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Abstract

The prediction of possible erystal structures from first principles, ie. using only the moleculur structure gs a st
point, is still controversial. Recently. an approuch 10 solving this erystal packing problem has been propased. A bricf o
of the methodology, the most important limitations, and several applications are presented here,

1, Introduction

Polymorphism is the ability of a compound to
crystallize in more than one distinct crystal structure
.[1). This polymorphic behavior of organic solids can
be of fundamental importance in numerous indus-
tries, e.g. pharmaceuticals and agrochemicals [2],
pigments and dyes [3]. speciality chemicals (4], ex-
plosives [5), electronics, ete. In pharmaceutical and
agrochemical applications, properties which may vary
among polymorphs are: stability (i.e. shelf-life of
drugs and vapor pressure of agrochemicals), solubil-
ity and dissolution rate (determining bioavailability),
crystal shape, compressibility and density (important
in formulation), A thorough study of the polymor-
phic behavior of a new biologically active compound
is required for patenting and registration purposes.
For pigments, molecular packing, crystal shape and
particle size are essential parameters determining
color and application properties and behavior. Since
these properties vary among polymorphs, it is very
important for the pigment and dye industry to study
polymorphism. For explosives and propellants,

solid-state density is the most significant physical

property determining performance parameters- such
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.2. Methodology

as shock sensitivity, detonation velacity and detogi
tion pressure, f =

Theoretical solid-state physics and chemistry R
well recognized as predictive and explanatory iog
for many solid-state properties. However, appli
of these theorics requires a precise knowledg
crystal structure. Hence, the key to a rational deg
of crystalliné organic materials is the ability to g
dict stable crystal modifications of & given mola
structure. It is still controversial whether polym
prediction from first principles is feasible [6,7]
the problem has been addressed for molecular |
[8), and some approaches 1o molecular crystals
been reported [7,9]. The basic method used in
study - and some of its applications — was desa
earlier (10=14]. It has been improved, extended
implemented in the Cerius® molecular modeling
vironment (available from Molecular Simuls
Lid,).

Two items are essential for a theoretical app
towards solving the erystal packing problem: a4
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i potential energy function and an efficient and
Rlisble search methodology to Jocate tha lower min-
of that potential function. Tt is assumed that
e minima represent possible erystal modifica-
28, Since lattice energy differences between differ-
-;u polymorphs of the same compound are very
all (say, less than one keal/mol), the potential
fbergy function needs to be as accurate as possible,
' g~ source of inaccuracy in the energy Ffunction
fhusing a fluctuation of a few tenths of keal /mol in
. : lattice energy differences must be eliminated. For
Wb treatment of electrostatics, Ewald summation [15)
o electrostatic potential (ESP) firted atomic charges
blare essential. For the other energy contributions,
) established force field such as Dreiding [17],
Which has been parnmeterued against experimental
llmatlon energies, 15 used. One must bear in
Nird, however, that current foree fields have limita-
fons. For instance, due to the neglect of polarization
Siccts, the results are less accurate for heavily polar-
- \ ed struclures such as zwitter ons and salts [18].
Huthermore certain atom types, like fluoriné and
nalent sulphur, are currently not yet optimally pa-
:tc!ized Crystal structures of these classes of
gmpounds may be predicted, but supporting experi-
' _,. d data {in particolar powder diffruction pat-
i) are needed to select the actual crystal struc-
2 from the large set of genermted low-energy
oy zures
fThe search method employed hcre consists of
5 separate stages. First, 2 modified Monte Carlo
Rrulated annealing procedure [10] is used to search
‘PN lattice energy hypersurface for low-energy struc-
s, Due to the large number of degrees of freedom
llamce (unit cell dimensions, translations and
ions of the molecules in the asymmetric upit),
ezl degrees of lreedom are cutrently not taken
g account during this initial swge. e, the
elecules are treated as rigid bodies (hut they ure
fawed to relax in the final minimization stuge; see
Bow). This means that for flexible compounds,
b low-energy confarmation has to be considered
pendently. Consequently. compounds with many
renerpy conformers are very computationally in-
kive, and pose additional problems since each
elomation has its own set of atomic charges,
lling in an ambiguous comparison of the energer-
of polymorphs derived from ditferent conformers,
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A related issue is the weatment of lattice symmerry.
One could assume no symmetry during the Monte
Carla search (i e, space group P1) and Z independent
molecules per unit cell, Beyond Z =2, however, the
numiber of degrees of freedom is increased to such
an extent, that a reliable search is presently not
feasible [12]. Fortunately, more than 95% of the
known molecular erystals belong to 17 space groups
[19]. Tn practice, the search is therefore repeated for
each of these relevant space groups. The Monte
Carlo stage rypically delivers tens of thousands of
possible crystal structures, which are subjected to a
clustering algorithm during the second stage of the
polymorph prediction sequence., This algorithm com-
pares structures on the basis of their Patterson func-
tion and removes duplicates from the Monte Carlo
trajectory file. The resulting most promising and
distinct crystal structures (usually a few hundred) are
tattice energy minimized with respect to all degrees
of freedom, including molecular conformation, dur-
ing the third and final stage. The final result is a set
of low-energy structures representing possible poly-
morphs. These structures can then be analyzed in
detail, e.g. comparison to experimental powder pat-
terns, Rietveld refinement [20), crystal dynamics
simulations to assess thermal stability, prediction of
solid-state properties, determination of solvent ef-
fects on the polymorphic behavior, ete.

3. Application examples

For validation purposes, it is attempted to predict |
crysial structures which have previously been solved
experimentally, The results for benzene, urea, tereph-
thalie acid, quinacridone and estrone are briefly dis-
cussed here (see Fig, | and Table 1). It is important
to note that cwvent force fields can only handle
whole’” molecules, i.e. intra-molecular symmetry
can not be treated. For example, the structure of urea
bas been solved in the P-42,m space group [21],
whereus the predicted structure belongs to the P2,
space groupiin the chemical sense, however, the two
structures are identical. Due to its complex three-di~
mensional hydmgen bonding pattern and pronounced
polarization effects, predicting the urea crystal struc-
ture is non-trivial. Table 1 shows a small deviation
hetween experimental and predicied structures, which
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Benzene Urea Estrone

Hooc—@—cooﬂ
\ Quinacridsne  Terephthalic Adid

Fia, 1. Crysta) structures,

can eusily be rectificd by means of Rictveld refine-
ment {20].

Benzene can erystallize in two different poly-
morphs: a stable form with four molecules per unit
cell [22] and a metastable, high pressure form with
iwo molecules per unit cell [23], Both forms were
predicted correctly. but the unit cell lengihs of the
high pressure form are predicied too large since the
simulation docs not take pressure into account. A run
in the P! space group with four independent
molecules in the unit cell was also performed and
this reproduced both polymorphs, favoring the more
stable form by 0.2 keal /mot,

Terephthalic acid is an industrially important
compound, used to produce PET, with an annual
production of about six billion kg. Since terephthalic
acid is eatremely insoluble in water, it is erystallized
at high pressure (30 atm) and high temperature (450
K). The wwo known polymorphs are very similar
[24], showing a one-dimensional hydrogen bonding

Table |
Comparison of experimennal versus predicied unit ¢ell disensions
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pattern. The polymoph prediction method 'was.‘
able w distingwish between these two modificatia
but the predicied structure could be Rietveld refi
to cither of them. Interestingly, a more stable (by|
keal/mol) ervstal strueturee with o (wo-dimensing®
hydrogen bonding network was also predicted, wh
may represent the palymorph which would cryg
lize al normal pressures and temperatures.
Quinucridone {5 the parent compound of one g
the most important ¢lasses of pigmients. in terms €
tonnage produced and in terms of applications, Tha
pigments show supcrior performance due to
outstanding light lusiness. weather resistance
thermal stability [25). Quinneridone s known
exhibit at least three polymorphic forms [26], each @
which display different colors and application pro
erties. Understanding and controlling the system X 2
up to now been hampered by inadequate knowledg
of the crystal structures (only the cerystal structure
the most stable gummu torm has been publis
recently {27]). Experimental powder dilTraction
terns were availuble for the three polymorphs,
prediction sequence produced these three ¢
forms in the correet stbility order, and Rietvd
refinement proved beyond any doubt that the pres
ously undetermined alpha and beta forms were solvis
correctly [28]. ‘
Estrone. a female sex hormone, cun be regad
as a prowotype for the important class of stem
drugs. Sterolds are known o be pulymorphic
gstrone is na exception, showing at least three ¢
forms. The wwo polymerphs with one molecule i ini

Compound a(A) hiA) elA) B
Benzene experimental A [23] 542 538 7.53 HOb
{high pressure)

Benzene predicied A 5.58 5.63 744 n74
Benzene cxperimenial B [22) 7.44 9585 6,42 90
Benzene experimental 82 {22] 7.3 942 .81 98
Benzene predicied B ‘ . 7.52 Y] 6.91 91,0
Urea experimental [21] S.5R 5.58 1,69 9l
Urea predicted J40 546 471 90.0
Estrone experimental A [24] 219 16,30 7.46 0.0
Estrone predicted A 1078 16,29 7.87 90
Estrone experimental B {24] 10.04 1842 .79 w0
Estrone predicied B 10,24 15,94 7.6 .80




5 Fkymmetric unit (each in a different conformation)

Il9] were stceessiully predicted. The simulation also

JiE howed that no other polymorphs are 1 be expected.
&
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gL Conclusions

- This work opens the possibility for rational design
g conwol of crystalline t)rg.xmc materials, Al
g hough the current approach is stll limited with
G respect 10 size. Mexibility and jonization of a molecu-
bl system, near-future developments in compuler
sed and force field technology will enable the
iplymorph prediction of any molecaluar crysial, in-
e cluding flexible systems and !'I‘\l\t.d crystals such as
; }iydmlcs and salls,
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