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Abstract: A total of 204 pairs of different crystal structures for the same organic molecule (polymorphs), determined
at room conditions, were retrieved from the Cambridge Structural Database. Crystallographic, chemical, and
pharmaceutical aspects of the phenomenon were considered. Correlations between differences in density, calculated
packing energy, and lattice-vibrational entropy, and other crystal properties, are presented. Indices to quantify
conformational polymorphism and differences in coordination sphere in the crystal are proposed. Differences in
lattice-vibrational entropy between polymorphs are seldom, if ever, large enough to equal or to exceed differences
in packing energy (enthalpy) at room temperature. Although few experimental estimates of energy differences between
polymorphs are available, the overall results and some detailed comparisons with calculated lattice energies confirm
the good performance of the parameters of the crystal potential. A tentative polymorph for aspirin is proposed by
a structure generation procedure. The occurrence of polymorphism in organic crystals is very frequent, if the proper
temperature range is explored, but at room conditions, the appearance of several polymorphic forms is not as pervasive

as it is sometimes said to be.

Introduction and Perspective

Organic molecules are recognizable in condensed phases as
being held together by forces which are orders of magnitude
stronger than those acting outside them. By allowing for
conformational variance, usually torsional, and for minor valence
tautomerism, we define polymorphism in this paper as the
appearance of different crystal structures for the same molecule.

This phenomenon, sometimes elusive,' has been of consider-
able interest to crystal chemists for a long time; there is still
dispute on whether it is pervasive,? or restricted to a few cases,
under unusual temperature or pressure conditions. The focus
of this paper is on the possible coexistence of polymorphs at
room temperature and pressure conditions, rather than on the
solid-state phase diagrams of the materials.

Conformational polymorphism has been studied over the
years by Bernstein and co-workers,? in connection with the effect
of crystal environment on molecular structure. On the com-
putational side, calculations on energy differences betwween
polymorphs* and attempts at crystal structure prediction for
polymorphs® have appeared.
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The phenomenon is actively studied in pharmaceutical
sciences®’ because of the relevance of crystal form to bioavail-
ability and to the mechanical and rheological properties of
formulations; a very large experimental effort has been devoted
to the characterization of drug polymoprhs.®~!© Powder X-ray
analysis is routinely performed, but only in very few instances
could single-crystal X-ray determinations be carried out, since
it is usually difficult to grow suitable crystals for all polymorphs.®
In fact, work without the support of such determinations may
be contaminated by undetected solvation, amorphous materials,
and even mistaking different crystal habits for different poly-
morphs. Inconsistent nomenclature of the polymorphs by
different authors is common, due to inconsistent characteriza-
tion,!!

Dissolution studies are also routinely conducted.'? The
thermodynamic part of such work carries in principle informa-
tion on relative stabilities of polymorphs, but kinetic results are
sensitive to experimental conditions (solvent, pH, sample
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preparation, grinding, and stirring speed), as well as to crystal
morphologies. Complex equilibria between polymorphic forms
are often established in solution, and interconversions are
frequent.'> Free energy differences calculated from ratios of
equilibrium solubilities may be smaller than those obtained from
packing energy calculations or from differences in melting
enthalpies, as the equilibria may be in fact between solute and
an unknown admixture of solid phases.

Tailor-made stereospecific additives have been used to induce
crystallization of unstable polymorphs;'# the optical properties
of polymorphs have been studied,'s although the specific
relationship between the solid-state property (for example,
crystal color'®?) and the solid-state structure is not always clear.
Connections betwen polymorphism and morphology have been
investigated.'S ‘

Polymorphism has been mainly studied in its phenomenologi-
cal aspects, while its structural and energetic aspects have been
alluded to in diverse fields of research, but, in spite of a large
body of data, have never been considered in a systematic way.
The reasons for undertaking a systematic study of crystal
polymorphism are of both theoretical and practical nature; being
the outcome of different applications of the same cohesive
forces, it should provide better information on these forces than
the study of single forms; the prediction of crystal structures
is, in fact, an extended study in polymorphism, supplemented
by methods for deciding which of the many likely structures a
crystal will adopt.’® The control of crystal polymorphism has
practical advantages in many branches of the chemical industry,
in fact, all those which deal with the organic solid state.>

We tackle the problem in our usual manner,!”!8 that is, by
retrieving information from already described structures through
use of the Cambridge Structural Database'® (CSD). Such an
approach has many limitations and biases but is the only one
that allows a statistical treatment of hundreds of compounds.

Sample Selection and Adaptation

The CSD has been searched for complete X-ray crystal-
lographic structural determinations of more than one polymor-
phic form, at room temperature and with comparable refinement
accuracy. Atomic species considered were C, H, N, O, F, Cl,
and S in any combination, admitting almost any connectivity
and any type of intermolecular interaction (see the discussion
of the intermolecular force field). Hydrogen atoms were, as
usual, positioned using geometrical criteria.'® —NH, groups
often show substantial pyramidalization, especially in sulfona-
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mides; we have chosen to standardize their location in a planar
conformation, with 120° angles, having checked that this
procedure does not alter the relative energies of polymorphs
and does not produce significant repulsive intermolecular
interactions. The only exception is sulfathiazole, for which
crystallographic coordinates had to be used to avoid significant
repulsions.

A group of two or more polymorphs will be called a cluster.
A total of 163 clusters were eventually accepted, 147 of them
with two, 13 with three, and three with four partners, for a total
of 345 crystal structures. Assuming that the number of crystal
polymorphs fully characterized by X-ray diffraction is but a
small percent of the total occurrences of the phenomenon, this
is a first evidence of the high frequency of polymorphism in
organic crystals. Besides, a large number of single structures
carry the “form” or “polymorph” qualifier in the CSD and, thus,
have polymorphic partners whose crystal structures were not
determined (in some instances, polymorphs do not carry the
proper tag in the database, since polymorphism was not
explicitly mentioned in the original paper). Table S1 (deposited
as supporting information) contains the CSD refcodes or
literature citations for the crystal structures here considered.

Since one of the most important quantities which determine
crystal structures is the calculated lattice energy, we discuss
briefly the force field (FF) used. Its backbone was described
in previous papers, '820 with empirical parameters for a “6-exp”
atom—atom potential optimized for crystals containing C, H,
N, O, §, and C] atoms including hydrogen bonds in monofunc-
tional alcohols, carboxylic acids, and amides, as well as the
N—H-*N hydrogen bond. Parameters for the N—H:+-O
hydrogen bond in nitro—amino derivatives’ and for Fe*'F
interactions?! have been also recently obtained. Since the
molecules to be considered here are polyfunctional, with a wide
variety of chemical functions, several adaptations and averages
were devised to upgrade the FF. A few zwitterions were
considered, while the FF parameters were not calibrated for
charged species. The complete FF is collected in Table S2
(deposited).

The lattice-vibrational entropy was calculated by standard
lattice-dynamical procedures;?* here, FF parameters are more
critical, and for some structures, imaginary roots of the
dynamical matrix were found, so that the vibrational entropy
could not be calculated. Minor structure optimization shifts
might have removed many of these singularities,'”!8 but an
exhaustive treatment was not attempted.

Polymorphic structures in each cluster were arranged in order
of decreasing density (as calculated from the X-ray cell volume).
Differences in molecular and crystal properties between cluster
members i and j were then calculated as

AP=P].—P,. or AP=100(P]-_P,')/P,' (i<i)

Each n-membered cluster supplies n(n — 1)/2 A’s, so that the
total number of A data points is 204. Density differences are
positive by definition. Other differences may be negative or
positive; a list follows:

AD density (molecular mass/cell volume, %)

AV molecular volume (%)

AK Kitaigorodski packing coefficient (molecular volume?®/
cell volume, %)

AE packing energy (%)
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(23) Kitaigorodski, A. I. Organic Chemical Crystallography; Consultants
Bureau: New York, 1961.
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AH packing energy (enthalpy and energy are assumed to
coincide, as a result of the force field optimization
procedure), kJ/mol

AS lattice-vibrational entropy, J/(K-mol)

AG free energy, = AH — 300AS, kJ/mol

AZ' number of molecules in the asymmetric unit (Z' was
reduced to an integer number, when the asymmetric unit
consisted of fractions of a molecule, by using the
appropriate crystallographic subgroup)

Al = (AI2 + AL? + AL»)'Y2, the Al’s being percent
differences between the moments of inertia of the
molecule (calculated with reference to the principal axes
in each conformation) in the two crystal forms.

AH refers to intermolecular energies only. AG was estimated
as the balance between AH and AS at 300 K. While the
theoretical basis for such an assumption is very shaky, we justify
it at least partially by remembering that the FF parameters were
explicitly calibrated to reproduce room temperature thermody-
namic and structural properties of organic crystals.

Results and Discussion

AD and AZ’ are parameter-free quantities and depend only
on the accuracy of the X-ray work. For AH and AS, comparison
with experiment is possible when fusion or sublimation enthal-
pies are available for all polymorphs—a very unlikely occurrence
for sublimation, less so for fusion. A problem arises when the
molecule has largely different conformations in the two poly-
morphs because the conformational energy difference comes
into play; the temperature dependence of these AH’s is also
problematic (again, less so for fusion). Heats of polymorphic
phase transition determined from areas of DSC peaks may be
unreliable due to sample history and to the detailed mechanism
of the transition, which may not be a quantitative, crystal-to-
crystal one. Another source of enthalpy differences between
polymorphs (at least in principle) is van’t Hoff treatment of
solubility data, giving access to dissolution enthalpies.

(a) Monovariate Statistics. Figure 1 shows histograms of
AD, |AE|, |AS|, and |AZ’|. The difference in crystal density
between polymorphs seldom exceeds a few percent (93% of
the AD’s are < 5%). All structures are close-packed, since
molecules arrange themselves in different ways, but never at
the expense of a substantial decrease in compactness. Cases
with AD > 7% may in part be due to undetected inaccuracy in
crystal structure determinations or to special reasons: for one
outlier with AD = 12% (CSD refcode TORSEM), a proton
transfer tautomery and a large conformational change appear
between the two forms. A density difference of 8.8% has been
quoted®® as a clear exception.

Similar conclusions are drawn by inspection of the AE
histogram. A few outliers may depend on undetected disorder
or slightly inaccurate positioning of some key atoms in the X-ray
experiments. Eighty five percent of the AE’s are within 10%,
in agreement with previous experience.> Typical values of
lattice energies being 100—200 kJ/mol, 25 kJ/mol is the upper
limit for the difference. If conformational energy differences
compensate for less favorable packing energies, true enthalpy
differences between polymorphs may be even smaller.

Lattice-vibrational entropy differences are also very small.
To some extent, this is because lattice vibration frequencies
invariably fall within a rather narrow range (10—150 cm™!) for
the substances considered here and, indeed, for most if not all
organic crystals. We assume differences in internal vibrational
entropy to be negligible, which is certainly true for rigid
molecules, less so for conformationally flexible molecules. Also
neglected is the possible coupling of intra- and intermolecular
modes. The typical value for the vibrational entropy of an
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Figure 1. Histograms of differences in properties between polymorph
pairs: (a) AE (packing energy, %), (b) AD (density, %), (c) AS (lattice-
vibrational entropy, J K™' mol™'), (d) AZ' (number of molecules in
the asymmetric unit).

organic crystal is between 85 and 130 J/(K-mol), and differences
never exceed 15 J/(K-mol).

More intriguing are the results on the number of molecules
in the asymmetric unit, Z'. Sixty two structures (18%) have Z’
> 1, and 46 clusters (28%) have one partner with Z’ = 1 and
at least one partner with Z' > 1. These values are certainly
higher than the overall percentage in the CSD, which is 8.3;*
thus, the occurrence of Z' > | in at least one member of
polymorph clusters is rather common. In the search for different
molecular arrangements in the solid, crystal compactness is
preserved at the expenses of crystal symmetry, and not vice-
versa.

(b) Bivariate Statistics. There is a very strict, and expected,
linear correlation between AD and AK, with unit slope. This
implies that differences in molecular volume are very small;
the very few outliers have been traced back to slight valence
tautomerism or to extensive conformational rearrangement
between molecules in the two phases.

The AD vs AE scatter plot (Figure 2) shows that in most
cases a higher packing energy goes with a higher density,
although one can hardly speak of a true correlation. This result
confirms the general rule that the more dense the polymorph,
the lower its internal energy (here assumed to be represented
by the packing energy). OQutliers with higher energy and lower
density could not be traced to have unusually strong and
directional intermolecular hydrogen bonds; most of them belong
to classes of compounds for which some crucial H-atom
positions (alcohols, NH») were inaccurately located in the X-ray
work. Some large AE’s correspond to couples in which one
partner had a large crystallographic R factor. In a few cases,
AE is off balance because one polymorph has an intramolecular
hydrogen bond not included in the calculated intermolecular
energy. To summarize, apparent deviations from the general
rule are affected by a large experimental or computational noise.

(24) Padmaja, N.; Ramakumar, S.; Viswamitra, M. A. Acta Crystallogr.
1990, A46, 725.
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Figure 2. Scatter plot of differences in density (AD, %) and in packing
energy (AE, %) between polymorph pairs. One outlier with AD =
12% not shown (see text).
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Figure 3. Scatter plot of differences in packing energy (AE, %,
absolute value) and in number of molecules in the asymmetric unit
(AZ') between polymorph pairs (only for AZ' = 0).
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Figure 4. Scatter plot of differences in density (AD, %) and in lattice-
vibrational entropy (AS) between polymorph pairs.

The AZ' vs AE plot is shown in Figure 3. The structure with
Z > 1 is more stable in about 50% of the occurrences.
Therefore, having more than one molecule in the asymmetric
unit is not detrimental to crystal stability. No clear trends in
AZ vs AS could be detected.

Figure 4 shows that higher density is mostly associated with
lower entropy, as expected. Although no information on
transition temperatures is normally available in our collection,
according to a general rule, the form with lower density, smaller
packing energy, and higher entropy should be stable at higher
temperatures. As already suggested in the discussion of
monovariate statistics, entropy differences are never large
enough to have 300AS exceed AH (Figure 5). Within our
approximations, we conclude that the relative stability among
polymorphs at room temperature can be judged on the basis of
packing energy (enthalpy) alone.
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Figure 6 shows the Al vs AV plot. Molecular volume is only
scarcely sensitive to conformational differences. Inspection of
the molecular structures confirms that a large Al is an indicator
of conformational polymorphism—although a small Al may not
rule it out. We propose a threshold of AI = 10 for the
occurrence of conformational polymorphism.

(c) Coordination Sphere in the Crystal. Polymorphs may
be considered as different conformers of the supramolecule
which is the crystal structure itself; as such, they should be
identified by a few overall structural or energetic parameters.
Geometrical data can sometimes help, like when different
hydrogen bonding schemes are detected.

For obvious reasons of nonuniqueness, cell dimensions are
not appropriate parameters for quantitative comparisons. The
space group is the same for 28% of the polymorphic pairs (7%
with a different Z). Eighty two percent of these space group
retentions were in P2,/c, the rest being divided between P1,
Pbca, Cilc, and P2,2,2,. P2,/c confirms here its role of favorite
for organics and appears also as the one space group which
most easily allows for different choices of spatial arrangement
for the same molecule. Quite often, one of the polymorphs has
Z' > 1 in a subgroup of the space group of the partner with Z’
= 1, although a detailed analysis of such cases cannot be
presented here for conciseness, a preliminary consideration of
the data reveals some instances in which the partners in the
asymmetric unit are correlated by pseudosymmetry.

Twenty four percent of the polymorphic couples comprise a
centrosymmetric and a non-centrosymmetric partner; most
frequent (10 cases) is the P2,/c—P2,2,2, pair, followed by P2,/
c¢—P2; (six cases) and P2,/c—Pna2, and P2,/c—Pc (four cases
each). Apparently, many molecules can freely choose between
crystal centrosymmetry and non-centrosymmetry. There is no
sign of trends in density with respect to the presence or absence
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Figure 7. Scatter plot of differences in average coordination distance
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between polymorph pairs. Structures with Z' = | only.

of the inversion center in the crystal. Polymorphism is in many
ways akin to the different crystallization of enantiomers and
racemates:?’ there, too, no clear trends as regards crystal density
were found.?5

Looking for broader structure determinants, we resort to the
old definition of coordination sphere in the crystal.2627 The
total lattice energy was partitioned into contributions (E))
between a reference molecule and each of the surrounding ones.
The coordination sphere is defined as the collection of N
molecules for which E; > 5% of the total lattice energy; each
of these molecules is also identified by a symmetry operator,
O;, by which it is related to the reference one, and by the
distance, R;, between its center of mass and that of the reference
one. A structure determinant can then be written as

N; (El’ 01’ RI); (EZ’ 02’ Rz); ean (EN’ ON’ RN)

When Z' > 1, there is no symmetry operator between partners
in the asymmetric unit. The structure determinant can be written
in the same way, however, designating the asymmetric relation-
ship between the m molecules A, B, C ... in the asymmetric
unit as AB, AC, BC ..., and so on. The number of molecules
in the coordination sphere, N, loses some of its meaning, there
being in fact m separate coordination spheres, and hence it is
omitted; the percent contributions, E;, sum up to m x 100. Care
must be exerted when the asymmetric unit is a fraction of a
molecule, since the operator is not uniquely defined (in a typical
example, for a molecule located on a crystallographic center of
symmetry, inversion and translation, or screw and glide,
operators are undistinguishable).

A large N value, along with small E/s and large R/’s, is
indicative of a scattered coordination sphere,?’” while the opposite
is indicative of a compact coordination sphere. The average
coordination distance, Ray, is defined as the average of the R;’s.
AN and AR, are the corresponding differences between
polymorphic structures. Figure 7 shows the expected rough
correlation between AN and AR, but the choice of packing
pattern is wide: polymorphs exist with the same number of
molecules in the coordination sphere (AN = 0), but with a
difference in average distance as large as 1 A; or with large
values of both AN and AR, implying that the molecule may
take up both a scattered or a compact coordination sphere
without significant variation in crystal stability, since no

(25) (a) Brock, C. P.; Schweizer, W. B.; Dunitz, J. D. J. Am. Chem.
Soc. 1991, 113, 9811. (b) Weissbuch, I.; Kuzmenko, I.; Vaida, M.; Zait,
S.; Lieserowitz, L.; Lahav, M. Chem. Mater. 1994, 6, 1258.

(26) Kitaigorodski, A. I. Molecular Crystals and Molecules; Academic
Press: New York, 1973.

(27) Gavezzotti, A. Acta Crystallogr. 1990, B46, 275.
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Table 1. Experimental Thermodynamic Parameters for
Polymorphic Transformations (kJ/mo! and J/(K+mol))

AH AS
compd forms van’t Hoff calorim. van’t Hoff calorim.

sulfamethoxypyridazine® I/IIT 504 1027% 11
progesterone® /B 4.8 4.4
chlorpropamide? VA 10.0 25
(a-bromoisovalerylyurea® /11 45 13

i 3.0 10
acetazolamide/ A/B 2.6 7.2
furosemides 1/VI 1.2

/vl 2.0

/vI 2.6"
cyclopenthiazide’ v 0.2

j7j i 9.1
phenylbutazone/ o/ 0.7 7.9 3 24

/B 39 9.5% 11 27
phenobarbital I/1IBa 1.0 3

I/IICy 3.9 12
sulphamethoxydiazine!  IV/III 5.9 16
glibenclamide™. m 10.2
sulfamerazine” v 1.4
piracetam? /11 0.6¢
thalidomide? VI 1.5%
carbamazepine? Bla 1.2¢
sulfanilamide” 1 1.8

11 2.14
sulfapyridine® 7)1 2.3

A% 3.2%

v 6.5"

@ Reference 12e.?From differences in AHy. ¢ Muramatsu, M.;
Iwahashi, M.; Takeuchi, U. J. Pharm. Sci. 1979, 68, 175. ¢ Ueda, H.;
Nambu, N.; Nagai, T.; Chem. Pharm. Bull. 1984, 32, 244. ¢ Kojima,
H.; Kiwada, H.; Kato, Y. Chem. Pharm. Bull. 1982, 30, 1824,  Umeda,
T.; Ohnishi, N.; Yokoyama, T.; Kuroda, T.; Kita, Y.; Kuroda, K,;
Tatsumi, E.; Matsuda, Y. Chem. Pharm. Bull. 1985, 33, 3422,
¢ Reference 12c. * From area of DSC transition peak. ' Gerber, J. I.;
vanderWatt, J. G.; Lotter, A. P. Int. J. Pharm. 1991, 73, 137. / Reference
13a. ¥ Kato, Y.; Okamoto, Y.; Nagasawa, S.; Ishihara, I. Chem. Pharm.
Bull. 1984, 32, 4170. ! Reference 28. " Suleiman, M. S.; Najib, N. M.
Int. J. Pharm. 1989, 50, 103. " Caira, M. R.; Mohamed, R. Acta
Crystallogr. 1992, B48, 492. ° Kuhnert-Brandstaetter, M.; Burger, A.;
Voellenklee, R. Sci. Pharm. 1994, 62, 307. 7 Caira, M. R.; Botha, S.
A,; Flanagan, D. R. J. Chem. Crystallogr. 1994, 24, 95. 9 Lowes, M.
M. J.; Caira, M. R.; Loetter, A. P.; Van Der Watt, J. G. J. Pharm. Sci.
1987, 76, 744. " Burger, A. Sci. Pharm. 1973, 41, 290. * Burger, A.;
Schulte, K.; Ramberger, R. J. Therm. Anal. 1980, 19, 475.

correlation was found between either AN or AR and the
difference in packing energy.

(d) Detailed Comparisons. Table 1 collects some experi-
mental values of enthalpy and entropy differences, from several
measurement techniques. All of these data fall within the range
observed in the corresponding calculated quantities, a confirma-
tion of the reasonable performance of the potential parameters
in our ¢rystal force field. Whenever relative stability is
mentioned in the following discussion, reference is made to
enthalpy (not to free energy).

For cimetidine, conformational polymorphism appears (Al
= 16). The melting enthalpy for the A phase (refcode
CIMETD) is larger than that of other forms, as measured by
DSC peak areas, but the A phase is the most soluble among
the non-hydrated forms.!!? The calculated intermolecular
interaction energy for form D (refcode CIMETDOI) is larger
(by 10%, or 21 kJ/mol), but form A has an intramolecular
hydrogen bond worth just about that energy difference. Form
A is said to be the only one for which a reproducible preparation
and unique precipitation is observed.!'"® For progesterone,
qualitative and almost quantitative (AH(calcd) = 6.3 klJ/mol)
agreement between calculation and experiment for the relative
stability of forms is obtained. Both crystal structures are
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P222,, Z = 4, but their structure determinants are different
(S = screw, T = translation):

PROGSTO1 (B) 8; 2(13, S, 8.6); 2(11, T, 6.3);
2(10, S, 6.6); 2(6, S, 12.4)

PROGSTI10 (o) 6; 2(16, S, 6.2); 2(12, S, 8.5); 2(6, S, 8.7)

The S-polymorph thus has a more open coordination sphere,
with insertion of an extra couple of translation-related molecules,
according to the presence of a short (6.3 A) cell axis.

Tegafur!? (5-fluoro- 1-(tetrahydro-2-furyl)uracil) is a typical
borderline case. The a-polymorph (refcode (BIPDEJ; P1,Z =
4) is calculated to be more stable by 2.9 kJ/mol, but the
calculated entropy of the 8-polymorph (refcode BIPDEJ02; P2,/
¢, Z=4) is lower by 5.0 J/(K-mol), in agreement with the higher
(1.2%) density. These are all small numbers, and accordingly,
the dissolution rate constants of the two forms in water at 37
°C are very similar (9.5 x 1077 vs 11 x 10~7 mol/min).'?d The
structure determinants of the two forms are considerably
different. Both forms apparently transform to a third one (y-
form, whose crystal structure is unknown) before melting.

Form II of amobarbital (refcode AMYTAL11; P2,/c, Z= 8)
is calculated to be more stable than form I (refcode AMYTALI10;
C2/c, Z = 8) by 0.9 kl/mol and to have a higher (by 3 J/
(K'mol)) entropy, hardly significant numbers. The density is
the same in both phases, and yet form II dissolves in water at
37 °C 1.6 times faster than form I,'* indeed a significant
difference. In spite of the difference in space group, the
structure determinants are strikingly similar (A = 2-fold axis,
I = inversion center, G = glide):

AMYTALLI (18, AB, 6.4); (15, AB, 7.7); (10, I, 7.3);
(10,1, 7.4); (9, AB, 6.7); (8, AB, 7.2); (7, AB, 7.6);
(7, AB, 7.5); (6, G, 8.0); (6, G, 8.5)

AMYTALI109; (18, A, 6.4); (16, A, 6.7); (11,1, 6.4);
(10,1, 7.3); (8, 1,7.5); 2(6, G, 7.7); 2(6, G, 7.9)

Most likely, the closest AB interactions in AMYTALII
conceive a 2-fold symmetry axis. In any case, there seems to
be no connection between differences in structure determinant
and differences in energy.

The interconversion of polymorphic forms of sulfamethoxy-
diazine has been investigated.?82° Heating to 150 °C transforms
all polymorphs to form I, while form III is obtained in wet
conditions. Commercial samples of the drug contain a mixture
of forms I and III, but form I changes during storage to form
II1.2% We calculate form II (refcode SAMPYMOI; C2/c, Z =
8) to be more stable than form I (refcode SAMPYM; P2//c, Z
= 8) by 6.4 ki/mol~!, a result which is in general agreement
with the stability of form III at room temperature. This form
has also a 1% higher density.

Data for the polymorphism of sulfathiazole are collected in
Table 2. Calculations agree with experiment®® that form III is
more stable than form I, and almost quantitative agreement is
obtained for AH. Also the similarity in thermal behavior of
forms III and IV'% is confirmed by the similar values of the
packing energies. The crystal structure of form II is not
available, while the CSD reveals a polymorph (called form XXX
in Table 2) for which thermochemical data are not available,
but is calculated to be the most stable of all (in agreement with

(28) Moustafa, M.; Ebian, A. R.; Khalil, S. A.; Motawi, M. M. J. Pharm.
Pharmacol. 1971, 23, 868.

(29) (a) Moustafa, M. A.; Khalil, S. A.; Ebian, A. R.; Motawi, M. M. J.
Pharm. Pharmacol. 1972, 24, 921. (b) Bettinetti, G. P.; Giordano, F.; La
Manna, A.; Giuseppetti, G. I/ Farmaco Ed. Pratica 1974, 29, 493.

(30) Lagas, M.; Lerk, C. F. Int. J. Pharm. 1981, 8, 11.

Gavezzotti and Filippini

Table 2. Data for the Polymorphism of Sulfathiazole

refcode SUTHAZO1 SUTHAZ02 SUTHAZ03 SUTHAZO4
form I 11 v XXX

space group, Z  P2y/c, 8 P2i/c, 8 P2i/c, 4 P2i/n, 4
a A 10.554 17.570 8.239 10.867
b A 13.220 8.574 8.592 8.543
¢, A 17.050 15.583 15.556 11.456
B, deg 108.06 112.93 86.34 91.87
density, g/em®  1.499 1.568 1.543 1.595
PE, kJ/mol -175 —1837 —182¢ —187¢
structure
determinants
24,1,6.7 19, AB, 6.5 20,8S,6.4 19, S,6.4
23,1,7.0 18, AB,6.3 20,8, 6.4 19,S,6.4
12, AB,5.1 10,AB,6.1 10,1,6.1 9,160
8,AB,6.8 8,182 81,82
8,AB,74 7,AB, 8.2 7,T,82 7,G, 8.0
7,G,8.8 7,AB,80 7,T,82 7,G, 8.0
6,AB,80 6,AB,58 7,158 6,1,59
6,5,9.0 6,S,7.9
6,S,7.9
AH, kJ/mol
obsdi0a caled AS(obsd), J/(K*mol)
forms I/T 2.6,£2.7¢ 6
forms /T 6.9,21.7°¢ 7.0 7
6.94

@ Hydrogen atoms at NH, groups: crystallographic coordinates.
These were not available for SUTHAZO!, where it was checked that a
planar conformation at NH; is energetically favorable.  From Arrhenius
plots on initial dissolution velocities. < From differences in melting
enthalpy. ¢ From the area of the DSC transition peak.

Table 3. Data on the Conformational Polymorphism of Probucol”

crystal conformational packing

form density? energy® AH b energy
I 1.102 182.8 33.0 -171
I 1.049 209.2 35.1 —-163

“ Density in g/cm?, energies in kJ/mol. ¢ Gerber, J. J.; Caira, M. R.;
Loetter, A. P. J. Crystallogr. Spectrosc. Res. 1993, 23, 863.

its significantly higher density). A comparison of the structure
determinants reveals the similarity of forms III, IV, and XXX
and the uniqueness of form I. The AB interactions in form II
most likely conceive a screw pseudosymmetry.

The heats of transformation to form I of sulfanilamide from
forms II and III have been accurately measured (Table 1); our
calculated values of enthalpy differences are 16 and 15 kJ/mol,
respectively. Thus, calculation agrees with experiment that form
I is the less stable one and that forms II and IIT are of comparable
stability, although absolute values are not reproduced. On the
contrary, for sulfapyridine the calculated order of stability is
IV > 1I > V > III, at complete variance with the order resulting
from thermochemical measurements (see Table 1). In this case,
however, large conformational differences between polymorphs
appear; besides, form V is quoted as having a density of 1.458
g/cm? in the thermochemical work, while crystallographic work
assigns this density to form IV (1.456), that of form V being
1.403, too large a deviation to be ascribed to experimental error.
Suspiciously enough, the crystal structure of the most stable
form (I) has apparently not been determined; some mismatch
in the form identification cannot be excluded. Also for
sulfamerazine we calculate form I to be more stable than form
I by 5.4 kJ/mol, reversing the thermochemical order (see Table
1); here, forms are unequivocally identified since the thermo-
chemical and crystallographic analyses were carried out on the
same material in the same study.

For piracetam, form III is calculated to be more stable than
form II by 2.5 kJ/mol, in close agreement with thermochemistry
(Table 1). In this case thermochemical and crystallographic
identification match on the basis of crystal density. Agreement
was obtained also for thalidomide (calculated, form I more stable
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Table 4. Calculated Structures for Aspirin?

cell parameters

space lattice  cell
group a b ¢ a f y energy volume density
P1 6.75 870 7.64 819 757 77.1 —113 4219 1.417
6.72 7.47 10.68 87.3 126.7 92.8 —113 4287 1.394
10.59 8.69 9.03 91.9 120.2 444 —113 4225 1.415
P2i/c 12.34 4.55 1549 99.5 —107 8589 1.392
12.35 4.88 14.82 79.0 —108 876.0 1.364
10.16 7.24 12.12 86.7 —106 890.2 1.342
11.07 6.62 11.04 89.8 —123 8099 1.475
X-ray? 11.05 6.61 10.98 90.3 | —123 8016 1.491
(P21/C)

< Energies in kJ/mol, cell parameters in A and degrees, densities in
glem?, cell volumes in A3, # Reference 33.

than form III by 5.0 kJ/mol) and for carbamazepine (calculated,
B more stable than & by 10 kJ/mol; see Table 1 for experimental
data). For probucol, conformational polymorphism appears
(Table 3); form I has a larger packing energy, in keeping with
its higher melting point and density, and is predicted to be more
stable than form II by 33 kJ/mol (the sum of the differences in
conformational and packing energy), consistent with the trans-
formation of form II into form I both in solution and upon
grinding. Somewhat unexpected is the higher melting enthalpy
of form II; the composition of the conformational equilibrium
in the melt is of course unknown.

(e) A Case Study: Aspirin. Polymorphism in aspirin has
been announced and then discarded in favor of morphology
differences between crystals of the same phase.?’ We have
generated a number of theoretical polymorphs for aspirin, using
a structure—construction procedure® updated and modified.?2
Formation of a centrosymmetric dimer over the carboxylic
function has been assumed,'® and only the most frequent
centrosymmetric space groups, P2i/c, Z= 4 and Pl, Z = 2,
have been considered.

The results appear in Table 4 (Table S3, deposited, collects
the corresponding atomic coordinates). The X-ray structure®
has by far the lowest energy and highest density. This structure
was promptly generated during the search, testifying the
effectiveness of the procedure. From the data in Table 4 and
the results of the statistical work so far described, we conclude
that only one P2/c structure is possible for aspirin, since
differences in energy and density with other structures (14 and
9%, respectively) exceed the range usually found in polymorphs.
A P1 structure cannot be ruled out, having AE = 8% and AD
= 4%.

Conclusions

(1) We doubt that quantitative agreement between calculation
and experiment for the relative stability of crystal polymorphs
could ever be demonstrated, since both calculated and experi-
mental quantities are subject to large uncertainties. The
qualitative or semiquantitative agreement presented here is
reasonable, meaning that the order of stability of polymorphs
(when no large differences in conformational energy are present)
is reproduced by packing energy differences calculated with our
potential energy parameters, whose possible inaccuracies seem
to affect in the same manner all of the polymorphic forms.

(2) Instances where many polymorphic crystal forms can be
prepared and handled at room temperature are numerous.’
However, the thermochemical literature®® shows that many
forms appear only under nonstandard or even extreme temper-

(31) Kim, Y.; Matsumoto, M.; Machida, K. Chem. Pharm. Bull 1985,
33, 4125 and references therein.

(32) Gavezzotti, A. PROMET III, A Program for the Generation of
Possible Crystal Structures from Molecular Structure for Organic Com-
pounds. The program is described also in refs. 5d,e.

(33) Kim, Y.; Machida, K.; Taga, T.; Osaki, K. Chem. Pharm. Bull. 1985,
33, 2641.
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ature conditions. The pharmaceutical literature reveals that quite
often one form comes out as the most stable and most regularly
appearing at laboratory conditions, other forms being even
morphologically less attractive (sometimes, amorphous materials
and solvates are quoted among the “solid” forms). We confirm
anyway that energy differences between forms are small, as
clearly demonstrated also by computational work.’

(3) In many instances, as exemplified by sulfathiazole, the
distinction between polymorphs seems to appear only in the
very detailed picture afforded by single-crystal X-ray diffraction
methods. Differences in crystallochemical properties between
many such “X-ray polymorphs” may be negligible. On the other
hand, there is no way of assessing how many of the polymorphs
prepared and tentatively identified as such in the pharmaceutical
literature may in fact be solvates, conglomerates, or different
morphological forms of the same polymorph. The occurrence
of polymorphism has been said to be “pervasive”,’ but if room
conditions only are considered, “X-ray” polymorphs are dis-
carded, and even a cautionary percentage of described poly-
morphs are surmised to be false assignments, a more appropriate
adjective would perhaps be “frequent”.

(4) Densities, packing energies, and lattice-vibrational en-
tropies are very similar for polymorphic crystal structures; in
all cases, free energy differences had the same sign as enthalpy
differences.

(5) Polymorphs with more than one molecule in the asym-
metric unit (Z' > 1) are as stable, or even more stable, than
those with one molecule in the asymmetric unit; the chances of
having at least one structure with Z' > 1 in a polymorph cluster
are higher than the occurrence of Z’' > 1 in general organic
crystals.

(6) Higher density goes with higher packing energy and lower
lattice vibrational entropy, an expected®*? result which confirms
the good performance of the force-field parameters.

(7) A descriptor of the coordination sphere, the structure

- determinant, has been defined and can be used for quantitative

comparisons between crystal structures. Polymorphs often have
widely different coordination spheres, implying that molecules
have in some cases a wide choice of spatial arrangements in
the solid. Space group P2,/c is the one in which this choice is
apparently wider.

(8) The link between molecular properties and crystal
centrosymmetry is apparently weak, as the occurrence of
polymorph pairs with one member centrosymmetric and the
other non-centrosymmetric is relatively high (24%).
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(34) (a) One classical example has been given by Dunitz and co-
workers: Richardson, M. F.; Yang, Q.-C.; Novotny-Bregger, E.; Dunitz, J.
D. Acta Crystallogr. 1990, B46, 653. This paper and its references also
provide illuminating remarks on the thermodynamics of polymorphism. (b)
Browsing through recent issues of Acta Crystallographica several instances
are found, for example: Jasinski, J. P.; Woudenberg, R. C. Acta Crystallogr.
1995, C51, 107. Jasinski, J. P.; Paight, E. S. Acta Crystallogr. 1994, C50,
1928 (where “polymorphic” is misnamed as “polymeric”).




