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The lattice energy landscape is calculated for three pyridinium carboxylate salts and the correspond-
ing pyridine-carboxylic acid cocrystals. Experimentally, one system crystallizes as a salt, another as a
cocrystal and the acidic proton in the third is disordered across the Narom- - -O hydrogen bond vector. A
novel structure of a 1:1 4-cyanopyridine-4-fluorobenzoic acid cocrystal (I) was characterized to provide
the cocrystal as a system with an isolated carboxylic acid-pyridine heterosynthon. By contrast, the 4-
Keywords: dimethylami.nopyridinium. rr}alegte salt (QUK\{UE) shows the effects of an internal hydrogen l?onc}, and
Crystalliz;ation the proton-disordered pyridine-isophthalic acid crystal (IYUPEX) shows the effects of competing inter-
Salt molecular hydrogen bonds. All three crystal structures were found low in energy on the lattice energy
landscape for the correct proton connectivity. For all three systems, comparing the salt and cocrystal
energy landscapes shows the importance of the proton position for the relative stabilities of structures,
despite the expected similarities between the ionized and neutral forms of the carboxylic acid-pyridine
heterosynthon. The systems with additional hydrogen bonds have some hydrogen bonding motifs that
are only favourable for the salt or for the cocrystal. This illustrates the sensitivity of the range of thermo-
dynamically plausible crystal structures to whether the molecules are assumed to be ionized or neutral.
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1. Introduction

The potential for a computational method of predicting poly-
morphs has long been recognized as potentially important for the
pharmaceutical industry (Price, 2004; Verwer and Leusen, 1998).
There have been significant advances in our ability to calculate real-
istic crystal energy landscapes, the set of crystal structures which
are thermodynamically feasible, for single component systems.
Comparison with academic polymorph screening and characteriza-
tion studies is revealing how these should be interpreted as an aid
to polymorph screening (Braun et al., 2011; Price, 2009). However,
generating lattice energy landscapes for multi-component systems,
such as salts, cocrystals and solvates, is intrinsically more difficult
because the additional variables describing the relative orientation
of the two components adds more dimensions to the search for
possible structures. This problem is being overcome by adapta-
tion of methods and increased computer speeds, and insights into
the crystallization of solvates and cocrystals have recently been
derived from multi-component lattice energy landscapes (Cruz-
Cabeza et al., 2006, 2008; Day et al., 2009; Habgood et al., 2010;
Habgood and Price, 2010; Karamertzanis et al., 2007; Polito et al.,
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2008). There is an additional issue for the prediction of salts in that
the models for the lattice energy have been developed for neu-
tral molecules and these may not be sufficiently accurate when
transferred to salts. There have been some successful studies of cer-
tain diastereomeric salts using atomistic modelling (Karamertzanis
et al.,, 2007) and pyridinium chloride using dispersion-corrected
density functional methods (van de Streek et al., 2010).

Many carboxylic acids are widely used in pharmaceutical salts
and cocrystals. When the pKj; difference between the acid and con-
jugate acid of the base is in the range 0-3 (Childs et al., 2007)
crystallization may result in a salt, cocrystal or disordered solid
form with partial proton transfer (Bhogala et al., 2005; Childs
etal.,2007; Johnson and Rumon, 2008). Under some circumstances,
it may be difficult to determine whether a salt or cocrystal has
been obtained (Stevens et al., 2010b) prior to obtaining sufficient
quality single crystals for X-ray diffraction work. The carboxylic
acid-pyridine synthon, widely used in the supramolecular synthe-
sis of cocrystals (Almarsson and Zaworotko, 2004; Bhogala et al.,
2005), illustrates (Scheme 1) the similarity between the salt and
cocrystal form (Shattock et al., 2008). The contribution of the pro-
ton to the packing is insignificant, and hence we would expect
that the densely packed crystal structures would be very similar
for the salt and cocrystal. The generation of plausible crystal struc-
tures and testing of crystal structure prediction methods requires
fully determined crystal structures of rigid systems that have been
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Scheme 1. The neutral, COOH. - -Na;om, and ionized, COO~- - -H-Ng;om*, forms of the
carboxylic acid-pyridine heterosynthon depicted using the R§(7) or D} (2)graphsets
(Etter et al., 1990). The C-O~ - - :Narom*—C or C-0- - :Narom—C torsion angle is <15° in
the R2(7) and >15° in the D}(2) motifs.

screened for polymorphism. Our previous study (Mohamed et al.,
2009) characterizes a salt suitable for calculating both salt and
cocrystal lattice energy landscapes, 4-dimethylaminopyridinium
maleate (GUKVUE). This study also confirmed the absence of poly-
morphs on crystallizing pyridine with isophthalic acid, which gives
a suitable disordered salt:cocrystal system, pyridine-isophthalic
acid:pyridiniumisophthalate (58%:42%; IYUPEX) (Dale et al.,2004).
To provide a suitable 1:1 cocrystal for this study, we perform a
screen for a cocrystal of 4-cyanopyridine and 4-fluorobenzoic acid,
and characterize its crystal structure. These para-substitutions of
benzoic acid and pyridine would provide an example of a carboxylic
acid-pyridine heterosynthon with minimal competing intermolec-
ular interactions, and a cocrystal should be formed because the
ApK; is —2.29 (4-cyanopyridine pK,; =1.86 (Fischer et al., 1964),

Experimental molecular structures
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4-fluorobenzoic acid pK, =4.15 (Albert and Serjeant, 1984) under
aqueous conditions).

This paper uses a simple, relatively computationally inex-
pensive form of multi-component (1:1 stoichiometry) crystal
structure prediction to see whether it can predict the crystal
structure of a salt, cocrystal and a disordered salt:cocrystal sys-
tem. The computational method is based on using the structures
and charge distributions of the ions or molecules in isolation,
calculated ab initio, and assuming that these remain the same
in the crystal. The ability to predict such multi-component
crystals is tested by calculating the lattice energy landscape of 4-
cyanopyridine-4-fluorobenzoic acid, 4-dimethylaminopyridinium
maleate and pyridine-isophthalic acid (Scheme 2). The crystal struc-
ture prediction is then repeated using the molecular model that
would be obtained after acid-base proton transfer (Scheme 2) so as
to determine the sensitivity of the predictions to the covalent bond-
ing of the acidic proton. Thus, this study calculates approximate
lattice energy landscapes for the three salts and three cocrystals
shown in Scheme 2 and tests their ability to predict the salt, cocrys-
tal and disordered system found experimentally, with the observed
or alternative acidic proton assignment.

2. Materials and methods

2.1. Experimental screen for a cocrystal of 4-cyanopyridine and
4-fluorobenzoic acid

Commercial samples of 4-cyanopyridine (Alfa Aesar, 98% purity)
and 4-fluorobenzoic acid (Sigma-Aldrich, 98% purity) were used

Hypothetical molecular structures
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Scheme 2. Experimental molecular structures of the pure cocrystal, pure salt, and disordered salt:cocrystal and the hypothetical molecular structures expected following
transfer of the acidic proton in bold type. The observed crystal structure is indicated by parenthesis. The bond lengths and torsion angles (rq, 61 and 6,) that were constrained
to experimental neutron/X-ray diffraction values during ab initio geometry optimization are marked. O, (acceptor) and O (free) distinguish the oxygen atoms on maleic acid.

Non-polar hydrogen atoms are omitted for clarity.
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Fig. 1. The asymmetric unit of the 4-cyanopyridine-4-fluorobenzoic acid (1:1) cocrystal, I. Displacement ellipsoids are drawn at the 50% probability level and hydrogen atoms

are shown as spheres of arbitrary radius.

without further purification. Solution experiments were performed
by lightly grinding (pestle and mortar) a stoichiometric 1:1 molar
ratio of 4-cyanopyridine and 4-fluorobenzoic acid and dissolving
the resulting powder in the minimum amount of solvent needed
to dissolve 0.1 g of solute. The solvents screened were methanol,
ethanol, acetone, tetrahydrofuran and water. In all cases, the solu-
tions were filtered to remove any excess solute particles and the
solvent was allowed to evaporate at the temperatures —4, 5 and
25°C. The extent of the solution screening was necessarily limited
to solvents with reasonably similar solubilities of the acid and base.
Grinding experiments (Friscic and Jones, 2009; Karki et al., 2007)
were performed using a Retsch MM200 mixer mill, equipped with
10 mL capacity stainless steel grinding jars and two 5 mm stainless
steel grinding balls per jar. A stoichiometric 1:1 molar ratio of 4-
cyanopyridine and 4-fluorobenzoic acid was used in neat grinding
and solvent drop grinding experiments. In all cases, the combined
mass of solute in the grinding jar did not exceed 0.5 g. Solvent drop
grinding experiments were performed by adding 4 drops of solvent
to the stoichiometric mixture of acid and base. Neat grinding exper-
iments were performed at a frequency of 30 Hz for 60 min while
solvent drop grinding experiments were performed at the same
frequency but for 30 min. A PerkinElmer Spectrum One Fourier
Transform-Infrared (FT-IR) spectrometer was used to character-
ize the ground samples. For each sample, spectra were collected
at a resolution of 4cm~"! using 15 scans in the wavenumber range
650-4000cm1.

2.2. Single crystal X-ray diffraction

Single crystal X-ray diffraction experiments were performed on
a Bruker AXS SMART APEX CCD diffractometer equipped with a
Bruker AXS Kryoflex open flow cryostat (graphite monochromated
Mo-K, radiation, A=0.71073 A). Data integration and final unit
cell parameters were obtained via SAINT+ (Bruker AXS Inc., 2003).

The absorption correction was performed via a semi-empirical
approach using SADABS (Sheldrick, 2001), and the crystal struc-
ture of I was solved by direct methods using SHELXS-97 (Sheldrick,
1997b). All atoms were located from the difference Fourier map.
For the non-hydrogen atoms, an anisotropic model was used for
the thermal parameters and the atomic co-ordinates freely refined.
All hydrogen atom co-ordinates and isotropic thermal parameters
were also freely refined. The SHELXL-97 (Sheldrick, 1997a) package
was used for structure refinement. Packing diagrams were pro-
duced using Mercury CSD 2.2 (Macrae et al., 2006).

2.3. Computational modelling

Ab initio geometry optimizations of all the molecules and ions
in Scheme 2 were performed at the MP2/6-31G(d,p) level of theory
using GAUSSIANO3 (Frisch et al., 2003). This immediately showed
the limitations of assuming that the covalent bonding remains the
same in the gas and crystal phases, as the unconstrained minima
had a pyramidal nitrogen amine in 4-dimethylaminopyridine and
the intramolecular proton was between the two oxygen atoms in
the maleate ion, which are not found in crystal structures. Hence,
the maleate O-H bond length was constrained to the standard neu-
tron (Allen et al., 1987) value of 1.015A and the dihedral angles
defining the methyl groups of 4-dimethylaminopyridine were con-
strained to the experimental values to give a near planar geometry
at nitrogen in the ab initio optimizations of their molecular struc-
tures. The ab initio charge densities were also used to provide a
model for the electrostatic contribution to the lattice energies: the
potential derived atomic charges (Breneman and Wiberg, 1990)
were used in the CrystalPredictor search and the atomic multi-
poles, derived by a distributed multipole analysis (Stone, 2005)
using GDMAZ2.2, were used in the final lattice energies.

The lattice energy landscapes for the six systems shown
in Scheme 2 were generated keeping the ab initio optimized
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Fig. 2. (a) Comparison of the characteristic FT-IR spectra of 4-fluorobenzoic acid (top) and 4-cyanopyridine (middle) starting reagents with the spectrum of I (bottom). (b) The
results of neat grinding over 60 min (top) and solvent drop grinding using methanol over 30 min (middle) produce the cocrystal, I, obtained from the solution crystallization
experiments (bottom). Solvent drop grinding with ethanol, acetone and tetrahydrofuran produced samples with the same spectrum as shown for methanol.
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Fig. 3. Alternative views of the crystal packing for the 4-cyanopyridine-4-fluorobenzoic acid cocrystal, I. (a) The molecular heterodimers between 4-fluorobenzoic acid (blue)
and 4-cyanopyridine (green) in I. The packing is such that the heterodimers do not form two-dimensional sheets. (b) The - stacking (centroid—centroid separation 3.78 A)
between acid and base molecules of inversion related dimers viewed perpendicular to the central layer. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

molecule/ion rigid throughout. CrystalPredictor (Karamertzanis
and Pantelides, 2005) was used to generate hypothetical cocrys-
tal or salt structures in the space groups P1, P2, P21/c, P212:2,
P212121, Pna24, Pca2, Pbca, Pbcn, Cc, C2, C2/c, P21/m and C2/m.
These were lattice energy minimized using the atomic charges and
an atom-atom exp-6 model for the repulsion-dispersion contri-
butions. The potential parameters had been empirically fitted to
related crystal structures for C, Hc, N (Williams and Cox, 1984), O
(Cox et al.,, 1981), F (Williams and Houpt, 1986), and the polar pro-
tons, Hy (Coombes et al., 1996) and Hp (Beyer and Price, 2000), and
have been extensively tested in conjunction with distributed multi-
pole electrostatic models for neutral molecules (Price et al., 2010).
Following the CrystalPredictor searches, the 1000 lowest energy
structures produced were passed to DMACRYS (Price et al., 2010)
for rigid body lattice energy minimizations using the more accurate
distributed multipole electrostatic model. These structures were
clustered to remove duplicate crystal structures and the second
derivative matrix examined to ensure all structures were true lat-
tice energy minima.

Crystal structures were compared using the best overlay of the
15-molecule co-ordination sphere as calculated using the Crys-
tal Packing Similarity Analysis (Chisholm and Motherwell, 2005)
in Mercury CSD 2.3 (Macrae et al.,, 2008). The calculated root-
mean-square deviation of the intermolecular atom-atom distances
(RMSD;5) ignores hydrogen atoms, and the 15 molecules are only
considered to match if all the intermolecular atom-atom dis-
tances agree within 30% and angles within 30° between the two
structures. This is a significantly less strict criterion for match-

ing than the default limits of 20% and 20°. The hydrogen bond
motifs and associated graph sets of the predicted crystal structures
within 10kJmol~! of the global minimum were also calculated
with the Molecular Materials Studio feature of Mercury CSD 2.3.
The R§(7) and D}(Z) acid-base/anion-cation interaction motifs
were distinguished (Sarma et al., 2009) by the C-O~- - -Narom*-C
or C-0- - -Narom—C torsion angle (Scheme 1). This angle is less than
or equal to 15° for an R§(7) motif and the two molecules/ions are
approximately coplanar, whereas if the torsion angle is greater
than 15°, the motif is designated D} (2). The intramolecular hydro-
gen bond in the maleate anion produces a significant asymmetry
between the two carboxylate oxygen atoms, and so we denote
the motif type Of when the intermolecular hydrogen bond is to
the oxygen not involved in the intramolecular hydrogen bond
and type O, when the same oxygen is involved in the inter
and intramolecular hydrogen bonds. Isophthalic acid is a 1,3-
dicarboxylic acid that can participate in intermolecular hydrogen
bonding for both acidic functional groups. Thus the salt and
cocrystal structures of isophthalic acid were analyzed in terms of
the combined acid-base/anion-cation and acid-acid/anion-anion
hydrogen bonding motifs.

The structures on the salt and cocrystal landscapes could be
compared in the same way, using the packing similarity feature of
Mercury CSD 2.3. Visual inspection of the acid-base/anion-cation
hydrogen bond motif was also performed for all salt-cocrystal pairs.
The resulting re-ranking of the relative lattice energies of different
salt or cocrystal structures was confirmed by also re-positioning
the acidic proton in each low energy salt structure to give a cocrys-
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Fig. 4. Lattice energy landscape of the 4-cyanopyridine-4-fluorobenzoic acid cocrystal, with each point representing a crystal structure, classified by the graph set of the
hydrogen bond motif. Solid diamonds denote the R§(7) motif and open diamonds denote the D}(Z) motif. The large dotted circle denotes the lattice energy minimum

corresponding to the experimental structure (I).

tal. Mercury CSD 2.3 was used to edit the salt structure to give the
desired O-H acid geometry, and the lattice energy of the resulting
cocrystal structure was then minimized using the same conforma-
tion and multipole model used in the cocrystal search.

3. Results

3.1. Crystal structure of 4-cyanopyridine-4-fluorobenzoic acid

(1:1)

Solution crystallizations of a 1:1 molar ratio of 4-cyanopyridine
and 4-fluorobenzoic acid in methanol, ethanol, acetone
and tetrahydrofuran all led to block-like crystals of a 4-
cyanopyridine-4-fluorobenzoic acid cocrystal, I, with a 1:1
stoichiometry (Fig. 1). The products identified after neat grinding
and solvent drop grinding were the same and corresponded to
the 1:1 cocrystal. Characteristic vibrational bands that led to
this identification include the nitrile stretching vibration (Fig. 2)
which has a characteristic absorption in the wavenumber range
2200-2300cm™1.

The 4-cyanopyridine-4-fluorobenzoic acid cocrystal, I, crystal-
lizes in the monoclinic space group C2/c. The C-0- - -N;rom-C torsion
of 1.15° shows it has formed a near idealized acid-base hydro-
gen bond motif with the graph set R§(7). Other close contacts are
between the C3 proton and the F and cyanide nitrogen, deter-
mining the relative orientation of the stacks of the acid-base
hydrogen bonded pairs (Fig. 3). The salt structure GUKVUE is similar
to the cocrystal in having an approximately planar R§(7) hydro-
gen bonded heterodimer (C-O~- - -Narom*—C torsion of 3.06°), with
the intermolecular hydrogen bond to Os. In the disordered crys-

tal, IYUPEX, the torsion angle is 27.11° and so the disordered
C-0---H---Nyrom hydrogen bond is classified as D%(Z). Thus the
series of three systems (c.f. Scheme 2) has one example of a nearide-
alized isolated acid-base heterodimer synthon (I), another where
an intramolecular hydrogen bond removes the pseudo-symmetry
of the carboxylate group (GUKVUE), and a third where there are
competing hydrogen bonding motifs (IYUPEX).

3.2. Lattice energy landscapes for 1:1 salts and cocrystals

3.2.1. 4-Cyanopyridine-4-fluorobenzoic acid (1:1) cocrystal

The calculated lattice energy landscape of the 4-
cyanopyridine-4-fluorobenzoic acid cocrystal (Fig. 4) has the
experimental cocrystal structure amongst the most stable struc-
tures, less than 2kJmol~! above the global minimum structure.
There are a wide range of different ways of packing the two
molecules in the cocrystal with similar energies; all have an
Narom-H---O hydrogen bond, but in some the molecules are
approximately coplanar, R§(7). and in others the C-O---Narom-C
torsion is more than 15° (i.e. D}(Z)), There are far fewer packings
of the equivalent ions within 10kJ mol~! of the global minimum
in the salt energy landscape (Fig. 5), but again both the R§(7)
and D}(Z) motifs are competitive in energy. The hypothetical
4-cyanopyridinium 4-fluorobenzoate salt structure derived from I
is found 8.31 k] mol~! above the global minimum in the salt lattice
energy landscape.

The salt and cocrystal energy landscapes have many structures
in common (as judged by packing similarity comparisons). These
related structures usually exhibit the same hydrogen bonding
motif. However, the differences between the two energy land-
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scapes (Figs. 4 and 5) are far greater than a simple scaling of the
energy axis reflecting the stronger ionic hydrogen bond. The corre-
lation in the relative order of the lattice energies of corresponding
salt cocrystal pairs was very poor. None of the salt structures within
5kJmol~! of the global minimum corresponded to a favourable
cocrystal (i.e. within 5 k] mol~! of the cocrystal global minimum).

The closest predicted cocrystal structure is a relatively poor
match for the experimental structure with an RMSD;5 of 0.466 A.
This is also the case when modelled as a salt (RMSD;5 of 0.416 A).
Since the computed crystal structure has a significantly longer c axis
than found experimentally (7% for cocrystal, 4% for salt model), this
is due to poor modelling of the Fand C=N intermolecular contacts to
CH bonds. This may also affect the relative lattice energies: cocrys-
tal I is almost 10 k] mol~! more stable than the sum of the lattice
energies of 4-cyanopyridine and 4-fluorobenzoic acid, which is rel-
atively large compared with other estimates (Issa et al., 2009) of the
thermodynamic stabilization of cocrystals. Poor modelling of these
weaker intermolecular interactions may account for why there are
a few other structures which are more stable than the observed
cocrystal.!

3.2.2. 4-Dimethylaminopyridinium maleate (1:1) salt

The calculated Ilattice energy landscape of 4-dimethyl-
aminopyridinium maleate (Fig. 6) shows that the experimental
structure of GUKVUE is predicted to be the most stable salt by
a margin of 2kJmol~1. Most of the other low energy salt struc-

1 The more stable structures which have the R§(7) motif match 5-11 molecules
in the 15 molecule co-ordination sphere of I, and all the energetically competitive
structures with the D}(Z) motifs have a very similar coordination sphere. Hence
there are far fewer structures that are possible competitive polymorphs than sug-
gested by Fig. 4.

tures are based on the alternative type O, R§(7) motif, where the
Narom*—H donor forms a hydrogen bond to the carboxylate oxygen
involved in the internal hydrogen bond (Fig. 7).

When the system is modelled as a cocrystal, the proton has to
be transferred to Of to give the observed conformation of maleic
acid. All calculated cocrystal lattice energy minima maintain the
Narom- - -H-O¢ hydrogen bond which is observed for all three maleic
acid cocrystals with aromatic nitrogen bases (GIPQAX, GANYEA and
XEJXEQ) retrieved from the Cambridge Structural Database (Allen,
2002). The low energy cocrystal structures fall into two groups,
with the D} (2) hydrogen bonded motif forming denser cocrystals of
comparable stability to those based on the R%(7) heterodimer. The
cocrystal equivalent of the experimental salt structure of GUKVUE
is found 18th in stability in the lattice energy landscape of the
hypothetical 4-dimethylaminopyridine-maleic acid cocrystal and
is only 2.4 k] mol~"! less stable than the most stable cocrystal struc-
ture generated in the search. The crystal packing is significantly
less well reproduced when modelled as a cocrystal (Fig. 8). Thus
the experimental salt structure, GUKVUE, is distinctive in adopt-
ing the hydrogen bond to Of, which is characteristic of cocrystals of
maleic acid. This structure has been correctly predicted as the most
stable for this salt.

3.2.3. Pyridine-isophthalic acid:pyridinium isophthalate
(58%:42%)

The calculated lattice energy landscapes of the 1:1
pyridine-isophthalic acid cocrystal (Fig. 9) and the 1:1 pyri-
dinium isophthalate salt (Fig. 10) both contain a fully ordered
version of the experimental structure IYUPEX which has the
proton disordered such that there is a 58% contribution from the
cocrystal and 42% from the salt. When modelled as a cocrystal, the
crystal structure is well reproduced with a RMSD;5 of 0.239 A, and
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Fig. 8. Overlay of the crystal packings (viewed along the b-axis) of GUKVUE (4-dimethylaminopyridinium maleate, colored by element) and (a) the predicted global minimum
structure (green) from the salt search (RMSD;5 of 0.153 A) and (b) the predicted global minimum structure (green) from the cocrystal search (RMSD;5 of 0.504 A). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

is the second most stable structure found in the search (Fig. 9), only
0.16 k] mol~! above the global minimum structure. In the crystal
energy landscape of the salt, the minor salt component of IYUPEX
is ranked 11th in stability, 6.85 k] mol~! less stable than the global
minimum structure (Fig. 10). The crystal structure is reproduced
less well when modelled as a salt, with an RMSD; 5 of 0.475 A.
Both acid-base and acid-acid hydrogen bonds occur in all
low energy crystal structures, giving a range of motifs defined in
Scheme 3 by the overall packing and acid-acid hydrogen bonding
motif, and subdivided by the acid-base hydrogen bonding. There
are some motifs that appear on both crystal energy landscapes
within the 10k] mol~" illustrated in Figs. 9 and 10, but also some
motifs that only occur as salts or as cocrystals (Scheme 3) which
are relatively stable. Most of the structures with the same hydro-
gen bonding motif as salt or cocrystal differ significantly in the
relative positions of the molecular units: only 5 salts had a cocrys-

Density / g cm™

tal structure where all 15 molecules in the coordination sphere
could be overlaid in the Crystal Packing Similarity Analysis. Of these
5, the experimental IYUPEX structure has by far the best match
in RMSD15 and simulated powder patterns between the salt and
cocrystal structures. Thus, the limited structural changes induced
by proton re-positioning make IYUPEX the most likely candidate
for disorder in the proton position, given that the relatively small
ADpK; of the acid-base pair allows for this possibility.

The most stable structures on the cocrystal lattice energy land-
scape (Fig. 9) are the Column 1 hydrogen bonding motif of YUPEX
and some structures based on the R%(S) carboxylic acid dimer motif
(Scheme 3). On the salt energy landscape, there are three motifs
that produce structures that are more stable than IYUPEX which
correspond to very unstable structures if the proton is transferred
to give a cocrystal. For example, the most stable Ribbon Motif 2
structure has the Nom*—H donor hydrogen bonded to the anti
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Fig. 9. Lattice energy landscape of the pyridine-isophthalic acid cocrystal, with each point representing a crystal structure classified by the graph set of the hydrogen bond
motif (Scheme 3 illustrates these motifs). Solid squares denote crystal structures which exhibit Column 1 hydrogen bonding, solid diamonds denote Column 2 hydrogen
bonding, solid circles denote Ribbon 1 hydrogen bonding, open squares denote Catemer hydrogen bonding, crosses denote Dimer hydrogen bonding and stars denote Ring
hydrogen bonding. The large dotted circle denotes the lattice energy minimum corresponding to the pyridine-isophthalic cocrystal which forms the major component (58%)

of the disordered crystal (IYUPEX).



S. Mohamed et al. / International Journal of Pharmaceutics 418 (2011) 187-198 195

Density / g cm™

-609

X 137

1.33 1.35
-610

1.39D

1'41A 1.43

X
A
X

X x =

X

A
- e X
611 X

-512 X

513 —X

-614

o)
4

[a)

I

-515

74

p_|
7\
\—/

Z N

-

]
¢
—
I_

Lattice energy / kd mol”

-616

-817

-618

-619

-520
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disordered crystal (IYUPEX).

lone pair on a carboxylate oxygen, a motif not seen in the cocrystal
energy landscape. The stability of salt structures with the Ribbon
1, 2 or 3 motifs (Scheme 3) could be overestimated because their
hydrogen bond geometries are unlikely to have been sampled in
the neutral molecule structures used to fit and validate the model
potential. In this case, the observed structure is amongst the most
favourable of the salt structures. There are only 3 low energy salt
structures (within 8 kJmol~! of the global minimum) which are
similarly favourable as cocrystals after proton re-positioning and
all of these are based on the Column 1 packing of IYUPEX. The rela-
tive energy of these three packings of the Column 1 motif depends
on whether the system is modelled as a salt or cocrystal, with IYU-
PEX being the least stable as a salt but the most stable as a cocrystal.
Thus the experimental structure IYUPEX also stands out as being
an energetically favoured structure on both the cocrystal and salt
energy landscapes.

4. Discussion

This paper demonstrates successful searches for the crystal
structures of three multi-component crystals, in that the exper-
imental structures were located at or near the global minimum
in lattice energy. This shows the ability to suggest likely crys-
tal packings for this type of molecule. It also reveals that there
are alternative packings that are competitive in energy. The
calculations are not of sufficient accuracy to confirm that the
most thermodynamically stable form has been obtained, let alone
eliminate the possibility of polymorphism. Thermal effects have
been ignored, the structures have not been refined to allow for
small conformational changes in response to the crystal pack-

ing (which could be performed at considerable computational
expense (Karamertzanis et al., 2009)), and the models for the inter-
molecular forces are not sufficiently accurate. The novel cocrystal
of 4-cyanopyridine-4-fluorobenzoic acid (1:1) should be better
modelled by improving the model for the intermolecular inter-
actions of fluorine and cyanide groups. The modelling of the
salt structures also neglects the polarization of the charge den-
sity by the stronger fields in the crystal environment. The small
energy differences between different structures therefore imply
that sufficiently accurate calculations of the crystal energy land-
scape for confident prediction of salt or cocrystal structures will be
extremely demanding of computational resources in the foresee-
able future.

The successful prediction of the known structures as sufficiently
low in energy gives confidence that the lattice energy landscapes
are qualitatively meaningful. The calculations demonstrate that
there are often a surprising number of ways that the molecu-
lar units can form close packed crystal structures with plausible
hydrogen bonding motifs which are thermodynamically competi-
tive. Although all the structures contain either the neutral or ionic
form of the carboxylic acid-pyridine hydrogen bond, as might have
been expected from surveys of the Cambridge Structural Database
(Shattock et al., 2008), the motif is often of the D}(Z) form, show-
ing the variety of compromises between the other intermolecular
interactions and the C-H- - -O interaction that is often used to define
the synthon (Desiraju, 2010).

As with single component lattice energy landscapes, both types
considered here have a small number of particularly energeti-
cally favourable structures that are clearly separated from a larger
number of unfavourable ones. For the salts, this cut-off is about
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illustration.

8 k] mol~! above the global minimum (Figs. 5, 6 and 10) while for
the cocrystals it is nearer to 5kJmol-! (Figs. 4, 7 and 9). The dif-
ference in the energy scale when comparing the salt and cocrystal
landscape for the same system can be attributed to the stronger
ionic hydrogen bonding in the salts, which compensates for the
proton transfer energy. However, the salt and cocrystal energy
landscapes are not related by a simple scaling, as different types
of hydrogen bonding motifs give rise to the most energetically
favoured structures. It is quite unusual for the same close pack-
ing of the ions or molecules to be energetically favourable for
both the salt and cocrystal. Even for the cocrystal, I, which was
specifically chosen to have the idealized carboxylic acid-pyridine
synthon, which is sterically similar in both the ionized and neutral
forms, the most favourable salt structures do not correspond to the
most favourable cocrystals (or vice versa). The non-equivalence of
the carboxylate oxygen atoms (O, and Of) in maleic acid results in

most of the favourable salt structures (excluding the experimental
one GUKVUE) hydrogen bonding to the carboxylate oxygen atom
that could not be the donor in the cocrystal. The introduction of
competing hydrogen bonding interactions, as in IYUPEX, results
in some distinct and some common hydrogen bond motifs, but
only structures based on the experimental Column 1 motif and
structures based on a Dimer are favourable in both landscapes.
Thus, whether a multi-component crystal of given stoichiometry
is modelled as a salt or a cocrystal makes a major difference to
the most thermodynamically favourable packings. The differences
in crystallization behaviour can be even more extreme: an anal-
ysis of over eighty crystals synthesized from equimolar amounts
of carboxylic acids and N-heterocycles (Aakeroy et al., 2007)
showed that salts quite frequently crystallize as solvates or with
unexpected stoichiometries, whereas this was rare amongst the
cocrystals.
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Clearly in some instances it is artificial to differentiate between a
cocrystal and a salt (Desiraju, 2010) as there are many illustrations
of the salt: cocrystal continuum (Childs et al., 2007) for acid-base
complexes with similar pK, values. The pyridine-isophthalic acid
system is the only one of the three systems in our work where it
is impossible to tell whether a salt, cocrystal or proton disordered
form would be possible based on the relative pK; values (5.14 for
pyridine, 3.46 and 4.46 for isophthalic acid) (Brown, 1955; Perrin,
1965). Surprisingly, the structurally matched salt and cocrystal
are both energetically favourable. Both a small difference in pK,
and energetically similar structures are required to experimentally
observe proton disorder. Periodic electronic structure calculations
have confirmed that the variation of lattice energy with proton
position is far smaller in IYUPEX than for related systems that are
ordered salts or cocrystals (Mohamed et al., 2009). Such electronic
structure calculations can help assign proton positions when solv-
ing structures from powder X-ray data (Florence et al., 2009). We
note that this may well be helpful, as for all three systems the simi-
larity index for the simulated powder patterns when modelled as a
salt or as a cocrystal are all around the borderline for distinguishing
between polymorphs and redeterminations of the same structure
(van de Streek and Motherwell, 2005). In cases of small ApKj,, the
results for pyridine-isophthalic acid and pyridinium isophthalate
suggest that testing whether the same structure is low in energy
on both the salt and cocrystal energy landscapes may be diag-
nostic of the possibility of a proton-disordered structure. Thus, it
seems that a range of calculations may complement experimental
studies combining techniques such as infrared-spectroscopy, neu-
tron and X-ray diffraction (Wilson et al., 2006), solid state NMR (Li
et al., 2006) and X-ray photoelectron spectroscopy (Stevens et al.,
2010a), to determine the proton position in the salt: cocrystal con-
tinuum. The ability to characterize systems where the ionization
state is influenced by the crystal structure will encourage solid form
screening with a wider variety of potential counterions and guest
molecules, with the likelihood that this will yield a wider array of
solid forms with potentially useful physical properties (Childs et al.,
2007).

5. Conclusions

The experimental structures of a salt, cocrystal and disordered
system have been found to be amongst the most energetically
favourable lattice energy minima in an extensive CrystalPredictor
search covering 14 space groups, which generated about a quarter
of a million structures. The results are consistent with these being
the most thermodynamically stable structures and only forms cur-
rently detected in manual crystallization screens. However, the
energy differences between the energetically favourable structures
are sufficiently small, relative to the approximations in the cal-
culations, that these structures could not be predicted with any
confidence.

The lattice energy landscapes show that there are a wide range of
different types of crystal structure that are low in energy. Although
the experimental structures are amongst the most favourable (i.e.
have a lattice energy within 9 k] mol~! of the most stable) whether
modelled as a salt or cocrystal, the acidic proton position generally
has a significant effect on the relative energy ordering of different
structures, even for a structure that contains an isolated carboxylic
acid-pyridine heterosynthon. Hence, when the pK, difference is
insufficient for confident assignment of the acidic proton position,
the structure adopted will determine whether a salt, cocrystal or
proton disordered crystal is formed. Although the calculation of
realistic lattice energy landscapes is now possible for salts and
cocrystals, predicting these crystal structures is still a major chal-
lenge to computational chemistry and our understanding of the
factors that control crystallization.
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