFs, HKUST-1 and STAM-1 (see Section 3.4).” In the case of reactions
catalysed by zeolites, mechanistic insight can be gained from so-called "C scrambling
experiments, where specifically-placed “C labels are redistributed throughout the

. . 91,93
molecule in question.

"N

While “N has high (99.964%) natural abundance, its integer spin (I = 1) and low
gyromagnetic ratio make “N NMR spectra typically very challenging to acquire.
Therefore, °N enrichment is often carried out simply to increase the sensitivity of this I =
1/2 isotope, allowing high-resolution spectra to be recorded with conventional pulse
sequences. "N NMR enrichment is used extensively in zeolites, where enriched “probe”
molecules, such as NH,, and other amines can be used to investigate the strength of acid

sites.”™

In addition, as discussed below in Section 3.3, Holland et al.” used "NH, to
identify the binding sites of NH, in zeolite 3A. While "N NMR spectra of MOFs are
typically carried out at natural abundance, an unusual consequence of "N enrichment was
demonstrated by Morris et al.,” who showed that rapid T, and T, relaxation of 'H and “C in
the MOF, IRMOE-3, was induced by a dipolar-quadrupolar cross-coupling involving the
large quadrupolar interaction of “N in the 2-aminoterephthalate linkers. By enriching in
"N, this effect was removed, allowing 'H and “C NMR spectra with higher resolution to be
recorded. Therefore, "N enrichment has the potential to enhance the resolution of NMR

spectra of many N-based MOFs, particularly for the metal centres in many MOFs where

the first coordination sphere of the metal is N-rich (e.g., imidazolate- and cyanide-based
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MOFs). In addition, Kong et al. recently carried out "N-"C REDOR experiments for "N-
enriched linkers (in combination with selective 13C-labelling) in mixed-linker MOFs, based
on the MOF-5 topology.” These experiments allowed the mesoscale spatial distribution of
the different linkers to be probed, and it was shown that different distributions (e.g.,

random, clustering and alternating) could readily be distinguished.

¥Si

The enrichment of zeolites with *Si has long been known, and is relatively
straightforward, with commercially-available *Si(OC,H,), or “SiO, typically used in place
of the natural-abundance Si precursor. While the natural abundance of *Si (4.69%) is
sufficient to allow one-dimensional spectra to be recorded on a reasonable timescale, more
informative two-dimensional spectra (where the transfer of magnetisation between NMR-
active species is exploited) may require enrichment. For example, early work by Fyfe et al.
showed that it was possible to use two-dimensional correlation spectroscopy (COSY)
experiments to determine the framework connectivities present in the siliceous zeolite,
ZSM-39, which contains 5 distinct Si species and 128 connections between inequivalent
Si.**” More recently, “Si enrichment work has been focused more on the observation of
scarce zeolite precursor species formed in the early stages of the synthesis of zeolites. For
example, Haouas and Taulelle” were able to identify several precursor building units in a
precursor solution enriched to 19% *Si, using two-dimensional INADEQUATE

experiments.

3.3 Characterisation of Host-Guest Interactions

The utility of microporous materials lies in their ability to selectively absorb and
interact with guest molecules, and to act as catalysts for specific reactions." Guests can
include the templates present in as-made materials, as well as gases and a range of other
small- to medium-sized molecules, e.g., alkanes or drugs. Guest species may covalently

bind directly to the framework (as is often observed in many MOFs), interact with the
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framework through hydrogen bonding, or alternatively, may be found “free” in the pores.
NMR spectroscopy offers an ideal probe for the investigation of host-guest interactions, as
it is able to study both frameworks and guests, and to detect the changes (in structure and
dynamics) in both upon interaction and/or binding. Typically, the symmetry of the
“empty” framework is reduced upon the uptake of guest species: an effect readily seen in
the NMR spectrum by an increase in the number of peaks observed. The number of peaks
from the guest molecules themselves provides information on the number of binding sites
present, while changes to the spectral lineshapes (particularly with variable-temperature
experiments, as described above) also provide information on the type of binding

occurring, i.e., by probing motional behaviour.

Although perhaps not a “guest molecule” in the conventional sense, the interaction
between microporous frameworks and the inert gas, Xenon, provides a useful probe of the

1% ¥Xe (I = 1/2) exhibits an extensive chemical

topology and structure of porous solids.
shift range, with the size and shape of the pores or channels in which the Xe is found,
interactions between Xe molecules, the presence of paramagnetic species and the presence
of other guest molecules, all affecting the spectra observed. In many cases, the sensitivity
of ”Xe NMR spectroscopy can be significantly improved by optical pumping using a

laser, resulting in hyperpolarised Xe,"”

enabling materials with low Xe concentration to be
studied. When low concentrations are used, the main contribution to the “Xe chemical
shift is then purely the interaction between the Xe and the framework, easing spectral
analysis. There is a significant difference (of ~100-300 ppm) in shift between free Xe gas
and Xe trapped within the pores, as seen in Figure 6(a), “Xe NMR spectra of
hyperpolarised Xe in IRMOF-8 (a Zn-based MOF with naphthalenedicarboxylate
linkers)."” In general (for low Xe concentrations), the larger the pores the lower the Xe shift
(i.e., closer to that of the free gas). More restricted Xe typically has a higher shift, and can
also exhibit anisotropic (powder pattern) lineshapes as a result of the interaction with the

framework. Figure 6(a) shows that at 221 K two distinct peaks are observed,

demonstrating the presence of two different Xe environments in loaded IRMOF-8 (thought
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to be related to adsorption in the o and B cages, respectively).” However, the isotropic
lineshapes that are observed indicate that within each cage the Xe is rapidly exchanging
between different binding sites, averaging any anisotropy. Exchange processes can also
affect the observed chemical shift of a Xe resonance (particularly if there is any exchange
with free Xe gas) and can be monitored either using variable-temperature experiments
(and studying the changes in linewidth or lineshape) or using two-dimensional exchange
spectroscopy (EXSY) experiments, where the intensity of cross peaks as a function of
mixing time provides information on the exchange rate. For the example described above,
EXSY experiments carried out at 221 K reveal that exchange between the two Xe binding
sites occurs, with an exchange rate of ~10 s".""" For more information on the use of Xe
NMR to probe the structure of microporous materials see the examples discussed in Refs.

5and 6.

One of the most ubiquitous “guest” molecules is water, with many microporous
materials, particularly phosphates and MOFs, susceptible to hydration when in their
active (i.e., calcined or empty) forms. Significant changes can be seen in the NMR
spectrum, e.g., 6 Al and 6 P resonances are observed for hydrated AIPO-34 (CHA type
framework) in contrast to the single resonances found in both NMR spectra for the
calcined material."” In addition, 5 of the 12 water molecules incorporated into the fully
hydrated form of AIPO-34 coordinate to the Al cations, resulting in Al(IV) Al(V) and
Al(VI) resonances.” Binding, or even close proximity of water to the framework, may
have dramatic influence on the NMR parameters, notably with chemical shift changes and
changes to the quadrupolar coupling, possibly requiring tailored experiments for
observation. Variation of the water content in as-made or loaded materials is generally
rarer, although, as discussed above, in situ “Al and *P NMR spectroscopy was used to
follow the phase transformation of AIPO-53(A) to JDF-2, a related, but anhydrous,
material.” In this case the dehydration was driven by the frictional heating of the sample

under MAS, and could be easily reversed by leaving the sample standing in air.
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Guest molecules in porous solids can be investigated using 'H, "C and "N NMR
spectroscopy, which can identify the molecules incorporated (of particular importance
when materials are exposed to multiple guests simultaneously), and determine the
number and type of binding sites. The typical experiments used range from simple MAS
and CP MAS, to two-dimensional experiments (including single-quantum/single-
quantum and double-quantum/single-quantum correlations), and experiments where
interactions between the guest and framework are exploited (thereby locating the binding
sites within the structure). As an example, Figure 6(b) shows that two different NH,"
environments (termed I and II) in zeolite 3A loaded with ammonia were identified using
"N MAS and CP MAS experiments.” The difference in CP efficiency (and hence the
molecular mobility) for the two sites was used to determine the strength of the binding in
each case, with the ammonia in site I found to be more strongly bound than that in site II.
Spectra recorded at different loading levels indicated that site I was occupied
preferentially at lower loadings, and double resonance (“N/*Na TRAPDOR) experiments
showed a strong interaction between nitrogen and the Na" cation, and so must be located

in the six-membered ring of the zeolite structure, as shown in Figure 6(b).”

Many microporous frameworks can be used for the selective absorption of gases. In
some cases, one gas absorbs preferentially, or for more complex materials different gases
may absorb in different parts of the structure. For example, during the synthesis of the Cu-
based MOF STAM-1, the initial trimesate linker undergoes selective monoesterification,
producing a porous solid with two different types of channels, with hydrophilic and
hydrophobic surfaces.” The two have very different adsorption properties, exhibiting
significant differences in the kinetics of adsorption of O, and N,, enabling the separation of
these gases from air. Furthermore, for some molecules, the site of adsorption can be
“switched” between the two channels by changing the conditions used. In other recent
work, Kong et al. used "C NMR spectroscopy to investigate "CO, adsorbed in a Mg form
of CPO-27 (a MOF with 2,5-dihydroxyterephthalic acid linkers, displaying excellent CO,

103 13

capture properties). C NMR spectra (shown in Figure 6(c)), acquired between
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temperatures of 200 and 380 K exhibit a distinct CSA powder pattern, indicative of a
strong interaction between the Mg and the CO,, and of restricted molecular motion. The
axially-symmetric lineshape observed is consistent with an end-on (but non-linear)
coordination of CO, and with rotation around the Mg-OCO vector, as shown in Figure
6(c). As the temperature decreases a broadened lineshape is observed (at 150 K), indicating
an intermediate motional regime as rotation slows. When the temperature decreases
further to 100 K, the lineshape resembles that expected for rigid CO,. In Ref. 103,
relaxation measurements were also used to determine the correlation time and activation
energy for CO, rotation. The experimental measurements were able to provide restraints

in DFT and molecular dynamics calculations."

One particularly important property of MOFs is their high degree of flexibility,
either when heated, or upon the adsorption of guest species. A well-studied family of
MOFs are the terephthalate-based MIL-53 materials (known with Al, Sc, Ga, Cr and Fe
metal cations). In particular, a number of phase transitions has been demonstrated for
MIL-53(Al),™ with an as-made form where free terephthalate linker molecules occupy the
channels, a high-temperature form where the pores are empty and a room-temperature
form where the channels contain water, with channel sizes of 7.3 x 7.7 A?, 8.5 x 8.5 A? and
2.6 x 13.6 A’, respectively)."” This considerable change in pore size is often referred to as
“breathing”. All three forms of MIL-53(Al) were characterised using 'H, “C and “Al NMR,
confirming the presence and/or absence of guest molecules, and demonstrating that the
phase transition upon hydration is driven by the trapped water molecules interacting with
the carboxylate groups through hydrogen bonding." The Sc-based form of MIL-53 also
exhibits a series of phase transitions, which can be followed using NMR spectroscopy —
the effect of hydration upon the “Sc NMR spectrum was shown previously in Figure 2(c).”
The utility of MIL-53 MOFs for drug delivery has also been recently demonstrated."™ It
was shown by Férey and co-workers that MIL-53(Cr, Fe) adsorb ~20 wt % of ibuprofen,
also causing significant pore expansion. The nature of the drug-framework interaction was

studied using 'H and “C solid-state NMR experiments, although spectral analysis is
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complicated by the paramagnetic nature of Cr and Fe. NMR spectroscopy was able to
confirm the presence of ibuprofen in each loaded material and determine that it was
adsorbed in its neutral form. Consideration of the 'H and “C chemical shifts of the loaded
drug confirmed that it adopted a conformation close to that of its pure form — a conclusion
that was also supported by complementary DFT calculations." For the materials studied,
slow and complete delivery of the ibuprofen was achieved under physiological conditions

after three weeks.

One advantage of NMR spectroscopy over diffraction-based methods is its
sensitivity to dynamics over a range of motional timescales. Fast motion can be detected
using changes in relaxation rates, and slow motion by two-dimensional exchange
experiments. Motion on timescales intermediate to these extremes can also be probed by
studying the changes in lineshape and linewidth of the anisotropically-broadened lines
present in NMR spectra of solids. The timescales that can be probed by this type of
lineshape analysis are determined by the inverse of the coupling/interaction perturbed.
As mentioned in the previous section, ’H (I = 1) NMR spectroscopy has been used
extensively for the study of motion in solids over many years.” This approach is also of
use for studying the dynamic behavior of organic guest molecules within the pores of
microporous solids. Comparison of experimental lineshapes (often acquired as a function
of temperature) to those from simulation is able to provide information both on the rate
and type of dynamic process. Many early examples focused on the study of loaded
zeolites,’ including, more recently, the study of methanol-d, within NaX and NaY
zeolites."™ In this latter example, variable temperature NMR was able to identify gas
phase, liquid-like and immobilised methanol in both zeolites over a temperature range of
20 to 300 K. Two modes of methanol binding were identified — one involving interaction
with the Na” cation and the second an interaction with the framework O in Al-O-Si
linkages. From °H relaxation measurements there was also evidence for the formation of
small clusters (usually trimers) of methanol within the pores.” More recent work has

involved the study of MOFs, including a study by Ueda et al. of deuterated cyclohexane
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confined in IRMOEF-1, which found a number of different motional regimes as a function
of temperature,” and work by Wright and co-workers on deuterated benzene
incorporated into MOEF-5 (IRMOF-1), where the incorporated molecules exhibit rotation
around their C, axis at lower temperature, but isotropic motion as the temperature

increases.”

Motion of guests within the framework can also be detected indirectly, i.e., by the
effect this causes upon the framework. Recent work by Antonijevic et al. used “Al NMR
spectroscopy to detect the presence of dynamics in AIPOs (specifically in AIPO-14 with
isopropylammonium and piperidinium cations within the pores).” This was probed using
variable-temperature “Al STMAS experiments, as shown in Figure 6(d). The MQMAS
spectrum shows four sharp resonances for the four distinct Al species in the material.
However, for STMAS, the satellite transitions used in the experiment are broadened by the
large first-order quadrupolar interaction, and any motion on the ps timescale results in a

broadening of the spectral lineshapes.**

In addition to their uses for storage and separation, porous solids also have great

potential as catalysts.”"

While the use of MOFs in this area is in its infancy, zeolites (and
zeotypes) have been widely used, particularly in the petrochemical industry, where they
have largely replaced liquid acid catalysts. The most prominent examples are the
aluminosilicate zeolites, owing to their high thermal stability, well-defined local geometry
and the strength and/or selectivity of their acid sites. The performance of such catalysts is
determined by the distribution, type and strength of the acid sites, and NMR spectroscopy
is well placed both to investigate this, and to follow the chemical reactions that can be

carried out.”*"

Catalysis may occur at Brensted sites, e.g., AI-OH-Si in zeolites or M-OH-P
in phosphates, or at Lewis sites (generally at under-coordinated cations that can accept
electrons). It is possible to discern information about the type of acid sites present simply
from the 'H chemical shift — with e.g., shifts of —0.5-1.5 ppm typical of Metal-OH groups in

large channels, 1.2-2.2 ppm Si-OH groups on external surfaces, 2.4-3.6 ppm for non-
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framework Al-OH groups, 3.6-4.3 ppm for Bronsted Si-OH-Al in larger channels and 4.6-
8.0 ppm for Si-OH-Al in smaller channels. In all cases, an increase in hydrogen bonding
strength increases the chemical shift." Information can also be obtained from other nuclei,
with the presence of a Brensted acid 'H increasing the *Al quadrupolar interaction, while
double-resonance experiments such as TRAPDOR can be used to probe Al-H interactions
and spatial proximities."” Another approach to characterising acid sites is to use probe
molecules, i.e., small molecules that bind to or interact with the acid sites, changing their
local structure and, therefore, their NMR spectra. For example, a linear correlation of the
'H chemical shift of the pyridinium ions formed when pyridine (usually ring deuterated)
adsorbs onto an acid site is observed with increasing Brensted acid strength,”*"” with
shifts from 12-20 ppm exhibited. Alternatively, the "C chemical shift of the carbonyl in
acetone is also very sensitive to the presence of acid sites, with higher shifts observed for

more acidic sites.”*""”

Characterising the position, strength, type and distribution of acid sites is the first
(and perhaps most vital) step in understanding the catalytic properties of a material.
However, NMR is also able to provide real insight into the catalytic reactions that can be
carried out by following the amount and type of products/reactants present. This can be
done in so-called “batch mode” where reactions are carried out, sometimes in sealed glass
ampules that can fit directly into an MAS rotor, at different conditions
(temperatures/times) before being quenched and studied using NMR.” In a recent
example, the methanol-to-olefin conversion catalysed by low silica AIPO-34 was studied
using 'H and "C NMR spectroscopy.'" The catalytic properties were attributed to Brensted
acid sites, arising from the substitution of Si for P which in turn leads to a negative
framework charge that is then compensated by hydroxyl protons. “C NMR identified a
lower formation of aromatic molecules than using SAPO-34, but much greater formation
of dienes."" True “in situ” measurement, while in principle much more informative, is also
considerably more complicated, requiring advanced probe and reactor hardware — see

Section 4 for more detail.
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3.4 Paramagnetic Systems

Many of the most interesting microporous materials are paramagnetic owing to,
e.g., transition metal ions substituted into zeolitic frameworks or present within the SBUs
of MOFs. The unpaired electrons have both through-bond and through-space interactions

with the nuclei.”

Where present, the through-bond hyperfine interaction typically
dominates the spectrum, leading to isotropic shifts and shift anisotropies hundreds of
times greater than in diamagnetic materials. The through-space pseudocontact interaction
is typically smaller, but longer range (up to several nm) than the hyperfine interaction and
can also give isotropic shifts and shift anisotropies. In addition, coupling of the magnetic
dipole moment of the electron (which relaxes very rapidly on the nuclear timescale) can
lead to enhancement of nuclear T, and T, relaxation, both of which are often on the scale of
ms, or faster in paramagnetic materials. The bulk magnetic susceptibility (BMS) is also
responsible for anisotropic broadening, but modelling this is not trivial, and requires

detailed knowledge of the crystallite size and shape. Therefore, this is often neglected in

the analysis of NMR spectra of paramagnetic materials.

The additional interactions with the unpaired electrons can complicate the
acquisition of solid-state NMR spectra by conventional approaches. However, there are
several strategies that may be applied in such cases to obtain relevant information from
solid-state NMR. In the case of a series of paramagnetic MeAPOs, Mali et al."” used a static
spin-echo mapping experiment, with correction of each spin echo for different T,
relaxation across the lineshape, as shown schematically in Figure 7(a), to demonstrate that
the *'P resonances were too broad (up to ~2.2 MHz at B, = 7.1 T) to be recorded under MAS
(a well-known phenomenon in some paramagnetic materials, where the width of
individual spinning sidebands in the MAS NMR spectrum exceeds their separation and no
signal is observed). The P NMR spectra, shown in Figure 7(b), confirmed that the

transition metal (Me) ions had been incorporated into the MeAPO frameworks (rather
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than being located in the pores). Quantitative information on the bulk average Me : P ratio
of the materials was also obtained, as well as information about the distribution of the Me

ions within the framework."”

It is interesting to note that the use of broadband excitation pulses has not yet been
extended to paramagnetic materials, and spectral mapping techniques still use narrow-
band (~100 kHz) square pulses. However, it can be appreciated that in cases where T,
relaxation constants may be on the order of a few ms, the application of long (~0.05 ms)
pulses will lead to significant relaxation-related losses, particularly as the pulses generally
rely on very specific manipulation of the spins throughout the duration of the frequency
sweep. However, one sensitivity-enhancing method that has been shown to be effective in

some paramagnetic materials is the CPMG pulse sequence,”"

in which the magnetisation
is repeatedly refocused by a series of spin echoes. For example, Kervern et al. showed for
small Tb”™ complex that, despite a very short apparent 'H T, (on the order of tens of ps,
measured from the MAS linewidths), T, relaxation constants of 1.7 and 7.5 ms could be
measured using CPMG, with a corresponding enhancement of the signal-to-noise ratio."™
In cases such as this, where Curie relaxation is absent, therefore, CPMG may be a very
useful sensitivity enhancement approach, particularly for nuclei with lower natural

abundance, such as “C.

High-resolution NMR spectra of some paramagnetic materials may be obtained,
although typically using very different acquisition approaches than would be used for
most diamagnetic materials. Owing to the large anisotropy and shift dispersion often
present for paramagnetic materials, the use of lower field (where the shift dispersion may
be only a few hundred kHz and resonances may be acquired in very few steps) could be
advantageous. In addition, rapid MAS (typically >40 kHz) has been used to reduce the
number and intensity of the spinning sidebands in the NMR spectra of paramagnetic
materials. Some of the earliest examples of high-resolution NMR spectra of paramagnetic

microporous materials were the "C NMR spectra of the Cr-based MOF, MIL-101, loaded
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with ibuprofen' and the Cu-based MOF, HKUST-1."" These spectra were recorded with
relatively slow MAS (between 7 and 20 kHz) and, particularly in the spectrum of HKUST-
1 recorded by Peterson et al.," there is a significant background signal, which dwarfs the
resonances arising from the MOF itself. In the spectrum of Horcajada et al.,'” the
resonances from ibuprofen were observed, as discussed above, whereas only one
resonance attributed to the MIL-101 framework was present (at 175 ppm). The work of
Gul-E-Noor et al.,"” also on HKUST-1, used a suppression sequence to remove the "“C
background signal, but the relatively low MAS rate (10 kHz) led to a spectrum that was
still cluttered with spinning sidebands. However, two resonances could be identified, at
228 ppm (assigned to the CH and quaternary C of the trimesate linker) and at —-86 ppm
(assigned to the Cu-bound CO,). The position of this latter resonance was observed to vary
between -56 and -86 ppm, for the fully-hydrated and fully-dehydrated MOFs,
respectively. More recently, Dawson et al.”” recorded the "C NMR spectra of the two
MOFs, HKUST-1 and STAM-1, using very fast (60 kHz) MAS and a spin-echo pulse
sequence both to remove the background signal and to refocus any very broad resonances.
In addition, as shown in Figure 7(c), frequency-stepped acquisition was used to reveal
three “C resonances for HKUST-1 and seven for STAM-1 (in contrast to the four reported
previously by Mohideen et al.,* who used slower (12.5 kHz) MAS and cross polarisation
from 'H). The additional resonance for HKUST-1 was observed at ~850 ppm, and had a
full width at half maximum of 10 kHz, explaining why it was not observed in earlier
studies. Resonances for STAM-1 were also observed at ~850, 227 and -50 ppm, as well as
the four reported by Mohideen et al., at 181, 178, 174 and 50 ppm. Despite an even larger
shift dispersion (resonances between 1434 and 140 ppm), de Combarieu et al."” were able
to observe the "C MAS NMR spectrum of Fe-MIL-53 loaded with benzoquinone without
frequency stepping, owing to the use of a low-field (4.7 T) spectrometer. All resonances
expected for the benzoquinone were observed between 140 and 281 ppm, as well as four

resonances assigned to the terephthalate linker of the MOEF.
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The assignment of the "C NMR spectra of paramagnetic MOFs is typically made
following the intuitive approach that resonances with larger paramagnetic contributions
to their shifts and linewidths will arise from C species closer to the paramagnetic centres.
However, Dawson et al.,” prepared samples of HKUST-1 and STAM-1 from selectively PC-
labelled trimesic acids, and demonstrated that, when the acid group of the linker was
labelled, the resonance at -50 ppm (and that at 178 ppm in STAM-1) increased in relative
intensity, whereas labelling the benzene ring led to an increased relative intensity of the
resonances at 850 and 227 ppm (and those at 181 and 174 ppm in STAM-1), as shown in
Figure 7(d). This shows that the simplistic, intuitive approach cannot be relied upon for
the assignment of NMR spectra of paramagnetic materials, even in the seemingly simple
case of HKUST-1, which only contains three crystallographically- and chemically-distinct

C species.

4. Summary and Future Directions

In general, solid-state NMR experiments and protocols have now matured to the
stage where characterisation of the structure, disorder and dynamics of many
microporous materials is possible. While the presence of paramagnetic ions or nuclei with
very low sensitivity or very large quadrupolar broadening may require some further
experimental developments (e.g., more efficient two-dimensional spectra with very short
mixing times, more routine access to higher B, field strengths and faster MAS rates,
improved bandwidth for wideline excitation, etc.,), the real future advances in solid-state
NMR of microporous materials will come from the development of entirely new

hardware, allowing access to completely different experimental regimes.

While some further sensitivity gains may be achieved through the development of
new composite pulses (particularly for high-resolution NMR spectra of quadrupolar
nuclei), the future of sensitivity-enhanced NMR experiments appears to lie with dynamic

nuclear polarisation (DNP) experiments,”" in which microwave irradiation creates non-
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equilibrium magnetisation on unpaired electrons typically on radicals, which is then
transferred to 'H and, from there, to the nucleus of interest. This results in a large
polarisation enhancement of the nucleus of interest, with very high (but highly
experiment-dependent) enhancement factors reported in the literature. While much work
is still required to develop reliable protocols for the introduction of radical species into the
pores of microporous materials with the minimum perturbation to their structure and
activity, Blanc et al.”™ recently demonstrated the use of DNP on the “C and "N NMR
spectra of a series of microporous organic polymers, where the signal enhancement
allowed "C CP MAS NMR spectra to be recorded in 10-43 min, and "N CP MAS NMR
spectra in 0.8-14 h (depending on the concentration of the N-containing functional
groups). Furthermore, Pourpoint et al.”' recently used DNP-enhanced recoupling
experiments to measure Al-C distances in MIL-100(Al) with an experimental time of just 7
h. One advance in DNP that would be particularly advantageous for microporous
materials is the development of tuneable microwave sources, which would be able to
exploit the inherent unpaired electrons of paramagnetic MOFs and MeAPOs, rather than

requiring the addition of radicals to the system.

The development of MAS hardware capable of operating under extremely low or
high temperatures, and under elevated pressures, represents an important progression of
MAS NMR experiments towards the ultimate goal of being able to study microporous
materials under realistic operating conditions for catalysis. While variable temperature

122 and

MAS experiments are possible (including the cold-sample MAS pioneered by Levitt
commercially-available laser-heated MAS probes™), the application of variable-
temperature and high-pressure MAS remains a considerable technical challenge,
particularly when a number of phases are involved in the reaction. Very recent work by
Lercher and co-workers, describing the design of a microautoclave MAS NMR rotor
capable of pressures of up to 20 bar and temperatures of up to 200 °C at MAS rates of 2-3

124

kHz, shows the potential such experiments will have.™ In this work, in situ studies of the

kinetics and mechanism of the reaction of cyclohexanol on zeolite HBEA were studied at
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130 °C, with a series of "C MAS spectra acquired over a period of 23 hours, following the
reactant loss and product formation. While the development of MAS hardware capable of
studying catalytic reactions in situ (i.e., with a continuous reactant/product flow) began in
the late 1990s, the MAS rates achievable are currently limited to ~2-4 kHz, and no such
hardware is commercially available.” However, despite these technological limitations,
much invaluable information on catalysed reactions can be obtained from in situ MAS
NMR experiments, including identification of intermediates or transition states, the
mobility of species within a catalyst bed, and the kinetics of the reaction(s) occurring.”"”
One interesting recent example of the extension of solid-state NMR experiments to the
study of catalytic systems is the “operando” experiments of Roberts et al.,” in which 'H
NMR spectra of a (static) catalyst bed were recorded at different time points during the
oligomerisation of ethane, allowing the conversion and product distribution to be

followed with time. Further development of such MAS rotors and probes would be of

great advantage when investigating the mechanisms of catalysed reactions.

In addition to experimental advances, which promise to provide ever more
information-rich data, the constant advance of computing hardware and improvements to
codes suitable for studying solids (particularly crystalline, periodic systems) will allow
more detailed interpretation of the data. Of particular interest for microporous materials is
the improvement of codes capable of calculating NMR parameters such as J couplings and
paramagnetic interactions in solids, as well as codes able to calculate meaningful NMR

parameters from (typically very large) molecular dynamics calculations,”"”

allowing
effects such as motion and finite temperature to be taken into account. In addition, the
increased use of dispersion correction schemes and the introduction of relativistic

corrections will improve the accuracy of calculations.

As discussed above, solid-state NMR spectroscopy, particularly in combination
with other experimental (e.g., crystallography) and computational (e.g., DFT) techniques,

can offer great insight into both the local and longer-range structures of microporous
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materials. Such information is vital to the understanding of the function of these materials
and it is to be hoped that further developments, particularly of hardware capable of
accessing conditions currently unavailable for high-resolution NMR experiments, will,
over the coming years, continue to increase the information provided by solid-state NMR

spectroscopy.
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Table 1. Summary of the nuclear magnetic properties — the spin quantum number, I, the

natural abundance, N, the Larmor frequency (at 14.1 T), o, relative receptivity, and (for I

> 1/2) nuclear electric quadrupole moment, Q — of some nuclei commonly found in

microporous materials.

Suitable for
Nucleus I N (%) ®,/MHz Receptivity’ Q / fm’
routine study?

'H 1/2 99.99 600.13 1.00 yes
'H 1 0.01 92.12 1.11 x 10° 0.268

°C 1/2 1.07 150.90 1.70 x 10™ yes
“N 1 99.64 43.37 1.00 x 10° 2.044

"N 1/2 0.36 60.83 379 x 10°°

7O 5/2 0.04 81.36 1.10 x 10™ -2.558

“F 1/2 100.00 564.69 833 x 10™ yes
“Na 3/2 100.00 158.75 9.26 x 10™ 10.4 yes
Mg 5/2 10.00 36.74 2.68 x 10™ 19.94

YAl 5/2 100.00 156.38 2.06 x 10 14.66 yes
¥Si 1/2 4.69 119.23 3.67 x 10 yes
P 1/2 100.00 242.94 6.63 x 10 yes
*Sc 7/2 100.00 145.78 3.01 x 10" -22.0 yes
“Zn 5/2 4.10 37.55 1.17 x 10™ 15.0

“Ga 3/2 60.11 144.04 4.16 x 10 171

"Ga 3/2 39.89 183.02 5.66 x 10 10.7

“Rb 3/2 27.83 196.37 4.88 x 10 13.35 yes
"Zr 5/2 11.22 55.79 1.05 x 107 -17.6

* Receptivity is defined as y'N(I(I + 1)), where y is the gyromagnetic ratio of the nucleus,

and quoted relative to 'H.
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Figure Captions

Figure 1. (a) The sodalite (SOD) framework type," with vertices and links indicated. Some
example vertices and links are (b) SiO, and AlQO, tetrahedra, connected by Si-O-Si and Si-
O-Al linkages in the aluminosilicate zeolite, sodalite,” (c) AlO, and PO, tetrahedra
connected by Al-O-P linkages in the aluminophosphate, AIPO-20," and (d) Zn* connected
by imidazolate linkers in the zeolitic imidazolate framework, ZIF-8." Modification of the
framework may occur through (e) post-synthetic modification, direct synthesis including

the modified linkers/vertices, or in situ modification of linker/vertex precursors.

Figure 2. (a) "C MAS NMR spectra of Sc,BDC, and Sc,(NH,-BDC),” and structures of the
organic linkers molecules used, (b) “Al MAS NMR spectra of JDF-2 and AIPO-53(B)” and
(c) *Sc MAS and MQMAS spectra, and corresponding crystal structures, of dried and
hydrated MIL-53(Sc).” Spectra are (a) reprinted (adapted) with permission from Ref. 30.
Copyright (2011) American Chemical Society, (b) reprinted (adapted) with permission
from Ref. 33. Copyright (2009) American Chemical Society, and (c) reproduced (from Ref.
34) by permission of The Royal Society of Chemistry.

Figure 3. (a) “Al and P MAS spectra of as-made AIPO STA-2 and (b) “Al/*P HETCOR
spectrum of AIPO STA-2 and plots of calculated shifts for models.” Figures are adapted
with permission from Ref. 31 - Published by the Royal Society of Chemistry.

Figure 4. (a) Overview of the structure determination strategy combining solid-state NMR
spectroscopy and X-ray diffraction.” (b) *Si MAS and two-dimensional homonuclear
double-quantum correlation NMR spectra, and (c) corresponding plots of the build up of
cross peak signal intensity, used to unambiguously determine the structure of an
unknown high-silica zeolite (later identified as ITQ-4) in a blind test.” (d) Overlay of the

crystal structure of ITQ-4, determined by NMR-crystallography and X-ray crystallography
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alone. Adapted with permission from Ref. 81. Copyright (2005) American Chemical

Society.

Figure 5. (a) Variable-temperature experimental *H (9.4 T) wide-line NMR spectra of fully-
deuterated Sc,BDC,.” Reprinted (adapted) with permission from Ref. 30. Copyright (2011)
American Chemical Society. "O (20.0 T) (b) DOR and (c) MQMAS spectra of as-made and
calcined AIPO, SIZ-4, enriched in “O using an ionothermal synthesis approach.” Isotropic
resonances are highlighted by dots. Reproduced from Ref. 42 with permission from the

Royal Society of Chemistry.

Figure 6. (a) “Xe NMR spectra of hyperpolarised “Xe in IRMOF-8 as a function of
temperature.”” Reprinted from Ref. 101, Copyright (2007), with permission from
Elsevier. (b) "N CP MAS NMR of zeolite 3A as a function of ammonia loading and the
cation site occupied by Na“ in the six-membered ring.” The resonances arising from the
two distinct adsorbed ammonia species, I and II, are indicated in the spectrum obtained at
a loading of 1.66 mmol g". Adapted with permission from Ref. 95. Copyright (2004)
American Chemical Society. (c) "C CSA powder patterns of "C-enriched CO, in Mg CPO-
27 at various temperatures."” Adapted with permission from Ref. 103. Copyright (2012)
American Chemical Society. (d) Al (14.1 T) MQMAS and STMAS NMR spectra of as-
made AIPO-14 prepared with an isopropylammonium template. After Antonijevic et al.

(2006)."

Figure 7. (a) Schematic representation of the spin-echo mapping technique used for
recording broad phosphorus NMR spectra and (b) wideline P NMR in several as-made
and calcined rehydrated MeAIPO4-34."" Adapted with permission from Ref. 113.
Copyright (2005) American Chemical Society. (c, d) “"C (14.1 T, 60 kHz MAS) NMR spectra
of the Cu-based MOFs, HKUST-1 and STAM-1, synthesised with (c) natural-abundance
linkers, (d) linkers with “C-labelled CO, species and (e) linkers with “C- labelled benzene
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rings. The structure of the linkers is shown, with isotopically-enriched C species

highlighted in green. After Dawson et al. Ref. 92.
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Graphical Abstract
This Perspective describes how solid-state NMR spectroscopy can be used to investigate

the structure, disorder, dynamics and reactivity of crystalline microporous framework

materials.
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