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uch of the information contained within solid-state nuclear magnetic resonance (NMR) spectra remains unexploited

because of the challenges in obtaining high-resolution spectra and the difficulty in assigning those spectra. Recent advances
that enable researchers to accurately and efficiently determine NMR parameters in periodic systems have revolutionized the
application of density functional theory (DFT) calculations in solid-state NMR spectroscopy. These advances are particularly useful
for experimentalists. The use of first-principles calculations aids in both the interpretation and assignment of the complex spectral
line shapes observed for solids. Furthermore, calculations provide a method for evaluating potential structural models against
experimental data for materials with poorly characterized structures.

Determining the structure of well-ordered, periodic crystalline solids can be straightforward using methods that exploit Bragg
diffraction. However, the deviations from periodicity, such as compositional, positional, or temporal disorder, often produce the
physical properties (such as ferroelectricity or ionic conductivity) that may be of commerdial interest. With its sensitivity to the
atomic-scale environment, NMR provides a potentially useful tool for studying disordered materials, and the combination of
experiment with first-principles calculations offers a particularly attractive approach. In this Account, we discuss some of the issues
associated with the practical implementation of first-principles calculations of NMR parameters in solids. We then use two key
examples to illustrate the structural insights that researchers can obtain when applying such calculations to disordered inorganic
materials.

First, we describe an investigation of cation disorder in Y-Ti,_,Sn,0; pyrochlore ceramics using 3°Y and ''9Sn NMR.
Researchers have proposed that these materials could serve as host phases for the encapsulation of lanthanide- and actinide-
bearing radioactive waste. In a second example, we discuss how 70 NMR can be used to probe the dynamic disorder of H in
hydroxyl-humite minerals (nMg,Si0, - Mg(OH),), and how 9F NMR can be used to understand F substitution in these systems.

The combination of first-principles calculations and multinucear NMR spectroscopy facilitates the investigation of local
structure, disorder, and dynamics in solids. We expect that applications will undoubtedly become more widespread with further
advances in computational and experimental methods. Insight into the atomic-scale environment is a crucial first step in
understanding the structure—property relationships in solids, and it enables the efficient design of future materials for a range of
end uses.

Introduction

The wealth of potential information contained within
solid-state NMR spectra often cannot be extracted easily
or accurately, owing to the anisotropic nature of the inter-
actions influencing the nuclear spins. For powdered solids,
broad, featureless line shapes are typically seen, with
limited resolution of distinct species. Despite technological
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advances providing increases in resolution and sensitivity,
the interpretation and assignment of solid-state NMR
spectra remains challenging. This is particularly true for
inorganic solids, owing to the variety of nuclides studied,
the diverse coordination environments, and the lack of
extensive information (relative to "H and '3C NMR) in the
literature. The recent introduction of the gauge-including
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projector augmented-wave (GIPAW)' approach (utilizing the
framework of DFT?) enabled NMR parameters to be calcu-
lated easily and accurately for periodic solids. This method is
of great interest to theoreticians and experimentalists alike,
providing quantitative, theoretical support to relate experi-
mental measurements and atomic-level structure in areas as
diverse as biomaterials, minerals, porous frameworks, en-
ergy materials, and organic solids.>

There is a long tradition in the calculation of NMR param-
eters in quantum chemistry, but predominantly for molecu-
lar systems. In this approach, a periodic solid is approxi-
mated as a cluster, centered on the atom of interest, with the
termination of bonds, usually by H. The accuracy of the
calculation increases with cluster size, as does the computa-
tional cost and time. For extended structures, the termina-
tion can lead to significant structural perturbations and,
therefore, inaccurate results. The use of a periodic approach,
where the three-dimensional structure is recreated from a
small-volume unit, enables accurate calculation for all atoms
within a system simultaneously.* The planewave pseudo-
potential approach’ exploits the inherent translational sym-
metry of solids, enabling the straightforward calculation of
NMR parameters including chemical shielding, quadrupolar
interactions, scalar couplings, and paramagnetic interac-
tions, and has significantly increased the application of such
theoretical support among experimentalists.®> Calculations
can be used to interpret and assign high-resolution spectra
both for spin /=1/2 and quadrupolar (/ = 1/2) nuclei, and to
provide information that is difficult to extract experimentally
(i.e., the relative orientations of tensors), but can significantly
influence the appearance of NMR spectra. Calculations can
be utilized predictively, guiding experimental acquisition
(e.g., the recently developed Optimization of Pulses Using
Structure® approach), particularly for challenging systems
with poor sensitivity or unknown NMR parameters. For materi-
als with poorly characterized structures, calculations provide a
method for testing structural models against experimental
measurements,® as exemplified by the recent work by Char-
pentier and co-workers (combining NMR, DFT, and molecular
dynamics) for the study of the structure of silicate glasses.® The
flexibility and ease with which theoretical structures can be
altered provides fundamental insight into the dependence of
NMR parameters upon the detailed local geometry.

This Account aims to demonstrate how the application
of GIPAW calculations has aided the investigation of the
atomic-scale environment in disordered inorganic solids
using NMR spectroscopy. Structure determination for well-
ordered crystalline solids is usually straightforward using
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Bragg diffraction. However, it is often the deviations in
periodicity, for example, compositional, positional, or tem-
poral disorder, that produce the physical properties of com-
mercial interest. The sensitivity of NMR to the atomic-scale
environment, and the simultaneous use of DFT calculations
to interpret spectra, offers an exciting approach for investi-
gating disordered solids. After a brief discussion of some
aspects of the practical implementation of GIPAW DFT
calculations, the new insight into disorder and dynamics that
the combination of calculation and expetiment can provide
will be illustrated through examples from recent work.

Practical Aspects of GIPAW Calculations

In DFT, the total energy is expressed as a function of the
electron density, p, enabling a cost-efficient calculation of
the ground state electronic structure (and its dependent
properties).> While most energetic contributions can be com-
puted exactly, the form of the “exchange-correlation” en-
ergy, describing interelectron interactions, is unknown. Sev-
eral approximations attempt to account for this, including
the local density approximation (LDA),?> which assumes
constant p over a small region of space. It is possible to
improve accuracy by also considering the gradient of p, that
is, gradient generalized approximations (GGA).>* In recent
applications of GIPAW calculations to solids, the PBE” im-
plementation of GGA has proved a robust, accurate, and,
consequently, popular approach.

Typically, before DFT calculations of NMR parameters
can be used interpretively, it is necessary to evaluate their
accuracy (and understand their limitations) for a particular
nuclide. This is especially true for inorganic solids that
contain a wide range of NMR-active species, about which
relatively little (in comparison to 'H and '3C) may be known
in the literature. This evaluation is conventionally achieved
by a comparison of calculated and measured NMR param-
eters for a series of crystalline solids with well-characterized
structures. Several such investigations have been under-
taken recently, including , for example, >°Mg, *°K, and ”' Ga.?

The accuracy of the planewave pseudopotential calcula-
tions considered here depends upon two variable parameters
that are chosen in each calculation: (i) the number of plane-
waves used, described by a cutoff energy, Eq, and (i) the
number of regularly spaced points (k-points) in the Brillouin
zone (i.e., the primitive unit cell in reciprocal space) sampled.*
Ideally, these should be infinitely large; however, the choices
are constrained by the hardware and computing time avail-
able. It is sufficient to ensure calculations are “converged’; that
is, the calculated results do not improve significantly if more
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FIGURE 1. (a) Plot showing the 2°Si calculated isotropic shielding of SiO, coesite as a function of the planewave cutoff energy, E.. The computational
time is also shown. (b) Comparison of 2Si calculated isotropic shielding and experimental isotropic shifts for a series of silicates. (c) Comparison of
experimental quadrupolar line shapes extracted from an '70 MQMAS NMR spectrum of MgSiO3, with those simulated using NMR parameters
calculated by DFT. Adapted with permission from ref 9. Copyright American Chemical Society 2007.

planewaves/k-points are used.* One advantage of such calcu-
lations is that it is possible to vary systematically the values of
both parameters and observe the effect upon the calculation.
An example is shown in Figure 1a, where the calculated 2°Si
chemical shielding of SiO, (coesite) is plotted as a function of
Ec with a fixed number of k-points. There are significant
changes in chemical shielding as Eq is increased initially, but
these become smaller for higher values. However, the time
(and cost) of the calculation (also plotted in Figure 1a) continues
to increase with Eo;. The choice of E.; should, therefore,
balance accuracy and cost, with 45 Ry appearing optimal here.

Figure 1b shows a comparison of the 2°Si calculated
isotropic shielding and the corresponding experimental iso-
tropic chemical shielding for a series of simple silicates.??
Good agreement is observed, with linear regression show-
ing that the line of best fit has a gradient close to the ideal
value of —1. Such agreement demonstrates that this ap-
proach is suitable for the calculation of 295j chemical shifts,
and gives some indication of the accuracy of the results that
1966 = ACCOUNTS OF CHEMICAL RESEARCH
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can be expected (i.e., an average error of ~1% in Figure 1b).
For nuclei with I = 1/2, such as 2°Si, the most commonly
calculated parameter is the isotropic shielding, oso. Although
the anisotropy of the shielding tensor (i.e., its magnitude or
“span’, Q (=011 — d33),and shape or “skew”, k (= 3(d22 — dis0)/ )
is also calculated, this is often more difficult to measure
experimentally when spectra contain multiple distinct reso-
nances (as it is removed by the rapid magic-angle spinning
(MAS) used to improve resolution and sensitivity), and only
more recently have experiment and calculation been
compared.> However, for quadrupolar nuclei, the magni-
tude and asymmetry of the quadrupolar interaction, Cq and
nq, respectively, are also excellent probes of local structure
and affect the NMR spectra obtained. This is shown in
Figure 1c, where 70 line shapes, extracted for the six distinct
sites resolved in a high-resolution MQMAS'® spectrum of
MgSiOs (orthoenstatite), are compared with line shapes
simulated using parameters calculated using GIPAW.?
The excellent agreement enables a full assignment of the
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FIGURE 2. (a) Experimental (14.1 T) 2’Al and 3'P MAS NMR spectra for calcined AIPO-14, and line shapes simulated using the NMR parameters
calculated using DFT prior to and post structural optimization. (b) Plot of Al-O and P—O bond distances for calcined AIPO-14 prior to and post structural

optimization.

spectrum, which contradicts a previous literature assign-
ment based on empirical relationships between NMR param-
eters and the local structure, demonstrating both the
success of DFT for calculating NMR parameters in periodic
solids and the need to treat earlier results with some
caution.

In contrast to experiment, where chemical shifts are
quoted relative to a reference value, calculations provide
the absolute shielding. The two are related by

5%{( = (Uref - Oicsaolc (1)
where g is the reference shielding. This can be deter-
mined by a comparison of calculated shielding and experi-
mental shift for a series of materials, as in Figure 1b, where
the y intercept of the line of best fit gives oef (here,
312.64 ppm).

One crucial consideration when calculating NMR param-
eters is the availability and accuracy (or otherwise) of a
crystal structure or structural model. Structures are often
obtained from diffraction experiments, or can be generated
computationally. In some cases, for example, for single-
crystal diffraction data, structures may sometimes be used
without modification. However, for powder diffraction data,
or if lighter atoms have not been located directly but added
manually, it may be necessary to “optimize” the geometry

before calculation of NMR parameters. In this procedure, the
coordinates of some or all of the atoms are varied, in order to
minimize the forces upon them. For traditional DFT methods,
this often results in an expansion of the unit cell owing, at
least partly, to the underestimation of dispersion interac-
tions in the exchange-correlation functional.>> One option is
to constrain the unit cell parameters during geometry opti-
mization to those determined by diffraction. While suitable
for molecular and ordered solids, this approach is inapplic-
able to disordered materials where and optimization is
vital for obtaining the minimum energy structure.>® The
recent introduction of semiempirical dispersion correction
schemes>>'" has provided an alternative option.

Figure 2a shows *’Al and *'P MAS NMR spectra of the
calcined aluminophosphate, AIPO-14."% The four P species
are resolved by 3'P MAS NMR, but quadrupolar broadening
results in overlapping line shapes for 2”Al (although MQMAS
experiments resolve four sites). Spectra simulated using
NMR parameters calculated for the crystal structure ob-
tained from powder diffraction are shown in Figure 2a. Poor
agreement is observed for both nuclei, with the broader 271
line shapes reflecting high Cq values (5.5-10.1 MHz), in
contrast to those observed experimentally (2.5-4.9 MHz).
However, the calculated forces upon the atoms are high,
indicating that geometry optimization is required. Figure 2a
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also shows spectra simulated using NMR parameters calcu-
lated after optimization (using the TS'" dispersion correction
scheme). The agreement with experiment is significantly
improved, particularly for the calculated 2’Al Cq values.
Furthermore, the changes in the 3'P chemical shifts upon
optimization change the spectral assignment. Figure 2b
shows the alteration of the local structure (AlI-O and P—O
bond lengths) upon optimization. The typical change in
the Al-O distance is ~0.03 A, although larger changes
(0.07—0.1 A) are observed. The range of Al-O distances is
considerably smaller for the optimized structure and similar
changes are observed for the P—O distances. The initial
and optimized structures would be hard to distinguish by
diffraction,' but the changes in local structure significantly
affect the calculated NMR parameters.

For ordered solids, a periodic approach, recreating the
three-dimensional structure from a single unit cell, is efficient
and intuitive. However, for disordered materials, where this
periodicity is not rigidly retained, periodic boundary condi-
tions limit the possible environments that can be considered
in a calculation. In such cases, the aperiodic structure is
commonly approximated as a crystal composed of periodi-
cally repeating “supercells”.* The supercell chosen must be
sufficiently large to minimize the effect of the structural
variation on the neighboring cells. This approach can be
applied to isolated molecules, defects in solids, surfaces, and
even solutions, in addition to disordered materials.>

Finally, it should be noted that whereas NMR experiments
are carried out at finite temperature, most DFT calculations
are performed at 0 K, that is, on static structures with no
temperature directly included. It is well-known that there are
many dynamic processes present in solids, which may
ultimately limit the accuracy of calculations. However, as
NMR is sensitive to dynamics, the differences between
calculated and experimental NMR parameters offer insight
into the presence and nature of motional processes present.®*

Application to Disordered Solids

Although the comparison of experimental and calculated
NMR parameters for simple solids is prerequisite, the real
power of first-principles calculations is their ability to provide
insight where structural characterization is more difficult.
The vast majority of the information available from solid-
state NMR spectra remains unexploited owing to the chal-
lenge of obtaining high-resolution spectra, and the difficulty
of interpretation and assignment, particularly for disor-
dered materials. First-principles calculations can unlock
this untapped potential and provide new information on
1968 = ACCOUNTS OF CHEMICAL RESEARCH
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the atomic-scale environment, as highlighted by the following
examples.

Cation Disorder in Pyrochlore Ceramics. The chemical
flexibility of oxides with the pyrochlore (A,B,0;) structure
has generated interest in their utility as hosts for the im-
mobilization of lanthanide- and actinide-bearing nuclear
waste.'®> While titanate-based pyrochlores are chemically
durable, the incorporation of Sn or Zr increases their toler-
ance to radiation damage. A detailed insight into local
structure and disorder in these materials is vital for under-
standing their physical and chemical properties, and ulti-
mately for the design of improved wasteforms. The sen-
sitivity of NMR to the atomic-scale environment ensures it is
ideally suited for this purpose.

Figure 3a shows #%Y and ''9Sn MAS NMR spectra'*'> of
Y,Ti>_»xSn,O7, a model solid solution that remains pyro-
chlore throughout its compositional range, where Y3*
(similar charge and size to lanthanides/actinides) provides
a direct, non-radioactive probe of the local environment.
Although both #9Y and ''9Sn have | = 1/2 (natural abun-
dances of 100% and 8.6%, respectively), the low gyromag-
netic ratio of %Y and long T, relaxation times (often 100—
1000 s) limit sensitivity and make experimental acquisition
considerably more challenging than for ''°sn. In Y5Ti,_,Sn,05,
Y occupies the eight-coordinate A site, with Sn/Ti occupying
the six-coordinate B site. In both cases, the next-nearest
neighbor (NNN) environment is similar, with each sur-
rounded by six B sites. The 8Y NMR spectra display numer-
ous spectral resonances, presumably associated with
different numbers and/or arrangements of Sn/Ti occupying
the surrounding B sites.'> However, despite the similar NNN
environment, the ''9Sn MAS NMR spectra exhibit far fewer
resonances, particularly at higher Ti content.'®

Interpretation of the experimental spectra is facilitated by
first-principles calculations, where the effect upon the NMR
parameters of a change in the local environment can be
investigated easily. When considering B-site substitution, it is
impractical to perform calculations on truly disordered solids
(as an unfeasibly large number of atoms would be involved),
and a simplified approach is required.'® The local environ-
ment of one Y (or Sn) cation within the unit cell is system-
atically varied to include all possible combinations of Sn/Ti
on the six surrounding B sites, as shown in Figure 3b.'®
Structures are optimized and NMR parameters calculated for
all Y (or Sn) within the cell. Calculated (8°Y and ''°Sn) chemi-
cal shifts'>'© are shown in Figure 3¢, with the number and
spatial arrangement of Sn NNN (n) indicated. For 89Y thereis
a systematic increase of ~20 ppm in the average chemical
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FIGURE 3. (a) 8°Y and ''9Sn (14.1 T) MAS NMR spectra of Y,Ti_,Sn,O pyrochlores. (b) Possible arrangements of Sn/Ti on the six NNN B sites that
surround both A and B cation sites. (c) Plots showing the calculated Y and '°Sn isotropic chemical shifts as a function of the number of Sn NNN.
Reprinted with permission from ref 16. Copyright 2009 American Chemical Society. Reproduced (in part) from ref 15 with permission of the PCCP

Owner Societies.

shift as Sn is substituted onto the NNN B sites, a change of
similar magnitude to the spacing of the spectral resonances.
For any n Sn NNN, however, a similar range of chemical
shifts is predicted for the different spatial arrangements of
Sn/Ti. This suggests that the different Y resonances re-
solved experimentally result from different n Sn NNN, and
that the broadening, splittings and shoulders present reflect
the different spatial arrangements of these neighbors and
longer-range structural changes. In contrast, a small change
in the average ''°Sn chemical shift is observed with the
introduction of Ti into Sn-rich NNN environments;'> how-
ever, this change reduces as the Ti content of the surround-
ing B sites increases, resulting in overlap of the calculated
chemical shifts. This agrees with the experimental NMR
spectra in Figure 3a, where broad, overlapped resonances
are observed. Further DFT calculations reveal two opposing

contributions to the ''°Sn chemical shift; an upfield shift
produced by the substitution of Ti into the NNN environ-
ment, and a concomitant downfield shift arising from the
change in unit cell size upon substitution of the smaller
cation.”® Although these contributions are also present for
89y, the former is considerably larger than the latter, result-
ing in well-resolved spectral resonances.'®

Although DFT provides a general understanding of the
spectral appearance (and a tentative assignment for 9),
there remains some need for caution. Owing to the range of
calculated shifts for each environment, some resonances
with similar shifts are assigned to differing NNN environ-
ments, and others with very different shifts are attributed to
the same NNN environment. Confidence in the assignment
can be improved by considering an additional probe of the
local environment, for example, the span of the shielding
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Copyright 2012 American Chemical Society.

anisotropy (Q). Although a sensitive probe of structure, the
shielding anisotropy is removed under the rapid MAS used
to improve spectral resolution and sensitivity. Information
can be obtained from slow MAS spectra, but for systems
containing multiple environments, overlapping sideband
manifolds can lead to difficulties in extracting accurate
information. A number of two-dimensional methods have
been proposed to overcome this, where fast MAS affords
high resolution, but the anisotropic interaction is “recoupled”
in a second dimension, producing a sideband manifold that
can be analyzed. “Amplification” of the interaction, enabling
the accurate measurement of smaller anisotropies (e.g., the
CSA-amplified PASS experiment), is also possible.'”'® These
approaches, originally implemented for '3C and 3'P, have
recently been extended to ®%Y, with appropriate modifica-
tion of the experimental pulse sequence and the fitting
procedures employed.'®

Figure 4a shows an 8%y CSA-amplified PASS spectrum of
Y,Tio4Sn; 607,'? acquired in a total experimental time
of ~12.5 days (highlighting the challenges of 8°Y NMR for
disordered materials). For each resonance, values of Q,
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(and «) can be measured from the sideband manifold. The
contour plots, also in Figure 4a show the root-mean-square
(rms) error associated with fits for varying values of Q (and ),
and provide information on the “best fit” and associated
confidence limits. The experimentally measured values of Q
can be compared to those calculated as described above.'®
Figure 4b summarizes the variation in both the calculated
isotropic and anisotropic shielding with the NNN environ-
ment, with a significant change in Q (of ~80 ppm) observed
as Sn/Ti is substituted onto the surrounding B sites. Figure 4b
also plots experimental measurements (in this case for
Y,Tig8SN;207), demonstrating that spectral assignment is
considerably eased by considering two parameters simulta-
neously. With the assignment complete, insight into the
distribution of Sn/Ti is gained by comparing the relative
spectral intensities to the probability of finding a particular
number of Sn/Ti NNN.">'® The best match indicates ran-
domly distributed Sn/Ti, with no evidence for clusteting or
ordering of the B-site cations. Furthermore, it is possible to
correlate changes in Q directly to the detailed local structure,
as shown in Figure 4c, where the dependence upon the
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(b), STMAS spectra are simulated using the calculated NMR parameters for the different structural models, and an additional line broadening
determined using a simple model for motional broadening. Adapted with permission from ref 23. Copyright 2009 American Chemical Society.

(average) Y—Ogp bond distance is plotted. A strong, almost
linear, correlation (of ca. —109 ppm/0.02 A) is observed,
enabling the estimation of such distances for the differing
environments in disordered Y,Ti,_,Sn,07 pyrochlores.'®

The combination of high-resolution NMR and GIPAW DFT
calculations enables detailed information to be obtained
about the nature of the B-site cation disorder in pyrochlores
and provides detailed insight into the local geometry, in-
formation that is difficult to obtain from diffraction-based
methods. Such an approach offers great potential for future
application in this area, particularly for understanding
the more complex ceramic phases of interest in waste
encapsulation.

Disorder in Hydrous Silicates. The Earth's mantle con-
tains an estimated 200—500 ppm hydrogen (often termed
“water’),?° although little is known about its exact mecha-
nism of incorporation into the structures of the nominally
anhydrous inner-Earth minerals. As the structural chemistry
of low levels of hydrogen is difficult to determine by diffrac-
tion, NMR spectroscopy offers a useful alternative approach.
The dominant mineral in the Earth's upper mantle is olivine
(0-Mg, gFeg5Si04). The minerals in the hydroxyl-humite
group, NMg5SiO, - Mg(OH),, have been proposed as models of
the defect sites that occur when water is incorporated into
olivine, as their structures can be viewed as consisting of n layers
of forsterite (the Mg end-member of the a-Mg,_,Fe,SiO,4

solid solution) alternating with layers of Mg(OH).?" Diffrac-
tion studies of clinohumite (n = 4) have revealed two distinct
H sites (H1 and H2) for each hydroxyl group, each with 50%
occupancy, indicating the disordered nature of the minerals.?’

A high-resolution isotropic 'O (9.4 T) NMR spectrum of
clinohumite, obtained from a MQMAS experiment, is shown
in Figure 5a.%? Five resonances are resolved, although their
relative intensities (2:2:2:1:1) suggest that all eight silicate
oxygens are observed. (Note the hydroxyl oxygen (09) is not
observed at this magneticfield strength and MAS rate, owing
to its large Cg). A tentative assignment of the spectrum can
be made by comparison to spectra of chondrodite and
forsterite (not shown).?? Figure 5a also shows an 'O iso-
tropic spectrum, simulated using NMR parameters from
GIPAW DFT calculations.>® These were carried out for a
series of model structures, with differing positions of the
hydroxyl groups within the unit cell, and the results from
each calculation summed together, to model the disordered
mineral. There is poor agreement between calculation and
experiment, with many more resonances observed in the
calculated spectra, indicating that the NMR parameters are
sensitive to the exact hydroxyl positions. However, if the
calculated NMR parameters of each oxygen species in each
of the structural models are averaged, the simulated spec-
trum (also shown in Figure 5a) agrees much better with
experiment,?® suggesting that there is dynamic, rather than
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(a), calculated chemical for model structures with varying amounts and positions of F substitution are shown. (d) An expanded view of the structure of
fully fluorinated clinohumite, showing distances between adjacent fluorine sites and calculated J couplings. Reprinted with permission from ref 29.

Copyright 2010 American Chemical Society.

static, disorder of the hydroxyl groups, resulting in a full
averaging of the NMR parameters. The simulated spectrum
also shows that the previous assignment of 07 and O3 must
be reversed.

The presence of dynamics in clinohumite is supported by
the isotopic spectrum obtained from STMAS?* (an alterna-
tive to MQMAS for removing quadrupolar broadening),
where a significant broadening of some of the resonances
is observed (Figure 5b).?*> STMAS spectra are sensitive to
microsecond time scale dynamics,®®> owing to the use of
satellite transitions within the expetiment. The broadening
observed depends upon the change in the quadrupolar
interaction during the motional process and the time scale
of this change. As the first of these can be determined using
the calculations described above (if the magnitude, asym-
metry, and relative orientation of the quadrupole tensor for
each oxygen species in all possible model structures are
known), the latter can, therefore, also be established (using a
simple model for motional broadening?®). Figure 5b also
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shows 'O STMAS isotropic spectra simulated using the
calculated NMR parameters for different motional rates.??
Despite the simplicity of the models used, good agreement
between experiment and calculation is obtained when log o
k=55 (i.e, k ~ 3.2 x 10° s7"). This measurement is sup-
ported by ?’H MAS NMR (not shown) of deuterated clinohumite,
where the temperature-dependent line width allows an
activation energy of 40 + 4 kJ mol ™' for H1/H2 exchange
to be determined.*’

Many natural humite minerals exist with significant levels
of fluorine substitution. Diffraction studies of fluorine-rich
clinohumite show a single hydrogen site arising from the
formation of OH- - - F hydrogen bonds, which inhibits H1/H2
exchange. Although this indicates some degree of local
order, the positions of F~ and OH™ are not distinguished
by diffraction.?® However, a '°F MAS NMR spectrum of (54%)
fluorinated clinohumite, shown in Figure 6a, reveals four
distinct F environments, indicating a more disordered ma-
terial than previously thought.>® GIPAW DFT calculations



(using supercells with differing levels and positions of F
substitution) reveal four ranges of chemical shifts, in agree-
ment with the experimental resonance positions, as shown in
Figure 6a.%° The calculations reveal that the '°F chemical shift s
sensitive to the nature of the nearby anions (i.e., F~ or OH™); the
two closest are at 2.7 and 3.2 A. The assignment of the spectral
resonances can be confirmed using two-dimensional correla-
tion spectra, for example, as shown in Figure 6b, where pairs of
peaks either side of the diagonal indicate two F in close spatial
proximity (as transfer is through the dipolar coupling).*

Similar two-dimensional spectra, using transfer via the
J coupling, can also be obtained. The magnitude of these
J couplings can be determined from the line shapes in the
Jresolved spectrum, as shown in Figure 6¢.2° No couplings
are observed for F5 (surrounded by OH™ groups), while
couplings of ~3—4 and ~18-19 Hz are observed for Fg
and F, respectively. For Fp, both small and larger couplings
are apparent. There are two possible “through-bond” path-
ways between adjacent F species (F-Mg—F and F—Mg—
O—Mg—F), perhaps accounting for two different couplings;
however, the F-Mg interaction is expected to be mostly
ionic in character. Previously “through-space” J couplings
between F atoms in close spatial proximity but not formally
chemically bonded have been observed previously in orga-
nofluorine compounds.® This interaction is thought to be
via direct overlap of fluorine lone pairs. The distance be-
tween adjacent fluorines in clinohumite is similar to the sum
of the ionic radii suggesting that there may be a significant
through-space component to the J coupling. Some insight
can be obtained from calculations carried outfora3 x 1 x 1
supercell of fully fluorinated clinohumite, where couplings
between adjacent '°F of ~3.5 and 12 Hz are found, as shown
in Figure 6d.2°Although perfect agreement between experi-
ment and calculation is impossible owing to the simplified
nature of the model, the calculated values agree qualita-
tively with experiment. It is also noticeable that, as shown in
Figure 6d, there are two possible interactions between F with
similar “through-bond” (i.e., *Ji) pathways but differing dis-
tances (3.18 and 4.77 A, respectively). However, significant
J couplings are only calculated between the two closest F
species, confirming the through-space character of the
interaction.

Once assigned, the relative intensities of the 19F reso-
nances provide insight into the anion disorder in fluorinated
humites. The NMR spectra reveal that although the forma-
tion of OH- - -F hydrogen bonds appears favorable, these
minerals are significantly disordered, with F-rich and OH-rich
regions present. Only the H1 site is occupied when hydrogen
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bonds are formed, whereas H1 and H2 are both occupied
(and in dynamic exchange) in the OH-rich regions.*

Summary

Recent advances enabling accurate and efficient determina-
tion of NMR parameters in petiodic systems have revolutio-
nized the application of DFT calculations in solid-state
NMR spectroscopy. Calculations can be used to assign
high-resolution spectra and, for more complex materials,
such as those discussed here, aid spectral interpretation and
provide insight into the atomic-scale structure and disorder.
The increasing availability of large computing facilities is
enabling the study of larger, more complicated systems,
while developments in processor technology continue to
increase calculation efficiency. These improvements will
ease the investigation of disordered materials in the future.
Anticipated software developments, for example, the
more widespread incorporation of dispersion forces, rela-
tivistic effects and paramagnetic interactions into avail-
able codes, will improve the scope and accuracy of
calculations. In general, NMR spectroscopy, with its sensi-
tivity to local structure, offers a complementary tool to
diffraction for obtaining a complete picture of solid-state
structures. DFT calculations connect these techniques,
enabling confirmation, adaption or refinement of structur-
al models, and providing more detailed local information.
This combined approach is becoming more widespread
and rapid progress is anticipated in the coming years, with
the ultimate goal of understanding structure—property
relationships in solids, enabling materials to be “designed”
for specific applications.
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