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Abstract: imposes a natural limitation on the scope of this technique,
To fully characterize a polymorphic system, it is necessary to as many materials can be prepared only as microcrystalline
know the structural properties of all polymorphs formed by powders. In many cases, different polymorphs of a given

the molecule of interest. Traditionally, single-crystal X-ray molecule differ in crystal quality, such that only one or a
diffraction techniques have been used for this purpose, although ~ few of the polymorphs can be studied by single-crystal X-ray
different polymorphic forms of a given molecule can differ diffraction. For the other polymorphs, structure determination
significantly in crystal quality and in many cases only one or a must be carried out using powder X-ray diffraction data.
few of the polymorphs yield single crystals that are suitable While structure determination from single-crystal X-ray

for investigation by single-crystal X-ray diffraction. Structural diffraction data is now essentially routine (provided of course
characterization of the other polymorphs must be carried out that appropriate single crystals can be grown), carrying out
using powderX-ray diffraction. Fortunately, recent years have complete structure determination from powder X-ray dif-

seen significant developments in techniques for determining  fraction data is substantially more challenging, particularly
crystal structures of molecular solids directly from powder in the case of molecular solids. Nevertheless, in recent

diffraction data. This article highlights the current scope of year$ 9 there have been considerable advances in the power
these techniques and highlights some examples involving studies and scope of techniques for this purpose, thus enabling full
of polymorphic materials of industrial relevance. structural characterization of molecular crystals that are not
suitable for investigation by single-crystal X-ray diffraction
methods.

This contribution highlights the current scope of tech-
nigues for determining the structures of molecular solids

In the case of molecular solids, polymorphism arises when ;e o1y from powder diffraction data and highlights some
a given type of molecule is able to form different crystal examples from industrial areas of research
structures:* Although the different polymorphs have the '

same cherr_ucal composition, their SOI'd'Sta.lte _propert|es are, . Structure Determination from Powder Diffraction Data
generally different as a consequence of their different crystal ) ) i
structures. In recent years, there has been considerable Although the single-crystal and powder X-ray diffraction
interest within industry in being able to find and characterize P2tterns of a given material contain the same intrinsic
as many polymorphs as possible of the active molecule of information, this information is distributed in three-dimen-
interest (for example, a drug or pigment) so that the sional space in the single-crystal diffraction pattern, whereas
polymorph with the most desirable properties for the targeted it is compressed into one dlmenS|on_|n the powder dlffractlon
application can be selected. It is then essential that the desired@teM- As a consequence, there is generally considerable
polymorph can be produced reliably and reproducibly on overlap of peaks in the powder diffraction pattern, which
scale-up and that it remains stable during subsequentObSC”reS information on the intensitiesiiodlividual diffrac-
processing and marketing. Given these issues, the quest td0n maxima and hence impedes (or in some cases prohibits)
produce and fully characterize all accessible polymorphs of the process of carrying out crystal structure determination

a given drug substance has become an area of intense activinz/s',ng the powder diffraction data. As molecular solids
within pharmaceuticals and other industries. pically have large unit cells and low symmetry, the problem

To fully characterize a polymorphic system, it is important of peak overlap is oftgn particu'larly severe for such materi'als.
to establish the crystal structures of the different polymorphs, _ 11€ three stages involved in crystal structure determina-
and single-crystal X-ray diffraction techniques have tradi- tion from diffraction data are (Figure 1) () unit cell
tionally been used for this purpose. However, the requirementd€términation and space group assignment, (ii) structure

for single-crystal samples of appropriate size and quality Selution, and (iii) structure refinement. The aimsofucture
solutionis to obtain an initial approximation to the structure,
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* Author for correspondence. E-mail: K.D.M.Harris@bham.ac.uk. Tele-

phone: +44-121-414-7474. Fax:+44-121-414-7473. (5) Cheetham, A. K.; Wilkinson, A. PAngew. Chem., Int. Ed. Engl992,
(1) Dunitz, J. D.Pure Appl. Chem1991,63, 177. 31, 1557.
(2) Caira, M. R.Top. Curr. Chem1998,198, 164. (6) Harris, K. D. M.; Tremayne, MChem. Mater1996,8, 2554.
(3) Bernstein, J.; Davey, R. J.; Henck, J.Ahgew. Chem., Int. EA.999,38, (7) Langford, J. I.; Lole D. Rep. Prog. Phys1996,59, 131.
3441, (8) Meden, A.Croat. Chem. Actd 998,71, 615.
(4) Bernstein, J.Polymorphism in Molecular CrystglsOxford University (9) Harris, K. D. M.; Tremayne, M.; Kariuki, B. MAngew. Chem., Int. Ed
Press: Oxford, 2002. 2001,40, 1626.
970 e Vol 7, No. 6, 2003 / Organic Process Research & Development 10.1021/0p030036m CCC: $25.00 © 2003 American Chemical Society

Published on Web 11/01/2003



Experimental powder
diffraction pattern

Indexing and

space group
assignment

Rietveld
refinement
—

Structure
solution
—_—

Unit cell and
space group

Initial
structural model

High-quality
crystal structure

Figure 1. Diagram illustrating the different stages involved
in determination of a crystal structure from powder diffraction
data.

using the unit cell and space group determined in the first

stage, but starting with no knowledge of the actual arrange-

ment of atoms or molecules within the unit cell. If the
structure solution is a sufficiently good approximation to the

assessed by direct comparison between the powder diffraction
pattern calculated for the trial structure and the experimental
powder diffraction pattern. This comparison is quantified
using an appropriat®-factor. Our implementations of the
direct-space strategy have used the weighted powder profile
R-factor Ryp (the R-factor normally employed in Rietveld
refinement), which considers the entire digitized intensity
profile point-by-point, rather than the integrated intensities
of individual diffraction maxima. ThusR,, takes peak
overlap implicitly into consideration. Furthermofy, uses
the digitized powder diffraction data directly as measured,
without further manipulation of the type required when
extracting individual peak intensities from the powder
diffraction pattern.

The basis of the direct-space strategy for structure solution
is to find the trial crystal structure corresponding to lowest
R-factor and is equivalent to exploring a hypersurfR¢E)

true structure, a good quality structure can then be obtainedto find the global minimum, wher€ represents the set of

by structure refinementor powder diffraction data, structure
refinement can be carried out fairly routinely using the
Rietveld profile refinement technigdéi! and unit cell
determination is carried out using standard indexing
procedured?—15

The techniques currently available for structure solution
from powder diffraction data can be categorized as “tradi-
tional” and “direct-space” approaches. Ttraditional ap-
proach follows a close analogy to the analysis of single-
crystal diffraction data, in that the intensitigghkl) of
individual reflections are extracted directly from the powder

diffraction pattern and are then used in the types of structure

solution calculation that are used for single-crystal diffraction

data. However, as discussed above, peak overlap in the

powder diffraction pattern can limit the reliability of the
extracted intensitieKhkl), which can lead to difficulties in

variables that define the structure. In principle, any technique
for global optimization may be used to find the lowest point
on the R(I') hypersurface, and much success has been
achieved in using Monte Carlo/simulated annedffg 28

and genetic algorithf—3¢ methods in this field. In addition,
grid search’~#' and differential evolutioff methods have
also been employed. Most reported crystal structure deter-
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minations of organic molecular solids from powder diffrac- Population P, Population of N, |
tion data have used the direct-space strategy, although we Trial Structures |
note that there have also been a number of successful
structure determinations of such materials using the tradi- Mating
tional approach.

Finally, we note that, in general, structure solution from | Select N Pairs of Parents

. . and Generate 2N,, Offspring

powder diffraction data has a good chance of success 0nly| ysing the Mating Procedure
if the experimental powder diffraction pattern contains
reliable information on the intrinsic relative intensities of Y Y
the diffraction maxima, which requires that there is no Intermediate Population of (N, + 2N,,) Trial Structures
“preferred orientation” in the powder sample. Preferred (Population P; plus Offspring)
orientation arises when the crystallites in the powder are
oriented preferentially in certain directions, and can be Natural Mutation
particularly severe when the crystal morphology is strongly Selection
anisotropic (e.g., long needles or flat plates). When there is Y \
a nonrandom distribution of crystallite orientations in the Select the (N,—N,) Best Generate N, Mutants from
sample, the measured relative peak intensities differ from Trial Structures from the Trial Structures in the
the intrinsic relative diffraction intensities, limiting the Tntermediste Population Intermediste Population
prospects for determining reliable structural information from
the powder diffraction pattern. To circumvent this difficulty
in our work, we employ a straightforward screening proce- Povalation ot ¥
durée® to ensure that powder samples are free of preferred ~ Population Py, Trial Structures.
orientationbeforerecording high-quality powder diffraction
data for use in structure determination calculations. Figure 2. Flowchart representing the evolution of the popula-

tion from one generation (population R) to the next generation

! . (population P;41) in the genetic algorithm technique for struc-
3. Methodology for Direct-Space Structure Solution ture solution from powder diffraction data.

In the direct-space approach for structure solution, the

structure is defined by a “structural fragment”, which quality (“fitness”) of each structure depends on its value of

represents the atoms (or a subset of the atoms) in theRWp. The population is allowed to evolve through several

a;ymmetric unit. The structural varia}ples (i.g. thg Bet generations by means of mating, mutation, and natural
discussed above) represent the position, orientation, andygjaction. In mating, a number of pairs of structures

intramolecular geometry_of each molecule i_n the asymmetric (“parents”) are selected, and new structures (“offspring”) are
uhnlt. The pofsmon IS dEf'an b%the COOI’d(;n?]l{GSy_,Z} Of_ . generated by swapping genetic information between the two
the centre of mass or a selected atom, and the orientalion IS,, a5 |n mutation, some structures are selected from the

defined by rotau;)nhangle{sz,?,zp} iroung Eseéof orlthogon?! opulation and random changes are made to parts of their
axes. In general, the bond lengths and bond angles are 'Xe(genetic code to create mutant structures. In natural selection,

(either using standard values for the type qf r_nolecule underonly the best structures are allowed to pass from one
study or using the known geome”Y of a S|_m|lar molecule), generation to the next generation. A schematic flowchart
anq the mtrgmolecular geometry I sp'ecmed by a set of illustrating the procedure for evolution of the population from
variable to'r5|on angle{srl,rz,...,rn} that define the molecular one generation to the next generation in the genetic algorithm
conformation. Thus, in general, there arfrﬁvarlable_s,l“ technique for structure solution is shown in Figure 2. After
= {xy, z,_0, d”.w’ 71, Tz, ..., To}, fOr €ach molecule in the the population has been allowed to evolve for a sufficiently
asymmetric unit. . large number of generations, the evolutionary process is such
Much of our current research is focused on the develop- that the best structure in the population (i.e., with lowest

ment, implementation, and optimization of new techniques gy shouid be close to the correct crystal structure. Other
for structure determination from powder diffraction data, with features of our genetic algorithm technique include an

emphasis on tfackling the specific challenges encountered forimplementation of Lamarckian evolutin(in which each
molecular solids. MOSt Of, our currgnt work in this field new structure generated in the genetic algorithm calculation
gmploys the genetic algorlthm technlq'ue for structure solu- jq subjected to local minimization &%, with respect to the
tlon.hlr:jtr;_e gsngtlc Elgor'thn&l a p_opukllatlon (_)f t”ﬁl strlfjctures, variables inl’) and a parallel genetic algoriti#(involving

eacl € '”b? yt ehvarlzT es |r(1jt € s’.ét_|s a oxve to the separate evolution of different subpopulations, with
evolve sut JeCF to _t € rules an (_)peranons that govern migration of structures between subpopulations allowed to
evolutllon in biolagical S3é5teTS' Inmally,dthe populanonh occur in a controlled manner). Full details of our genetic
comprises a set of randomly generated structures. T €algorithm method are given elsewh@é%3235 and the

variables in the sgl“ represent the “genetic codei’ that method is implemented in the program EAGER.
uniquely characterizes each member of the population. The

(44) Habershon, S.; Turner, G. W.; Kariuki, B. M.; Cheung, E. Y.; Hanson, A.;
(43) Cheung, E. Y.; Harris, K. D. M.; Foxman, B. Mryst. Growth Des2003, Tedesco, E.; Albesa-Jové, D.; Chao, M. H.; Lanning, O. J.; Johnston, R.
3, 705. L.; Harris, K. D. M. EAGER; University of Birmingham, 2003.
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Figure 3. Experimental (+ marks), calculated (solid line), and difference (lower line) powder X-ray diffraction profiles for the
Rietveld refinement of Form 2 of FP. Reflection positions are marked. The calculated powder diffraction profile is for the final
refined crystal structure shown in Figure 4.

4. Examples of Structure Determination from Powder calculated and experimental powder diffraction patterns in
Diffraction Data in Cases Relating to Industrial the final Rietveld refinement (Figure 3) vindicates the
Polymorphism correctness of the structure.

4.1. A Pharmaceutical Material with Applications in There are interesting similarities and contrasts between

Asthma Treatment. Fluticasone propionate (Scheme 1; the crystal structures of Forms 1 and 2 of FP. Both structures
abbreviated FP) is a steroid of pharmaceutical importance contain similar hydrogen-bonded chains, but differ in the
as an antiinflammatory agent which suppresses inflammationstructural relationship between adjacent chains. In Form 2
of the bronchial passages in the lungs. When formulated as(Figure 4;P2,2:2;; a= 23.24 A\b=13.98 A,c =7.65 A),
molecules of FP are arranged in stacks along:thgis with
Scheme 1 adjacent molecules related by translation. Zigzag chains of
molecules related by the; 3crew operation run along the
b-axis, and are linked by ©H---O=C hydrogen bonds
involving the hydroxyl group and a carbonyl group of
adjacent molecules. Form 1 also contains hydrogen-bonded
chains (analogous to those along theaxis in Form 2)
but differs in the structural relationship between adja-
cent chains of this type. In Form 2, adjacent chains are
antiparallel (related by a;Zcrew axis), whereas in Form 1,
FP adjacent chains are parallel to each other (related by
translation).
an inhaled product, the antiinflammatory action of FP treats  4.2. A Latent Pigment Material. By definition, pigments
the underlying inflammatory component of asthma. The FP are coloured solid particles that are insoluble in the medium
molecule can exist in two different polymorphic forms. Form in which the pigment is applied (for example, in paints,
1 is readily obtained by recrystallization from a variety of plastics, and printing inksf. To obtain good dispersion and
solvents, and the crystal structure of this polymorph was optimization of other pigment properties (such as homoge-
determined previously from single-crystal diffraction stud- neous colouration), pigment particles are generally micro-
ies® On the other hand, attempts to control the size and crystalline, and as such, structural characterization of pig-
shape of the crystals by crystallization in a supercritical fluid ments in the form used in applications may be impossible
medium was found to result in a new polymorph (Forn2).  using conventional single-crystal X-ray diffraction methods.
Given that Form 2 could be prepared only as a microcrys- Furthermore, poor solubility (another desirable characteristic
talline powder, structure determination of Form 2 was carried of pigment materials) often prevents the growth of good-
out directly from powder X-ray diffraction data using the quality single crystals, and thus many pigments have eluded
genetic algorithm method for structure solufibfollowed crystal structure determination by single-crystal diffraction
by Rietveld refinement. The good agreement between techniques. For these reasons, structural characterization of

(45) Glaxo Smith Kline plc, unpublished results. (46) Zollinger, H.Color Chemistry, 2; VCH: Weinheim, 1991.

Vol. 7, No. 6, 2003 / Organic Process Research & Development o 973



Figure 4. Crystal structure of Form 2 of fluticasone propionate determined directly from powder diffraction data.

pigment materials falls directly within the scope of powder was determined directly from powder X-ray diffraction data
structure determination techniques. using the Monte Carlo method for structure solution. The
An important derivative of the commercial red pigment asymmetric unit comprises half of the DPP-Boc molecule,
1,4-diketo-3,6-diphenyl-pyrrolo[3,d}pyrrole (DPP) is 1,4-  whereas the crystal structure of tig@hase P2,/n; a= 10.49
diketo-2,5-ditert-butoxycarbonyl-3,6-diphenyl-pyrrolo[3,4- A, b=21.46 A,c=17.13 A 8 = 95.259 has the somewhat
c]pyrrole (Scheme 2; abbreviated DPP-Boc). DPP-Boc is an unusual feature of containing three independent half mol-
ecules in the asymmetric unit.

In both polymorphs, molecules of DPP-Boc are stacked
to form columns, although there are significant structural
differences between the and § phases in terms of the

0 relative packing of molecules between these columns. In the
N_<o~\— o phase, the molecules in adjacent columns are packed
relative to each other in a herringbone-type arrangement,
whereas in thgg phase, the molecules in adjacent columns
are packed relative to each other in a nearly parallel fashion.
Furthermore, there are differences in the details of the
DPP-Boc packing of molecules within a given column in theandp
phases. The kinetics of the chemical transformation from
example of a “latent pigment”, which is utilized during the DPP-Boc to DPP are substantially different in the two
application process to achieve good dispersion of the pigmentpolymorphs of DPP-Boc, and the structure of th@hase
chromophore. Thus, DPP-Boc is readily soluble in the appli- determined from powder diffraction data provides the op-
cation medium, ensuring homogeneous dispersion; subseportunity to establish an understanding of the relationship
quently, solid particles of the DPP pigment can be generatedbetween structure and reactivity in this polymorphic system.
in situ through a thermal decomposition reaction of DPP-  4.3. A Pharmaceutical Material with Anticonvulsant
Boc. This chemical transformation also occurs in crystalline Applications. 2-{[4-(4-Fluorophenoxy)phenyl]methylehe
DPP-Boc. Powder X-ray diffraction studies of DPP-Bbc  hydrazinecarboxamide (Scheme 3; FPMHC) has been shown
revealed the existence of a new polymorghphase) in to have potential therapeutic use in anticonvulsant applica-
addition to a previously known polymorph (@hase). tions*’~4% and has been found to exist in two polymorphic
The crystal structure of thé phase of DPP-Boc (Figure  forms (denoted A and B). Form A of FPMHC was discovered
5;,P2/c;a=6.23A,b=10.30 A,c=19.47 A 3 =90.419 after polymorphic screening experiments in which the

Scheme 2

+ )
O =
I
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Figure 5. Crystal structure of the # polymorph of DPP-Boc determined directly from powder diffraction data.

Scheme 3 diffraction. It was clear from this screening process that Form
B B is much more readily obtained and that the crystals of
F\©\ /@ﬁN/ h this polymorph are larger and of higher quality than those
o © of Form A. The crystal structure of Form B (P a=12.71
A, b=7.74 A c=13.28 A 3 = 104.0°) was determined
previously from single-crystal X-ray diffractio.Form A
FPMHC is only obtained as a microcrystalline powder, which gives
rise to a powder X-ray diffraction pattern that comprises a
compound was recrystallized under a variety of different relatively small number of broad peaks, with appreciable
conditions, and the resumng solids were ana|yzed using peak overlap. Nevertheless, structure determination of Form
thermal and spectroscopic techniques and powder X-rayA (Figure 6;P2/c;a=21.90 A,b =5.28 A,c = 13.00 A,

B = 119.0°) was carried out successfully from the powder

(47) Dimmock, J. R.; Puthucode, R. N.; Tuchek, J.; Baker, G. B.; Hinko, C. X-ray diffraction data using the genetic algorithm technique
N.; Steinmiller, C. N.; Stables, J. Prug. Dev. Res1999,46, 112.

i 4
(48) Puthucode, R. M.; Quail, J. W.; Stables, J. P.; Dimmock, JER. J. for structure solutior:
Med. Chem1998,33, 595. In the crystal structure of Form384° (not shown here),
(49) Dimmock, J. R.; Puthucode, R. M.; Smith, J. M.; Hetherington, M.; Quail,
J. W.; Pugazhenthi, U.; Lechler, T.; Stables, JJ.AMled. Chem1996,39, both t_he NH z_and NH groups act as hydrogen bond donors
3984. to neighbouring &0 hydrogen bond acceptor groups.
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Figure 6. Crystal structure of Form A of FPMHC, determined directly from powder diffraction data. Hydrogen-bonding interactions
are indicated by dashed lines. Hydrogen atoms are omitted for clarity.

by, 0

Figure 7. The conformations of the FPMHC molecule in the crystal structures of Form B (left) and Form A (right).

Molecules are grouped in pairs by Mt--O=C interactions fraction data are a source of quantitative structural informa-
involving the NH and &O groups of both molecules in  tion when coupled with recently developed computational
the type of eight-membered ring hydrogen-bonded “dimer” methods. As highlighted in this article for a number of
structure that is often found for amides. Each pair of this structures of moderate complexity, this approach represents
type is then linked to two other pairs viafH---O hydrogen a powerful alternative to single-crystal diffraction for carrying
bonds involving the NEland C=O groups of the molecules.  out complete structure determination. Given the importance
In the crystal structure of Form A (Figure 6), only the NH  of understanding the relationships between structure and
group is involved in hydrogen bonding interactions, and a properties of polymorphic materials, access to reliable
zigzag hydrogen-bonded chain is formed along ltkaxis structural information is clearly essential and should not be
involving N—H---O=C interaction$? In addition to the restricted simply to those polymorphs for which single
different packing arrangements in Forms A and B, the crystals of suitable size and quality for single-crystal X-ray
molecular conformation is also different, thus representing diffraction experiments can be prepared. The application of
a case of conformational polymorphism. In both polymorphs recently developed techniques for carrying out structure
the side chain containing the hydrogen bonding functionality determination from powder diffraction data clearly has a vital
is essentially planar, and coplanar with the central aryl ring, role to play in such cases.

but the orientation of the-fluorophenyl ring relative to the

rest of the molecule differs substantially (Figure 7). Acknowledgment _ o
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