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Contemporary Advances in the Use of Powder X-Ray Diffraction
for Structure Determination

Kenneth D. M. Harris,* Maryjane Tremayne, and Benson M. Kariuki

Many crystalline solids cannot be pre-
pared in the form of single crystals of
sufficient size and/or quality for inves-
tigation using single-crystal X-ray dif-
fraction techniques, and the opportu-
nity to carry out structure determina-
tion using powder diffraction data is
therefore essential to understand the
structural properties of such materials.
Although the refinement stage of the
structure determination process can be
carried out fairly routinely from pow-

der diffraction data using the Rietveld
profile refinement technique, solving
crystal structures directly from powder
data is associated with several intrinsic
difficulties. Nevertheless, substantial
progress has been made in recent years
in the scope and potential of techni-
ques in this field. This article aims to
highlight the types of structural prob-
lems for which structure determination
may now be tackled directly from
powder diffraction data, and contem-

porary applications across several
chemical disciplines are presented. A
brief survey of the underlying method-
ologies is given, with some emphasis on
recently developed techniques for car-
rying out the structure-solution stage
of the structure-determination process.

Keywords: powder X-ray diffraction -
X-ray diffraction - structure elucida-
tion
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1. Introduction

Single-crystal X-ray diffraction is undoubtedly the most
important and powerful technique for elucidation of crystal
and molecular structures, and many of the most important
scientific advances in the 20th Century emanated from the use
of this technique. There is every reason to forecast that the
central importance of this technique, both in the physical and
biological sciences, will be sustained throughout the 21st
Century, particularly by exploiting new opportunities created
by advanced synchrotron radiation sources. In emphasizing
the power of single-crystal diffraction methods, however, it is
important not to overlook the intrinsic requirement that a
single crystal of appropriate size and quality must be available
for the compound of interest. Clearly this requirement
imposes a natural limitation on the types of materials and
systems that may be studied. How then do we proceed
towards the structural characterization of crystalline solids
that do not give single crystals of appropriate size and quality ?
In this case, powder X-ray diffraction can provide the way
forward. Although the lower limits in terms of the size and
quality of crystals for which study by single-crystal X-ray
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diffraction is feasible are continually being extended by
developments in instrumentation (e.g. so-called “microcrys-
tal” diffraction facilities) and software for data analysis (e.g.
for twinned crystals), there remains a substantial subset of
crystalline materials which give rise to good quality powder
diffraction data but are not amenable to investigation by
single-crystal diffraction techniques. The opportunity to
establish a detailed structural understanding of such materials
clearly relies on the availability of methods for structure
determination from powder diffraction data. Fortunately, the
last decades of the 20th Century have seen considerable
progress in the scope and potential of techniques in this field,
and there is every reason to be confident that this progress will
continue in the foreseeable future.

The aim of this article is to highlight, for a general chemical
audience, some of the areas in which progress has been made
in recent years in the development and application of
procedures for structure determination by using powder
X-ray diffraction data. The main emphasis is on highlighting,
through examples (see Section 3), the types of problems that
have been tackled successfully to date, with particular
emphasis on those problems that have been made tractable
by advances in methodology in the last three or four years. As
the literature up to about 1996 has been reviewed in detail
elsewhere [l this article does not aim to provide a compre-
hensive coverage of all research in the field up to the present
time. Instead, we aim to give a contemporary snapshot of the
types of structural problems that are within the scope of
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present methodologies for structure determination from
powder diffraction data, placing emphasis on applications
involving complete structure determination from powder
diffraction data (i.e. examples in which indexing, structure
solution, and structure refinement have been carried out
directly using the powder diffraction data). We focus in
particular on the (generally) more challenging structure-
solution stage of the structure-determination process, rather
than on structure refinement, although clearly both structure
solution and refinement are important components of the
complete structure-determination process. However, we note
that many important applications of Rietveld refinement from
powder diffraction data have made use of known structures
(related to the structure of interest), or information from
other experimental or computational techniques, to derive an
initial structural model for refinement. Such examples do not
involve structure solution directly from the powder diffraction
data, and are considered to lie outside the province of this
article. Section 2 provides a brief overview of techniques used
in different stages in the structure-determination process,
again with emphasis on contemporary advances in techniques
for structure solution, and Section 5 gives a more detailed

discussion of these techniques and the procedures for their
application. Section 4 discusses some comparisons and con-
trasts between the use of single-crystal diffraction data and
powder diffraction data in structure determination.

The examples highlighted in this article are confined
entirely to the use of powder X-ray diffraction data, although
we note that, in general, many of the principles and
techniques covered here are equally applicable to the case
of neutron powder diffraction data. The intrinsic complemen-
tarity of X-ray diffraction and neutron diffraction is discussed
elsewhere.[ 2!

2. Overview of Methods and Strategy
2.1. General Aspects

In the diffraction pattern from a crystalline solid (either for
single crystal or powder samples), the positions of the
diffraction maxima depend on the periodicity of the structure
(i.e. the dimensions of the unit cell), whereas the relative
intensities of the diffraction maxima depend on the distribu-
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tion of scattering matter (i.e. the atoms, ions, or molecules)
within the repeating unit. Crystal structure determination
from diffraction data can be divided into three stages: 1) unit-
cell determination (“indexing”) and symmetry determination
(space-group assignment), 2) structure solution, and 3) struc-
ture refinement. Determination of the unit cell requires
consideration of the peak positions, whereas space-group
assignment, structure solution, and structure refinement also
require consideration of the relative intensities of diffraction
maxima.

In structure solution, the aim is to derive an approximate
description of the crystal structure, starting from no knowl-
edge of the actual arrangement of atoms, ions, or molecules in
the unit cell. If the approximate structure solution is a
sufficiently good representation of the true structure, a good
quality structure may then be obtained by refinement of this
structural model against the experimental diffraction data in
the structure refinement stage. For powder diffraction data,
refinement of crystal structures can be carried out fairly
routinely using the Rietveld profile refinement technique.l®
In general, however, structure solution from powder diffrac-
tion data is a significantly greater challenge than structure
refinement. A schematic overview of the different stages of
structure determination from powder diffraction data is
shown in Figure 1.

Although single-crystal and powder diffraction patterns
contain the same intrinsic information, in the former this
information is distributed in three-dimensional space whereas
in the latter the three-dimensional diffraction data are
“compressed” into one dimension, which generally leads to
considerable overlap of peaks in the powder diffraction
pattern.’! Such peak overlap obscures information on the
intensities of individual diffraction maxima, and constitutes
the main reason for difficulties in solving crystal structures
directly from powder diffraction data. In this Section, we
provide an overview of the techniques that are currently
available for structure solution from powder diffraction data.
These techniques can be subdivided into two categories:
“traditional” and “direct-space” approaches.

)
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Figure 1. Schematic diagram to illustrate the different stages involved in
complete structure determination from powder diffraction data (note that
in some cases the situation may be more complex than implied by this
diagram).
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2.2. Traditional Approaches for Structure Solution

In the traditional approach for solving crystal structures
from powder diffraction data, %13 the aim is to extract the
intensities I(hkl) of individual reflections directly from the
powder diffraction pattern, and then to use these I(hkl) data
in the types of structure solution calculation that have been
developed for single-crystal diffraction data. These techniques
include direct methods and Patterson methods.['* '3l However,
as a consequence of the peak-overlap problem discussed
above,Pl it is often difficult to extract unambiguous values of
the intensities I(hkl) of the individual diffraction maxima.
Unreliable values of the extracted intensities I(hkl) can lead
to severe difficulties in subsequent attempts to solve the
structure using such “single-crystal-like” techniques. To over-
come this problem requires either improved techniques for
extracting and utilizing peak intensities or alternative struc-
ture-solution strategies that allow the experimental powder
diffraction profile to be used directly “as measured” without
requiring individual intensities /(hkl) to be extracted. Several
important developments in the techniques for extracting and
utilizing peak intensities have been reported.['*23l With regard
to details of the traditional techniques for structure solution
and their implementation, ref. [1] gives a comprehensive
survey of the literature in this field up to 1996, with
refs. [12, 13] extending this discussion into subsequent years.
Nevertheless, we highlight the following papers which provide
details of some of the main programs used in this field:
SIRPOW (together with EXTRA in the package EXPO),!
SIMPEL,? XLENS,?l and ROTSEARCH.- 3

Herein, we focus our discussions of methodology on
alternative structure-solution strategies developed in recent
years.

2.3. Direct-Space Approaches for Structure Solution

In the direct-space approach!™3-3 for solving crystal
structures from powder diffraction data, trial crystal struc-
tures are generated in direct space (independently of the
experimental powder diffraction data). The suitability of each
trial structure is assessed by direct comparison between the
powder diffraction pattern calculated for the trial structure
and the experimental powder diffraction pattern. The com-
parison between the experimental and calculated powder
diffraction patterns is quantified using an appropriate figure-
of-merit. To date, the majority of direct-space approaches
have used the weighted profile R factor R, (for example, see
refs. [33-36]) which is the R factor normally used in Rietveld
refinement.*! As R, considers the entire digitized powder
diffraction profile, rather than the integrated intensities of
individual diffraction maxima, peak overlap is implicitly taken
into account—the digitized powder diffraction data are used
directly “as measured”, without further manipulation. The use
of R,, to assess the correctness of a structural model clearly
requires that the peak-shape and peak-width parameters used
to construct the calculated powder diffraction pattern are
consistent with those that define the experimental powder
diffraction pattern. In practice, this can be readily established
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by prior analysis of the peak shapes and peak widths in the
experimental powder diffraction pattern (see Section 5.2.2).
Other definitions of figure-of-merit such as full profile 21" or
those based on extracted peak intensities®! have also been
used to assess the agreement between calculated and exper-
imental powder diffraction data within the context of direct-
space structure solution strategies.

The direct-space strategy for structure solution aims to find
the trial crystal structure that has the lowest possible R factor,
and the approach is equivalent to exploring a hypersurface
R(I') (Figure 2) to find the global minimum on the hypersur-
face. Here I represents the set of variables that defines the
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Figure 2. A two-dimensional section through the R,, hypersurface for
lithium zirconate (LisZr,0;). The structural model used to calculate R,,
comprised only the zirconium atom (the dominant X-ray scatterer), and
thus the structure is specified by three variables—the position (x, y, z) of
the zirconium atom. The two-dimensional section R,,(y,z) shown was
obtained by fixing the x-coordinate of the zirconium atom at the value in
the known structure of lithium zirconate. The deep minimum in R,,
corresponds to the correct structure solution, but the plot clearly shows
the existence of other significant local minima.

structure, as described in more detail below. In principle, any
technique for global optimization may be used to locate the
lowest point on the R(I') hypersurface, and success has been
achieved using Monte Carlo,’*3*41 simulated anneal-
ing,3+3% 4 grid search,l**! and genetic algorithm!** search
methods as the basis of direct-space techniques for powder
structure solution. Note that the references cited for each
technique are intended to be illustrative rather than exhaus-
tive—more citations for each technique are given in Sec-
tions 3 and 5.

As we focus here on structure solution, we assume that the
unit cell dimensions (a, b, ¢, a, (5, ¥) and space group are
already known from prior analysis of the experimental
powder diffraction pattern (see also Section 5.1). We also
assume that the contents of the unit cell (for example, the
types and number of atoms, ions, or molecules) are known, at
least to a sufficiently good approximation, but that the
positions and structural arrangement of these constituents
within the unit cell are not known. In direct-space techniques,
the structure is defined in terms of a “structural fragment”
comprising an appropriate collection of atoms within the
asymmetric unit, and is defined by a set (denoted I') of
variables representing the location of the structural fragment
within the unit cell. For a collection of independent atoms, the
set " would comprise the fractional coordinates (x, y, z) for
each of these atoms. However, when the structural fragment
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comprises a molecule of known constitution, it is greatly
advantageous to specify the structural fragment in terms of
the position and orientation of the molecule as a whole,
together with any variables describing unknown aspects of the
intramolecular geometry (such as torsion angles), rather than
in terms of the fractional coordinates (x, y, z) of each
individual atom. Thus, for a molecular fragment, the position
may be defined by the fractional coordinates (x, y, z) of the
center-of-mass or a predefined pivot atom, the orientation
may be defined by rotation angles (6, ¢, ) around a set of
orthogonal axes, and the intramolecular geometry may be
specified by a set of n variable torsion angles {7y, 7,,..., T,}.
These concepts may be extended to the case of two or more
(identical or nonidentical) molecular fragments within the
asymmetric unit.

In general, the bond lengths, bond angles, and any known
torsion angles (i.e. if the molecular conformation, or aspects
of it, are known already) are fixed, and may be taken either
from standard values for the type of molecule under study or
from the known geometry of a similar molecule (in almost all
cases, it is unnecessary to consider bond lengths and bond
angles as variables at the structure solution stage). Ideally, the
structural fragment should include all atoms with significant
scattering power (i.e. all non-hydrogen atoms in the case of
powder X-ray diffraction) within the asymmetric unit, but it
may sometimes be advantageous to omit certain atoms to
restrict the number of variables to be optimized (the omitted
atoms may be found later by difference Fourier techniques').
Clearly the choice of structural fragment in any given
structure solution problem is not unique, although certain
choices of structural fragment may have significant advan-
tages over others.

2.4. Comparison of Traditional and Direct-Space
Approaches

While any comparison of contrasting methodologies must
be carried out only with extreme caution, it is nevertheless
relevant to make some remarks on the differences between
the traditional and direct-space approaches for structure
solution from powder diffraction data. The fundamental
differences between traditional and direct-space approaches
have been outlined above, and here we discuss some practical
implications of these differences.

First, we consider aspects of the experimental powder
diffraction data itself. As traditional techniques require the
intensities of individual reflections extracted directly from the
experimental powder diffraction pattern, the reliability of
these techniques should be enhanced considerably by using
data of higher resolution, as the extent of peak overlap is
reduced accordingly. Thus, powder X-ray diffraction data
recorded using a synchrotron radiation sourcel®>! should
generally be advantageous over data recorded on a conven-
tional laboratory diffractometer (provided there is no severe
sample-limited broadening associated with the material under
investigation). On the other hand, for direct-space techniques
which use a figure-of-merit based on a profile R factor, the
important requirement is not high resolution per se, but rather
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that the peak profiles are well-defined and accurately
described by the peak-shape and peak-width functions used
in the structure-solution calculation (as discussed in more
detail in Section 5.2). Thus, for direct-space techniques,
synchrotron data do not necessarily have intrinsic advantages
over laboratory data, particularly if the peak broadening in
the synchrotron data is sample-limited rather than instru-
ment-limited.

Second, for structure solution by traditional techniques (as
for single-crystal diffraction data), the complexity of the
problem generally depends on the number of atoms to be
located in the asymmetric unit, whereas for structure solution
by direct-space techniques, the main limiting factor is the
dimensionality of the hypersurface to be explored (i.e. the
number of variables in the set I'). Thus, the complexity of a
direct-space search procedure (and in general the computa-
tional time required to achieve successful structure solution)
depends more directly on the number of degrees of freedom
in the optimization rather than the number of atoms in the
asymmetric unit. As an illustration, direct-space structure
solution for a molecule that is large but essentially rigid would
generally be more straightforward than structure solution for
a molecule that is small but completely flexible (with several
torsional degrees of freedom). The greatest challenge in the
application of direct-space techniques arises when the number
of degrees of freedom required to define the structural
fragment is large, and arises either when there is considerable
molecular flexibility (i.e. the structural fragment is defined by
a significant number of variable torsion angles) and/or when
there is more than one independent molecule in the asym-
metric unit. Nevertheless, as discussed in Section 3, advances
have been made in solving crystal structures that present
challenges in each of these categories.

Third, direct-space techniques may be particularly advanta-
geous when the structure contains structural units of well-
defined (known) geometry, and for this reason direct-space
techniques have found particularly wide application in the
case of molecular solids. Similarly, extended framework
structures constructed from well-defined building units are
also directly amenable to the advantages of direct-space
strategies. Traditional techniques, on the other hand, gener-
ally do not involve input of prior structural knowledge (with
some important exceptions, such as fragment based Patterson
search techniques” ), although such knowledge is clearly
crucial for the subsequent interpretation of electron-density
and Patterson maps. Thus, for problems in which sufficient
structural information is already available, there may be
certain intrinsic advantages in the use of direct-space techni-
ques, in the sense that prior structural knowledge is used
actively during the structure solution calculations. Self-
evidently, the use of prior structural knowledge in this way
is advantageous only if it is confidently known to provide a
reliable description of the particular system under investiga-
tion.

Fourth, the global-optimization search algorithms embod-
ied within the direct-space techniques for structure solution
require, in general, more time to run than typical calculations
employing traditional methods for structure solution. How-
ever, traditional methods are often less “robust” in the sense
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that they may often not lead to a satisfactory result, and
further computational effort will not, in general, enhance the
prospects of successful structure solution further. Further-
more, structure solutions obtained from traditional methods
are often incomplete, and may require substantial time to
complete the structure (for example using difference Fourier
techniques) before final structure refinement can be carried
out. As most direct-space approaches (Monte Carlo, simu-
lated annealing, and genetic algorithm methods) are stochas-
tic in nature, it is strongly recommended to run the structure
solution calculation several times from different random
starting structures—clearly, obtaining the same structure
solution from these independent calculations provides strong
support that the true global optimum (i.e. the correct structure
solution) has been found.

Another important feature of direct-space approaches is
that they are based on similar principles to the applications of
global-optimization techniques in energy simulations. Thus, as
the energy hypersurfaces E(I') used in energy-based structure
prediction calculations and R factor hypersurfaces R(I') used
in direct-space techniques for structure solution are based on
the same parameter space [, there are direct opportunities to
define hybrid hypersurfaces G(I') which blend E(I') and R(I")
together in an appropriate functional form. If the hybrid
function G(I') is defined appropriately, the use of the G(I')
hypersurface in structure solution may have significant
advantages over the R(I') hypersurface. Recently, a strategy
has been proposed™®! for combining R factor and energy
within the context of a direct-space strategy for structure
solution from powder diffraction data, in which the hybrid
figure-of-merit uses energy information to guide the calcu-
lation towards regions of parameter space corresponding to
plausible structures, and the R factor is then used (under the
control of a sliding weighting function) as the main criterion
for comparing different energetically plausible structures.

3. Examples of Structure Determination from
Powder Diffraction Data

As discussed in Section 1, many crystalline materials cannot
be prepared as crystals of sufficient size and/or quality for
single-crystal diffraction studies. Indeed, for many materials
of industrial importance, it is actually advantageous to
prepare and apply the material in microcrystalline form, for
example to increase surface area (e.g. catalysts), to increase
dispersibility (e.g. pigments) or to give optimal solubility
properties (e.g. pharmaceuticals). Furthermore, most synthet-
ic chemists will be familiar with situations in which, after
submitting crystals to the departmental crystallographer, they
are told that the crystals are too small, twinned, or simply not
good enough to proceed with structure determination. In all
these cases, progress towards understanding the structural
properties of the materials of interest can be made by
exploiting powder diffraction.

Although the majority of the crystal structures that have
been determined to date from powder diffraction data are
inorganic or framework materials, considerable advances in
instrumentation and software for data analysis in recent years
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have brought about a rapid evolution in the scope and
potential of carrying out structure determination from
powder diffraction data for all types of crystalline materials,
including molecular solids. As a consequence, the structural
properties of materials from many more areas of chemical and
materials sciences have now been determined successfully
from powder diffraction data.

There are no specific types of materials that can or cannot
be studied by powder diffraction, although the optimal
technique to be used for structure solution may vary from
one class of material to another. The suitability of a material
for structure determination depends more on the quality of
the powder diffraction data that can be obtained and to some
extent the nature of the asymmetric unit (e.g. the number and
type of atoms, and how much information is already known
about the atomic arrangement (e.g. molecular geometry).
However, for successful structure determination, it is highly
desirable (although not essential in certain cases, as shown in
Section 3.4) that a monophasic powder sample of good
crystallinity should be available for the material of interest.

This section highlights some of the structures that have
been determined and structural problems that have been
tackled from powder diffraction data in recent years, with
examples taken from a range of fields and chosen to illustrate
the current scope and expanding potential of powder dif-
fraction in structure determination. New techniques devel-
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oped for powder structure solution in recent years (partic-
ularly direct-space techniques) have made greatest impact in
the area of molecular crystallography, and we focus on
examples from this field. The increasing number and com-
plexity of organic materials for which complete structure
determination has been carried out from powder X-ray
diffraction data is illustrated in Figure 3.

3.1. Studies of Intermolecular Interactions and
Crystal Engineering

In crystal engineering, the primary interest centers on
understanding the intermolecular aggregation (e.g. hydrogen
bonding schemes) in crystals, and subsequently exploiting this
understanding in the design of materials with specific desired
structures. Although methods are available for the prediction
of hydrogen-bonding patterns in specific systems, a detailed
description of the hydrogen-bonding pattern in a given system
must, in general, be derived from analysis of experimental
data. Materials of interest in this field are ideal for direct-
space structure solution techniques, particularly when the
structures consist of molecular building blocks of well-defined
geometry and the main objective is to determine the relative
organization of these building blocks within the crystal
structure.
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Figure 3. Examples of some of the previously unknown molecular crystal structures for which complete structure determination from powder diffraction
data has been carried out in recent years (note that the set of structures shown is representative rather than exhaustive).
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Here we highlight the recent structure determination
of 2,4,6-triisopropylbenzene sulfonamide ((CH,),CH)s-
C:H,SO,NH, from powder diffraction data. Crystal-struc-
ture solution of this material was initially attempted during a
study in which the structures of three related sulfonylamino
compounds (4-toluenesulfonamide, benzenesulfonylhydra-
zide, and 4-toluenesulfonylhydrazide) were solved from
powder diffraction data by traditional techniques, and their
hydrogen-bonding patterns rationalized.®! Although the
original powder X-ray diffraction data recorded for 2.4,6-
triisopropylbenzene sulfonamide at ambient temperature on a
laboratory powder X-ray diffractometer were successfully
indexed, attempts to solve the structure by traditional tech-
niques were unsuccessful. In the recent study, synchrotron
X-ray powder diffraction data were recorded at low temper-
ature, and a relatively straightforward direct-space (Monte
Carlo) structure solution calculation was carried out. The struc-
tural fragment used in the Monte Carlo calculation comprised
the complete molecule (excluding the hydrogen atoms of the
methyl groups), with the nitrogen atom entered as an oxygen
atom and considered equivalent to the other oxygen atoms in
the sulfonylamino group (as no significant discrimination
between these atoms would be expected at the structure
solution stage). Intramolecular flexibility was introduced in
the form of rotation of the isopropyl and sulfonylamino
groups relative to the aryl ring (see Figure 4 a). Thus, with the
molecule also subjected to translation and rotation within the
unit cell, each structure considered in the structure solu-
tion calculation was defined by ten variables {x, y, z, 0, ¢, ¥,
71, Ty, T3, T4). At the structure refinement stage, the nitrogen
and oxygen atoms in the sulfonylamino group were readily
identified. In the crystal structure, the molecular confor-
mation is found to have the C—H bond of each isopropyl
group lying approximately parallel to the plane of the aryl
ring, as commonly found in other structures of this type.
Elucidation of the crystal structure of this material enables
rationalization of the hydrogen-bonding pattern (Figure 4b),
which comprises two motifs commonly observed in sulfona-
mides but not normally occurring together in a given
structure. The propagation of these two hydrogen-bonding
motifs generates a continuous two-dimensional sheet in which
8-membered and 20-membered rings alternate in a checker-
board pattern.

X-ray powder diffraction has also been used in the structure
determination and structural investigation of a hydrogen-
bonded molecular solid formed by the 2-(3,4-dihydroxyphen-
yl)-nitronyl nitroxide radical (see Figure 3—second molecule
listed under 1995 -96), which is of interest with regard to its
magnetic properties.’! This structure was also solved by an
approach that utilizes knowledge of molecular geometry, but
based on a full-symmetry Patterson fragment search®! rather
than operating in direct space. The structure was completed
using a rigid-body Rietveld refinement and subsequent
rationalization confirmed that the molecular aggregation in
this material is directed by hydrogen bonding.

The structure determination of Ph,P(O)(CH,),P(O)Ph,,>"]
which is described in detail in Section 3.3, was also part of a
wider crystal-engineering study®! of materials in the family
Ph,P(O)(CH,),P(O)Ph,. The structure solution of the unsol-
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Figure 4. a) Molecular structure of 2,4,6-triisopropylbenzene sulfonamide,
with arrows showing the variable torsion angles in the structure-solution
calculation. b) View of part of the crystal structure of 2,4,6-triisopropyl-
benzene sulfonamide showing the 8-membered and 20-membered hydro-
gen-bonded rings in the (100) plane. Thin black lines represent bonds to
carbon, whereas S—N and S=O bonds and N—H --- O=S hydrogen bonds are
shown by thick green lines.

vated crystal form of Ph,P(O)(CH,)sP(O)Ph, has also been
tackled recently from powder diffraction data.l>

In the application of direct-space structure solution meth-
ods, the presence of more than one type of molecule in the
asymmetric unit increases the complexity of the problem,
both in terms of the number of degrees of freedom (for two
rigid molecules, there are 12 variables in the set I—{x;, yi, 21,
0., ¢1, Y1} and {x,, y,, 25, 0,, ¢, P,}) and to some extent in
terms of R factor discrimination. An examplel® concerns
structure determination of the 1:1 cocrystal formed between
1,2,3-trihydroxybenzene and hexamethylenetetramine, using
data measured on a conventional laboratory powder X-ray
diffractometer. The structure (Figure 5) can be rationalized in
terms of puckered hydrogen-bonded molecular ribbons that
are linked into a continuous three-dimensional framework by
C—H - nt(arene) interactions.

Another example concerns the crystal structure of 4-(2,3,4-
trifluorophenyl)-1,2,3,5-dithiadiazolyl, which is of interest in
the field of molecular magnetic materials. The structure has
been determined®! from powder diffraction data using a
direct-space approach based on simulated annealing. In this
case, the structural fragment used in the structure-solution
calculation comprised two chemically identical, but crystallo-
graphically independent, molecules.

1633



REVIEWS

K. D. M. Harris et al.

5 o TR o

v
i LI:‘L? 154 ._;I"J
ﬂ?{:ﬁ o 2 .:':r,{;'t?ﬁi -

e L e
:fl,ﬁ‘f‘ﬁ% &?‘Eﬁ ’
R Z

Figure 5. Stereoview of the structure of the cocrystal formed between
1,2,3-trihydroxybenzene and hexamethylenetetramine showing the hydro-
gen-bonded molecular ribbons running parallel to the a axis.

3.2. Pharmaceutical Materials

Many drug substances are administered in the form of
polycrystalline powders. In such cases, in addition to the
intrinsic pharmacological activity of the drug molecule itself,
knowledge of the crystal structure is crucial for fully under-
standing and optimizing the pharmaceutical properties. Rel-
evant aspects in this regard include understanding and
controlling solubility, bioavailability, and the conditions for
handling and administration. Importantly, a given drug
substance administered in different polymorphic forms may
lead to very different results. For all these reasons, knowledge
of the crystal structures of pharmaceutical materials is of
considerable importance, and in many cases powder diffrac-
tion provides the only possible route to this information. In
addition, the quest to produce and fully characterize all
accessible polymorphsl®® of a given drug substance has
become an area of intense activity within the pharmaceuticals
industry in recent years (motivated in part by patenting,
registration, and litigation issues), and powder diffraction
again has a direct role to play in this regard.

The crystal structures of a number of substances of
pharmaceutical interest have been determined from powder
diffraction data. Although the first demonstration!®! of
ab initio structure solution of a molecular crystal from powder
diffraction data by traditional techniques was for the pre-
viously known structure of cimetidine (Figure 6) using direct
methods, there are only a few other pharmaceutical sub-
stances, such as chlorothiazide!®! (a clinically used diuretic
compound) and the polymorphic form V of sulfathiazolel®”!
(an antibacterial drug), for which structure solution using
traditional techniques has been reported. The majority of
reported structure determinations in this field have employed

direct-space  techniques for

H/\\ structure solution. Examples in-

<N clude a metastable polymorph

H of piracetam®! (a drug used
A~UNN . . .

S Y \\\N in human therapeutics) studied

HN__ using the atom —atom potential

Figure 6. Molecular structure
of cimetidine.
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method and chloroxylenol!®
(an antiseptic) solved using a

combination of maximum-entropy and Monte Carlo ap-
proaches (see Section 5.3.5). Direct-space approaches have
been used to solve the structures of a number of pharma-
ceutical materials containing conformationally flexible mol-
ecules, including ibuprofen!’® 7!l (using a genetic algorithm
technique) and the tranquilizers promazine hydrochloride
and thiothixenel®! (using a simulated annealing technique).
The internal degrees of freedom in the structure-solution
calculation for thiothixene and the molecular conformation
found in the final refined crystal structure are shown in
Figure 7. This example illustrates the use of structural knowl-
edge and conformational flexibility in constructing a molec-
ular model for direct-space techniques. While allowing five
internal degrees of freedom, the piperazine ring was fixed in a
chair conformation and the stereochemistry (E versus Z)
around the C=C bond was fixed in accordance with prior
chemical knowledge, thus giving an adequate description of
the molecule while keeping the amount of flexibility to the
minimum required.

o

Figure 7. a) Molecular structure of thiothixene, with arrows showing the
variable torsion angles in the structure-solution calculation. b) The
molecular conformation of thiothixene found in the crystal structure
determined from powder diffraction data.

Another example from the pharmaceutical field concerns
structure determination of a new polymorph (form 2) of
fluticasone propionate,’” a synthetic anti-inflammatory ste-
roid (Figure 8a). In attempts to produce crystals of fluticasone
propionate of controlled size and morphology for pharma-
ceutical applications, crystallization in a supercritical-fluid
medium was carried out, and was found to yield a new
polymorph (form 2). As form 2 was obtained only by the
supercritical crystallization method, yielding polycrystalline
powder samples, structural characterization of form 2 was not
possible by single-crystal diffraction. Structure solution from
powder diffraction data was carried out using the genetic-
algorithm technique, leading (following Rietveld refinement)
to the crystal structure shown in Figure 8b.

Angew. Chem. Int. Ed. 2001, 40, 16261651
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Figure 8. a) Molecular structure of fluticasone propionate, with arrows
showing the variable torsion angles in the structure-solution calculation.
b) The crystal structure of form 2 of fluticasone propionate (hydrogen
atoms not shown) viewed along the c-axis. Dashed lines indicate hydrogen-
bonding interactions.

3.3. Other Organic Materials

X-ray powder diffraction data has been used for crystal
structure determination of an increasing number of organic
compounds in other fields, and these examples reflect the
trends in the structure-solution methods used for molecular
materials and the recent growth in the complexity of the
problems tackled. As discussed in Section 2.4, the traditional
approach for structure solution does not rely on prior
knowledge of the geometry of a well-defined structural
fragment. However, for “equal-atom” structures (e.g. organic
compounds containing no atom heavier than oxygen), the
absence of dominant scatterers can make the problems
encountered in traditional structure-solution methods partic-
ularly severe.!!. To our knowledge, the first previously
unknown “equal-atom” organic structure to be solved using
direct methods was formylurea.l””l Subsequently, only a few
other structures of organic materials have been solved in this
way, although the use of high-quality synchrotron X-ray
powder diffraction data has been shown to enhance the
capabilities of the traditional approach, as illustrated in the
structure determination of fluorescein diacetate.™

The first material of unknown crystal structure to be solved
by a direct-space approach was p-BrC,H,CH,CO,H! using
the Monte Carlo method, followed by other examples using
the same method, including 1-methylfluorene!™ and 3-chloro-
trans-cinnamic acid.®) The first previously unknown crystal

Angew. Chem. Int. Ed. 2001, 40, 16261651

structure to be solved by the genetic-algorithm approach was
ortho-thymotic acid.*! Other reported structure determina-
tions from powder diffraction data have included 2,6-naph-
thalene-dicarboxylic acid and dimethyl 2,6-naphthalenedicar-
boxylate, "] as well as materials of potential biological interest
including stereoisomeric cyclotetrapeptides derived from
3-aminobutanoic acid,’® two nitric oxide donors based on
pyrazolo[1,5-a]pyrimidine derivativesl’ and an enzyme in-
hibitor 4-amidinoindanone guanylhydrazone.®! In other ex-
amples, powder X-ray diffraction data have been used in
conjunction with computer modeling techniques for structure
determination of globular molecules such as norbornane,®!l
norbornene,® and (R,S)-camphor.[*]

In all the materials discussed above, the structural fragment
is essentially a rigid molecule with at most a few variable
torsion angles. However, more complex systems defined by a
significant number of torsional degrees of freedom are within
the current scope of direct-space structure solution techni-
ques. Thus, direct-space approaches have been used in the
complete structure determination of materials such as cap-
saicinP® (Figure 9, the “hot” component of chilli peppers), for
which ten variable torsion angles were used to define the
structural fragment, and heptamethylene-1,7-bis(diphenyl-
phosphane oxide) (Ph,P(O)(CH,),P(O)Ph,),”" the structure
solution of which is now described in detail.

0
1o R e
ﬁ@k}H i,
HO
Figure 9. Molecular structure of capsaicin, with arrows showing the
variable torsion angles in the structure-solution calculation.

The X-ray powder diffraction pattern of Ph,P(O)(CH,),-
P(O)Ph, was recorded using a conventional laboratory
powder X-ray diffractometer, and structure solution was
carried out using our genetic-algorithm technique.[*! The
structural fragment used in this calculation comprised all non-
hydrogen atoms in the molecule, with all bond lengths and
bond angles fixed at standard values. A considerable amount
of flexibility was required to define the molecular conforma-
tion—thus, four torsion angles define the orientations of the
phenyl rings (which were themselves constrained to be
planar) relative to the remainder of the molecule, and eight
torsion angles describe the conformation of the alkyl chain.
With the whole molecule also subjected to translation and
reorientation within the unit cell, each structure considered in
the structure-solution calculation was defined by 18 variables
(x, y, z, 0, ¢, ¥, Ty, Ts,...T5); Figure 10a). In the genetic
algorithm structure-solution calculation, the population of
crystal structures was allowed to evolve subject to well-
defined mating and mutation procedures, leading to the
improvement in the quality of the population shown in
Figure 11. The best structure in the final generation was used
as the starting structural model for Rietveld refinement. In
the crystal structure, the molecule adopts a conformation with
a gauche bond at one position in the alkyl chain (Figure 10b).
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Figure 10. a) Molecular structure of Ph,P(O)(CH,),P(O)Ph,, with arrows
showing the variable torsion angles in the structure solution calculation.
b) The molecular conformation of Ph,P(O)(CH,),P(O)Ph, found in the
crystal structure determined from powder diffraction data.

0 100 200 300 400 500

n———

Figure 11. Evolutionary Progress Plot showing the evolution of R, for the
best structure in the population (filled circles) and the average value of Ry,
for the structures in the population (open circles) as a function of
generation number in the genetic algorithm structure solution calculation
for Ph,P(O)(CH,),P(O)Ph,.

It could not have been predicted that this specific molecular
conformation would be adopted in the crystal structure,
highlighting the importance of allowing conformational
flexibility in the structure-solution calculation. The fact that
the structure of this material was determined successfully
using experimental data collected on a conventional labora-
tory powder X-ray diffractometer emphasizes that the use of
synchrotron data is not essential for powder structure
solution, even in the case of complex systems.

Recently, the structure determination of the oligopeptide
Phe-Gly-Gly-Phe from powder diffraction data has been
reported.® The structure was solved using a modified
version®! of the genetic-algorithm technique, based on
Lamarckian evolution (discussed in Section 5.3.4). The struc-
ture-solution calculation involved 17 structural variables,
including 11 variable torsion angles to define the conforma-
tion of the Phe-Gly-Gly-Phe molecule (with all peptide
groups R!-CO-NH-R? maintained as planar units with the
O-C-N-H dihedral angle fixed at 180°).%¢) The crystal
structure exhibits a number of interesting features, including
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hydrogen-bonded ribbons of Phe-Gly-Gly-Phe molecules
analogous to an antiparallel B-sheet, and a double-helix
arrangement of hydrogen-bonded chains involving the end
groups of the molecules.

In addition to the use of the direct-space techniques
highlighted above, variants of the traditional approach in
which some knowledge of molecular geometry is incorporated
within the structure-solution calculation have also been used.
Thus, Patterson-fragment search methods have been used to
solve a number of organic crystal structures, including the
sublimated form of tris(3,5-dimethylpyrazol-1-yl)methane, "]
L-carvone, and DL-carvone.

3.4. Organometallic Complexes

For coordination and organometallic compounds, the
presence of a few metal atoms (dominant X-ray scatterers)
often simplifies the process of structure solution.’! Con-
versely, however, in some cases the presence of a highly
dominant scatterer can mask information in the diffraction
data concerning the organic component of the material, such
that structure solution and structure completion may be more
difficult for that part of the structure.

In view of the presence of heavy atoms, it is not surprising
that most reported cases of the structure solution of organo-
metallic materials from powder X-ray diffraction data have
employed traditional techniques. An example is cyclopenta-
dienyl rubidium,®! for which the direct methods program
SIRPOW™! was used to locate the rubidium and carbon
atoms. In Rietveld refinement, the cyclopentadienyl rings
were set up as rigid bodies to stabilize the refinement. An
interesting aspect of this study is that the powder sample
actually contained two polymorphs of cyclopentadienyl
rubidium. Initial attempts to index the powder diffraction
pattern failed because of the presence of the two phases, but
closer inspection revealed that the peaks could be subdivided
into two sets: narrow peaks (with instrument-limited peak
widths) and substantially broader peaks. By subdividing the
experimental data in this way, both phases were indexed and
the structures solved using the approach described above. The
structures of the two polymorphs of cyclopentadienyl rubi-
dium determined in this study are shown in Figure 12. The use
of synchrotron X-ray powder diffraction data was important
in this case, as different types of sample broadening could not
be distinguished with the lower instrumental resolution of a
conventional laboratory powder X-ray diffractometer.

The crystal structure of silicon phthalocyanine dichloride
(SiPcCl,) has been determined recently®! from powder
diffraction data, with structure solution carried out using a
direct-space approach based on the Monte Carlo method.
Knowledge of this crystal structure has been used, in
conjunction with scanning tunneling microscopy data, to
understand the structural properties of both low-coverage and
high-coverage films of SiPcCl, deposited on silicon surfaces.
In another direct-space application, the structure of the
malaria pigment S-haematin has been determined® from
powder diffraction data, in this case employing a simulated
annealing method for structure solution.

Angew. Chem. Int. Ed. 2001, 40, 16261651
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Figure 12. Crystal structures of the two polymorphs of cyclopentadienyl
rubidium: a) form I, and b) form II. Dashed lines show distances between
near-neighbor rubidium atoms.

3.5. Zeolites and Related Materials

Zeolites are microporous solids with a wide-range of
commercial applications in catalytic, adsorption, and separa-
tion processes.”**l As these technologically important prop-
erties of zeolites are closely related to their crystal structures,
knowledge of the structural properties is central to the design
and development of applications of these materials. Unfortu-
nately, however, many synthetic zeolites are available only as
powders and cannot be studied using conventional single-
crystal diffraction techniques. In such cases, a combination of
techniques, such as powder X-ray diffraction, electron micros-
copy, high-resolution solid state NMR, computer simulation,
and model building is commonly used to obtain structural
information.® 81 The crystal structures of a number of
zeolitic materials have been solved and refined directly from
powder diffraction data, leading to structural knowledge of
several new materials and new zeolite structure types.”” Early
examples involving structure solution using traditional ap-

Angew. Chem. Int. Ed. 2001, 40, 16261651

proaches included AIPO,-12-TAMU,!'"l sigma-2 clathrasil,['"!]
and anhydrous VPI-5.01%2]

A more recent example concerns the large pore, pure silica
polymorph ITQ-4.[*1 Laboratory X-ray powder diffraction
data were used initially to determine the unit cell parameters
and high-resolution solid-state °Si NMR showed that there
are four different silicon environments in the asymmetric unit.
High-resolution synchrotron X-ray powder diffraction data
were then used to solve the structure by using the direct-
methods program SIRPOW,™ giving the positions of all the
framework atoms. These positions were used as the starting
structural model for Rietveld refinement. This structure
represents a new zeolite with an exceptionally large pore
volume (Figure 13). However, structure solution of zeolitic
materials is not often carried out so straightforwardly, and the
problems encountered with structure determination in other
fields are often exacerbated by the occurrence of disorder,
faulting, and other structural defects.

Figure 13. Structure of the large-pore material ITQ-4 (unit cell dimensions
are a=18.65, b=13.50, c=7.63 A, =102.0°).

To overcome difficulties encountered in this field, tradi-
tional structure-solution methods are often combined with
model building, as used in the structure solution of RUB-
1009 and AIPO,-18.%] New structure-solution techniques
have also been developed by researchers with particular
interest in this area. One of the first methods!"! focused on the
redistribution of the intensities of overlapping reflections
based on the enhancement of a Patterson map. The resulting
data were used to solve the structure of SAPO-40, for which
previous attempts using equipartitioned data failed. Other
methods for structure determination include the use of
structure envelopes!'®! (see Section 5.3.5), and the FOCUS
method,!'-1°l which uses powder diffraction data in combi-
nation with chemical information in the form of a specialized
topology search specific to zeolites.''”) An example of a
zeolitic structure (VPI-10) solved using the FOCUS method is
shown in Figure 14. Simulated annealing has also been
adapted for application to zeolite framework structures,[''- 112
with reliable information on the geometric characteristics of
tetrahedral species (Si, Al, etc.) in zeolite frameworks
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Figure 14. The framework structure of the zincosilicate material VPI-10
solved from powder diffraction data using the FOCUS method. Si: gray; O:
red; Zn: blue.

incorporated into the calculation of the figure-of-merit (cost
function) used to rank possible framework topologies. This
technique has been used to solve the structures of UiO-711
and ERS-7." Tt is clear that the active use of such structural
knowledge in the structure determination process enhances
the ability to solve more complex zeolitic structures from
powder diffraction data.

The structure of the relatively complex material UTD-1[13]
has recently been solved using an experimental approach in
which several different (but related) powder diffraction
patterns are recorded for a textured sample (i.e. a sample
exhibiting preferred orientation of the crystallites—see Sec-
tion 5.5). In this way, data that are more “single-crystal-like”
in character can be obtained, and in the case of UTD-1 a
standard direct methods program was sufficient to solve the
structure from such data.

3.6. Polymers

Polymers are of well-proven, wide-ranging technological
importance, and it is clearly important to be able to develop a
structural understanding of these materials, to rationalize
their solid-state properties, and further exploit their applica-
tions. Despite the huge molecular size, crystalline polymeric
materials are well suited for structure determination as the
asymmetric unit often comprises a simple monomer unit.
However, good quality polymer crystals are often difficult to
obtain, and practitioners in this field often turn to fiber
diffraction. When fibers are not available, structural informa-
tion may be obtained from powder diffraction data.

In the case of organic polymers, poor crystallinity often
manifests itself in the broadening of diffraction peaks, which
renders traditional techniques for structure solution unsuit-
able. As a result, examples of successful structure determi-
nation (such as poly(p-phenylene terephthalate),'¢ poly(hy-
droxybutyrate),"'”l and azomethine block-copolymers!!!l)
have invoked molecular modeling to generate energetically
and sterically favorable models, which are then compared and
refined against the experimental powder diffraction data.

More traditional methods can be used to study metal-
organic polymers which are normally more crystalline than
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organic polymers.[ In addition, the presence of a metal atom
(i.e. a dominant X-ray scatterer) in the structure can simplify
the structure solution process. One research group working in
the field of metal diazolates has solved the structures of a
number of polymeric complexes directly from powder dif-
fraction data, including those of [{Cu(pz)},] and [{Ag(pz)}.]
(Hpz = pyrazole),'"  [{Ag(imz)},] (Himz=imidazole),'?"
[{NiX,(pydz)},] (X=Cl or Br; pydz=pyridazine),?!l and
[{MX,(bipy)},] (M=Ni or Cu; X=Cl or Br; bipy=4,4"-
bipyridyl).l'?l In these cases, structure solution was carried out
using the direct-methods program SIRPOWM™! or a grid
search techniquel™ to locate the dominant X-ray scatterer,
and the positions of the remaining ligand atoms were
established from simple packing and symmetry considera-
tions. These materials exhibit many interesting structural
features. An example concerns [Cu(pymo),] (Hpymo=2-
hydroxypyrimidine ) was found to be unsuitable for study
by single-crystal powder diffraction techniques. Crystal-struc-
ture determination from powder data using traditional
structure-solution methods revealed that helical polymers
and separate hexamers coexist in an ordered fashion in the
same crystal phase (Figure 15)—a structural feature that has
not previously been reported in any field.
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Figure 15. The structural components a) linear polymers and b) cyclic
hexamers found in the crystal structure of [Cu(pymo),]. In the crystal
structure, the polymer chains are threaded through the cyclic hexamers,
which are stacked on top of each other to generate a channel-like
arrangement (not shown).
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A family of polymer electrolyte complexes, comprising salts
dissolved in poly(ethylene oxide) (PEO), has also been
studied by powder diffraction. PEO is a high molecular
weight polymer with repeat unit CH,CH,O. Although the
crystal structures of the (PEO);-NaClO,/'»! and (PEO);-
LiCF;SO;'*! complexes were determined by Rietveld refine-
ment of a model based on a known structure, no such
structural models were available for other complexes, for
which structure solution has been carried out directly from
powder diffraction data. Thus, the structure of the complex
formed between NH,SCN and PEO (stoichiometry (PEO),-
NH,SCN) was solved using traditional direct methods, sub-
sequently enabling the structure refinement of the isostruc-
tural systems (PEO),-KSCNI? and (PEO),- RbSCN.['
However, in the case of (PEO);-LiN(SO,CF;),’”! and
(PEO) - NaCF5SO5!"®! attempts to refine the structures using
a known structure as the starting point were unsuccessful, as
was structure solution by traditional approaches. Instead,
progress was made using a flexible direct-space approach for
structure solution based on a simulated-annealing protocol.
Recently,['*! the structure of the (PEO), - LiAsF, complex has
also been determined from powder diffraction data, with
structure solution again carried out using a simulated-
annealing approach.

3.7. Pigments and Dyes

By definition, pigments are colored solid particles that are
insoluble in the medium in which the pigment is applied (for
example, in paints, plastics, and printing inks), whereas dyes
are soluble materials which are used in dissolved or dispersed
states in their applications.'*!] Clearly the physical properties
of pigment materials depend on both molecular and crystal
structure. Most pigments can be prepared only as fine
powders (poor solubility often prevents growth of good
quality single crystals from solution), and for this reason many
pigments have eluded crystal-structure determination by
single-crystal diffraction techniques. Furthermore, it is im-
portant to recognize that for good dispersion and the
optimization of other pigment properties, it is generally
necessary to prepare and apply real pigment materials as
microcrystalline particles. For these reasons, structural char-
acterization of pigment materials falls directly within the
scope of powder structure-determination techniques.

Apart from those based on azo chromophores, the majority
of organic materials of interest in this field involve hetero-
cyclic chromophores such as phthalocyanines, quinacridones,
and anthraquinones, and in general these molecules can be
described as rigid structural units of well-defined geometry.
Not surprisingly, for most structures in these classes, structure
determination from powder diffraction data has focused on
direct-space techniques for structure solution, or approaches
that combine crystal modeling together with analysis of
powder diffraction data. Examples include 6,13-dichlorotri-
phendioxazine,[*? 1-aminoanthraquinone™*! and the X form
of metal-free phthalocyanine.['*4

A crystal-modeling approach has also been used to solve
the structure of a perinone pigment—2,5-dihydroxybenzo-
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[d,e]benzo[4,5]imidazo[2,1-alisoquinolin-7-onel'®) (see Fig-
ure 3—sixth molecule listed under 1999)—representing the
only crystal structure published so far for this class of
pigments. Firstly, the powder diffraction pattern was indexed
and although a number of possible space groups were
consistent with the data, space groups that are rare for
organic systems were rejected. The geometry of the molecule
used in the structure-solution calculation was constructed
from the crystal structures of materials containing similar
fragments, and the molecule was assumed to be planar.
However, the positions (exo or endo) of the hydrogen atoms
of the hydroxyl groups could not be assigned a priori, and
calculations were therefore carried out separately for each of
the four conformers (and for each space group). In this regard,
it is important to note that energy calculations require the
inclusion of hydrogen atoms (whereas structure-solution
calculations from powder X-ray diffraction data would not).
The crystal structure was “solved” by minimization of
intermolecular energy by a steepest-descent algorithm, start-
ing from random crystal-packing arrangements, and the
structures obtained were then “screened” by comparison with
the experimental X-ray powder diffraction data. A structure
giving good agreement between the calculated and exper-
imental powder diffraction patterns was found (although it
was not actually the lowest-energy structure found). Refine-
ment of this structure was then carried out by using rigid-body
Rietveld analysis.

Other examples from this field have required the intro-
duction of conformational flexibility in the structure-solution
calculation, and have been tackled by using direct-space
techniques (particularly the Monte Carlo method). Thus,
structure determination of the red phase of fluorescein (which
finds applications as a yellow dye with intense green
fluorescence) from powder diffraction datal represented
the resolution of a long-standing structural problem.

Another example concerns the structure determination of
1,4-diketo-2,5-di-tert-butoxycarbonyl-3,6-diphenyl-pyrrolo[3,4]-
pyrrole (DPP-Boc), an important derivative of the commer-
cial red pigment 1,4-diketo-3,6-diphenyl-pyrrolo[3,4-c]pyrrole
(DPP). An approach developed recently to ensure good
dispersion of pigments (such as DPP) in the application
medium of interest involves the introduction of the pigment
chromophore as a molecule (called a “latent” pigment) which
is readily soluble in the application medium. Subsequently,
the insoluble pigment particles are generated in situ through
an appropriate chemical reaction of the latent pigment. The
importance of DPP-Boc lies in its use as a latent pigment,[3 it
undergoes a thermal reaction (involving removal of the tert-
butoxycarbonyl groups) to produce DPP (Figure 16). Recent-
ly, routine powder X-ray diffraction studies of this system
revealed the existence of a new polymorph (5 phase) of DPP-
Bocl® 13 in addition to a previously known polymorph
(a phase). Here we describe the structure determination of
the fphase from powder X-ray diffraction data. After
determination of the unit cell, density considerations in
conjunction with solid-state '3C NMR spectroscopic data
suggested that the asymmetric unit comprises half the DPP-
Boc molecule. The structural fragment used for structure
solution comprised all the non-hydrogen atoms in the
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Figure 16. Thermal decomposition of the “latent” pigment DPP-Boc (left) to produce the pigment

material DPP (right).

asymmetric unit, and the molecular inversion center was
constrained to reside on a crystallographic inversion center
(space group P1). A Monte Carlo calculation was then carried
out involving free reorientation of the whole molecule around
this pivot point and variation of four torsion angles within the
tert-butoxycarbonyl group (Figure 17a). The structure with
lowest R,,, found in the structure solution calculation was then
used as the starting model for Rietveld refinement. As for the
known « phase of DPP-Boc, the molecules in the ff phase
(Figure 17b) are stacked in columns, although details of the
stacking arrangement and the structural relationships be-
tween columns differ significantly between the two poly-
morphs. Clearly powder diffraction played a pivotal role in the
study of this material, both in the initial identification of a new
polymorph and in the subsequent structure determination.
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Figure 17. a) Molecular structure of DPP-Boc. The structural fragment
used in the structure-solution calculation represents half the molecule
(shown as bold), and the arrows indicate the variable torsion angles. b) The
crystal structure of the f phase of DPP-Boc, determined directly from
powder diffraction data.

1640

3.8. Solid-State Reactions

It is well known['*-14!] that to develop
an understanding of the chemical reac-
tivity of solids relies, in the first instance,
on knowing the structural properties of
the solid and hence establishing the
geometric relationships between the
molecules, atoms, or ions that are in-
volved in the reaction. Thus, the ability
to determine the crystal structures of
reactive materials is a crucial prerequisite for understanding
the chemical transformations that occur within them, as
illustrated by the following examples.

It has been known since the 1850s!'% 431 that solid sodium
chloroacetate undergoes a polymerization reaction at suffi-
ciently high temperature to produce polyglycolide and sodium
chloride [Eq. (1)]. However, an understanding of this reaction

nCICH,COONa — nNaCl + [CH,COO], )

and its mechanism was not previously possible, as sodium
chloroacetate is microcrystalline and structural information
could not be determined using single-crystal X-ray diffraction
methods. Recently,'* the structure of sodium chloroacetate
(Figure 18) was determined directly from powder X-ray

Figure 18. A section of the crystal structure of sodium chloroacetate, with
dotted lines indicating the propagation of the polymerization reaction
within rows of chloroacetate anions along the b-axis.

diffraction data, with the structure solution carried out using
the Monte Carlo method. From knowledge of the crystal
structure, the polymerization reaction to produce polygly-
colide may be rationalized directly on the basis of a topo-
chemical reaction pathway. The crystal structures of various
lithium halogenoacetates have also been determined recently
from powder diffraction data,'* and provide a basis for
understanding the chemical reactivity of these systems.

Angew. Chem. Int. Ed. 2001, 40, 16261651
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4. Powder Diffraction Versus Single-Crystal
Diffraction

As highlighted throughout this article, one of the main
areas of application of powder diffraction is the structural
characterization of microcrystalline materials that are unsuit-
able for investigation by single-crystal diffraction techniques,
and as such powder diffraction has considerable importance in
several disciplines of solid-state and materials sciences. In
addition to this intrinsic difference between powder diffrac-
tion and single-crystal diffraction, we now consider some
other comparisons and contrasts between these techniques
and their applications.

An important application of powder X-ray diffraction
across several fields concerns studies of structural changes
associated with phase transitions and chemical reactions in
solids. From the practical point of view, powder diffraction
experiments may be carried out fairly straightforwardly to
monitor structural changes in a solid as a function of the
variation of external conditions (such as temperature, pres-
sure, or exposure to gaseous atmospheres of varying compo-
sition), and in general such in situ studies are more readily
carried out by powder diffraction techniques than single-
crystal diffraction techniques. Furthermore, it is well known
that phase transitions and chemical reactions in single-crystals
are often associated with a reduction in crystal quality, for
example through twinning, fracturing, or indeed the produc-
tion of a polycrystalline “daughter” phase from a single-
crystal “parent”. Clearly there are intrinsic limitations con-
cerning the prospects of monitoring such transformations
using single-crystal diffraction, whereas powder diffraction
data recorded for the same systems may show little or no
deterioration in quality throughout the transformation. In
addition, some solid materials of interest (for example, certain
clathrate hydrates) may not exist under conditions of ambient
temperature and pressure, and for such materials that require
synthesis, handling, and characterization under nonambient
conditions, powder diffraction generally provides a more
straightforward approach for structural characterization than
single-crystal diffraction techniques.

In more general terms, crystal twinning and certain other
types of defects are a major source of problems in single-
crystal diffraction studies (many crystals grow intrinsically in a
twinned manner), but may have little or no bearing on the
quality of powder diffraction data for the same sample. Thus,
the ability to carry out structure determination from powder
diffraction data should be unaffected by the occurrence of
twinning in the individual crystallites within the powder,
provided each individual twin is still sufficiently large that
particle-size effects do not give rise to serious line broadening.

In the industrial context, it is important to emphasize that
powder diffraction allows materials to be investigated directly
under the conditions in which they are used in specific
applications, whereas single-crystal diffraction (by virtue of
the requirement to prepare and study a single crystal) might
not. For example (see also Section 3.2), solid pharmaceutical
substances are often administered into the body as compacted
powders in the form of tablets. For such materials, it may be
important to understand directly (for example, from powder
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diffraction studies of the tablets) whether they undergo any
structural transformation as a consequence of the compaction
process. If such transformations do occur, the crystal structure
of the actual material administered into the body may be very
different from the structure, determined by single-crystal
diffraction, of a crystal of the same material grown from
solution.

It is relevant to compare the quality of structural informa-
tion that can be obtained by structure determination using
powder versus single-crystal diffraction data. In general, the
final structural parameters obtained from powder diffraction
data are not as accurate or precise as those that could be
determined for the same material from single-crystal diffrac-
tion data (assuming that single crystals were available). Thus,
although significant differences in bond lengths characteristic
of different bond types (for example C=0 versus C-OH) may
be readily distinguished from powder data, slight deviations
from standard bond lengths and bond angles can not, in
general, be reliably assessed. For good quality powder
diffraction data, the positions of hydrogen atoms can also be
determined (for example, see refs [65, 146]), although such
atoms are normally placed in calculated positions during
structure refinement calculations (rather than explicitly
refined). If crystals suitable for single-crystal X-ray diffraction
experiments are available, it is clear that this approach
remains the technique of choice for accurate and/or routine
structure determination. Indeed, it is relevant to note the
importance of optimizing crystal-growth strategies to enhance
the opportunities of obtaining single crystals of sufficient size
and quality for any particular material of interest.['47]

In addition to the use of powder diffraction in allowing
structure determination of microcrystalline materials that are
unsuitable for investigation by single-crystal diffraction tech-
niques, it has many other important roles in the structural
investigation of crystalline materials. Structure determination
from powder diffraction data ensures that the bulk solid
sample is investigated, in contrast to the potentially unrepre-
sentative procedure of selecting an individual crystal from the
sample, as done in single-crystal diffraction. Clearly any
individual crystal within a bulk solid sample might not be
representative of the bulk material, and could be a different
polymorph or an impurity. Thus, when a structure is solved
from single-crystal diffraction data, it is good practice to check
that this structure is actually representative of the bulk
material from which the single crystal was selected, and
powder diffraction provides a direct means of checking this
fact. Regrettably, this simple step is often ignored. To
illustrate the necessity of using powder diffraction in this
regard, we consider the case of p-formyl-trans-cinnamic acid
(p-FCA),"1 which exists in two polymorphic forms—one
polymorph (f phase) is photoreactive under UV irradiation,
whereas the other polymorph (y phase) is photostable. There
are well-established correlations!'*-'*l between the structural
properties and photoreactivities of a wide range of derivatives
of trans-cinnamic acid in the solid state. It was therefore of
much interest when the structure (from single-crystal X-ray
diffraction) of the photoreactive S phase of p-FCA was
reported!*! to represent an exception to these well-estab-
lished correlations. However, it was shown subsequently!'*]
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(Figure 19) that the powder X-ray diffraction pattern calcu-
lated using this reported structure is actually in agreement
with the experimental powder X-ray diffraction pattern of the
photostable y phase of p-FCA. Therefore, the crystal struc-
ture reported from single-crystal X-ray diffraction to be the
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Figure 19. Powder X-ray diffraction patterns:!'*l a) recorded for a sample
of p-FCA crystallized from ethanol (5 phase); b) recorded for a sample of
p-FCA crystallized from acetone (y phase); c¢) simulated on the basis of the
crystal structure reported in ref [149]; d) recorded for the sample of p-FCA
crystallized from ethanol (f phase) following UV irradiation; e) recorded
for the sample of p-FCA crystallized from acetone (y phase) following UV
irradiation.

p phase of p-FCA was actually the structure of the vy phase
(and therefore did not represent a structurally anomalous
photoreactive trans-cinnamic acid derivative). Thus, the
actual single crystal (y phase) selected for the single-crystal
diffraction study in the original work!"*! was not representa-
tive of the bulk material (S phase). This example demon-
strates clearly the importance of using powder diffraction data
to confirm that a structure determined from single-crystal
data is actually representative of the bulk polycrystalline
sample. Other examples of the importance of adopting this
strategy have been noted.[0-152

In summary, while new and improved radiation sources
(both laboratory-based X-ray sources and new generations of
synchrotron sources) may be expected to continue to allow
single crystals of smaller and smaller size to be investigated by
single-crystal diffraction methods in the future, there are clear
areas of application in which powder diffraction techniques
are essential. Furthermore, in spite of the advances that have
allowed single-crystal diffraction experiments to be carried
out on micro-crystals, there remains a significant range of
materials for which the crystallite sizes are too small to be
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physically handled as single crystals (e.g. in single-crystal
diffraction experiments), but sufficiently large to give powder
diffraction patterns of good quality.

5. Overview of Techniques Used in Structure
Determination from Powder Diffraction Data

5.1. Indexing

As discussed in Section 2.1, the first stage of crystal-
structure determination from powder diffraction data in-
volves determination of the unit cell dimensions (a, b, ¢, a, 3,
y) by “indexing” the powder diffraction pattern (although the
unit-cell dimensions may sometimes be known independent-
ly—for example, from electron diffraction data). Clearly it is
possible to proceed with structure solution and refinement
only if the correct unit cell is found at this stage. Unfortu-
nately, difficulties encountered in the reliable indexing of
powder diffraction patterns using existing techniques is often
found to be the limiting step in the structure determination
process.

The most widely used programs for indexing powder
diffraction data (ITO[ TREOR,'**! DICVOL,"! and
CRYSFIRE[*) all consider the measured positions of peak
maxima for a number (usually about 20) of selected peaks.
General reviews are given in refs. [157-159]. In contrast to
recent advances in techniques for structure solution, there has
been relatively little fundamental development of indexing
methods since the pioneering work several years ago.

As already mentioned, experimental powder diffraction
patterns typically have considerable peak overlap and some-
times peak displacements, which can lead to problems in
indexing using the methods described above. For example,
certain peaks which may be crucial for correct indexing may
be obscured or completely unresolved because of peak
overlap. Another problem arises when an impurity phase
(or a second polymorph of the material of interest) is present
within the powder sample, and often constitutes an intractable
problem for indexing by existing methods (unless the
presence of the impurity phase(s) is known in advance).
Indexing can also fail if there is significant zero-point error in
the detector or poor definition of peak positions because of
poor sample crystallinity or poor instrumental resolution.

Given the clear requirement for new indexing strategies,
methods that use all regions of the powder diffraction pattern
(including the overlapped peaks) are particularly appealing.
On this basis, a new indexing strategy based on whole-profile
fitting and global optimization using a genetic algorithm has
been developed recently.'®] In this method, trial unit cells (a,
b, c, a, B, y) are generated using a genetic-algorithm strategy,
and the quality of each trial unit cell is assessed using a whole-
profile fitting procedure. A method for indexing powder
diffraction data using a genetic algorithm within the conven-
tional indexing strategy (i.e. requiring a set of extracted peak
positions) has also been proposed.!'o!

After the powder diffraction pattern has been indexed
successfully, the space group may be assigned by identifying
the conditions for systematic absences. If the space group
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cannot be assigned uniquely, structure-solution calculations
should be carried out separately for each of the plausible
space groups. Knowledge of the unit-cell volume and space
group, together with density considerations, should allow the
contents of the asymmetric unit to be established. Information
obtained from other experimental techniques (for example,
high-resolution solid-state NMR spectroscopy) may be par-
ticularly helpful in confirming the number of molecules and/
or structural units in the asymmetric unit.

5.2. Powder Diffraction Profiles

5.2.1. Definition of a Powder Diffraction Profile

The complete powder diffraction profile (either for an
experimental or calculated powder diffraction pattern) may
be described in terms of the following components: 1) the
peak positions (which depend on the unit-cell dimensions),
2) the peak intensities (which depend on the positions of
atoms in the unit cell, and atomic-displacement parameters),
3) the peak shapes and peak widths (which may be described
using 26-dependent analytical functions), and 4) the back-
ground intensity distribution. The peak shape depends on
characteristic properties of both the instrument and the
sample, and different peak-shape functions are appropriate
under different circumstances. The most common peak shape
for powder X-ray diffraction is the pseudo-Voigt function,['*?
which represents a hybrid of Gaussian and Lorentzian
character, although several other types of peak-shape func-
tion may be applicable under different circumstances. These
peak shapes and the types of analytical functions that are
commonly used to describe the 26 dependence of the peak
width are described in detail elsewhere.¥

5.2.2. Analysis of Powder Diffraction Profiles Prior to
Structure Solution

As discussed in Section 2.2, traditional techniques (as well
as some implementations of direct-space techniques, as
discussed in Section 2.3) for structure solution from powder
diffraction data require a set of accurate intensities of
individual reflections extracted directly from the experimen-
tal powder diffraction pattern (through so-called “pattern
decomposition” methods, such as the techniques of Pawley
and Le Bail (reviewed in ref. [1]), which involve fitting the
complete powder diffraction profile to establish the intensities
of each of the underlying diffraction maxima). Advances in
the techniques for peak extraction in this regard have been
referenced in Section 2.2.

As discussed in Section 2.3, most implementations of
direct-space structure-solution methods have used a profile-
based figure-of-merit (such as R,,), and therefore do not use
the intensities of individual reflections extracted from the
powder diffraction pattern. However, for such direct-space
techniques, analysis of the powder diffraction pattern prior to
structure solution is also very important. With such figures-of-
merit, a reliable comparison between calculated and exper-
imental powder diffraction patterns requires that the param-
eters defining the peak positions (unit-cell parameters and
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zero-point offset), the peak shape (peak width, peak-shape
function and peak-mixing parameters) and the background
intensity distribution used in calculating the powder diffrac-
tion pattern for each trial structure accurately reflect those in
the experimental powder diffraction pattern. It is clearly of
paramount importance that reliable values of these parame-
ters are established prior to the structure-solution calculation,
requiring detailed analysis of the powder diffraction profiles
in the experimental powder diffraction pattern. In general,
this step is carried out either by peak-shape fitting of a few
selected peaks, or by procedures for fitting the whole powder
diffraction pattern by refinement of the parameters (see
Section 5.2.1) that define the profile. Such fitting of the
complete experimental powder diffraction profile should
involve refinement of the unit-cell parameters, the back-
ground intensity distribution, zero-point shift parameters,
peak-width parameters, and peak-shape parameters, with the
use of arbitrary peak intensities (i.e. without using any
structural model to determine the peak intensities). Careful
prior analysis of the experimental data in this way ensures that
the profile parameters used subsequently in structure-solution
calculations provide a reliable description of the experimental
powder diffraction pattern.

5.3. New Strategies for Structure Solution

Opver recent years, there has been substantially increasing
interest in the opportunities to determine crystal structures
directly from powder diffraction data, and an ever increasing
number of different types of materials have been studied (as
discussed in Section 3). In terms of structure determination of
molecular solids from powder diffraction data, for example,
the recent advances have resulted largely from the develop-
ment of direct-space techniques for structure solution.
Although the application of these methods is not confined
to molecular solids, these techniques have already made great
impact in the study of organic molecular materials for which
traditional approaches for powder structure solution have
generally had limited success. Here we provide more details of
the methodology underlying direct-space techniques for
structure solution, recognizing that the methodology under-
lying traditional techniques has been reviewed extensively
elsewhere.ll: 131

5.3.1. The Structural Fragment

In the direct-space approach, each trial crystal structure is
defined by a set of variables I, representing the position,
orientation, and intramolecular geometry of the structural
fragment. The choice of structural fragment for any particular
problem is not necessarily unique. For the general case of a
rigid molecule, six variables are required: I'={x, y, z, 0, ¢, ¥}.
For the general case of a molecule with a number (n) of
unknown torsion angles t;, the structural fragment is defined
by (6-+n) variables: I'={x, y, z, 0, ¢, Y, Ty, T,...7,,}. When the
molecules occupy special positions in the crystal structure, the
number of variable degrees of freedom is reduced. For
example, when a molecular inversion center resides on a
crystallographic inversion center, the molecule has no trans-
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lational degrees of freedom, and there are (3+m) variables:
r=1{6, ¢, v, ty, 15,...1,,) (where m is the number of variable
torsion angles in half the molecule)—see the example
discussed in Section 3.7. For the case of two or more molecules
in the asymmetric unit (for example, cocrystals), the structural
fragment comprises a separate set of variables I for each
molecule—see the example discussed in Section 3.1.

As discussed in Sections 2.4 and 3, other structural infor-
mation or knowledge can be used in conjunction with direct-
space approaches to reduce the extent of parameter space that
needs to be searched in the structure-solution calculation. For
example, regions of parameter space that correspond to
unreasonably short contacts between nonbonded atoms or
between independent molecules in the unit cell may be
excluded from the direct-space search procedure (although, in
the case of Monte Carlo and simulated annealing methods,
care must be taken to ensure that the excluded regions of
parameter space do not restrict plausible pathways leading
towards the correct structure).

In general, the complexity of direct-space structure-solu-
tion calculations increases as the number of variables required
to define the structural fragment increases (i.e. as the number
of degrees of freedom in the global-optimization calculation
increases). While the majority of applications of direct-space
structure solution have included the complete asymmetric
unit (with hydrogen atoms usually omitted) in the structural
fragment, some applications have sought rational approaches
for reducing the number of degrees of freedom. For example,
in the structure solution of p-BrC,H,CH,CO,H using the
Monte Carlo method,3 two separate calculations were carried
out: in the first calculation, translation of the dominant
scatterer (Br atom) within the unit cell was determined, and
then after establishing the correct position of the Br atom,
reorientation of the -C;H,CH, part of the molecule around
the fixed position of the Br atom found in the first calculation.

Another approach that has been used to simplify the
structural fragment within the context of direct-space struc-
ture solution is the so-called “pseudo-atom” method. This
strategy has been applied in a number of cases for structure
solution of coordination compounds.l'* 4l In the first stages
of structure solution, cyclic fragments in these structures were
each represented by a single pseudo-atom (with similar total
scattering power), allowing the center-of-gravity of each of
the cyclic fragments to be approximately located. Subse-
quently, the complete cyclic fragments were introduced in the
calculation at the positions located by the pseudo-atoms, to
determine their orientations, with only limited translation of
the fragments allowed.

5.3.2. Grid Search Methods

The most straightforward (but least efficient) direct-space
approach for structure solution is based on a grid search
procedure, in which the molecule is moved systematically
throughout the unit cell. Thus, by changing the values of the
variables in the set I" using predefined grid increments in each
variable, all possible packing arrangements for the system of
interest are assessed systematically. This exhaustive search
procedure can be very demanding computationally, even
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when the number of variables is relatively modest, and
consequently the study of conformationally flexible molecules
may be prohibitively time consuming by this approach. For
this reason, most structure-solution problems tackled using
grid search procedures have been cases in which the structural
fragment has comprised a dominant scatterer or a rigid
moleculel¥? 445123, 134 glthough the study of a system with
some conformational flexibility has been reported.*’]

5.3.3. Monte Carlo and Simulated Annealing Techniques

The foundations of the Monte Carlo and simulated-
annealing techniques'®-197] are very closely related, and both
involve the generation of a sequence of structures (each
denoted I; for i=1, 2,...j, j+1,...N) for consideration as
potential structure solutions. We begin by focusing on the
Monte Carlo method, as implemented first in ref. [33] and
applied subsequently to a wide variety of prob-
lemsl3 54 60.75. 76,91, 138, 14] * Each structure generated during
the Monte Carlo calculation is derived from the previous
structure by a random displacement of the structural fragment
within the unit cell. The procedure for each Monte Carlo
move (described here for the general case in which structure
I, is generated from structure /) comprises the following

steps (see Figure 20).

Current position of the
structural fragment

Generate trial structure by random
displacement of variables defined
in the set [

Calculate powder
diffraction pattern
for trial structure C'ompare
using profile | L I |

R-factor

26

Accept or reject trial structure on
the basis of profile R-factor
(Metropolis importance sampling)

Figure 20. Summary of the steps involved in carrying out an individual
Monte Carlo “move”.

1) Starting from structure I, a trial structure [}y is
generated by making small random displacements to each of
the variables in the set {x, y, z, 0, ¢, ¥, T, T5,...T,,} (Or in some
cases a subset of these variables). The agreement between the
powder diffraction pattern calculated for the trial structure
and the experimental powder diffraction pattern is then
assessed, for example using R,

2) The trial structure is then accepted or rejected by
considering the difference Z = R,(I';1) — R,,,(I;) between the
values of R, for structures [ and I; and invoking the
importance sampling algorithm developed by Metropolis

et al.ll If Z <0, the trial structure is automatically accepted,
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whereas if Z> 0, the trial structure is accepted with proba-
bility exp(—Z/S) and rejected with probability, [1—
exp(—Z/S)], where S is an appropriate scaling factor. If
the trial structure is accepted, structure /7, is taken to be
the same as [y If the trial structure is rejected, structure
I, is taken to be the same as I;. The parameter S may be
fixed or may be varied in a controlled manner during the
calculation. Clearly the higher the value of S, the greater the
probability that trial structures with Z >0 will be accepted
(note that S operates in a manner analogous to temperature in
applications of Monte Carlo techniques in energy simula-
tions).

The above procedure is repeated to generate a large
number of structures, with each structure derived from the
previous one through small random displacements in the
values of the structural variables in the set I". Figure 21 shows
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Figure 21. A typical plot of R, for trial structures generated in a Monte
Carlo structure solution calculation versus the corresponding Monte Carlo
move number fyc.

a typical plot of R, for trial structures generated in a Monte
Carlo structure-solution calculation as a function of Monte
Carlo move number. After a sufficiently wide-range of
parameter space has been explored, the best structure
solution (corresponding to lowest R,,) is used as the starting
model for structure refinement. It is important to em-
phasize that the Monte Carlo method does not represent
minimization of R,, (except if §=0), but explores param-
eter space in a manner that gives emphasis to regions with
ow R,,, but with the ability to escape from local minima
in R,,,.

The fundamental difference between Monte Carlo and
simulated-annealing techniques concerns the way in which the
parameter S is used to control the sampling algorithm. In the
Monte Carlo method, S may be fixed or varied manually,
whereas in simulated annealing, S is decreased systematically
according to an annealing schedule or temperature-reduction
procedure.l'’] A detailed description of the methodology
underlying some simulated-annealing methods is given in
refs. [32, 36]. The simulated-annealing method was first used
in structure determination from powder diffraction data to
solve the previously known crystal structure of benzene from
simulated powder diffraction data.®* Although this example
concerned a rigid molecule of high symmetry, the problem
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was complicated by the assumption of space group P1, which
requires the positions and orientations of all four molecules in
the unit cell to be found independently. The simulated-
annealing technique has since been applied to real exper-
imental powder diffraction data in cases of rigid®! and
flexible3*-3% 41911 molecules. Details of the simulated-anneal-
ing methods adopted differ in several respects, including
details of the temperature-reduction procedure and definition
of the figure-of-merit.

5.3.4. Genetic-Algorithm Technique

Genetic Algorithms!'®-17"1 are optimization techniques
based on the principles of natural evolution, and involve the
familiar evolutionary operations of mating, mutation, and
natural selection. By natural selection, the fittest members of
a population survive and procreate, leading to improved
individuals in subsequent generations, and leading ultimately
to the optimal individual.

The possibility of using genetic-algorithm techniques in
structure solution from powder diffraction data was realized
independently by two research groups. Our ap-
proachl#6: 48,4953, 57,72, 84, 85, 17L172] and the approach of Shank-
land, David and coworkers[*” 7173 differ in the definition and
handling of the fitness function, as well as other aspects of the
way in which the genetic algorithm is implemented. Details
can be found in the papers cited. A schematic flow-chart of
our implementation of the genetic algorithm™ is shown in
Figure 22.

Population of Np
Trial Structures

pd

Select Ny Pairs of Parents and
Generate 2Ny Offspring using
the Mating Procedure

Population P;

Mating

Intermediate Population of (Np + 2Ny4) Trial Structures
(Population P; plus Offspring)

"Natu'ral" Mutation
Selection
Select the (Np — Nx) Best Generate Ny Mutants from

Trial Structures from the
Intermediate Population

Trial Structures in the
Intermediate Population

\

Population of Np
Trial Structures

Population Pj,y

Figure 22. Flow chart representing the evolution of the population from
one generation (population P;) to the next generation (population P;,;) in
the genetic algorithm for powder structure solution.*’]
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In the genetic-algorithm approach for structure solution,
the evolution of a population of trial crystal structures is
investigated. Each member of the population is uniquely
characterized by the set of variables I” (see Section 5.3.1), and
the set I" can be regarded to define its “genetic code”. The
initial population P, contains N, randomly generated struc-
tures, and the population then evolves through subsequent
generations by applying the evolutionary operations of
mating, mutation, and natural selection. The number N, of
structures in the population is constant for all generations, and
Ny mating operations and Ny mutation operations are
performed in the evolution of the population from one
generation to the next.

The probability that a given structure survives into sub-
sequent generations, and the probability that it takes part in
mating, depend on its fitness. In our implementation of the
genetic algorithm,*! the fitness of a structure is defined as a
function of its weighted profile R factor R,,, and fitness
therefore measures how well the structure agrees with the
experimental powder diffraction data. A number of fitness
functions F(p) have been used, where it is convenient to use
the scaled R factor p=[Ry, — Ruil/[Rumax — Rinin]» With Ry,
and R, representing the lowest and highest values of R,
in the current population, respectively. The values of R,;;, and
R,..« are continually updated as the population evolves during
the genetic-algorithm calculation, representing “dynamic
scaling” of the fitness function.

Before each mating operation, a structure (with fitness F) is
chosen from the population at random and is allowed to
participate in mating if > ‘R, where R is a random number
generated between 0 and 1. A second structure is then found
using the same selection procedure, and the two structures are
allowed to mate with each other. This procedure is repeated
until Ny pairs of parents have been selected. Mating (cross-
over) between two selected parents is carried out by combin-
ing the genetic codes of the two parents, although the actual
strategy used depends on the complexity of the structural
fragment. As an example, for a structural fragment with two
torsional degrees of freedom, one method for mating involves
partitioning the eight variables that define each structure into
four groups {x,y,z|60,0,y |7 |7,}. Two offspring are then
generated, with each offspring taking two complementary
groups from each parent. This operation may be carried out in
three different (but equiprobable) ways from a given pair of
parents, and thus mating the parents {x,,y.,2. | @a,Pa>Va | Tia| T2}
and {xy,Vu,2p | Op,®,Ws | T1v | 720} leads with equal probability to
one of the following pairs of offspring:
® {x..VaZa| OusPastPa| Tin [ T} and {x,y5,25 [ 0o, ¥s [ Tra | Taa}

L {xa YasZa ‘ 0bv¢bvwb | n | r2b} and {Xb,)’b,zb ‘ Ha ’d)a Wa | Tib ‘ tZa}
L4 {xa YasZa ‘ 9b9¢ba¢b | Tib | r2a} and {Xb,)’b,zb ‘ 039(/):1 Wa I Tla ‘ TZb}

Many other methods for mating the two parents may be
implemented, each with specific advantages under particular
circumstances.

Each mating operation leads to two offspring, giving a total
of 2 N offspring in each generation. These offspring together
with all N, structures from the previous generation give rise to
an intermediate population of (N,+2Ny) structures. These
structures are then ranked according to fitness in preparation
for the natural-selection process (see below). If two or more
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structures are identical within predefined tolerance limits, all
but one of these structures is eliminated from the intermedi-
ate population.

In each generation, some mutant structures are also
generated to maintain diversity within the population (note
that mutations create new genetic material within the
population, whereas mating redistributes the existing genetic
material). For mutation, Ny structures are selected at random
from the intermediate population, and mutants are generated
from these structures by making random changes to one or
more variables in the set I These changes may be new
random values (static mutation) or small random displace-
ments from the existing value (dynamic mutation). It is
important to note that the “parent” structures used to create
the mutants are not replaced by the mutants, but remain
within the intermediate population.

As shown in Figure 22, the next generation is constructed
by taking the (N, — Nx) members of highest fitness from the
intermediate population (analogous to “natural selection” in
biological evolution) together with the Nx mutant structures
generated from the intermediate population. On passing from
one generation to the next, the best structure in the
population (corresponding to R,,;,) must either improve or
remain the same, and the overall quality of the population
(assessed from the average value of R,,) usually improves.
Figure 11 shows a typical plot of the evolution of R, for the
best structure in the population and the average value of R,
for the structures in the population as a function of generation
number in a genetic-algorithm structure-solution calculation.

The evolutionary cycle shown in Figure 22 is repeated for a
specified number of generations or until convergence is
reached. Typically, our genetic-algorithm structure-solution
calculations have involved a population size (Np) of a hundred
(or fewer) structures, and typically 50 to 100 mating oper-
ations (N),) and 10 to 20 mutation operations (Ny) are carried
out in each generation. In general, a few hundred generations
are usually sufficient to obtain the correct structure solution.

In our most recent implementation of the genetic-algorithm
method,®! each new structure generated during the calcu-
lation is subjected to local minimization of R, with respect to
the structural variables in the set I, and only these minimized
structures are used subsequently in the evolution of the
population. Introduction of local minimization in this way
improves the efficiency of the calculation in terms of a
significant reduction in the number of generations required
to find the correct structure solution. Furthermore, the
reliability and reproducibility in terms of finding the correct
structure solution (for example, in repeated runs from differ-
ent random initial populations) are also substantially im-
proved. These advantages of introducing local minimization
of R,, may be attributed to a favorable combination of
stochastic (i.e. the genetic algorithm) and deterministic (i.e.
the minimization) components within the global-optimization
strategy. As the genetic characteristics of each structure
sampled on the R,, hypersurface become modified in the
minimization step depending on the nature of its local
environment, the genetic algorithm incorporating local min-
imization represents Lamarckian (rather than Darwinian)
evolution.
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In comparison with other approaches for global optimiza-
tion, we note that genetic-algorithm methods simultaneously
investigate different regions of parameter space. Further-
more, information from different regions of parameter space
is passed actively between different members of the popula-
tion by the mating operation. In implementing genetic-
algorithm techniques, there is considerable scope for diversity
in the methods and rules for carrying out the different
evolutionary operations and in the definition of the fitness
function. Furthermore, details of the flow-chart shown in
Figure 22 may differ from one implementation to another. To
fully understand how to optimize the genetic-algorithm
approach for particular types of structural problem or
particular sets of diffraction data, it is necessary to consider
and assess a wide-range of strategies for carrying out the
different evolutionary operations.[*- 174

5.3.5. Combinations of Techniques

Direct-space approaches have also been used in combina-
tion with other techniques to facilitate structure solution. An
example concerns the use of structure envelopes to reduce
considerably the region to be explored by direct-space
techniques and hence the computer time required to solve
the structure. One such approach is based on a combination of
the maximum entropy and likelihood method!'™ and the
Monte Carlo method, and has been used to study organic
materials.[*] The maximum entropy and likelihood method is
used to generate an electron-density map which establishes
the regions of the asymmetric unit in which the molecule is
most likely to be located. At lower than atomic resolution, this
map is then investigated visually and a molecular model is
fitted to the electron-density map. The structural model
generated in this way is then modified within the structure
envelope by means of a Monte Carlo calculation.

In a related approach, the structure envelope is defined by a
periodic nodal surface generated from a few strong low-index
reflections extracted from the powder diffraction pattern
followed by exploration of this region of parameter space by
using a grid search procedure.' The success of this
procedure has been demonstrated for organic and ionic
materials as well as zeolite structures. In some cases, the initial
fit of the model to the structure envelope is sufficiently good
to allow Rietveld refinement to proceed directly, without the
need for subsequent improvement using a direct-space
structure solution calculation.

5.4. Rietveld Refinement

In Rietveld refinement of a crystal structure from powder
diffraction data,>* every point in the digitized powder
diffraction profile is considered as an individual intensity
measurement. In Rietveld refinement, the calculated powder
diffraction pattern is compared, point by point, with the
experimental powder diffraction pattern, and selected param-
eters defining the structural model and/or the profile are
adjusted by least-squares methods to obtain an optimal fit
between the experimental and calculated powder diffrac-

Angew. Chem. Int. Ed. 2001, 40, 16261651

tion patterns. Several criteria can be used* !’ to assess
the agreement between the experimental and calculated
powder diffraction patterns, and the most common figure-
of-merit is the weighted profile R factor R,,,. Some commonly
used programs for Rietveld refinement are GSAS['7
FULLPROE"7 PROFIL,' DBW,!'l and RIETAN.!!3]
For successful Rietveld refinement, the initial structural
model (from the structure solution) must be a sufficiently
good representation of the correct structure. As Rietveld
refinement can often suffer from problems of instability, it is
generally necessary to use geometric restraints (soft con-
straints) based on standard molecular geometries to bias the
refinement towards structurally reasonable results and to
prevent excessive shifts in the atomic positions. In general, the
introduction of restraints allows more parameters to be
refined than would be possible in unrestrained refinement
from the same experimental data, and indeed refinement is
often successful only if appropriate restraints are imposed.

5.5. Other Considerations

General experimental factors relating to the measurement
of powder diffraction data have been reviewed elsewhere, ']
and here we highlight only certain selected aspects.

First, we consider the relative merits of using synchrotron
X-ray powder diffraction data versus conventional laboratory
powder X-ray diffraction data (see also Section 2.4), recog-
nizing that the good vertical collimation and high brightness
of synchrotron radiation lead to powder diffraction data of
higher resolution and often of improved signal/noise ratio.
With high resolution, problems arising from peak overlap can
be alleviated to some extent, allowing less ambiguity in the
intensities of individual reflections extracted from the powder
diffraction pattern. In this regard, synchrotron radiation is
generally advantageous when traditional techniques (or a direct-
space technique using a figure-of-merit based on extracted
intensities) are to be used for structure solution. The higher
resolution of synchrotron data may also be particularly advan-
tageous at the stage of indexing the powder diffraction pattern.
As discussed in Section 3, however, much successful structure
determination has been achieved using conventional labora-
tory powder X-ray diffraction data, and in general, the use of
synchrotron data is essential only in certain specific cases.

Second, structure solution from powder diffraction data has
a good chance of success only if the experimental powder
diffraction pattern contains reliable information on the
intrinsic relative intensities of the diffraction maxima, which
requires that there is no substantial “preferred orientation” in
the powder sample. Preferred orientation arises when the
crystallites in the powder are oriented preferentially in certain
directions, and can be particularly severe when the crystal
morphology is strongly anisotropic (e.g. long needles or flat
plates). When there is a nonrandom distribution of crystallite
orientations in the sample, the measured relative peak
intensities differ from the intrinsic relative diffraction inten-
sities, limiting the prospects for determining reliable struc-
tural information from the powder diffraction pattern. The
existence of preferred orientation can be detected by meas-
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uring powder diffraction data for the same sample in different
sample holders (e.g. capillary versus flat sample) or for
different measurement geometries (e.g. reflection versus
transmission). Experimental approaches for reducing the
extent of preferred orientation include the use of a capillary
or end-loading sample holder, mixing the sample with an
amorphous material, spray-drying, or appropriate grinding to
induce a crystal morphology that is as isotropic as possible.
For experimental data affected by preferred orientation,
corrections can be made during structure refinement!'®!l once
a sufficiently good structural model is known. Methods have
also been reported!'® 1% for the early detection of preferred
orientation (by mathematical means) and the application of
corrections based on statistical analysis of extracted inten-
sities.

In general, direct-space structure solution techniques are
probably more robust than traditional techniques when the
experimental data are affected by preferred orientation,
presumably because a substantial amount of structural knowl-
edge is already input into the calculation through the use of a
structural fragment. Thus, the Monte Carlo method has led to
the successful structure determination of benzoic acid,!'$!
5-bromonicotinic acid,!’® and the 1:1 cocrystal formed
between 1,2,3-trihydroxybenzene and hexamethylenetetra-
mine®! from experimental powder diffraction data known to
be significantly affected by preferred orientation. In these
cases the structure solution process was carried out in the
normal manner and corrections for preferred orientation were
only introduced at the refinement stage.

6. Concluding Remarks

The techniques and methods presented here for structure
determination from powder diffraction data represent power-
ful additions to the range of experimental techniques that may
be used for structure determination of solids. In recent years,
significant advances in the opportunities for structure deter-
mination from powder diffraction have arisen mainly from
advances in techniques for overcoming the intrinsic problems
encountered in the structure-solution stage of the structure-
determination process. The examples highlighted in this
article represent a contemporary snapshot of the current
status of this field, and there is every reason to be confident
that the progress made in recent years (illustrated in Figure 3)
will continue long into the future. Thus, the future application
of the techniques that are now available promises to reveal
new and important insights in several areas for which
structural characterization by single-crystal diffraction tech-
niques has hitherto proven intractable.

Looking towards the future, continued advances in the
capabilities and efficiencies of the techniques used at each
stage of the structure-determination process, coupled with
continual improvements in the instrumentation for data
collection and in the speed of computers for data analysis,
will allow existing problems to be tackled more routinely and
will extend the boundaries of the methodology towards larger
and more challenging problems. Undoubtedly the ultimate
aim is to extend the application of powder diffraction
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techniques into the biological arena, and the recent demon-
stration!'®] of the successful refinement of a known protein
structure (the 1261-atom protein metmyoglobin) from syn-
chrotron X-ray powder diffraction data provides a glimpse of
future possibilities for the complete structure determination
of new protein structures from powder diffraction data. While
substantial further development and optimization of techni-
ques for structure solution are required before this dream may
become a reality, it is nevertheless relevant to note that, in the
field of molecular crystallography, the current scope of
powder diffraction techniques for complete structure deter-
mination is somewhat comparable to the state-of-the-art in
single-crystal diffraction around the 1950s.'*” We may fore-
cast with optimism that the future evolution in the capabilities
of powder diffraction techniques for structure determination
will mirror the developments that have taken place in the
capabilities of single-crystal diffraction techniques in the last
50 years.
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