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Abstract

The sensitivity of NMR spectroscopy to the local atomic-scale environment offers great
potential for the characterisation of a diverse range of solid materials. Despite offering
more information than its solution-state counterpart, solid-state NMR has not yet achieved
a similar level of recognition, owing to the anisotropic interactions that broaden the
spectral lines and hinder the extraction of structural information. Here, we describe the
methods available to improve the resolution of solid-state NMR spectra, and the
continuing research in this area. We also highlight areas of exciting new and future
development, including recent interest in combining experiment with theoretical
calculations, the rise of a range of polarisation transfer techniques that provide significant
sensitivity enhancements and the progress of in situ measurements. We demonstrate the
detailed information available when studying dynamic and disordered solids, and discuss

the future applications of solid-state NMR spectroscopy across the chemical sciences.
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1. Introduction

Since its introduction over 70 years ago,(1,2) nuclear magnetic resonance (NMR)
spectroscopy has established itself as one of the most widely used analytical tools in the
chemical sciences, providing an element-specific and non-destructive measurement that is
applicable to many phases. However, solid-state NMR spectroscopy(3-5) has struggled to
match the resolution of its solution-state counterpart, owing to the orientational
dependence (anisotropy) of the interactions that affect the nuclear spins. These include the
chemical shielding (arising from the interaction with the surrounding electrons), and
interactions between nuclear spins, both through bonds (J coupling) and through space
(dipolar coupling).(3-5) These interactions lead to significant broadening of the spectral
lineshapes, as shown in Figure 1, which is absent in solution owing to the rapid molecular
tumbling. This has resulted in a considerable and ongoing effort to improve the sensitivity
and resolution of solid-state NMR spectra, by averaging or removing the anisotropic
components of the interactions present. Such efforts have resulted in increasing
applications of solid-state NMR spectroscopy to problems across the chemical, physical
and biological sciences.

Determining structure in the solid state is a crucial pre-requisite to understanding
the structure-property relationship and, therefore, to the design of new materials with
improved performance. In many cases, the solid state is typified by a periodically
repeating structure, and is often studied using diffraction-based methods that rely on
long-range order. However, many useful properties arise from some variation in the
periodicity, including changes in the nature of an atom/molecule occupying a particular
position, variation in the position of functional groups or molecules in different parts of a
material, or some dynamic (time-dependent) structural change. In this context, a
spectroscopic approach enables the local structural environment to be studied in detail,
without any requirement for long-range order. Information on coordination numbers,
coordinating atoms, covalent bonding, through-space interactions between
atoms/molecules and dynamics on timescales that span 15 orders of magnitude are

readily available using NMR spectroscopy, in contrast to the (length and time) averaged
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structural picture produced by diffraction.(3-5) Diffraction and NMR spectroscopy,
therefore, provide complementary approaches for structural characterisation, and enable a
more detailed picture to emerge. This has been exploited in recent years in the emerging
field of NMR crystallography,(6-7) where spectroscopic information is used alongside
diffraction to solve, or more usually refine, solid-state structures. This is often facilitated
by the use of first-principles calculations, enabling prediction of the NMR parameters from
a structural model, and providing a link between diffraction-based models and the
predicted NMR observables.(8-9) Recent developments in the use of periodic boundary
conditions in these calculations(10-11) have opened up the study of solids, and
significantly increased the potential impact of this area.

Here, we will review some of the most recent advances in the field, including
development of more advanced NMR methodology, the ongoing aim to increase
sensitivity, improvements in theoretical calculations, and highlight some of the more
challenging areas of application - including disordered and dynamic materials and in situ
studies. Finally, we conclude by considering where the future advances will take this field
and the challenges that remain. Clearly, we cannot hope to provide a comprehensive

review of such a large area, and we will highlight more specialist reviews in each section.

2. Advanced Methodology and Challenging Systems

In order to extract detailed structural information from NMR spectra of solids, high
resolution is required. This is most commonly achieved using magic-angle spinning
(MAS),(3-5,12) involving rapid rotation of the sample around a fixed (“magic”) angle of
54.736°. MAS is able to remove the interactions that affect I = 1/2 nuclei, providing sample
rotation is sufficiently rapid, and so can, in principle, produce the desired high resolution.
This can be seen in Figures 1a-c, where the resolution of the ™H spectrum of theobromine is
significantly improved as the MAS rate increases.

For nuclei with higher spin quantum number (I > 1/2) MAS is not able to remove
completely the interaction between the nuclear quadrupole moment and the surrounding

electric field gradient, and spectra remain broadened even under rapid sample



rotation.(3,14,15) In principle, the lineshapes can provide information on the magnitude
(Cq) and the asymmetry (ng) of the quadrupolar interaction, and therefore on the
surrounding field gradient. However, in practice, it can be difficult to deconvolute the
overlapped spectral lineshapes. Over 75% of NMR-active nuclides are quadrupolar, and
there has been considerable effort to address this issue over the last 30 years, with
approaches developed to remove completely the quadrupolar broadening.(3,13-21) Early
methods exploited sample rotation around two different angles, simultaneously for
double rotation (DOR),(13,15) where one rotor spins inside a second, and sequentially for
dynamic angle spinning (DAS).(13,16) Although successful, these approaches require
specialist and expensive hardware and, for DOR, sample spinning rates are limited by the
complex rotor design. NMR of quadrupolar nuclei was revolutionised in 1995 by the
multiple-quantum (MQ) MAS experiment,(13,17,18) which was able to provide high-
resolution spectra for quadrupolar solids, using only conventional hardware. This two-
dimensional experiment involves the correlation of different transitions in the spin system
(i.e., triple- and single-quantum), resulting in a spectrum that is able to separate the
different contributions from different species, as shown in Figure 2a for an
aluminophosphate framework.(19) Although MQMAS is easy to implement, it suffers
from inherently poor sensitivity. Alternatively, the satellite-transition (ST) MAS
experiment is similar in design but utilises only single-quantum satellite transitions (i.e.,
my = £3/2 < my = £1/2, etc.,) and has much better sensitivity.(13,20,21) However, the
difficulty of its experimental implementation, requiring the spinning angle to be set to a
very high accuracy (£0.004°), has limited its wide application.

Despite the availability of faster MAS rates (e.g., 111 kHz now available
commercially), the concomitant decrease in sample volume (e.g., 0.7 mm rotor diameter)
reduces sensitivity, and often restricts applications to nuclei with high sensitivity. In many
other cases, spectral resolution is improved through a combination of MAS with
decoupling, where radiofrequency (rf) pulses are applied to remove the dipolar couplings
between spins.(3,22,23) This is relatively straightforward for heteronuclear couplings, as
pulses can be applied to one spin while observing the signal from another. The simplest

approach involves continuous irradiation (continuous-wave decoupling), although more
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sophisticated sequences, which perform more efficiently at differing MAS rates, or when
larger anisotropic interactions are also present, have been heavily investigated.(22)
Homonuclear decoupling is particularly challenging, involving simultaneous irradiation
and observation of the same spin. This problem has been addressed by “windowed”
sequences, where series of pulses periodically average the homonuclear dipolar coupling
to zero, enabling a data point to be acquired, and the acquisition of signal one data point at
a time.(23) An example is shown in Figure 1d, where homonuclear decoupling (using
DUMBO (24)) even at relatively slow MAS rates significantly improves the spectral
resolution. As hardware improves (e.g., faster MAS rates and higher rf field strengths) and
higher magnetic fields become available, optimised decoupling sequences are being
introduced, leading to significant improvements in resolution and the information that can
be obtained.

Although interactions between spins can result in broadened spectral lines, the
ability to “connect” two spins in this way provides vital structural information. These
interactions are exploited in magnetisation transfer experiments, which provide
information on through-bond connectivity and through-space proximity of spins. Simple
approaches include cross polarisation (CP),(3,25) where transfer of magnetisation from an
abundant high-y nucleus can be used to enhance the sensitivity of a less abundant, lower- y
nucleus, and to edit the spectrum on the basis of the spatial proximity of the two spins.
Many methods use two-dimensional spectroscopy, where the presence of a cross peak
indicates magnetisation transfer (and, therefore, an interaction) between two spins, and
spectral intensities can provide information on the number of covalent bonds or distance
between the two species. A number of experiments have been available for spin I =1/2
nuclei for many years(26) and, more recently, these have been extended to quadrupolar
nuclei(27), with many adapted to achieve high resolution in combination with MQMAS.
Most recently, two-dimensional experiments that exploit magnetisation transfer to enable
indirect detection of signal for more challenging nuclei, such as “N, N and 3Cl,(28,29)
have been introduced. An example is shown in Figure 2b,(30) where indirect detection is
used to obtain the PN NMR spectrum of a pharmaceutical compound. Particularly for

quadrupolar nuclei, the ability to synchronise acquisition with sample spinning in the
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indirect dimension of an experiment (as opposed to in real time) enables a much simpler
spectrum, without a manifold of spinning sidebands present, to be acquired. Although ]
couplings have an isotropic component (and therefore survive MAS), the averaging of the
dipolar interaction under sample spinning can impact on the efficiency of any through-
space transfer of magnetisation. Elegant work by Levitt and co-workers over the last few
years has demonstrated that interactions can be “recoupled” through the application of
multi-pulse sequences (exploiting their different real- and spin-space symmetries),
significantly improving sensitivity.(31)

If the anisotropic broadening is significant (e.g., for nuclei subject to a very large
quadrupolar interaction), it may not be possible to employ MAS at a sufficiently rapid
rate. In these cases, it is preferable to acquire “wideline” spectra on a non-rotating
sample.(32) While accurate NMR parameters can be determined, and information on
interactions typically averaged by MAS is also available, the lower resolution can limit the
detailed information available as the number of distinct species present increases. To
ensure uniform excitation, extremely broad lines are acquired in a frequency-stepped
approach, where a series of sub spectra are acquired with a “stepping” of the transmitter
frequency, leading to practically challenging and time-consuming experiments. Recent
work, led by Schurko and co-workers,(32,33) has aided wideline experiments, through the
implementation of shaped WURST pulses that offer broadband excitation, reducing the
time taken for spectral acquisition, or enabling spectra with better sensitivity to be
obtained in the same timeframe. An example is shown in Figure 2c,(34), a 3°Cl spectrum of
a palladium-based catalyst, acquired using a frequency-stepped WURST approach. More
recently, an approach that provides broadband CP for wideline spectra (BRAIN-CP)(35)
has also been introduced, enabling an increase in sensitivity and the extraction of
information on spatial proximities. Further improvements in sensitivity are typically
required for the acquisition of wideline spectra, and techniques such as CPMG (Carr
Purcell Meiboom Gill) echo trains in acquisition (as used in Figure 2c), or the prior
manipulation the population of the nuclear spin energy levels, are routinely employed.(36)

Sensitivity enhancement techniques are discussed in Section 3 below.



3. Signal Enhancement

One of the key limitations of NMR spectroscopy is its inherently low sensitivity arising
from the small difference in nuclear spin populations at ambient temperatures. Signal
enhancement has, therefore, been a constant theme in solid-state NMR method
development. As described in Section 2, one of the earliest and most widely used methods
for signal enhancement in solid-state NMR is CP, whereby magnetisation is transferred
usually from an abundant high-y spin, such as 'H, or °F, to a lower-y, more dilute spin
such as 13C or 1°N.(25,37) CP transfer takes place via the dipolar coupling, and can give a
maximum theoretical enhancement of y1/ys, resulting in a factor of 4 enhancement for CP
from H to 13C (saving a factor of 42 = 16 in time). In practice, further sensitivity gains are
often observed owing to the typically faster T1 relaxation for abundant high-y spins, as
more transients can be acquired in a given amount of time. Owing to the sensitivity
advantages and relative ease of implementation on standard hardware, 1H-13C CP MAS
NMR is generally the go-to technique for studying organic and biological materials.
However, an important consideration is that the distance dependence of the transfer
efficiency means that CP MAS NMR spectra are not strictly quantitative. In cases where
quantification is important, the CP dynamics must be accurately taken into account, or
more time-consuming direct polarisation experiments are required. Furthermore, for
quadrupolar nuclei, the CP spin dynamics are considerably more complex, and efficiency
also depends on the quadrupolar parameters, the rf field strength and the MAS rate.(38-
40) In many cases, a sensitivity enhancement is not observed, but the approach remains
useful for spectral editing or magnetisation transfer within two-dimensional experiments.
Another widely-used signal enhancement technique is CPMG, which consists of a
train of echoes following an initial excitation pulse, as shown in Figure 3a.(41,42) For
materials with long transverse relaxation times (T2), many echoes can be acquired, thereby
significantly increasing the signal obtained per transient. Fourier transformation of the
resulting echo train yields a spectrum containing a series of narrow “spikelets”, the
intensities of which trace out the NMR lineshape with a much higher signal-to-noise ratio.

CPMG has been used widely to enhance signals from spin I = 1/2 nuclei,(43,44) where
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broadening can result from large chemical shift anisotropy interactions or chemical shift
distributions due to structural disorder. An example is shown in Figure 3b, where 8%Y
CPMG MAS NMR experiments on Y2Zr2 «SnxO7 pyrochlores provides increased signal-to-
noise over more conventional spin echo experiments.(45) A particularly successful
application of CPMG has been for the observation of low-sensitivity quadrupolar nuclei.
Many nuclei suffer from the multiple challenges of low natural abundance, low
gyromagnetic ratio and large quadrupole moments, making them very challenging to
observe by conventional NMR approaches. Quadrupolar CPMG(46,47) (or QCPMG) NMR
techniques have been highly successful in the study of such nuclei, especially when
combined with the advantages of high magnetic fields. Figure 3c illustrates this for
orthoenstatite (MgSiOs), which contains two crystallographically-distinct Mg sites, only
one of which is observed in the Mg MAS NMR spectrum.(48) It is only by recording
frequency-stepped CPMG spectra over a much wider frequency range that the severely
quadrupole-broadened second site can be observed.

Another area where sensitivity is a particular problem in solid-state NMR is the
popular MQMAS experiment,(17,18) owing to the inherently inefficient excitation and
conversion of triple-quantum coherences. As described in Section 2, this problem can be
addressed by using the more sensitive STMAS(20,21) experiment; however, STMAS is also
significantly more challenging to implement. In view of this, significant effort has been
devoted to optimisation of MOQMAS. One successful approach is to combine MOQMAS with
CPMG to enhance the directly-acquired signal.(49) A large amount of work has also been
performed to increase the inherently poor efficiency pulse that converts triple- to single-
quantum coherences by replacing it with more sophisticated pulses or groups of pulses.
One of the most commonly employed approaches is the use of a double frequency sweep
(DFS).(50) This consists of a single pulse swept across a wide frequency range to
saturate/invert the satellite transitions. This has the effect of efficiently transferring triple-
quantum coherences to single-quantum coherences and can provide typical signal
enhancement factors of 2-3, corresponding to experimental time savings of 4-9. Another
widely used approach is fast amplitude modulation (FAM) which is used in a similar way

to DFS but, rather than a single pulse, comprises a series of phase-alternating rectangular
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pulses.(51,52) In principle, the signal enhancement of DFS and FAM-based pulses depends
on several factors including the Cq, the crystallite orientation and MAS rate, and can
require time-consuming experimental optimisation to maximise signal enhancement.
Recently, Ashbrook and co-workers have introduced the FAM-N approach, where the
number and durations of the components of a FAM pulse can be computationally
optimised prior to experiment.(53,54) This approach gives pulses that can be used without
further optimisation and are robust to variations in nutation rate and Cq, making them
applicable to a wide range of materials.

In recent years, considerable attention has been focused on the development of
alternative methods for solid-state NMR signal enhancement based on hyperpolarisation
of nuclear spin-states. One of the most promising methods is dynamic nuclear polarisation
(DNP),(55,56) whereby the large polarisation of unpaired electrons is transferred from
external mono- or biradical species to NMR-active nuclei in the sample. The DNP
enhancement depends upon ye/yn, where ye and yn are the respective gyromagnetic ratios
of the electron and polarised nucleus, meaning enhancement factors of up to 658 can
theoretically be obtained for H. In practice, enhancement factors > 20 can be routinely
observed, which can dramatically reduce experimental times and permit experiments
which are unfeasible without DNP enhancement. An example is shown in Figure 3d for
cyclic diphenylalanine nanotubes. Here, DNP provides a 13C signal enhancement of 25, as
determined by the intensity ratio of spectra recorded with and without microwave
irradiation.(57) This corresponds to a saving of 625 in experimental time, enabling 13C-13C
through-space correlation experiments to be recorded at natural abundance in a few
hours.

In a typical DNP-enhanced solid-state NMR experiment, the powdered sample is
prepared by impregnation with a solution containing a radical species such as TOTAPOL
or bTbK.(58,59) Experiments are performed with MAS at low temperatures (typically ~100
K) to freeze the solvent and increase the polarisation of the unpaired electrons.
Polarisation transfer is achieved by irradiation with a high-power microwave source. The
microwave frequency is chosen to take into account the properties of the radical used and

the different polarisation transfer mechanisms that are possible.(55,56). In principle, DNP
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enhancements are possible for any nucleus; however, in practice the electron polarisation
is generally transferred directly to 'H in the solvent, and CP is subsequently used to
transfer this polarisation to heteronuclei in the sample.

DNP-enhanced solid-state NMR is still at an early stage, but has already been
demonstrated for a wide range of materials including oxides, pharmaceuticals and
polymers.(55,56) DNP shows promise to enable experiments that are unfeasible under
conventional conditions. This includes the possibility to perform NMR experiments on
species with low natural abundance, such as 7O (60,61) and 2H,(62) without the need for
expensive isotopic enrichment. Additionally, since the polarisation transfer occurs from
species external to the sample, the DNP enhancement is highly surface selective. Surfaces
and interfaces are very difficult to study by conventional solid-state NMR because they
usually make up only a very small proportion of the total sample. The ability of DNP to
selectively enhance surface signals opens up new possibilities for studying materials,
particularly porous solids and catalysts where the external surface structures are central to

the properties observed.

4. Investigating Disorder and Dynamics

The high sensitivity of NMR to the local chemical environment makes it a powerful probe
of disordered materials, where the structure and/or composition may vary locally
throughout the sample. The effect on the NMR spectrum depends on the nature of the
disorder and the properties of the nucleus being studied.(63) For the case of positional
disorder (e.g., as is present in a glass or polymer), the overall structure will typically
contain a continuous distribution of local bonding and coordination environments. This
results in continuous distributions of chemical shifts, leading to broadening of the
resonances and loss of spectral resolution. However, providing the broadening is less than
the chemical shift difference between different distinct types of chemical environments, it
is usually possible to deconvolute the lineshapes to gain quantitative information about

the populations of different bonding environments.
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In the case of compositional disorder, where local variations in composition or site
occupancy are present within an otherwise crystalline structure, solid-state NMR spectra
of the substituted species can provide detailed information into the local environment and
substitution mechanism. Substituted species residing in different environments within the
material will generally exhibit different chemical shifts (or quadrupolar parameters),
which can be linked to the local structure through theoretical calculations (see Section 5).
Often, substitution can lower the symmetry, resulting in a more complex but information-
rich NMR spectrum than may be expected on the basis of the underlying (or average)
crystal structure. An example of this is shown in Figure 4a, a 1F MAS NMR spectrum of a
disordered fluorinated-substituted hydroxyl silicate.(64) In this material, fluorine
substitutes for hydroxyl groups on one crystallographic site, but owing to the “chain-like”
arrangement of the these in the structure, four different 1°F local environments are
observed. The different intensities of the four lines shows that the substitution is not
completely random, and fluoride ions have a preference to substitute adjacent to hydroxyl
groups, forming F...H-O hydrogen bonds. In addition to studying the substituted species,
other “spectator” species present in compositionally-disordered systems can also yield
information. This is illustrated in Figure 4b, which shows a Y MAS NMR spectrum of the
pyrochlore ceramic, Y2Ti125n0807.(65,66) In this material, Y is surrounded by six next
nearest neighbour (NNN) sites, which can be occupied by either Sn or Ti, leading to the
observation of multiple spectral resonances. Through deconvolution and integration of the
resonance intensities, it is possible to extract information on the Sn/Ti cation distributions.

For nuclei with spin quantum number I > 1/2, changes in the local structural
environment result in a variation of both the chemical shift and the quadrupolar
interaction.(63) This leads to additional broadening of the spectral lineshapes, and changes
in their shape, with a characteristic “tail” to lower frequencies typically observed. It can be
difficult to obtain information on the nature and magnitude of the distributions of
different NMR parameters present from a simple MAS spectrum, but the shape of the
spectral resonances in MOQMAS (or STMAS) spectra can provide more detailed insight. It
is possible, using freely-available analysis packages,(67) to fit the two-dimensional

lineshapes (typically assuming a Czjzek(68,69) distribution of the field gradient and a
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Gaussian distribution of the chemical shift) and extract information on the magnitude of
the distribution of the NMR parameters.

In addition to “static” disorder, NMR can be used to probe “dynamic” disorder,
where the locations of atoms, chemical groups or molecules change with time. The range
of NMR interactions means enable the study of dynamics over a very wide range of
timescales, in principle from ~10-12 s-1 to ~103 s-1. Faster processes can be probed using
spin-lattice, or Ti, relaxation time measurements.(3,70) The mechanism of T: relaxation
relies on fluctuations in the local magnetic field at frequencies comparable to the Larmor
frequency, which is typically on the order of several tens or hundreds of MHz. Therefore,
variable-temperature T1 measurements can detect the presence of molecular or ionic
motions in this range (i.e., on nano- to picoseconds timescales). Much slower motion (on
the timescale of milliseconds to seconds) can be studied by two-dimensional exchange
experiments involving a “mixing time”, chosen to be comparable to the timescale of the
motion.(3,70) Molecular motion or exchange of species between different environments
during this time will result in a NMR frequency difference that is detected as a correlation
in the spectrum. Through analysis of the intensities of such correlation peaks as a function
of mixing time, the exact timescale of the motion can be determined.

Intermediate timescale motion can be probed through a range of NMR experiments
on different nuclei, depending on the species present in the material. One nucleus that has
been very widely used for the study of dynamics in organic materials is 2H, which
typically exhibits quadrupolar interactions in the range 100 - 200 kHz, meaning that it is
sensitive to dynamics on the microsecond timescale.(71) The effects of dynamics are
observed as changes in the appearance of the lineshape measured for a static sample at
different temperatures. This is illustrated in Figure 4c for the case of a deuterated metal
organic framework.(72) As the rate of motion increases with increasing temperature, the
quadrupolar interaction becomes partially averaged, resulting in changes in the width and
positions of singularities in the lineshape. Comparison with simulated 2H NMR lineshapes
for different types of molecular motion reveal that the observed changes are consistent

with “n-flipping” of the rings in the terephthalate linkers.
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While static 2H NMR experiments have been most widely used for the study of
dynamics, 2H MAS NMR can also provide important dynamic information. In principle,
MAS should perfectly average the 2H first-order quadrupolar interaction, resulting in a
spectrum consisting of narrow isotropic resonances and spinning sidebands. However, if
the molecular motion occurs on the same timescale as the rotation of the sample (typically
10 - 100 ps), it can interfere with the averaging of MAS and lead to broadening of
resonances. MAS can therefore be used to study materials with subtle molecular motions
where small broadenings of the relatively narrow MAS linewidth are easier to detect and
measure than equally small changes in the static powder pattern lineshapes.(70,73)

In general, the motion of any species within a material will not only modulate its
own magnetic environment, but also that of nearby atoms and molecules. Therefore, in a
similar way to the study of static disorder, it is not always necessary to directly study the
atom or molecule undergoing the dynamic process, and it is, in some cases, the
“spectator” species that provide more detailed dynamic information. This is particularly
true in framework materials, where guest species may be highly dynamic inside the pores,
resulting in detectable effects on nearby framework species. As shown in Figure 4d, the
dynamics of guest species within the aluminophosphate AIPO-34 can have a profound
effect on 27Al MAS NMR spectra of the porous framework.(74) In this experiment,
modulation of the Al local environment by motion of the nearby guest species leads to
either broadening or narrowing of the Al satellite transition sidebands, depending on the
timescale of the motion. Comparison of variable temperature 22Al MAS NMR spectra of
different forms of AIPO-34 revealed different motional regimes, linked to the presence of

H>O that accompanies some guest species inside the framework pores.

5. Calculations and NMR Crystallography

The term “NMR crystallography” initially described the use of NMR spectroscopy to
determine structural information.(6) However, in recent years it has been extended to
cover a wide array of approaches to structural determination, refinement, selection or

validation, in which NMR data is used in conjunction with diffraction, first-principles
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calculations and other spectroscopic techniques.(7-9,75-77) In recent years, the field of
NMR crystallography has been driven both by the advancement of NMR spectroscopy,
and the development of computational codes based on density functional theory (DFT)
that enable NMR parameters to be accurately calculated for real systems.(8,9)

Until relatively recently, the prediction of NMR parameters using quantum-
chemical calculations was predominantly applied to molecular systems. Using this
approach, periodic solids are modelled as a cluster of atoms centred on the atom of
interest, with any “hanging” bonds terminated typically with H. Although this approach
can work well for some systems (most notably, molecular solids), it has several limitations,
including the accuracy of the final structural model and the high computational costs
associated with large-scale cluster calculations. The use of a periodic approach, in which
the three-dimensional structure is recreated from a single unit cell by exploiting the
inherent translational symmetry of the solid state, enables all atoms in a system to be
calculated accurately and simultaneously. The introduction of the gauge-including
projector augmented wave (GIPAW) approach(10) has revolutionised the use of
calculations among the experimental solid-state NMR community.(8,9) This planewave
pseudopotential approach enables the straightforward and accurate calculation of NMR
parameters, including the chemical shielding, quadrupolar interactions and scalar
couplings.(10,11) To date, the combination of experimental NMR experiments and DFT
calculations has been successfully demonstrated for a wide array of systems, including
minerals, ceramics, porous framework materials, pharmaceuticals, co-crystals, layered
systems and energy materials.(8,9,19, 75-82)

To successfully calculate or predict NMR parameters, an accurate structural model
is an essential pre-requisite. Models can be generated from experiment (typically using
diffraction methods) or computationally (by modification of a known structure or via
crystal structure prediction (CSP) methods). The accuracy of the initial model will vary
depending on how it is generated, e.g., from single crystal or powder X-ray or neutron
diffraction data. In many cases, the models produced require optimisation of the unit cell
parameters and/or atomic positions, as they differ from the lowest-energy DFT

structure(s). The importance of geometry optimisation prior to calculation of the NMR
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parameters has been discussed extensively in the literature.(8,9,19,83,84) Occasionally,
when models are obtained from neutron diffraction, geometry optimisation may not be
necessary, as has been demonstrated for porous materials(85) and glucose.(86)

Many molecular systems are bound by dispersion interactions and the
underestimation by some DFT methods can have a significant effect on the optimisation of
structural models. This is particularly important for systems such as molecular solids or
metal-organic frameworks (MOFs) and aluminophosphates (AIPOs), where the structure
can “fall apart”, or the geometry can be substantially altered, during optimisation. This
can result in an overestimation of interatomic distances or unit cell dimensions, and,
hence, inaccurate results.(8,9,87) In recent years, several approaches have been developed
to include dispersion interactions within DFT calculations, including hybrid density
functionals(88) and semi-empirical dispersion correction (SEDC) schemes.(89,90) The
successful application of such methods has been demonstrated in recent years via the
modelling of adsorption or surface interactions(91,92) and framework materials.(87,93)

In cases where structures cannot be determined from experiment, it is possible to
generate candidate crystal structures using computational methods and compute the
associated NMR parameters for structural verification. Two such methods were recently
proposed, the first of these s the CSP method of Day,(94) in which an isolated molecule is
first subjected to a conformational search under molecular mechanics (MM). Loosely
packed crystal structures of rigid molecules are then generated through Monte Carlo
simulations, the most stable of which are isolated and optimised through a hybrid
DFT/MM approach and ranked according to their energy. The second approach, the
AIRSS method of Needs and Pickard,(95) produces structures from randomised unit cell
vectors and atomic coordinates. The structures are optimised under quantum-mechanical
stresses and forces. AIRSS can be used in conjunction with GIPAW calculations via
periodic codes such as CASTEP,(96) as recently demonstrated by Mayo and Morris for
battery materials(97) and Moran et al. for silicate minerals.(98) The latter study, as shown
in Figure 5, investigated the hydration of wadsleyite ($-Mg25iOs),(98) a mineral present in
the inner Earth. After removing a Mg3 cation (for charge balance) from the anhydrous

structure, two protons were placed randomly within the cell and the forces upon them
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minimised using DFT. This process was repeated, generating 819 structural models that
were ranked by their energy, and NMR parameters are predicted and compared to
experiment(99) to determine the structural motifs present in the disordered mineral.

For ordered systems, DFT calculations are typically used to assign and interpret
NMR spectra. However, they can also be used to predict NMR spectra (and therefore
direct future experiments, as in Figure 3c), and to understand the influence of structural
changes on observable NMR parameters. Increasingly, however, calculations are being
used in conjunction with experiments to gain insight into disordered systems. There are
several ways in which disorder (compositional or positional) can be modelled using
calculations. In all cases, a series of possible structural models are generated (depending
on the extent and type of disorder) and NMR parameters predicted and compared to
experimental measurements.

For low levels of compositional disorder, simple models can be constructed by
substituting a single atom into the structure of a pure end member.(8,9,63) Using this
method, it is possible to gain insight into both the NMR parameters for the substituted
atom and those that surround it. For cases where very low levels of disorder are present,
better approximations may be obtained by constructing supercells. Whilst this method
ensures that any substituted atoms are sufficiently isolated and minimises the effects of
any structural changes on the neighbouring cells, the computational costs can be high
owing to the number of atoms that need to be treated explicitly. If there are multiple
possible sites for substitution, a series of calculations would then be required (either single
cell or supercell), with different arrangements of the atoms. In all cases, full optimisation
of the structure is necessary, as the arrangement of atoms within the unit cell no longer
corresponds exactly to any experimental measurement.

Similar approaches can be used to model positional disorder, with sets of candidate
structures created by varying the atom positions and their relative distribution.(8,9,63) It
should be noted that the extent of disorder exhibited can vary considerably depending on
the system, from small changes in the bond lengths and angles to the significant disorder
encountered in glasses. In recent years, a number of studies have successfully combined

solid-state NMR experiments with DFT calculations to model and understand disorder in
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a range of systems, including brownmillerite phases, ceramics, perovskites, layered
silicates and framework materials.(8,9,80,81,100-103)

To date, the vast majority of studies have been limited to diamagnetic solids.
However, more recently, paramagnetic effects have been employed to gain structural
insight into inorganic samples. NMR crystallography methods have been applied to
inorganic systems with low concentrations of paramagnetic ions, including pyrochlores,
garnets and simple oxides.(104) For example, Seymour et al. recently characterised local
oxygen environments in LixMnOs via 7O NMR and DFT calculations.(105) This work
identified additional 7O resonances caused by stacking faults within the structure.

Although the field of NMR crystallography is still relatively early in its
development, the growing interest of experimentalists is driving the demand for more
accurate theoretical approaches and the relevance to real systems, e.g., the inclusion of
temperature effects. Ultimately, the increasing complexity of the systems under study will

require advances the field, both experimentally and computationally.

6. In Situ NMR

Although solid-state NMR is a powerful and versatile tool that plays a crucial role in our
understanding of the structural and dynamic properties of solids, experimental strategies
capable of monitoring reactions in their native environment or under normal working
conditions are essential as they can provide real time information on reaction mechanisms,
the products formed and the presence of any short-lived reaction intermediates or
transition states.(106) In general, the development of in situ methods in solid-state NMR
has lagged behind many other techniques, such as X-ray and neutron diffraction, IR and
Raman spectroscopy,(106) due to the technical challenges associated with adapting the
hardware required for high-resolution experiments (i.e.,, rapidly rotating samples
contained in a sealed NMR rotor within a confined and relatively inaccessible space inside
a probehead). However, in recent years, a number of in situ techniques have been
developed, with specific hardware (both sample containers and probes) designed for

reactions requiring specialist conditions.(107-111)
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In situ methods can provide new insights into the fundamental aspects of crystal
nucleation and growth processes, including information on how and when solid phases
are formed, the discovery and time evolution of new polymorphs and transformations
between polymorphs. In particular, the early stages of crystal growth cannot easily be
monitored using diffraction-based approaches, with little or no long-range order present,
and variation primarily in the local structural environment. This is shown in Figure 6a,
where in situ TH-13C CP measurements follow the crystallisation of glycine from different
solvents. The polymorphs produced vary both with reaction time and solvent.(112) In
recent years, Harris and co-workers have had considerable success in this area, with the
development and implementation of in situ methods,(112-114) including the recent
Combined Liquid- And Solid-State In situ Crystallisation NMR technique, or “CLASSIC
NMR” method,(115) where the evolution of both the solid and liquid phases in a
heterogeneous system can be probed as a function of crystallisation time. As shown in
Figure 6b, interleaved solution- and solid-state spectra are acquired enabling time-
resolved spectra to be obtained simultaneously. The use of conventional MAS hardware
makes this approach particularly appealing, since many previous in situ studies were
limited by the difficulties associated with sealing fluids securely inside an NMR rotor such
that rapid MAS could be carried out without leakage.(112) In CLASSIC, a homogeneous
solution is placed inside a MAS rotor at elevated temperature. By rapidly decreasing to a
target temperature, the solution is supersaturated and crystallisation is then
thermodynamically favoured.(112,115) This can be monitored as a function of time via an
alternating cycle of two pulse sequences; one for selectively detecting signal from the solid
phase (typically TH-13C CP MAS NMR) and the other for detecting the liquid phase
(usually direct-excitation 13C NMR). Hence, at any one time, signal is selectively detected
from only one phase and the other is “invisible” to the measurement.(112,115) Acquiring
solid-state NMR spectra of sufficient quality in the shortest time possible is key; hence,
optimisation of the sensitivity of the measurement is essential. Improving sensitivity also
enables the first small solid particles produced during the crystallisation process to be
identified. To date, these techniques have been applied to a variety of systems, including

solid inclusion compounds, co-crystals and polymorphic materials.(112-116)
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In situ MAS NMR has contributed significantly to the field of heterogeneous
catalysis and the fundamental understanding of working catalysts, including their active
surface sites and the processes taking place.(117-121) Here, the MAS NMR rotor is used as
a microreactor, simulating either batch-like or continuous-flow conditions. The former is
typically favoured since it is lower in cost, possible using commercial instruments and
enables the whole reaction process to be monitored, including the adsorption of reactants,
formation of intermediates and conversion to products. There are a number of approaches
for performing such experiments, including the use of sealed glass ampoules (flame sealed
under vacuum) that fit perfectly into a MAS rotor (122-124) or tightly sealed NMR rotors
prepared using specialist vacuum line apparatus, e.g., the Cryogenic Adsorption Vessel
Enabling Rotor Nestling (CAVERN) apparatus.(125-129) In each case, after calcination of
the catalyst and adsorption of the reactant molecules, the ampoule or rotor is sealed to
maintain the sample integrity and keep the reaction conditions similar to those within a
reactor, i.e., excluding any air or moisture from the system. Using the CAVERN approach,
catalysts are cooled during the adsorption process and the rotors are sealed using rotor
caps with deformable ridges that create air-tight seals when the cap is driven into the
rotor. This technique has greatly simplified sample preparation processes, as there is no
need for activated samples to be handled in a glove box before transferring to the MAS
rotor. Recent modifications have involved the calcination and loading of catalysts under
shallow-bed conditions at temperatures of up to 1000 K.(130,131)

One of the greatest challenges in monitoring adsorption processes is the ability to
probe the earliest stages of adsorption. A new experimental strategy was recently
proposed in which the species to be adsorbed is sealed in a glass capillary and inserted
into a MAS rotor, together with the host material on which the adsorption is to take place.
In this capillary vibration method, the adsorption process is triggered by the centripetal
force exerted on the sample during MAS, which breaks the capillary and brings the host
material and adsorbate in direct contact within the rotor.(108,132) This is particularly
popular since it does not require any modifications to conventional NMR instrumentation.

Since the first in situ continuous-flow NMR experiments in 1987,(133,134)

considerable progress has been made. The development of probes with gas injection lines
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fed directly into the base of the MAS rotor enabling reactants to flow over the catalyst and
be exhausted from the top of the rotor has revolutionised the field.(107,135,136) These
probes were later coupled with analytical techniques such as gas chromatography, UV-Vis
spectroscopy and mass spectrometry for online analysis of the exhaust gases and volatile
reaction products.(135-138) It is worthwhile noting that whilst flow MAS NMR systems do
not exactly reproduce the conditions in real flow catalytic reactors, they do represent a
significant step forward, particularly for processes difficult to carry out under batch
conditions.

In situ NMR studies have also played a crucial role in our understanding of energy
devices, including how they operate and why they fail. In situ NMR of lithium-ion
batteries and electrochemical capacitors are performed on complete cells placed inside the
NMR coil (including coin cells, flat sealed plastic bags or cylindrical cells), connected to a
potentiostat and electrochemically cycled. NMR spectra are then acquired as a function of
state of charge. The cell design is key and, unlike many other in situ approaches, static
measurements are used due to practical limitations.(111,139)

In situ NMR approaches have developed to the stage that they are now able to
provide unique insight into crystallisation, reactivity and functional performance. With
continued development of new pulse sequences and improved hardware, it is anticipated
that this currently relatively specialist area will become increasingly popular, enabling the

full atomic-level insight of NMR spectroscopy to be exploited.

7. Conclusions and Outlook

Solid-state NMR spectroscopy plays an important role in modern analytical chemistry
owing to its capability to provide detailed structural and mechanistic information that is
challenging, or impossible, to obtain by other experimental methods. Thanks to ongoing
developments in methodology, hardware and complementary techniques, many
approaches that have been previously viewed as too complex or specialist are becoming
more routine. A particularly prominent example of this is the combination of experiment

with theoretical calculations. As described in Section 5, over the last decade such
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calculations have transformed the way solid-state NMR experiments are used and how
data is interpreted. In many cases, the combination of DFT calculations with NMR
experiments now goes far beyond basic spectral assignment, enabling detailed models for
disorder, dynamics and mechanistic processes to be obtained.

In terms of future developments in solid-state NMR, as discussed in Sections 3 and
6, the areas currently attracting the most widespread attention are the significant
sensitivity gains that are obtained using DNP and the application of in situ techniques.
These both involve significant challenges from the point of view of sample preparation
and hardware development (and considerable cost commitments) and it is perhaps at
present unclear if they will ever become truly “routine”. However, given the current
intense interest and rapid pace of development in these areas, we certainly envisage that
they will become much more widely accessible in the coming years, and their potential
will start to be more fully exploited.

Although NMR spectroscopy offers significant advantages for the study of solid-
state structure, it has yet to reach the widespread use or recognition achieved by its
solution-state relation. However, we believe we are at a turning point in the history of
solid-state NMR - on the brink of the tantalising prospect that this technique will take its
deserved place alongside the established “go to” methods for characterising solids. Solid-
state. NMR will provide not just an alternative, complementary approach, but a
comprehensive technique, offering truly novel information. Development will
undoubtedly continue, driven by evermore demanding applications, and the growing
need for more detailed information on chemical structure and reactivity. We look forward
to seeing the exciting role solid-state NMR has to play in solving diverse, and increasingly

complex, problems across the chemical, geological, biological and materials sciences.
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Figure Captions

Figure 1. T"H (I =1/2, 14.1 T) solid-state NMR spectra of theobromine. In (a), the sample is
static, while in (b) 12.5 kHz MAS, (c) 40 kHz MAS and (d) 9.183 kHz MAS with
homonuclear 'H decoupling is used. * denote spinning sidebands and 1 decoupling

artifacts.

Figure 2. (a) Al (I = 5/2, 141 T) MAS and MQMAS NMR spectra of calcined AIPO-14,
showing the four crystallographically-distinct Al sites.(19) (b) TH/®N (I = 1/2, 14.1 T)
HETCOR NMR spectrum of a pharmaceutical compound. Reproduced from Ref. 30 with
permission from the PCCP Owner Societies. (c) 3°Cl (I = 3/2, 21.1 T) frequency-stepped
WURST CPMG wideline NMR spectrum of a palladium-based catalyst. Reproduced from
Ref. 34.

Figure 3. (a) Pulse sequence for a CPMG experiment, where multiple echoes are acquired
in one transient. (b) ¥Y (I =1/2, 14.1 T) CPMG MAS NMR spectra of Y2Zr2 xSnxO7 (x = 0.8
and 0.4).(45) (c) Mg (I=5/2, 14.1 T) wideline CPMG NMR spectrum of MgSiOs enstatite.
Reprinted from Ref. 48, with permission from Elsevier. (d) 'H-3C CP MAS spectra of
cyclic diphenylalanine nanotubes recorded with (i.e., DNP) and without microwave

irradiation. Reproduced from Ref. 57. Published by The Royal Society of Chemistry.

Figure 4. (a) F (I=1/2,14.1 T) MAS NMR spectrum of 4Mg>SiO4.Mg(OHo5Fo5)2 showing
four different local environments for fluorine species which are distinguished on the basis
of the arrangements of adjacent F-/OH- species. Adapted with permission from Ref 64.
Copyright 2017 American Chemical Society. (b) 8°Y (I = 1/2, 14.1 T) MAS NMR spectrum
of Y2SnTiO7 pyrochlore showing resonances corresponding to different Sn/Ti next nearest
neighbour environments. (c) Variable-temperature 2H (I = 1, 94 T) NMR spectra of a
scandium terephthalate metal-organic framework showing changes in the lineshape due
to rotation of the linker. Adapted with permission from Ref. 72. Copyright 2011 American
Chemical Society. (d) Variable-temperature Al (I = 5/2, 14.1 T) MAS NMR spectra of
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AlIPO-34 containing dimethylimidazolium and morpholinium. Adapted with permission

from Ref. 74. Copyright 2017 American Chemical Society.

Figure 5. Structure searching approach to study the hydration of wadsleyite.(98) (a) Unit
cell of B-Mg25iO4 with (b) the AIRSS protocol used to produce 819 structures. (c) Enthalpy
ranking of 103 selected structures. (d) Plot of H-O bond length against calculated H
chemical shifts for low-enthalpy structures. Reproduced (in part) from Ref. 98 with

permission of the PCCP Owner Societies.

Figure 6. (a) In situ TH-13C CP NMR spectra, of the crystallisation of o, B and y polymorphs
of glycine from H>O, DO and H.O/CH3OH. Adapted from Ref. 112 with permission from
The Royal Society of Chemistry. (b) Schematic showing the in situ CLASSIC
approach,(115) where interleaved solution-state and solid-state (via CP) measurements

allow the different phases present to be studied simultaneously.
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