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We demonstrate that crystal structure prediction calculations
can be used to predict both the stoichiometry and structure of
multicomponent molecular crystals. The methods are used here
to determine the structure of a recently discovered acetic acid
solvate of theobromine.

Methodologies for the computational prediction of crystal
structures have developed considerably in the last decade or
so.! Crystal Structure Prediction (CSP) calculations, based on
global minimisation of the lattice energy, have been success-
fully applied to many small rigid molecules,” some challenging
flexible molecules®* and a small number of salts,>° cocrystals1
and solvates,”® including hydrates.>!® These calculations
allow new perspectives into the understanding of multi-
component crystals,'" their formation,”'*™'* their structures
and stoichiometries.®

The use of neat and liquid-assisted grinding (LAG) methods'®
for cocrystal and solvate synthesis has many advantages over
traditional solution crystallisation methods: they are faster,
cleaner and more successful at finding new crystal forms. The
structures of the resulting crystalline powders, however, can be
difficult to determine if subsequent seeded crystallisations do
not afford single crystals. In cases where structure solution
from powder diffraction data is not straightforward, the synergy
between LAG and CSP calculations can provide a solution.
However, when the stoichiometry of the resulting multi-
component crystal is unknown, this adds an additional challenge
for the computational methods: what ratio of components will
be preferred?

In a previous study, we rationalised the stoichiometry
observed for an acetic acid (AcOH) solvate of urea with the
aid of computational methods.® The structures predicted by CSP
methods provided the basis for an energetic analysis of the
possible predicted systems, and their hydrogen bond motifs, to
point to the observed stoichiometry as the most likely. Following
our previous lines of experimental research with the xanthines
(caffeine, theophylline and theobromine),'®'® here we report the
synthesis of an AcOH solvate of theobromine (tb) by LAG, the
prediction of its stoichiometry and the solution of its structure
with the help of computational methods.
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The grinding of theobromine with AcOHY yielded a PXRD
pattern which did not correspond to any of the previously
known solid forms. The obtained PXRD patterns suggested
that the crystalline solids obtained by grinding 1 : land 1 : 2
equivalent amounts of tb and AcOH were identical. However,
we found difficulties in experimentally determining the stoichio-
metric ratio of the resulting material due to its poor stability.§
After failing to grow a single crystal of the material or to
obtain powder diffraction data of high enough quality for
structure solution, we decided to approach the problem from a
fully computational perspective. The challenge of this system
lies not only in the prediction of its structure but also its
stoichiometry. Stoichiometric preferences are difficult to
predict and can change within a family of solvates (Fig. 1).
For example, both 1 : 1and 1 : 2 stoichiometries are observed
for the known caffeine : AcOH structures'® whereas only a
1 : 2 structure is known for urea : AcOH.

We proceeded to run CSP calculations for tb : AcOH in
both 1 : 1 and 1 : 2 stoichiometries. The molecules were
treated as rigid throughout the calculations and we used the
methodologies described in the ESIt and in our previous
work.® Since the computational demand of CSP for multi-
component systems is very high, we only generated structures
in the two most relevant space groups for AcOH solvates
(P2y/c and P1).*° Around 40 and 90 crystal structures were
generated within 10 kJ mol™! of the global minimum for the
1 : 1and 1 : 2 stoichiometries, respectively.

We took the most stable crystal structure from our predicted
l1:1land 1 : 2tb : AcOH systems and proceeded to compare
the relative stability of the stoichiometric possibilities.

Lattice energies are calculated using periodic boundary
conditions and are normally expressed as kJ mol ™! of independent
molecules in the asymmetric unit (Z”) of the crystal structure
under consideration. When dealing with crystals with the same
components but different stoichiometries, lattice energies
cannot be compared directly as Z”, and therefore the total
composition of the system, varies. For this reason we com-
pared the relative energies of the different crystalline products
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Fig. 1 Acetic acid systems compared in this study.
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Fig. 2 Crystal systems and energy expressions compared for a
constant stoichiometry of 1 mol of main component (M) and 2 mols
of AcOH (3. Zz" = 3).

that can result from a fixed starting reactant stoichiometry
(or fixed number of total molecules (> Z"). The energy
expressions and the three different crystal systems that can
be compared for a constant stoichiometry of 1 mol of main
component (M) and 2 mols of AcOH are depicted in Fig. 2.
For the first possibility (i) no solvate forms, whereas for (ii)
and (iii) there is formation of the 1 : 1 and the 1 : 2 M :
AcOH solvates respectively. Our energy model is only based
on the lattice energies of the crystalline materials (Fig. 2) and
the calculations do not include any temperature. Furthermore,
we only consider the bulk energies of the different phases, and
assume that interfacial interactions between any phases that
are in contact (such as crystal-crystal and crystal-solvent
interactions) will not significantly affect the relative ordering
of the various possibilities.

We illustrate the results in plots of total energy versus
solvate stoichiometry for the three molecules in Fig. 1: urea
(Fig. 3a), caffeine (Fig. 3b) and tb (Fig. 3c). The lattice energies
of the experimental structures (crystalline tb, caffeine,”! AcOH
and caffeine : AcOH structures'®) were calculated by geo-
metry optimising the known structures with the same energy
model used in the CSP calculations, whereas the lattice
energies of the hypothetical 1 : 1 and 1 : 2 solvates were
taken from the CSP calculation results (using the global lattice

energy minima of the 1 : 1 and 1 : 2 predictions). The urea
plot was taken from our previous work (Fig 3a).® The plots in

Fig. 3 illustrate the energetics of these three M : AcOH
systems when no solvate forms (1 : 0), when the 1 : 1 solvate
forms (1 : 1) or when the 1 : 2 solvate forms (1 : 2). For

example, in the urea : AcOH system (Fig. 3a), formation of a
1 : 2 solvate is energetically favoured over formationofa 1 : 1
solvate (by ~4 kJ mol™') or no formation of solvate at all
(by almost 10 kJ mol™"), in good agreement with the experi-
mental observations.® Interestingly for the caffeine system
(Fig. 3b), the formation of both the 1 : 1 solvate and the
1 : 2 solvate is isoenergetic and, therefore, it is perhaps not
surprising that both solvates are observed.'® Finally for our true
prediction (Fig. 3c), these calculations suggest that formation of
the 1 : 1 tb : AcOH solvate is favoured over the formation
of the 1 : 2 solvate (by ~4.4 kJ mol™") or no formation of
solvate at all (by ~23 kJ mol™'). Furthermore, we note that
the energy associated with solvate formation in the tb system
(23 kJ mol ™) is comparable to that of caffeine (25 kJ mol™!).
Knowing, therefore, that the 1 : 1 stoichiometry is favoured
for our target molecule (tb), we further analysed our CSP
results.

The lattice energies of the computationally generated
1 : 1tb : AcOH crystal structures are plotted against their
packing coefficients in Fig. 4. Each data point in the plot corres-
ponds to a distinct crystal structure with different properties,
including density and lattice energy. The most common
hydrogen bond motif found in the low energy predicted
structures consists of a doubly hydrogen bonded tb dimer to
which two AcOH molecules are hydrogen bonded, one at each
side (Fig. 4). Structures containing this hydrogen bonding are
represented as green circles in Fig. 4; the five lowest energy
structures all contain this tetramer, with the global minimum
energy prediction (Fig. 4 and 5) over 2 kJ mol~!' more stable
than any other structure.

Knowing the stoichiometry and crystal structure of the most
likely solvate, we simulated its PXRD pattern and compared it
to the one obtained experimentally (Fig. 6). The good agree-
ment between the predicted and experimental PXRD patterns
allowed Rietveld refinement of the predicted structure against
the experimental diffraction pattern.| The successful com-
pletion of the refinement confirmed the correctness of the
predicted structure.**
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Fig. 3 Energy versus solvate stoichiometry plots for the systems (a) urea :

constant stoichiometries.

AcOH, (b) caffeine : AcOH and (c) tb : AcOH with total 1 : 2
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Fig. 4 Summary of the 1 : 1 tb : AcOH CSP results.
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Fig. 5 Unit cell representation of the 1 : 1 tb : AcOH solvate.
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Fig. 6 Experimental PXRD pattern obtained at room temperature by
grinding tb and AcOH (a), simulated PXRD pattern (1 = 1.5418 A)

for the predicted structure of 1 : 1 tb : AcOH at the global minimum
(b) and Rietveld refinement (c).

Global lattice energy searches have been used to assess the
possible crystal structures of theobromine with acetic acid
in different stoichiometric ratios. The total energy of each
possible stoichiometry, relative to the pure components, is
shown to correctly predict the stoichiometry of the material
that is produced in a solid state grinding experiment. The
computer-generated structures are used, in conjunction with
powder X-ray diffraction data, to determine the crystal struc-
ture of the solvate. The example presented here demonstrates
the potential role of computational methods in predicting and
characterising multicomponent molecular materials.

Notes and references

1 All the grinding experiments were performed in stainless steel jars
being shaken with two stainless steel balls (7 mm diameter), at a rate of
30 Hz for 30 minutes using a Retsch MM200 Mixer Mill. The same
crystalline solid was obtained by grinding theobromine (150 mg) with
1 or 2 molar equivalents of AcOH.

§ The crystalline material obtained by grinding readily decomposes
leaving crystalline theobromine behind.

9 A classical forcefield calculation was used consisting of the W99
parameters for the evaluation of the intermolecular van der Waals
interactions and an atomic multipole model for the evaluation of
the electrostatics. For AcOH, both polymorphic structures were
minimised but only the lattice energy of the most stable form was used.
| PXRD data were collected at room temperature on a Philips XPert
Pro diffractometer using Ni-filtered Cu-Ka radiation (1 = 1.5418 A,
20 = 5.016°-65.436°, step size = 0.01675°). Crystal data: CoH2N4O4,
M = 24022, a = 5.2185(4) A, b = 8.2901(8) A, ¢ = 12.9358(11) A,
o = 95.827(6)°, B = 96.854(6)°, y = 100.333(8)°, Pl, Z = 2, 393
reflections, Ry, = 0.0458, R, = 0.0503, R; = 0.0734, )(2 = 0.898.
** A Compack comparison™ between the predicted and refined
structures gives an RMS deviation in atomic positions of 0.307 A
for 20 molecules.
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