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Structure determination of functional organic compounds
remains a formidable challenge when the sample exists as
a powder. NMR crystallography approaches based on the
comparisonof experimental andDFT-computed 1Hchemical
shifts have already demonstrated great potential for struc-
ture determination of organic powders, but limitations still
persist. In this studywe discuss the possibility of using 13C-
13C dipolar couplings quantified on powdered theophylline
at natural isotopic abundancewith the help of dynamic nu-
clear polarisation, to realize a DFT-free, rapid, screening of a
pool of structures predicted by AIRSS.We show that while
13C-13C dipolar couplings can identify structures possessing
long-range structural motifs and unit cell-parameters close
to those of the true structure, itmust be complementedwith
other data to recover information about the presence and
the chemical nature of the supramolecular interactions.

Abbreviations: CSP, crystal structure prediction; DQ, double quantum; AIRSS, ab initio random structure search; DFT, density functional theory; CSD,
Cambridge structural database
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1 | INTRODUCTION

The knowledge of the atomic-level structure of a material is fundamental to understand the origin of its end-use
properties. Although single-crystal diffraction techniques have empowered the determination of three-dimensional
molecular structure for a wide range of molecules andmaterials, diffraction techniques aremuch less efficient when
the system under study does not form large crystals (>100 nm). Interestingly, recent progress in crystal structure
prediction (CSP) methods demonstrated that crystal structures of powders can be computed ab initio with great
accuracy.[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] CSP consists in exploring the crystal energy landscape of amolecule, i.e. finding
"the set of crystal structures that are sufficiently low in energy to be thermodynamically plausible polymorphs".[2]
Exploring the energy landscape of an organic molecule is computationally demanding, and its complexity depends on
themolecule itself. For a givenmolecule, CSP usually generates a pool of candidate structures, which are ranked and
then selected uniquely on the basis of their global lattice energy (instead of themoremeaningful, but computationally
more intensive, free energy). Therefore, structure rankingmay prove difficult, especially in the case where the lattice
energy difference between two candidate structures corresponds to the uncertainty of the CSP calculation (typically,
a few kJ/mol).[13, 14, 2] This aspect is particularly important for organic molecular crystals, in which observed (or
potentially observable) polymorphs typically correspond to different local minima on the energy landscape whose
energy differs by only a few kJ/mol.[13] In this respect, it has been recently shown that the use of ab initio random
structure search (AIRSS) method[15] can be beneficial because the random search algorithm ensures an unbiased
sampling of the energy landscape, limiting the risk of missing energetically similar structures sitting far away on the
energy landscape. For example in a recent study a set of 600 structures generated using the AIRSSmethodwere used
to identify two polymorphic forms of mABA.[16]

A solution to the structure-ranking problem is to combine CSP computation with experimental data, such as X-ray
diffraction patterns (XRD) or data obtained from solid-state nuclear magnetic resonance (SSNMR) experiments[17, 18],
to select themost relevant structure(s) from the pool of candidate structures generated by CSP.[19] For example, Xu
et al. have combined CSP and X-ray diffraction to establish the crystal structure of glycine dihydrate.[20] Brus and
coworkers showed that covariance between experimental and theoretical chemical shifts can be used to assign 2D
heteronuclear correlation spectra and to refine the structure of organic solids by identifying the space group of the
crystal in the absence of powder diffraction data.[21]Moreover, Baias et al. have used a combination of CSP and SSNMR
to investigate the crystal structure of several organic molecules as powders.[22, 23] Notably, it has been shown that
1H chemical shifts can be computed by density functional theory (DFT) for each candidate structure and that the
comparison between computed and experimental chemical shifts could yield the correct structure.

In some cases, however, XRD and SSNMR cannot be exploited to assess the candidate structures generated by CSP.
In fact, slight differences between a predicted structure and the correct structuremay lead to important differences
between experimental and calculated powder XRD data. [24, 16] Furthermore, SSNMRmay be hampered by the low
resolution often encountered for 1H SSNMR spectra, the limited 1H chemical shift range, and by the sparse number
of distinguishable 1H resonances. In addition, although chemical shift is certainly the most easily accessible NMR
observable, its isotropic value is not directly related to the crystal structure. An additional limitation is that DFT
computation of chemical shifts is a lengthy process, which further restricts the potential of SSNMR for structural
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elucidation of organic powders.[22]
Consequently, there is a requirement for additional SSNMRobservables to improve the validation or the refinement

of CSP candidate structures. Interestingly, some of us have shown that double-quantum (DQ) experiments based on
13C-13C dipolar couplings can yield quantitative information about themolecular conformation and the crystal packing
of organic powders at natural abundance (NA).[25] The main advantage of this approach is that dipolar couplings
are accessed through the corresponding dipolar curves, whose analytical expression is known from theory[26]. With
the sole knowledge of the interatomic distances between the atoms in the crystal structure, dipolar curves can be
straightforwardly calculated and plotted on a personal computer, with no need for first principle calculations. Therefore,
an analytical function can be used to rapidly compare DQ 13C-13C dipolar data obtained experimentally with those
calculated for model crystal structures. Because of the low natural abundance of 13C nuclear spins, the detection
and measurement of 13C-13C dipolar couplings in NA samples was only possible thanks to the optimal sensitivity
enhancement provided bymodern high-field dynamic nuclear polarization (DNP).[27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39] Importantly, DQ 13C-13C dipolar data recorded onNA samples are directly related to short and long-range
internuclear distances between the coupled spins because dipolar truncation can be neglected in the presence of
naturally diluted 13C-13C spin pairs.[40, 41, 42, 43]

In this contribution, we show that a pool of structures generated using AIRSS[15] can be screened at minimal
computational cost with the help of DQ dipolar 13C-13C build-up curves obtained by DNP SSNMR, demonstrating the
sensitivity of these curves to a broad range of structural variations. We illustrate that this procedure can serve as a
preliminary screening of the structures able to identify long range structural motifs that resemble those of the correct
structure, allowing a coarse analysis of the structures before engaging in lengthy and computationally intensive structure
refinement and chemical shift first principles calculations. The procedure is illustrated on theophylline, a molecular
system that requires laborious crystallization work for XRDmeasurements,[44, 45, 46, 47] and for which the structural
determinationmethod based on the combination of CSP and 1H chemical shifts failed.[22]

2 | MATERIALS AND METHODS

2.1 | Sample preparation

Powdered anhydrous theophylline was purchased from Sigma Aldrich and used as received. The powder was identified
as being polymorph II of theophylline by both SSNMR and X-ray diffraction, corresponding to BAPLOT06 refcode in
the crystallographic structural database (CSD). The sample for DNP analysis was prepared through incipient wetness
impregnation[48] of the powderwith a 66mMsolution of the polarising agent TEKPol[49] in 1,1,2,2 - tetrabromoethane,
as previously reported[25]. The wet powder was then transferred into a 3.2 mm sapphire rotor for DNP analysis.
Absence of structural modifications induced by the preparation procedure was confirmed by comparing the SSNMR 13C
spectra and X-ray diffraction patterns collected before and after the impregnation.

2.2 | Acquisition of quantitative dipolar data by DNPNMR

All the DNPNMR experiments were performed using a Bruker 9.4 Twide boremagnet operated by a Avance-III console
and equippedwith a 3.2mm low-temperature double-channel 1H-13C,29Si CP-MAS probe. The sample temperature was
105 K and the spinning speedwas 8 kHz. TheNMR spectrometer was connected through awaveguide to a 263GHz
gyrotron delivering amicro-wave (MW) irradiation beam of 4W at the probe. The field sweep coil of the NMRmagnet
was calibrated so that theMW irradiation of the gyrotron couldmatch themaximumDNP enhancement obtained for
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TOTAPOL (263.3 GHz).
The NMR pulse sequence used to obtain the double quantum (DQ) 13C-13C dipolar build-up curves is shown in Fig.

S4 (ESI). The POSTC7 scheme[50] was used to reintroduce the dipolar coupling interaction during both the excitation
and the reconversion times τDQ of a 2DDQ correlation experiment. Each 2D experiment consisted of 34 t1 increments,
each with 64 acquisitions. The total evolution time for the indirect dimension was 0.6 ms, and the spectral width 56 kHz.
States-TPPI procedure was applied to obtain pure-absorption spectra. A total of 9 2DDQ experiments were acquired
by increasing the τDQ between 0.25 and 8ms, each of which lasted 7 h (total experimental time: 63 h).

2.2.1 | Experimental NMR data

To obtain the DQ build-up curves, several 2D DQ experiments were acquired by increasing the τDQ , all the other
parameters being unchanged. The volumes of the correlation peaks in each 2D spectrum (not shown here: see Ref.[25]
for a full discussion of the data) were extracted and plotted as a function of τDQ , providing DQ build-up curves for each
13C-13C pair of theophylline. The DQ signals were scaled with respect to both the number of 13C sites contributing
to the correlation peak analysed and the intensity of the corresponding correlation peaks in the CP-MAS spectrum
acquired under equivalent experimental conditions (i.e. same nutation frequency and contact time). The confidence
intervals for the DQ intensity measurements were determined by integrating several signal-free regions of the spectra
of the same frequency bandwidths as those used to estimate the peak integrals. The standard deviation of these noise
integrals were taken as the experimental confidence limits.

2.2.2 | Theoretical dipolar build-up curves

For a full derivation of the analytical function describing the evolution of DQ signal amplitudes under a γ-encoded
pulse sequence, the reader is referred to Ref.[26]. Briefly, the theoretical DQ build-up curves for an isolated spin pair
interacting through dipolar coupling is the following:

si j (τDQ ) =
1

2
− 1

x
√
8

[
Fc (x
√
2)cos2θ + Fs (x

√
2)si n2θ

]
(1)

where:

x =
2θ

π
(2)

θ =
3

2
kC7 bi j τDQ (3)

In Eq. 1, Fc and Fs represent the cosine and sine Fresnel integrals, respectively, while in Eq. 3, kC7 indicates the
POSTC7 scaling factor, equal to 0.155, and bi j is the dipolar coupling constant between the spins i and j , which depends
on their internuclear distance.

The analytical function used tomimic the DQ evolution of a carbon atom pair i j in a crystal has the following form:
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Si j (τDQ ) = A exp(−2k · τDQ )
Nj∑
j=1

si j (τDQ ) (4)

Importantly, Eq. 4 only requires the knowledge of the DQ recoupling scaling factor and the list of internuclear
distances between the sites i and j in the crystal structure to allow the theoretical dipolar build-up curves to be
calculated for this atom pair. The factorA defines the intensity of DQ signal, while k accounts for relaxation effects.

Relying on a purely analytical function, the calculation of the DQbuild-up curves is immediate and allows a rapid
screening of a large number of structures. For each crystal structure, the theoretical curves were obtained from
Eq. 4 by taking into account all the internuclear distances between two chosen carbon atoms in the crystal up to a
maximumdistance of 6.5 Å. In the case of theophylline, including distances longer than 6.5 Å did not bring any significant
modification to the curves. Importantly, these curves receive contributions from both intra- and intermolecular dipolar
interactions: therefore, although they cannot be interpreted in terms of a single, specific, internuclear distance, they
encode the crystal structure.

2.2.3 | Dipolar χ2 calculation

For each computed structure, the 13C-13C dipolar χ2 for the atom pair i j was calculated as:

χ2i j =
∑
τDQ

[
S
exp
i j
(τDQ ) − Si j (τDQ )

]2 (5)

where the experimental signal amplitude S exp
i j
(τDQ )was obtained as described in Section 2.2. The globalχ2 discussed in

the text was obtained by adding up the χ2
i j
for the 8 distinct i j atom pairs listed in Table S2 (ESI).

2.3 | Crystal structure prediction

A set of 33 candidate crystal structures was generated using the Ab Initio Random Structure Search (AIRSS) approach
[51, 15]. Structure prediction using AIRSS involves two stages: trial structures are first generated through the random
search component, and then they are geometry optimised through a fully periodic DFT calculation (see next section).
For theophylline, the first stage of calculation used neutral theophylline molecules with fixed conformation taken from
the X-ray determined structure (CSD entry code: BAPLOT06). All the structures were generated by constraining the
space group to Pn21, corresponding to the space group observed for the CSD structure of theophylline. Therefore, all
the structures had 4molecules in the unit cell, whose dimensions were allowed to vary.

No constraints were applied to the unit-cell, ensuring that the resulting structures have different long-range
arrangement in terms of mutual molecular distance and orientation. It is worth noting that, except for the reorientation
of the methyl groups about their ternary axis, the (planar) molecule of theophylline does not have any degrees of
freedom, therefore only minimal conformational differences are observed among the predicted structures. It follows
that all the candidate structures predicted by AIRSS are pure packing polymorphs of theophylline.
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2.4 | First-principles calculations

Geometry optimization of the structures predicted byAIRSSwas carried out using theDFT codeCASTEP,[52, 53, 54, 55]
which uses a plane wave basis set together with pseudo potentials to represent the core-valence interaction. All calcu-
lations used the PBE functional[56] and the dispersion correction scheme of Tkatchenko-Scheffler[57]. Calculations
carried out on trial structures generated in the first stage of AIRSS search used a planewave cut-off energy of 500 eV
and a Brillouin zone sampling of 0.1×2π Å−1. The convergence criteria were 0.05 eV Å−1 for forces, 0.1 GPa for stresses,
0.00002 eV per atom for energy and 0.001 Å for atomic displacements. Although the resulting structures are ener-
getically stable, and can hence be considered physically meaningful, their energy lie within 60 kJ/mol from the lowest
energy structure. These values are higher than the threshold of 10 kJ/mol typically reported in NMR crystallography
studies. However, the scope of the present workwas not to solve the structure of theophylline, but to propose a new
approach to rapidly screen a set of physically meaningful candidate crystal structures. Therefore, no particular effort
was put into obtaining refined structures that could resemble the true structure of theophylline. The lattice energies of
each structure relative to the energy of the known crystal structure (referred to as CSD in the following) are reported in
Table S1 and Fig. S1 (ESI).

3 | RESULTS AND DISCUSSION

The trial set of 33 candidate structures of anhydrous theophylline, generated by the AIRSSmethod, are indicated in the
following with the corresponding number (1 to 33). In addition, the CSD structure is used here as a structural reference.
Structure numbering does not reflect increasing lattice energy. Because of theminimal conformational rearrangement
allowed for theophylline molecules, variations in the 13C-13C dipolar curves between different predicted structures
should be uniquely ascribed to differences in the mutual position and/or orientation of the - rigid - theophylline
molecules, and not to intramolecular differences. Considering that dipolar couplings scale as 1/r3, intermolecular
contributions are typically 1 order of magnitude smaller than intramolecular contributions (~100 Hz vs ~2000 Hz).
It follows that theophylline is an appropriate, yet challenging, system to probe the ability of such small variations in
13C-13C dipolar couplings to provide a reliable tool to assess the quality of crystal structure candidates.

Fig.1 shows experimental 13C-13CDQdipolar build-up curvesmeasured byMASDNP for different carbon atom
pairs of NA powdered anhydrous theophylline [25]. These data are compared with the theoretical build-up curves
calculated for some of the candidate structures predicted by AIRSS. Specifically, in Fig. 1 the dipolar build-up curves
calculated for the CSD structure are only comparedwith the curves for structures n.12 and 21 (panels b, d and f), and
for structures n.32 and 33 (panels c, d and g) for the sake of clarity. The C-C pairs shown in Fig.1 are representative
of the variability of information contained in 13C-13C dipolar curves. For instance, while the C1-C6,7 pair (Fig.1b and
c) receives contributions from both intra and intermolecular couplings, only intermolecular interactions contribute
to the C5-C5 pair (Fig.1d and e). For all the spin pairs considered, the curves calculated for the CSD structure are
in very good agreement with the experimental data. Interestingly, the dipolar curves plotted for the C1-C6,7 pair in
Fig.1b and c are in good agreement with the experimental data for the four predicted structures n.12, 21, 32 and 33.
Nonetheless, Fig.1 also confirms that different crystal structures can have dipolar curves that almost superpose for
certain atom pairs but differ significantly for others. This is illustrated in Fig.1d and e, showing that the intermolecular
C5-C5 distances are in agreement with the experimental data for structures n.12, 32 and 33, but not for n.21. The case
of C6-C7 pair is particularly worth discussing. In fact, although the dipolar curves for C6-C7 are built from both intra-
and intermolecular contacts, in most of the candidate structures of theophylline considered in this analysis (including
the case of the CSD structure) we observed that the shortest intermolecular contribution to the C6-C7 coupling was
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stronger than the intramolecular one. Dipolar data corresponding to atom pairs such as the C6-C7 of theophylline
are hence expected to show high sensitivity to the crystal packing and are very precious for structure determination
purposes. This is illustrated in Fig.1f and g, showing that dipolar build-up curves calculated for the C6-C7 pair varied
sensibly fromone structure to the other, and only agreeswith experimental data for structures n.32 and 33. Importantly,
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F IGURE 1 DQbuild-up curves for selected pairs of 13C dipolar correlation peaks. Selected pairs of peaks are
indicated by numbers on the top right of each graph, with the number in bold referring to the detected resonance.
Labeling refers to the scheme in a). The experimental data points (blue plain circles) were obtained by integrating the
corresponding correlation peaks obtained in a series of DNP-enhanced 2D 13C-13CDQ correlation spectra (see Ref.
[25] and ESI) recorded for different τDQ values on anhydrous theophylline. The solid lines represent the analytical
function of the DQ build-up, which depends on the 13C-13C interatomic distances in structures: n.12 and 21 (b, d and f)
and n.32 and 33 (c, e and g). The curve corresponding to the CSD structure is also shown as a dashed grey line.
Evaluation of the deviation of each of these curves from the experimental data points (χ2) allows easy screening of the
whole set of trial structures at no computational cost.
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for this atom pair, the best agreement between experimental data and calculated curves was neatly observed for the
CSD structure. Themethod is hence sensitive to recurrent supramolecular motifs in molecular crystals, as it happens
for π − π stacking in the case of theophylline.
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ar
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2  (
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u.

)

Structure n.

C
SD

F IGURE 2 13C-13C global dipolar χ2 for the crystal structures of theophylline generated using AIRSS. The χ2 for the
CSD structure is also shown for comparison. The dotted line is a guide to the eyes to identify the χ2 minimum. The
predicted structures showing the best agreement are highlighted in gray (n.32 and 33).

The deviation between the experimental and theoretical 13C-13CDQdipolar build-up curves can be used to quantify
the goodness of a candidate structure. As described in section 2.2.3, such deviation can be expressed as the global
dipolar χ2, reported in Fig. 2 for the all the predicted structures and the CSD structure. This value is obtained by
adding the dipolarχ2 obtained for 8 different 13C-13C pairs (see Table S2, ESI). The results show that the best agreement
is obtained for AIRSS structures n. 32 and 33. It must be noted that, differently from the RMSD typically used for
evaluating the goodness of a structure based on the difference between calculated and experimental chemical shifts, χ2
takes into account the experimental error in the determination of the dipolar coupling. Although a confidence interval
for χ2 values cannot be established using a set of dipolar data obtained on a single compound, structures n. 32 and 33
can be retained as good candidate structures in the present analysis because they show nearly identical values of χ2,
which essentially coincide with the χ2 for the CSD structure.

Importantly, the best agreement between the experimental and theoretical 13C-13CDQdipolar build-up curves
is obtained for two candidate structures of theophylline, n.32 and 33, that show structural features close to the CSD
structure. In fact, as shown in Fig. 3, theophylline molecules in these structures have very similar supramolecular
arrangement (i.e. similar mutual arrangement, similar location in the unit cell) but differ in their mutual orientation,
leading to different intermolecular interactions. Notably, while in the CSD structure the amino proton is hydrogen
bonded to the aldimine nitrogen (NH· · ·N), the amino proton in structure n.33 is hydrogen bonded to the carbonyl
oxygen neighboring the imidazole ring (NH· · ·O).

It is also interesting to consider the similarities of the selected structures in terms of their unit-cell parameters.
As shown in Fig. 4, three clusters of structures can be identified considering their unit-cell values. The distribution
of the structures in the three clusters does not follow an energy criterium, since both high and low energy structures
populate each of the clusters (Fig. S3, ESI). However, Fig. 4 shows that the unit cell parameters of structures n. 32
and 33 are nearly identical to those of the CSD structure. Globally, this analysis demonstrates that 13C dipolar data
are sensitive to both unit-cell dimensions and supramolecular arrangement. However, when carbon diluted, planar,
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a)

b)

c)

F IGURE 3 View down one of the crystallographic axes of three candidate crystal structures of theophylline.
Structure a) corresponds to CSD structure and coincides with the structure deposited in the CSD. This structure is
stabilized by the presence of N-H· · ·Nhydrogen bonds. In b), corresponding to predicted structure n.33, this pattern is
substituted by N-H· · ·Ohydrogen bonds. These two crystal structures are virtually indistinguishable on the basis of
their global dipolar χ2 . Despite being very similar to a), structure c), corresponding to predicted structure n.32, does not
allow the formation of hydrogen bonds: this structure is characterized by slightly larger dipolar χ2 than a) and b).
Crystal structures n.12 and 21 are also shown in Fig. S2 (ESI) for comparison.

molecules such as theophylline are investigated, 13C dipolar data appear not sensitive enough to efficiently discriminate
between structures only differing by in-plane rotation of one of themolecules.[58]

Nonetheless, using dipolar data, the pool of AIRSS structures of theophylline examined in this study could be
assessed within a few seconds on a standard computer, without the need of first principle calculations, i.e. at essentially
no computational cost. Contrastingly, computation of chemical shifts from first principles would have required about
1.5 CPU hours per structure on 12 cores, plus the time necessary for full geometry optimization. Differently from
previously proposed methods, the approach proposed here does not rank structures based on their lattice energy,
but relies on purely structural parameters (i.e. the internuclear distances in the crystal) to identify likely candidate
structures. It is important to point out that 13C dipolar data such as those analysed in the present study does not
contain any chemical information, such as the presence/type of chemical bonds or the occurrence of interatomic
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F IGURE 4 Unit-cell parameters for structures resulting from the AIRSS calculation on theophylline. Three clusters
of structures can be identified based on the values of the unit-cell axes, indicated by the grey areas. Unit-cell parameters
of structures n. 32 and 33, selected on the basis of dipolar data, are very similar to those of the CSD structure.

interactions. Notwithstanding these limitations, dipolar data helped identify a sub-set of candidate structures close to
the global minimumwithout any preliminary structural assumption, reducing the initial pool of candidate structures
of theophylline by more than 90%. The proposed method might be of interest in the perspective of investigating
larger pools of candidate structures, for which NMR crystallography approaches based on chemical shifts are time
consuming and computationally intensive. We suggest that, in the presence of large pools of properly geometry-
optimized structures, calculation of chemical shifts could be restrained to the sub-set of structures identified by dipolar
data, as a structure refinement. Therefore, the combination of dipolar data and chemical shifts could constitute a new
protocol for faster and reliable structure determination of organic compounds at natural isotopic abundance that could
considerably simplify the analysis of large sets of trial crystal structures. This work is currently in progress in our group
andwill make the object of a future study.

4 | CONCLUSIONS

The results presented here suggest that 13C-13CDQdipolar build-up curves acquired at natural isotopic abundance
using DNP SSNMRmight be used to sort out a pool of predicted crystal structures within a few seconds. This procedure
is complementary to approaches based onNMR chemical shifts and PXRD experiments and a combination of all these
techniques should allow in the future to solve the structure of unknown organic compounds at natural isotopic abun-
dance. It should be noted that 13C-13CDQdipolar experiments can also be used to establish 13C-13C connectivities,[59]
which ensures that the chemical structure of the predicted structures is reliable. In this form, we believe that DNP
SSNMR experiments performed on natural abundance samples will be helpful to investigate the structure of powders
that cannot be characterized using standard techniques.
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• A new DFT-free NMR crystallography approach is
presented, that allows a pool of predicted structures
to be screened using 13C-13CDQdipolar curvesmea-
suredatnatural abundancewith thehelpofDNP•Tested
on theophylline, the methodwas able to identify struc-
tures possessing long-range structural motifs and unit-
cell parameters similar to those of the CSD structure,
without any structural assumption •This approach is
expected to considerably simplify the analysis of large
structurepoolswith respect to current computationally-

intensive approaches


