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Recent progress in molecular modeling strategies has allowed
the development of efficient crystal structure prediction (CSP)
methods for molecular crystals based only on the atom connec-
tivitiesin amolecule.* They have reached the point where structures
corresponding to the naturally occurring polymorphs are almost
always among the predicted structures. However, there are typically
10—100 structures within about 10 kJ-mol~* of the lowest-energy
structure, and it can be difficult to correlate these predicted structures
with a given powder sample. Here, we show how high-resolution
'H solid-state NMR can provide a reliable experimental determi-
nation of a powder crystal structure from a set of ab initio predicted
candidates, through the example of thymol.

Comparison between cal culated and experimental powder X-ray
diffraction (PXRD) data are most often used to assess the quality
of predicted structures,® while potential predicted candidates have
been assessed using calculated elastic properties and vapor growth
morphology.® Alternatively, structure predictions can be used as
additiond information when PXRD aone does not provide sufficient
data to resolve a structure.*

Solid-state NMR chemical shifts (CS) have long been known to
be sensitive to the structure of molecular crystals.® Chemical shifts
are increasingly used as a crystalographic tool, possibly in
conjunction with other experimental or computational techniques,
for organic® as well asinorganic” samples. Facelli and Grant were
the first to combine chemical shift tensor calculations and experi-
mental measurements of 3C to get structural information from a
single crystal.® Recently, Harper and Grant demonstrated for a
carbohydrate that selection of the observed structure from an
ensemble of predicted structures was possible using the full *3C
chemical shift tensor.® Spiess and co-workers have pioneered the
use of calculated isotropic *H chemical shiftsto assign experimental
spectra and validate structural hypotheses.*®

In the past five years, solid-state NMR proton—proton spin-
diffusion (PSD) experiments have also been shown to be sensitive
enough to structure to be combined with molecular modeling in
the first step of a complete method of NMR crystallography of
powders. 12

Here we present a new approach, based on the efficiency of
crystal structure prediction methods and the sensitivity of experi-
mental *H solid-state NMR to structure. An ensemble of potential
structures is predicted ab initio (based only on the atom connec-
tivities) for powdered thymol (1), a small organic local antiseptic
compound chosen to be representative of molecular crystals. The
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structure of the powder under study is then determined from the
ensemble of predicted potential polymorphs by comparison of the
experimental proton solid-state NMR data (either isotropic chemical
shifts or PSD data) with the same property calculated for each of
the potential structures. We show that comparison, without the need
for experimental assignment, of calculated and experimental solid-
state *H isotropic chemical shifts (measured at natural isotopic
abundance), is sufficient to identify the structure of the powder from
among the potentia structures. The same selection approach using
NMR proton—proton spin-diffusion data is also independently
successful in identifying the correct structure.
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Figure 1. Energies calculated for the 112 lowest-energy predicted crystal
structures for thymol (1) and the cutoff energy (85 kJ-mol~?) used to
determine the ensemble of 23 most reasonable structures.

Starting from the chemical formula of thymol and without any
structural hypothesis, crystal structures were predicted ab initio
using the three-step CSP protocol described earlier for the study
of polymorphism in phenobarbital.™* Trial crystal structures were
generated in the most common space groups using the Monte Carlo
simulated annealing method and conformations determined from a
prior conformational energy scan. These structures were further
optimized (unit cell, molecular positions, and conformations) using
a molecular mechanics description of inter- and intramolecular
forces. The final energy of the 10000 lowest-energy structures is
calculated as a combination of a DFT calculation for the intramo-
lecular contribution and an atom—atom model of intermolecular
interactions, including an atomic multipole description of the
electrostatics. More details of the crystal structure prediction are
given in SI. To remove physicaly unredlistic structures, only
structures within 10 kJ-mol ! of the lowest-energy structure were
retained (Figure 1). This defined a group of 23 potentia polymorphs
for thymol. Ten have the same space group as the known, observed
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structure® (R3); the other 13 belong to three other space groups:
P21/C, P2:2:2,, and C2/c.

All of these low-energy structures show O—H-+-O intermolecular
hydrogen bonding, with these H-bonds arranged in one of three
H-bonding motifs. In R3, eight structures form cyclic H-bonded
hexamers, as in the observed structure; the other two form cyclic
trimers. All of the low-energy structures in other space groups
contain infinite H-bond chains.

Two categories of experimental *H NMR spectra from a sample
of powdered thymol (see Sl for details of the data acquisition) were
then used to determine the structure from among the ensemble of
predicted candidates: chemical shift measurements and two-
dimensional proton—proton spin-diffusion data.

First, chemical shieldings were calculated for the predicted
structures without any further geometry optimization using
CASTEP,'® a DFT-based program that takes into account the
periodicity of the crystal. Great progress has been made recently
in chemical shift prediction, and the GIPAW?" approach combined
with ultrasoft pseudopotential s has been shown to be very accurate
for solids.*® Chemical shieldings o, were converted to chemical
shifts d¢aic USiNG the property dcaic= Oref — Tcaic- ThiS CONVErsion is
done using a reference value, oy, to best align the calculated and
experimental spectra. In this study, the reference vaue was
determined by afit between calculated shieldings and experimental
chemical shiftsfor each structure. The average value of oy is31.18
ppm £ 0.28 ppm for proton chemical shifts and 170.1 ppm + 1.0
ppm for carbon chemical shifts.
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Figure 2. Comparison between DFT calculated and experimental chemical
shifts for the 23 structures.

Figure 2 shows the root-mean-square (rms) error between
calculated and experimental chemical shifts for both *H and *°C.
Importantly, agreement between experimental and calculated
chemical shiftsis not correlated with predicted energy (structures
are ordered by ascending predicted energy). Thus, experimental
isotropic chemical shifts contain information complementary to that
contained in the energy models used in the CSP protocol. These
data identify the third-lowest energy structure as the one in best
agreement with the measured chemical shifts, with an rms error
between calculated and experimental chemical shifts of only 0.06
ppm for *H and 2.15 ppm for 13C.

To estimate uncertainty in the calculated values, we carried out
chemical shift calculations for 15 organic compounds (X-ray
structures with CASTEP-optimized *H positions) and found an

average rms error of 0.33 ppm (£0.16 ppm) from the experimental
values for *H and 1.9 ppm (£0.4 ppm) for 3C. Differences smaller
than these average val ues can thus be considered insignificant here.
It is possible that a dlightly different scatter may be obtained for
the predicted structures.

Itisof particular interest that the second best candidate (structure
1), which isthe lowest-energy predicted structure, can be discarded
due to a much poorer agreement for *H (the difference in the rms
errors between these structures is higher than 0.33 ppm, estimated
uncertainty on *H). It is noteworthy that the eight structures with
the lowest rms error in *H chemical shifts all have the hexamer
H-bonding pattern. Although **C chemical shiftsindicate the third-
lowest energy structure as the structure in best agreement with
measured $*C chemical shifts, the scatter of the rms errorsis within
the uncertainty (1.9 ppm), preventing us from drawing a conclusion
on the basis of the 13C data only.

Figure 3 shows a comparison of the *H and *3C experimental
spectra and the spectra calculated for the best predicted structure.
As an added benefit, assignment of the experimental spectra can
be obtained from the cal culated spectrum of the correct structure
identified from the ensemble of potential polymorphs. In this
case, this assignment fits the previously published experimental
assignment,™® except for C8 and C7 which are only 0.6 ppm
apart in the experimental spectrum (—0.8 ppm in the calculated
spectrum).
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Figure 3. (a) Experimental spectra and (b) spectra calculated for the
structure determined from the ensemble of potential polymorphs. The
calculated spectra were drawn using aline width of 0.2 ppm for the proton
spectrum and 0.1 ppm for the carbon spectrum.

Proton—proton spin-diffusion (PSD) experiments were also
tested for their ability to determine the correct structure out of
the set of predicted polymorph structures. Experimentally
measured PSD build-up curves were compared to curves
calculated using a home-written C++ routine, for each of the
predicted structures, from the atomic coordinates of the protons
included in a 15 A sphere in the crystal structure around the
observed molecule. The principle of the rate matrix analysis and
the parameters used to simulate these curves have been published
elsewhere.™ The agreement between cal culated and experimental
build-up curves (goodness-of-fit coefficient y?) is then used to
determine which of the predicted crystal structures best describes
the experimental data. Figure 18I, S|, shows the 2 coefficients
together with calculated energies for the 23 potential polymorphs.
Again, NMR data and predicted energy are not correlated, and
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in agreement with the chemical shift selection method, the third-
lowest energy structure clearly shows the best agreement to the
experimental data. The difference in the goodness-of-fit coef-
ficients of the best and the second best structure is higher than
the uncertainty and confirms that the third-lowest energy
structure is the only one in agreement with the experimental
data.

Figure 4 illustrates the structure selected from the ensemble
by both methods, as compared with the single crystal X-ray
determined structure. The all-atom root-mean-square distance
between the two closest molecules in the best predicted structure
and the single-crystal X-ray structure®® is 0.29 A, illustrating
the remarkable accuracy of structure prediction in this case. This
can be compared to 0.32 A for the results of an extensive
molecular modeling fit to the PSD data.'® Note that the result
here does not identify the lowest predicted energy structure as
the naturally occurring one. The natural structure is the third-
lowest in the set of predictions, 3 kJ-mol~* higher in predicted
energy than the most stable predicted structure.

" (b)

Figure 4. (8) Rhombohedral unit cell for the predicted structure determined
to bein best agreement with the *H NMR observables (blue) and the known
reference structure (orange). (b) Comparison of the two closest molecules
in both structures.

In conclusion, agreement between calculated and experimental
H isotropic chemical shifts has been shown for the case of thymol
to be sufficient criterion for the determination of the structure of a
polycrystalline powder from ab initio predicted structures. We note
that isotropic shifts are by far the easiest solid-state NMR parameter
to measure. This method is very fast, assignment is not needed,
and this approach should be applicable to sets of potentia structures
generated from awide range of methods. The excellent results here
have encouraged further work to test the general applicability of
the method to molecular organic crystals, which is underway.
Although they require a longer experiment, proton—proton spin-
diffusion data are also shown to determine the correct structure
and could prove useful when cross-vaidation of the structure
determination is needed, for example if two potential candidates
emerge from the chemical *H shift procedure.
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