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Abstract: Powder X-ray diffraction (XRD) and solid-state NMR spectroscopy are complementary
techniques for investigating the structural properties of solids, and there are considerable oppor-
tunities and advantages to applying these techniques synergistically together in determining the
structural properties of crystalline solids. This article provides an overview of the potential to exploit
structural information derived from solid-state NMR data to assist and enhance the process of crystal
structure determination from powder XRD data, focusing in particular on the structure determination
of organic molecular materials.
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1. Introduction

While single-crystal X-ray diffraction (XRD) is nowadays a very routine and powerful
check for . .. . . . .
updates technique for determining the structural properties of crystalline materials [1], an intrinsic
limitation of this technique is that a single-crystal specimen of appropriate size and quality
must be available for the material of interest. Indeed, crystalline materials often cannot
be prepared as single crystals of suitable size and quality, and are therefore unsuitable
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typically have large unit cells and low symmetry, which gives rise to a high density of
peaks in the powder XRD pattern, resulting in substantial peak overlap. In such cases, the
structure determination process clearly becomes significantly more challenging.
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Figure 1. (a) Schematic representation of the experimental set-up for a powder XRD measurement.
(b) Example of an experimental powder XRD pattern, in which the diffraction data are effectively
compressed into one-dimension (i.e., scattered intensity as a function of the diffraction angle 26).
(c) An expanded region of the powder XRD pattern illustrating significant peak overlap (“+” marks
are experimental data points; the solid line is the best-fit powder XRD pattern to the experimental
data; tick marks indicate the 26 values corresponding to the positions of individual peaks).

In addition to the challenges discussed above, two further issues concerning the nature
of the powder sample itself can make structure determination from powder XRD data
problematic or even impossible. The first issue concerns the phase purity of the powder
sample. If the powder sample contains one or more crystalline phases in addition to the
crystalline phase of interest, it is likely that structure determination from powder XRD
data will fail, unless the presence and identity of the additional crystalline phases can be
established. Importantly, solid-state NMR and other experimental techniques can provide
direct insights regarding the phase purity of a powder sample and the identity of additional
crystalline phases present. From this information, it may be possible to establish which
peaks in the powder XRD data arise from additional phases, allowing successful structure
determination of the phase of interest to be carried out from the powder XRD data. The
second issue concerns the distribution of crystallite orientations in the powder sample,
for which the ideal situation is to have a completely random distribution of crystallite
orientations. However, powder samples often exhibit “preferred orientation” (i.e., a non-
random distribution of crystallite orientations), especially when the crystallites have a
strongly anisotropic shape (e.g., long-needle or flat-plate morphologies). A consequence
of preferred orientation is that the relative peak intensities in the experimental powder
XRD pattern deviate from the intrinsic relative diffraction intensities characteristic of the
crystal structure of the material, which has the potential to cause difficulties or failure in
attempting to determine the crystal structure from the powder XRD data.

Although significant progress has been made in overcoming the challenges in this
field, structure determination from powder XRD data is not yet a routine technique (at least
compared to the relatively automated analysis of single-crystal XRD data), and independent
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structural insights obtained from other experimental and computational techniques can be
highly beneficial in facilitating successful structure determination from powder XRD data.
In this regard, solid-state NMR spectroscopy and powder XRD provide complementary
information about the structural properties of solids, and there are therefore consider-
able opportunities to exploit these techniques together in the structural characterization
of solids.

This article presents an overview of the vital ways in which solid-state NMR data can
be exploited to enhance the process of structure determination from powder XRD data,
with particular focus on structure determination of organic molecular materials. After
a brief overview of the types of structural information that solid-state NMR data can
provide within this context (Section 2) and an introduction to contemporary techniques and
strategies for carrying out structure determination of organic materials from powder XRD
data (Section 3), several examples are given to highlight the advantages of the synergistic
use of solid-state NMR data and powder XRD data in this field (Sections 4 and 5).

We emphasize that the discussion here is focused on structure determination of micro-
crystalline materials for which the size of ordered crystalline domains is sufficiently large to
give well-defined Bragg peaks in the powder XRD pattern. To elucidate the structural prop-
erties of nano-crystals and amorphous materials, on the other hand, alternative approaches
for structure determination from X-ray scattering data may be exploited [13-15].

2. Overview of Opportunities to Utilize Solid-State NMR Data to Assist Structure
Determination from Powder XRD Data

In general, experimental solid-state NMR data are influenced by the local structural
properties in the vicinity of the nucleus for which the NMR data are measured, and can
be interpreted directly in terms of specific structural features within the material of inter-
est. In this context, solid-state NMR data can readily provide direct insights on a variety
of structural properties that may augment the process of structure determination from
powder XRD data, including: (i) assessing the phase purity of a polycrystalline sample,
(ii) determining the number of crystallographically independent molecules in the asym-
metric unit, (iii) establishing the existence of disorder in the crystal structure (for example,
static positional disorder or dynamic disorder), (iv) providing insights on the conforma-
tional properties or the tautomeric form of the molecules present in the crystal structure,
and (v) revealing the nature of specific intermolecular interactions that exist in the crystal
structure, including quantitative determination of specific inter-nuclear distances. Several
examples illustrating these issues are given in Section 4. The ability of solid-state NMR
data to yield direct structural information on these aspects of a crystal structure can be a
hugely valuable asset in assisting the process of structure determination from powder XRD
data. As such, strategies for structure determination that combine the analysis of powder
XRD data and solid-state NMR data represent an important area of activity within the field
of research that is now popularly described as NMR Crystallography [16-24].

In addition to the opportunity to use solid-state NMR data to provide specific struc-
tural insights to enhance the process of structure determination from powder XRD data,
solid-state NMR data can also serve a critical role in validation of the final refined crystal
structure obtained in Rietveld refinement (the final stage of structure determination from
powder XRD data; see Section 3). This opportunity relies on the fact that solid-state NMR
data can now be calculated reliably for crystal structures via periodic DFT calculations
using the GIPAW (Gauge Including Projector Augmented Wave) method [25-29]. In this
context, the CASTEP code [30] is a popular and highly regarded program for applications
in the calculation of solid-state NMR data for crystalline materials.

Following structure determination from powder XRD data, solid-state NMR data
calculated using the DFT-GIPAW approach for the final refined crystal structure may be
compared directly with experimental solid-state NMR data measured for the same material
(Figure 2). Clearly, good agreement between calculated and experimental solid-state
NMR data provides strong vindication for the correctness of the refined crystal structure,
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augmenting the validation that is provided by rigorous assessment [31] of the quality of fit
between calculated and experimental powder XRD data in the Rietveld refinement process.
Conversely, an unsatisfactory level of agreement between the calculated and experimental
solid-state NMR data may suggest that certain aspects of the refined crystal structure are
not correct. The strategy of comparing calculated and experimental solid-state NMR data
in this way is becoming an increasingly popular approach for enhancing the scrutiny and
validation of the final crystal structure obtained in structure determination from diffraction
data [32-38] (not only in the case of structure determination from powder XRD data as
highlighted in this article, but also to resolve structural uncertainties or ambiguities that
may arise in structure determination from single-crystal XRD data). Examples illustrating
this application of solid-state NMR data within the process of structure determination from
powder XRD data are given in Section 5.
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Figure 2. Schematic overview of the strategy to exploit solid-state NMR data in the validation of a
crystal structure determined from powder XRD data.

3. Overview of Structure Determination from Powder XRD Data

The main stages of structure determination from powder XRD data [2-12] are: (i) unit
cell determination and space group assignment, (ii) structure solution, and (iii) structure
refinement (Rietveld refinement). After determining the unit cell and space group in
stage (i), the aim of the structure solution stage is to obtain an acceptable approximation to
the correct crystal structure, using the unit cell and space group determined in stage (i),
but starting from zero knowledge of the arrangement of atoms or molecules within the
unit cell. If the crystal structure obtained in the structure solution stage is a sufficiently
good approximation to the correct structure, a high-quality description of the structure
can be obtained in the subsequent structure refinement stage. Structure refinement from
powder XRD data is generally achieved fairly straightforwardly using the technique of
Rietveld profile refinement [39]. In general, structure solution is the most challenging stage
of structure determination from powder XRD data, particularly for the case of organic
materials. However, in recent decades, significant progress has been made [2-12,40] in the
development of techniques and strategies to overcome the challenges encountered in the
structure solution stage.

The techniques for structure solution from powder XRD data fall into two broad
categories: traditional approaches and direct-space approaches. The main features of these
two different approaches for structure solution are now briefly described.

The traditional approach for structure solution follows a close analogy to the way in
which structure solution is carried out from single-crystal XRD data. In this approach,
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the integrated intensities of individual peaks are extracted directly from the experimental
powder XRD pattern to generate a set of integrated peak intensities, analogous to the data
recorded in single-crystal XRD. The set of integrated peak intensities is then used in the
types of structure solution calculation that have been developed for single-crystal XRD data.
However, as a result of peak overlap in the powder XRD pattern (as discussed above), the
integrated peak intensities extracted from the powder XRD pattern may be inaccurate and
unreliable, leading to difficulties or even failure in attempting to solve the crystal structure
using the integrated peak intensities. As noted above, the peak overlap problem can be
particularly severe for materials (such as most organic molecular solids) with large unit
cells and low symmetry, and consequently the traditional approach for structure solution
may encounter particular challenges in these cases.

In the direct-space strategy [40], on the other hand, structure solution is tackled as a
global optimization problem. In this approach, trial crystal structures are generated in
direct space, and the quality of each trial structure is assessed by comparing the powder
XRD pattern calculated for the trial structure and the experimental powder XRD pattern. In
this regard, it is important to note that calculating the powder XRD pattern corresponding
to any trial structure is an automatic calculation. For each trial structure, the quality of
agreement between the calculated and experimental powder XRD patterns is quantified
using a suitable figure-of-merit, such as the weighted powder profile R-factor Ryyp (the
R-factor normally used in Rietveld refinement). The use of Ry, is advantageous in this
regard as it considers the entire digitized intensity profile in the experimental and calculated
powder XRD patterns point-by-point, rather than considering the integrated intensities of
individual peaks, and therefore the peak overlap in the powder XRD pattern is implicitly
taken into consideration. It is important to note that Ry, uses the digitized experimental
powder XRD data directly “as measured”, and the use of Ry, to assess the quality of trial
structures generated in the context of direct-space structure solution circumvents the need
to extract individual integrated peak intensities from the experimental powder XRD data.

The direct-space strategy tackles structure solution as a global optimization problem,
and aims to find the trial structure that corresponds to optimal agreement (i.e., lowest Ryp)
between calculated and experimental powder XRD data. This process is equivalent to
exploring a hypersurface Rwp(I') to find the global minimum, where I' represents the set
of variables that define the trial structures. A critical feature underlying the success of the
direct-space strategy for structure solution is that the molecular models used to create the
trial structures irncorporate a significant amount of reliable prior knowledge of molecular
geometry (e.g., standard bond lengths, standard bond angles and known geometries of
well-defined structural units such as aromatic rings). As a consequence, the structural
variables in the set I' comprise, for each molecule in the asymmetric unit, the position {x, y,
z} and orientation {6, ¢, i} of the whole molecule relative to the unit cell axes, and a set
of n torsion-angle variables {71, T3, ..., Tn} to define the molecular conformation. With
this definition, the number of structural variables in the set I' is considerably lower than
the number of structural variables that would arise if each atom in the asymmetric unit
was allowed to move independently in the direct-space structure solution calculation (i.e.,
without incorporating any prior knowledge of the geometry of the molecule), facilitating a
much more efficient direct-space search to locate the correct structure solution.

A wide range of global optimization algorithms are available, and may be applied
to search for the trial structure that corresponds to the global minimum on the Ry ()
hypersurface. In particular, Monte Carlo, Simulated Annealing and Genetic Algorithm
techniques have been widely used in this field [2-12]. In almost all the examples of
structure determination from powder XRD data discussed in this article, structure solution
was carried out using the direct-space strategy implemented in the program EAGER [41-
52], which carries out global optimization using a Genetic Algorithm that has been adapted
and optimized for this field of application.

Structure determination of organic molecular solids from powder XRD data is now
generally carried out using the direct-space strategy for structure solution (although several
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examples of successful structure determination of such materials using the traditional
approach for structure solution have also been reported) followed by Rietveld refinement.
In general, however, structure determination from powder XRD data is still far from
routine, requiring careful assessment and user intervention at each stage of the structure
determination process to ensure that the correct decisions are made at each stage. As
discussed below, taking advantage of structural insights derived from solid-state NMR
data at various stages of the structure determination process can help to facilitate a smooth
and successful pathway through the structure determination process, as well as providing
a critical and robust assessment of the correctness of the final crystal structure.

4. Examples of Using Solid-State NMR Data to Assist the Process of Structure
Determination from Powder XRD Data

4.1. Determining the Number of Molecules in the Asymmetric Unit

An important issue prior to commencing a direct-space structure solution calculation
from powder XRD data is to know the number (conventionally denoted Z’) of crystal-
lographically independent molecules in the asymmetric unit, recalling that independent
knowledge of Z’ can play an important role in assigning the correct space group symmetry
for the crystal structure.

After the unit cell has been determined in the first stage of the structure determination
process, the number of molecules in the unit cell (conventionally denoted Z) can usually
be deduced straightforwardly from density considerations. However, for a given value
of Z, different values of Z” may still be possible, depending on the multiplicity of the
space group. To illustrate this issue, we consider the example of a monoclinic system
in the case in which analysis of peak intensities in the indexed powder XRD data gives
no evidence for systematic absences, suggesting that the space group is P2, Pm or P2/m.
If density considerations indicate that there are four molecules in the unit cell (Z = 4),
the following scenarios could arise: (i) the space group is P2 or Pm (both of which have
multiplicity = 2) with two molecules in the asymmetric unit (Z” = 2), or (ii) the space group is
P2/m (which has multiplicity = 4) with one molecule in the asymmetric unit (Z" = 1).
Fortunately, high-resolution solid-state NMR data can provide independent information
on the value of Z’, which would allow one of the scenarios (i) or (ii) in this example to be
assigned as correct.

In principle, the high-resolution solid-state '*C NMR spectrum of an organic material
contains one peak for each crystallographically distinct '3C environment in the crystal
structure (however, we note that, in practice, the actual number of observed peaks may
be lower due to accidental overlap of peaks). Thus, after assigning each peak in the high-
resolution solid-state '3C NMR spectrum to a specific 1*C environment in the molecule, it is
usually straightforward to deduce whether the asymmetric unit contains one, two or more
molecules. In some cases, such analysis may lead to the conclusion that the asymmetric
unit comprises only a fraction of the molecule, indicating that the molecule is located on a
“special position” in the crystal structure, with a molecular symmetry element coinciding
with a crystallographic symmetry element.

As an illustration of determining the number of molecules in the asymmetric unit from
high-resolution solid-state 1*C NMR data, we consider the example [53] of a 1:1 co-crystal
containing benzoic acid (BA) and pentafluorobenzoic acid (PFBA). As shown in Figure 3,
the solid-state '3C NMR spectrum contains two >C NMR resonances for the carboxylic
acid group of BA and two >*C NMR resonances for the carboxylic acid group of PFBA,
indicating that the asymmetric unit contains two molecules of BA and two molecules of
PFBA. From unit cell determination, the material was assigned as monoclinic, and density
considerations suggested that there are eight molecules of BA and eight molecules of PFBA
in the unit cell (i.e., eight formula units (BA) (PFBA) of the 1:1 co-crystal in the unit cell).
Furthermore, analysis of systematic absences in the powder XRD data indicated that the
crystal structure is C-centred and has a c-glide plane, indicating that the space group is
either Cc or C2/c. In order to give the correct number of eight molecules of BA and eight
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molecules of PFBA in the unit cell, space group Cc (with multiplicity = 4) would correspond
to two molecules of BA and two molecules of PFBA in the asymmetric unit, whereas space
group C2/c (with multiplicity = 8) would correspond to one molecule of BA and one
molecule of PFBA in the asymmetric unit. On this basis, it is clear that only space group Cc
is consistent with the information derived from the solid-state '>*C NMR data regarding the
number of independent molecules in the asymmetric unit, and the structure determination
from powder XRD was carried out successfully using this space group.

.
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Figure 3. Experimental high-resolution solid-state *C NMR data for the 1:1 co-crystal of benzoic acid and
pentafluorobenzoic acid. The two peaks at ca. 167 ppm are due to the carboxylic acid group of benzoic
acid. The two peaks at ca. 174 ppm are due to the carboxylic acid group of pentafluorobenzoic acid.

The next example illustrates a case in which high-resolution solid-state '3C NMR data
provide evidence that the molecule in the crystal structure is located on a crystallographic
symmetry element, focusing on the structure determination [54] of an early-generation den-
drimeric material tetrakis [(3, 5-dimethoxybenzyloxy) methyl] methane (TDMM,; Figure 4). In
the high-resolution solid-state '>*C NMR spectrum of this material (Figure 4a), the region of
the spectrum (between 95 ppm and 101 ppm) corresponding to aromatic CH environments
contains only six distinct peaks, which is half the number (12) of aromatic CH environ-
ments in a single molecule of TDMM. This observation suggests that the asymmetric unit
comprises only half the molecule (2" = %), with the central carbon atom of the molecule
located on a crystallographic 2-fold rotation axis (Figure 4b). This information was crucial in
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setting up the correct structural model for direct-space structure solution, which proceeded
successfully and led to the final refined crystal structure shown in Figure 4c.
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Figure 4. (a) Experimental high-resolution solid-state 13C NMR data recorded for TDMM. The region
of the spectrum corresponding to the aromatic CH environments (between 95 ppm and 101 ppm,
as indicated by the red circle) contains six distinct peaks, which is half the number (12) of aromatic
CH environments in a single molecule, suggesting that the TDMM molecule is located on a 2-fold
rotation axis in the crystal structure. (b) Illustration of the relationship between molecular symmetry
and crystallographic symmetry in the crystal structure of TDMM, with the central carbon atom of the
molecule located on a crystallographic 2-fold rotation axis; the six aromatic CH environments in the
asymmetric unit are indicated by red circles. (c) The crystal structure of TDMM determined from
powder XRD data (hydrogen atoms are omitted for clarity).

Structure determination of a new polymorph (f3 phase) of the latent pigment DPP-Boc
from powder XRD data [55] also utilized insights from high-resolution solid-state 3C NMR
data. Following unit cell determination, the crystal system was assigned as triclinic and
density considerations indicated that there is one molecule of DPP-Boc in the unit cell
(Z = 1). However, solid-state 1>C NMR data suggested that the asymmetric unit comprises
half the DPP-Boc molecule (Z = %). From this information, it is clear that the correct
space group is P1, and direct-space structure solution was carried out successfully with the
molecular inversion centre fixed at the crystallographic inversion centre.
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4.2. Determining the Geometric Features of the Molecule in the Crystal Structure, Focusing on
Establishing the Correct Tautomeric Form

In general, the identity of the molecule(s) present in the crystal structure and the
stoichiometry of the structure (e.g., in the case of solvate or co-crystal structures) may be
established readily from a range of analytical techniques, including solid-state NMR, before
commencing direct-space structure solution calculations from powder XRD data. However,
an important issue in setting up an appropriate structural model for direct-space structure
solution calculations is to have a reliable understanding of the geometry of the molecule
in the crystal structure. In this context, we consider the case of molecules that can exist in
different tautomeric forms.

An early example concerns structure determination of red fluorescein from powder
XRD data [56], which exploited high-resolution solid-state 13C NMR to identify that the
tautomeric form of the molecule present in the crystal structure is the quinoid tautomer,
rather than the lactoid or zwitterionic tautomers. This structural knowledge allowed the
correct tautomeric form to be used in direct-space structure solution calculations, leading
to successful structure determination.

Another example involving assignment of the tautomeric form concerns the recent
crystal structure determination of alloxazine [57], a tricyclic ring system found in many
biologically important molecules, with structure determination carried out from powder
XRD data. The alloxazine molecule can exist in two tautomeric forms (called alloxazine
and isoalloxazine; Figure 5a), differing only in the position of one hydrogen atom in the
molecule. For this reason, two virtually identical crystal structures—one containing the
alloxazine tautomer and the other containing the isoalloxazine tautomer—were found
to give a high-quality fit to the powder XRD data in Rietveld refinement. Indeed, the
only significant difference between the crystal structures containing the alloxazine and
isoalloxazine tautomers concerns the position of a hydrogen atom within an intermolec-
ular N-H: - - N hydrogen bond (i.e., N-H-: - - N versus N - - H-N) linking neighbouring
molecules, and it is therefore not surprising that the powder XRD patterns of the crystal
structures containing the two tautomers are virtually indistinguishable. To establish the
tautomeric form that actually exists in the material, high-resolution solid-state '>’N NMR
data were recorded (Figure 5b), with isotropic peaks at 123.81 and 156.56 ppm (chemi-
cal shift difference, 32.75 ppm). Although there are four distinct 1°N environments in
the crystal structure, the conditions of the solid-state >N NMR measurement (involving
'"H—'°N cross-polarization with contact time 7., = 2 ms) gave signals only for the two
15N environments directly bonded to 'H (i.e., >N-'H bonds). DFT-GIPAW calculations of
the isotropic N chemical shifts for the two N-H environments in the crystal structures
containing the alloxazine and isoalloxazine tautomers gave >N resonances at 126.68 and
161.43 ppm (chemical shift difference, 34.75 ppm) for the alloxazine crystal structure and at
149.94 and 165.64 ppm (chemical shift difference, 15.70 ppm) for the isoalloxazine crystal
structure. Clearly, the experimental values of isotropic '°N chemical shifts are in signif-
icantly better agreement with the calculated values for the crystal structure containing
alloxazine, and the difference between the two N chemical shifts in the experimental
spectrum (32.75 ppm) is significantly closer to the calculated difference for the crystal struc-
ture containing alloxazine (34.75 ppm) than the crystal structure containing isoalloxazine
(15.70 ppm). These observations strongly support the conclusion that the material contains
the alloxazine tautomer rather than the isoalloxazine tautomer. The high quality of fit in
the Rietveld refinement and the final refined crystal structure containing the alloxazine
tautomer are shown in Figure 5c,d.
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Figure 5. (a) The alloxazine and isoalloxazine tautomers, and (b) experimental high-resolution
solid-state 1°N NMR data, which provides strong evidence that the crystal structure of this material
contains the alloxazine tautomer. (c) Final Rietveld refinement of the powder XRD data for the
alloxazine tautomer, showing a very good quality of fit, and (d) the final refined crystal structure
containing the alloxazine tautomer.

4.3. Detecting Disorder in a Crystal Structure from Solid-State NMR Data

Detailed insights regarding disorder in crystalline materials (either static positional
disorder or dynamic disorder) can be obtained from solid-state NMR data, which may be
particularly useful in assisting the structure determination of disordered materials from
powder XRD data. For crystal structures containing significant disorder, it would generally
be essential to incorporate a suitable description of the disorder within the definition of the
structural model used in direct-space structure solution calculations, and clearly solid-state
NMR data may provide vital information to allow an appropriate structural model to be
established. However, if the disorder concerns only a localized part of the structure, it may
be possible to achieve successful direct-space structure solution using an ordered structural
model, and also to obtain a Rietveld refinement of reasonable quality using this ordered
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model, which may then be improved by incorporating an appropriate description of the
disorder within the structural model. To illustrate this situation, we consider the structure
determination of the 3 polymorph of p-formyl-trans-cinnamic acid (p-FCA) from powder
XRD data [58] (Figure 6). For this material, direct-space structure solution from powder
XRD data was achieved successfully on the basis of an ordered structural model, which
then gave a good quality of fit in Rietveld refinement (Figure 6b; Ry = 3.27%). However,
inspection of the high-resolution solid-state 3C NMR spectrum of this material (Figure 6a)
revealed that there are two peaks for the 13C site in the formyl group [59], while all other
13C sites in the molecule give only a single peak, suggesting that the formyl group may
be disordered between two different local environments in the crystal structure, and with
the remainder of the structure ordered. Integration of the two peaks for the formyl group
in the solid-state '*C NMR spectrum suggests that the relative populations of the two
local environments are 69% and 31%. Subsequent Rietveld refinement was carried out
using a structural model in which the disorder is represented by two orientations of the
formyl group, each with refined fractional occupancies; in each orientation (Figure 6a),
the formyl group is co-planar with the aromatic ring, but the two orientations differ by
180° rotation about the C—C bond that links the formyl group and the aromatic ring.
Rietveld refinement of the disordered model (Figure 6¢) gave an improved quality of fit
(Rwp = 2.87%), with refined fractional occupancies of 59% and 41% for the two orientations
of the formyl group, in close agreement with the relative populations determined from the
high-resolution solid-state 1*C NMR data. In this example, if the existence of disorder in the
crystal structure had not been revealed from inspection of the solid-state 1>*C NMR data, it
is probable that the Rietveld refinement for the ordered model (Figure 6b) would have been
considered as an acceptable quality of fit to the experimental powder XRD data, and the
existence of disorder in the crystal structure may not have been apparent by considering
the powder XRD data alone.

4.4. Enhancing Structure Solution Calculations Using Insights on Specific Internuclear
Interactions

It is important to note that specific structural features deduced from solid-state NMR
data may be utilized actively within the process of structure solution from powder XRD
data, illustrated by the structure determination [60] of polymorph I of 3’ 5'-bis-O-decanoyl-
2'-deoxyguanosine [Figure 7; abbreviated as dG(Cy),], which represents one of the most
challenging crystal structures of an organic material (a 90-atom molecule) to be determined
from powder XRD data.

This work exploited the fact that measurements of internuclear coupling from solid-
state NMR data yield information on specific intermolecular interactions, focusing on
measurement of indirect (electron-coupled) dipole-dipole interactions (i.e., J-coupling)
through hydrogen bonds [61,62] to allow the functional groups engaged in hydrogen-
bonding interactions within the crystal structure to be identified directly from solid-state
NMR data. Clearly, such knowledge may allow trial structures containing the correct
hydrogen-bonding motif to be favoured in the structure solution process, and may serve as
a basis to reject trial structures that contain incorrect hydrogen-bonding motifs.

In the structure determination of polymorph I of dG(Cyp), from powder XRD data [60],
results from earlier solid-state NMR studies [63,64] of 1°N- - - 1°N J-coupling in N-H: - - N
hydrogen bonds within this material provided direct insights concerning the intermolecular
hydrogen-bonding between guanine moieties, including a 2"\yn1g coupling of 5.9 Hz,
which suggests that the crystal structure contains a relatively strong N-H- - - N hydrogen
bond involving N7 and N10 (Figure 7a). This information provided a robust criterion for
acceptance or rejection of trial structures in assessing the results of direct-space structure so-
lution from powder XRD data. As shown in Figure 7b, the N10-H- - - N7 hydrogen bonding
predicted from the solid-state >N NMR data is present in the final refined crystal structure.



Crystals 2022, 12,1277 12 of 20

H 0
H 0°,180° /
(@) N 7 ¢
c AN
" OH
o H
P—
| LA L B |
200 195 190 185
r I T T T T l T T T T I T T T T l T T T l—'
250 200 150 100 50

o/ ppm

(b)

Rup = 3.27 %

[ "
l 1 1 ] 1 1
10 20 30 40 50 60
201/°

I - N —
— =
| | 1 1 | |
10 20 30 40 50 60
201/°

Figure 6. (a) Experimental high-resolution solid-state 13C NMR data recorded for the polymorph
of p-FCA, showing the presence of two peaks for the 1>C environment of the formyl group, which
is interpreted to arise from disorder between two orientations of the formyl group. (b) Rietveld
refinement for the ordered structural model of the 3 polymorph of p-FCA (Rwp = 3.27%). (c) Rietveld
refinement for the disordered structural model of the 3 polymorph of p-FCA (Ryyp = 2.87%). Apart
from the description of the order/disorder of the formyl group, all other aspects of the refinement
calculations are the same in (b,c). The red boxes in (b,c) highlight the region of the powder XRD
pattern corresponding to the greatest improvement in the quality-of-fit for the disordered model,
assessed from the difference between the experimental and calculated powder XRD patterns.
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Figure 7. (a) Evidence from solid-state >N NMR data recorded for polymorph I of dG(Cyy); for a
2hy\7n10 coupling of 5.9 Hz, which suggests that the crystal structure contains a relatively strong
N-H- - -N hydrogen bond involving N7 and N10 (N7 and N10 are highlighted by blue circles).
(b) The final refined crystal structure of polymorph I of dG(Cjp); with the N10-H- - - N7 hydrogen
bonds highlighted by red ellipses. (c) Comparison of experimental and DFT-GIPAW calculated values
of isotropic 13C NMR and N NMR chemical shifts for polymorph I of dG(Cjp);.
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Furthermore, comparison between the isotropic IH, 13C and 1°N chemical shifts and
J-couplings calculated using DFT-GIPAW methodology for the final refined crystal structure
of polymorph I of dG(Cyg), and the experimentally determined values of isotropic 'H and
13C chemical shifts [65] and "N chemical shifts and J-couplings [64] provide additional
scrutiny and validation of the crystal structure following the final Rietveld refinement [60].
As an illustration (Figure 7c), very good agreement is observed between calculated and
experimental values of isotropic chemical shifts (with RMS deviations of 0.57 ppm for 'H
NMR, 3.02 ppm for 1*C NMR, and 2.01 ppm for >N NMR).

5. Examples of Using Solid-State NMR Data in Validation of the Final Crystal
Structure Determined from Powder XRD Data

In structure determination of organic materials from powder XRD data, a strategy [33]
that is now commonly applied in the process of validation of the final refined crystal
structure is based on quantitative assessment of the compatibility between the crystal
structure and solid-state NMR data recorded for the material of interest (see Figure 2).
After Rietveld refinement, DFT-GIPAW calculations are used to calculate solid-state NMR
data for the final refined crystal structure, followed by rigorous scrutiny of the level of
agreement between experimental solid-state NMR data recorded for the material and the
corresponding solid-state NMR data calculated for the final refined crystal structure. It
is important to emphasize that this approach ensures that the quality of the final refined
crystal structure is assessed both against the experimental powder XRD data (i.e., in the
Rietveld refinement) and against the experimental solid-state NMR data, representing a
robust validation of the correctness of the structure.

As an example of this approach [33], we consider the structure determination from
powder XRD data of a 1:1 co-crystal containing indomethacin and nicotinamide, which
is of relevance in pharmaceutical research [66]. Following successful structure solution
using the direct-space strategy and subsequent Rietveld refinement, the isotropic 'H and
13C NMR chemical shifts were calculated for the final refined crystal structure using the
DFT-GIPAW approach and were then compared (Figure 8) to the isotropic 'H NMR and *C
NMR chemical shifts measured experimentally for this material [67]. Clearly, the calculated
chemical shifts are in excellent agreement with the experimentally measured chemical
shifts, representing a robust validation of the structure determined from the powder XRD
data. The only significant discrepancies between experimental (dexpt) and calculated (6calc)
values of the 'H and !3C chemical shifts arise for the 'H chemical shift for the OH group
of indomethacin (Sexpt = 16.3 ppm, dcaic = 18.5 ppm) and the 'H chemical shifts for the
two 'H environments in the NH, group of nicotinamide (Sexpt = 9.0 ppm, dcq1c = 10.5 ppmy;
Jexpt = 7.3 ppm, ¢ = 8.8 ppm). However, it is notable that the difference between the
'H chemical shifts for the two 'H environments in the NH, group in the experimental
data (A6 = 1.7 ppm) is exactly reproduced in the calculated data. For all three of these 'H
environments, the experimental 'H chemical shift is lower than the calculated 'H chemical
shift, which is related to the known temperature dependence of chemical shifts for 'H
environments involved in hydrogen bonding [68-70] and the fact that the DFT-GIPAW
calculation of solid-state NMR data considers a static hydrogen-bonded structure, whereas
the actual material probed experimentally at ambient temperature is inevitably affected
by the lattice dynamics in the crystal structure [71-73]. Thus, the crystal structure used
in the DFT-GIPAW calculations (which is subjected to DFT geometry optimization before
calculation of the solid-state NMR data) represents a static structure with stronger hydrogen
bonding and hence higher 'H chemical shifts than the more dynamic situation that exists
in the experimental system.
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Figure 8. Comparison of experimental and DFT-GIPAW calculated values of isotropic '*C NMR and
'H NMR chemical shifts for the indomethacin-nicotinamide co-crystal.

In addition to the good agreement between the experimental and calculated values
of isotropic 1H and 13C chemical shifts, an even more robust validation is provided [33]
by assessing two-dimensional correlations between 'H and *C chemical shifts for directly
bonded CH, CH, and CHj3 moieties (Figure 9). Again, excellent agreement is observed
between the chemical shift correlations calculated for the final refined crystal structure and
the chemical shift correlations measured from experimental solid-state NMR data for the
co-crystal material. For the aromatic CH resonances, the calculated data are in particularly
good agreement with the experimental two-dimensional 'H-3C correlation spectrum.
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Figure 9. DFT-GIPAW calculated 'H and '3C chemical shift correlations (indicated by red crosses) for
directly bonded CH, CH; and CHj3 moieties in the crystal structure of the indomethacin-nicotinamide
co-crystal overlaid on the experimental 'H-!3C correlation NMR spectrum. The green box highlights

the region of the spectrum corresponding to the aromatic CH resonances.

As another illustration of the utility of solid-state NMR data in the validation of the final
refined crystal structure from powder XRD data, we consider the recent report [74] of the
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structure of a new polymorph (3 polymorph) of L-tyrosine, prepared by crystallization from the
gas phase following vacuum sublimation. In this case, structure solution was carried out both
from powder XRD data and from three-dimensional electron diffraction (3D-ED) data, followed
by Rietveld refinement from the powder XRD data (Figure 10a). The final refined crystal
structure (Figure 10b) was validated both by DFT geometry optimization (which confirmed that
the structure is a local minimum on the energy landscape) and consideration of high-resolution
solid-state 13C NMR data (for which excellent agreement is observed between the isotropic 1*C
NMR chemical shifts in the experimental high-resolution solid-state 3C NMR spectrum and
the corresponding values calculated for the crystal structure using DFT-GIPAW methodology;
Figure 10c). Thus, in addition to giving excellent agreement with experimental powder XRD
data in Rietveld refinement, the final refined crystal structure of the 3 polymorph of L-tyrosine
is also in excellent agreement with experimental solid-state 3C NMR data.

(@) (b)
Rietveld . -
Refli?le:Ient j)ﬁ A ‘)T ‘ g_’b

ek | 1l} i‘ﬁ~l} i;yik} L

1 " UL U0 OO (OO 1 ‘i&§;\ \*"\ “1%\

10 20 30 40 50 60 70

20/°

(c)

st N I
**[I J 1 *.‘ iT‘ l ‘
It

yyyyyyyyyyyyyyyy T

200 150 100 50

3C Chemical Shift / ppm

Figure 10. (a) Final Rietveld refinement of the powder XRD data for the 3 polymorph of L-tyrosine,
showing a very good quality of fit, and (b) the hydrogen-bonding arrangement in the final refined
crystal structure. (c) Experimental high-resolution solid-state 13C NMR spectrum for the 3 polymorph
of L-tyrosine together with the values of isotropic 13C NMR chemical shifts calculated by DFT-GIPAW
methodology for the crystal structure (indicated by the red lines above the spectrum). Spinning
sidebands in the experimental spectrum are marked by asterisks.

6. Concluding Remarks

The research strategy described in this paper serves to highlight the significant advan-
tages that can be gained by incorporating structural knowledge derived from solid-state
NMR data in various stages of the process of structure determination from powder XRD
data, including the use of solid-state NMR data to provide robust validation of the final
refined structure obtained in Rietveld refinement. The opportunity to utilize solid-state
NMR data in structure validation has benefitted significantly from progress in the devel-
opment of DFT-GIPAW methodology for computing reliable solid-state NMR data for
crystal structures, which allows direct and robust comparisons to be made between crystal
structures and experimental solid-state NMR data.
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Although the examples in this article have focused primarily on consideration of
isotropic chemical shift measurements in solid-state NMR data for commonly studied nuclei
such as 'H, 13C, and >N NMR, the full range of NMR phenomena that may be studied
for solid materials can be exploited within the NMR Crystallography field, including the
study of anisotropic NMR interactions such as chemical shift anisotropy [75], electric-field
gradient tensors derived from the study of quadrupolar nuclei [76,77] and direct dipole—
dipole interactions [78-80]. Clearly, all of these types of solid-state NMR measurement may
be exploited to enhance the process of structure determination from powder XRD data.

Furthermore, in addition to the opportunity to apply DFT-GIPAW calculations on
“static” crystal structures following geometry optimization (as discussed above), there are
also exciting prospects [81] to combine DFT-GIPAW methodology with ab initio molecular
dynamics simulations [82], allowing the effects of the dynamic properties of the crystal
structure to be taken into account in the calculation of solid-state NMR data.

Although structure determination from powder XRD data can proceed successfully
and straightforwardly in many cases without requiring insights from other experimental
and computational approaches, the opportunity to exploit insights from other techniques,
in particular solid-state NMR data, within the structure determination process will always
provide more confidence that the structure determination process is progressing along the
correct pathway, and that the final refined crystal structure is reliable and correct. However,
in pushing forward the boundaries of structure determination from powder XRD data to
tackle structural problems of greater complexity, it is anticipated that the synergistic use of
information from solid-state NMR data and other techniques will become an increasingly
vital component of the protocol for structure determination from powder XRD data.
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