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Introduction

Over the last decade, NMR crystallography has emerged as a complementary strategy to
conventional diffraction techniques for structural determination in solids and has transformed the
field of material science. While traditional NMR is primarily used for studying liquids, solid-state
NMR (SS-NMR) extends such capabilities to crystalline and amorphous solids that otherwise
could not be revealed. NMR is a spectroscopic technique making use of the magnetic properties
given off by some atomic nuclei. Within a magnetic field, atoms with a non-zero spin exhibit
absorption and re-emission of electromagnetic radiation at specific characteristic frequencies.
These frequencies give much information about the electronic local environment around the
nucleus, and because of this, the application of NMR becomes very important for studies on
molecular structure, dynamics, and interactions. In the case of SS-NMR, techniques such as
cross-polarization (CP) and magic-angle spinning (MAS) enhance spectral resolution and
sensitivity, enabling researchers to investigate complex solid materials. Developments in High-
field magnet, combined with a variety of improved pulse sequences and techniques have greatly
enhanced the resolution and thus the applicability of SS-NMR.

Crystallographic techniques

The most common method for acquiring information on the atomic structure of crystalline
solids is X-ray diffraction. Single-crystal X-ray diffraction (SCXRD) involves bombarding a
single crystal with X-rays, which are diffracted by the crystal lattice, forming a pattern that
can be analysed to get information on atomic positions in the unit cell. SCXRD provides
precise and detailed structural data, but it is not always possible to obtain large and high-
quality crystals. Powder X-ray Diffraction (PXRD) is the next option if single crystals are not
available. The material will be polycrystalline in PXRD; X-rays will be projected onto it and
examined based on the diffraction pattern that has been formed. It is a very useful technique
for materials that do not form large single crystals; however, the interpretation of PXRD data
is always difficult due to peak overlaps, and it needs complex computational methods to
obtain structural information. While diffraction techniques have certainly come a long way,
they have some limitations. SCXRD requires large, well-formed crystals, which are not
feasible for many modern materials. And PXRD, often suffers from many problems such as
peak overlap and generally low resolution, which make structure resolution not particularly
accurate for complex or disordered materials.
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NMR Crystallography

In response to these limitations, the technique of NMR crystallography has evolved. This
technique uses the strengths of both techniques by using the NMR data to provide refinement
and validation of models from diffraction studies. NMR crystallography works best in
situations where diffraction alone fails, such as studies of disordered materials, non-
crystalline solids or materials exhibiting complicated local environments. NMR
crystallography provides information on the number and multiplicity of crystallographically
in equivalent positions, rotational symmetry elements, through-space proximities and
through-bond connections. Such information improves the quality and accuracy of structural
models and allows further insight into material properties. NMR offers unique advantages,
particularly for complex or disordered systems where XRD alone may be insufficient. This
combined approach enhances the accuracy and efficiency of structure determination by
integrating SS-NMR data with traditional diffraction methods.

NMR for Crystal Structure Determination

NMR parameters are able to give an insight into crystal structure. Isotropic chemical shifts
show how many nuclei of appropriate atoms exist in the crystal structure that corresponds to
different environments. The tensor nature of shielding in NMR spectroscopy has been utilized
for drawing inferences about the coordination that detail the electronic environments of atoms
in crystals. Dipolar coupling gives a direct measurement of the distances between atoms,
indirect spin-spin coupling and quadrupolar coupling act as sources of information on
molecular conformation, intermolecular relations and local chemical environment.

Some procedures utilize the NMR data for structure determination through the following
methods. NMR crystallography method starts with the selection of appropriate space groups
based on unit cell parameters obtained from powder diffraction patterns. Systematic
extinctions within the PXRD data help in this step, now often complemented by SS-NMR
data. It is the Wyckoff spectrum, which is related to the number and relative intensities of the
resonances observed in SS-NMR, that will help to further narrow possible space groups by
comparing these spectra with those of known space groups. The Rate Matrix Approach
derives the spin diffusion rates to estimate the internuclear distances by building initial
structural models. Chemical shifts may be combined with XRD data for structure refinement.
Graph Theory has succeeded in reconstructing molecular structures and spectra in graph
form, using very limited data sets. The adjacency matrix method is more straightforward in
structural searches, whereby sub-units may be extracted from NMR correlations. These
methods have been applied successfully for a wide variety of materials.

Molecular & Intermolecular -Level Information

SS-NMR provides atomic bonding patterns in solid materials. Cross-Polarization and Magic
Angle Spinning NMR techniques are able to give a correlation between isotropic chemical
shifts and bonding environments. This simplifies structural determination in solids. NMR
techniques are also used to find various intermolecular interactions, such as hydrogen
bonding which can be detected through relevant chemical shifts, that provides insights into
the intermolecular environment in crystalline solids.
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SS-NMR also addresses the mobility of molecules within the crystals. For example, Variable-
temperature *°F spectra have revealed the ring inversion dynamics of fluorocyclohexane in
urea-inclusion compounds. Quadrupolar spectra and relaxation times, very often, provide
information on mobility, which permits deductions concerning dynamic processes within
crystal structures.

A Bo Static MAS

“ Slow MAS

High MAS
—__JL~_

Fig. 1. Spinning of a solid sample at magic angle 8,,, and the MAS NMR spectrum when
spinning at different speeds

Non-Stoichiometric Systems and Disordered Compounds

NMR plays a key role in the investigation of non-stoichiometric systems, defect structures
and disordered compounds. Diffraction techniques cannot assess the information availed by
these techniques. Providing useful information about dynamic processes within crystal
structures, SS-NMR has the ability to identify temporal and spatial disorder. Since the
multinuclear NMR can distinguish between atoms having similar properties, it turns out to be
useful for the characterization of ceramic materials and zeolites.

Applications and Future Directions

The applications of NMR crystallography are very broad and range from biochemistry to
geochemistry, organic chemistry, and materials science. This will be achieved through the
combination of NMR data with diffraction data using computational techniques for constructing
comprehensive structural models that could enhance the present knowledge of molecular
structures, dynamics and intermolecular interactions within crystalline solids. Such an integrated
approach may make a great difference in research and development in these fields.
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