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Many solids can be prepared only as microcrystalline powders and are not suitable for structural characteriza-
tion by single crystal diffraction methods. In such cases, it is necessary to carry out structure determination
using powder diffraction data. Here we highlight recent developments in the opportunities for solving mo-
lecular crystal structures directly from powder diffraction data, focusing on the direct-space strategy in which
a hypersurface based on the powder profile R-factor Ry, is searched using Monte Carlo or Genetic Algorithm
methods. Recent fundamental developments are described, and illustrative examples are given to highlight
the application of this strategy to determine the structures of molecular materials.

1. Introduction: the Challenges of Structure
Determination from Powder Diffraction Data
The ability to determine crystal structures di-
rectly from powder diffraction data promises to
open up many new avenues of structural science.
Many important materials cannot be prepared as
single crystals of appropriate size and quality for
conventional single crystal diffraction studies, nor
indeed for the emerging synchrotron-based micro-
crystal diffraction techniques. In such cases, struc-
ture determination from powder diffraction data
may represent the only viable approach for obtain-
ing an understanding of the structural properties
of the material of interest. However, it is impor-
tant to recognize that structure determination from
powder diffraction data is far from routine, and
significant challenges must be overcome in devel -
oping and gpplying methods for this purpose. For
this reason, severa research groups have devoted
considerable effort in recent years to the devel-
opment of new and improved techniques in this
field. This article gives an overview of the prob-
lems and challenges associated with structure de-
termination from powder diffraction data, while
focusing on some of our own recent contributions
in this field. More detailed reviews covering all
aspects of structure determination from powder
diffraction data may be found in references [1]-

[6]. Crystal structure determination from diffrac-
tion data (either single crystal or powder) can be
divided into the following stages: (i) unit cell de-
termination and space group assignment, (ii)
structure solution, and (iii) structure refinement.
The aim of structure solution is to derive an initial
approximation to the structure from direct consid-
eration of the experimental diffraction data, but
gtarting from no knowledge of the actual ar-
rangement of atoms or molecules within the unit
cell. If the structure solution is a sufficiently good
approximation to the true structure, a good quality
structure may then be obtained by structure re-
finement. For powder diffraction data, structure
refinement is now carried out fairly routinely us-
ing the Rietveld profile refinement technique
[7,8], and unit cell determination is carried out
using standard indexing procedures (see, for ex-
ample, references [9]-[13]). In this article, we fo-
cus on structure solution, which is generally the
most challenging stage of the structure determina-
tion process.

The techniques currently available for struc-
ture solution from powder diffraction data can be
subdivided into two categories-"traditional” and
"direct-space” approaches. As discussed below,
the traditional approach follows a close analogy to
conventional procedures for analysis of single
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crystal diffraction data, whereas the direct-space
approach follows a close analogy to global opti-
mization procedures, which find applications in
many areas of science. Indeed, our initial work on
the development of the direct space strategy [14]
originated from identifying the opportunity to
combine our existing experience in computer
simulation of solids (involving global optimiza-
tion based on consideration of energy) [15] to-
gether with our experience in the application of
traditional techniques for powder structure solu-
tion [16].

In the traditional approach, the intensities
I(hkl) of individual reflections are extracted di-
rectly from the powder diffraction pattern, and the
structure is then solved using these 1(hkl) datain
the types of structure solution calculation that are
used for single crystal diffraction data (e.g. direct
methods or Patterson methods). However, as there
is usualy extensive peak overlap in the powder
diffraction pattern, extracting reliable values of
the intensities 1(hkl) of the individual diffraction
maxima can be problematic, and may lead to dif-
ficulties in subsequent attempts to solve the struc-
ture using these "single-crystal-like" approaches.
To overcome this problem either requires im-
proved techniques for extracting and utilizing
peak intensities, or requires the use of new struc-
ture solution strategies (see below) that allow the
experimental powder diffraction profile to be used
directly in its "raw" digitized form, without the
requirement to extract the intensities I(hkl) of in-
dividua diffraction maxima.

In the direct-space approach, trial structures
are generated in direct space, independently of the
experimental powder diffraction data, with the
suitability of each trial structure assessed by direct
comparison between the powder diffraction pat-
tern calculated for the trial structure and the ex-
perimental powder diffraction pattern. This com-
parison is quantified using an appropriate R-
factor. Most direct-space approaches reported to
date have used the weighted powder profile R-
factor Ry, (the R-factor normally employed in
Rietveld refinement), although we note that some
implementations of direct-space approaches have
instead used R-factors based on extracted peak
intensities. Rwp is defined as
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where yi(obs) is the intensity of the ith data point
in the experimental powder diffraction profile,
yi(calc) is the intensity of the ith data point in the
calculated powder diffraction profile, and w; is a
weighting factor for the ith data point. Impor-
tantly, Ry, considers the whole digitized intensity
profile point-by-point, rather than the integrated
intensities of individual diffraction maxima. Thus,
Rup implicitly takes care of peak overlap and uses
the digitized powder diffraction data directly "as
measured".

The basis of the direct-space strategy for
structure solution is to find the trial crystal struc-
ture corresponding to lowest R-factor, and is
equivalent to exploring a hypersurface R(G) to
find the globa minimum, where G represents the
set of variables that define the structure. In princi-
ple, any technique for global optimization may be
used to find the lowest point on the R(G) hyper-
surface, and much success has been achieved in
using Monte Carlo [14, 17-25], Simulated Anneal-
ing [26-34] and Genetic Algorithm [35-46] meth-
odsin this field. In addition, grid search methods
have also been employed [4751]. This article fo-
cuses on fundamental and applied aspects of our
implementations of Monte Carlo (MC) and Ge-
netic Algorithm (GA) techniques within direct-
space structure solution from powder diffraction
data, with particular emphasis on the application
of these techniques to elucidate structural proper-
ties of molecular materials.

To our knowledge, the first previously un-
known organic molecular crystal structure to be
solved using the traditional approach (employing
direct methods for structure solution) was formy-
lurea [16], athough the successful structure solu-
tion of the previously known structure of ci-
metidine had earlier been demonstrated (aso us-
ing direct methods) [52]. The first material of un-
known crystal structure to be solved by a direct-
space approach was p-BrCsH,CH,CO,H [14], us-
ing the Monte Carlo method. Following on from
this early work, the structures of a wide range of
other molecular materials have now been deter-
mined directly from powder diffraction data, as
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surveyed comprehensively in a recent review arti-
cle[6].

2. General Aspects of the Direct-Space Strategy
for Structure Solution

In the direct-space strategy for structure solu-
tion from powder diffraction data, the structure is
defined by a "structural fragment”, which repre-
sents the asymmetric unit (or an appropriate sub-
set of the atoms in the asymmetric unit). The
structural variables (i.e. the set G discussed above)
represent the postion, orientation and in-
tramolecular geometry of each molecule in the
asymmetric unit. The position is defined by the
coordinates {x, y, z} of the centre of mass or a
selected atom, the orientation is defined by rota-
tion angles {q,f,y} around a set of orthogonal
axes, and the intramolecular geometry is specified
by a set of variable torsion angles {t 4, t,, ..., tn},
In general, the bond lengths and bond angles are
fixed in the calculation, and are taken either from
standard values for the type of molecule under
study or from the known geometry of a similar
molecule.

As most direct-space approaches are stochas-
tic in nature, it is strongly recommended that, for
a given problem, the structure solution calculation
should be repeated several times from different
random starting points. Clearly, obtaining the
same structure solution from these independent
calculations provides strong support that the true
global minimum on the R(G) hypersurface (i.e. the
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Figure 1. Summary of the stepsinvolved in carrying
out an individual Monte Carlo “move’.
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correct structure solution) has been found.

Clearly the use of Ry, to assess the correct-
ness of a structural model, as in most implementa-
tions of direct-space approaches, requires that the
parameters defining the peak positions (unit cell
parameters and zero-point offset), the peak shape
(peak width, peak shape function and peak mixing
parameters) and the background intensity in the
powder diffraction pattern calculated for each trial
structure accurately reflect the experimental pow-
der diffraction pattern. In genera, reliable values
of these parameters can be determined, prior to
structure solution, by fitting the powder diffrac-
tion pattern with the use of arbitrary peak intensi-
ties (i.e. without using any structura model to
deter mine the peak intensities), for example using
the Pawley fitting procedure [53]. Careful prior
analysis of the experimental data in this way en-
sures that the profile parameters used subse-
guently in structure solution calculations provide a
reliable description of the experimental powder
diffraction pattern.

3. Monte Carlo and Simulated Annealing

Techniques
The foundations of the Monte Carlo and

Simulated Annealing techniques are closely rela-

ted, and in both cases a sequence of structures

(each denoted G; for i=1, 2,..., N) is generated for

consideration as potential structure solutions. We

begin by discussing the Monte Carlo method [14].

Each structure generated during the Monte Carlo

calculation is derived from the previous structure

by a random displacement of the structural frag-
ment within the unit cell. The procedure for each

Monte Carlo move (described here for the general

case in which structure Gi; is generated from

structure G) comprises the following steps (Figure

1).

(i) Starting from structure G, atrial structure G ia
is generated by making small random dis-
placements to each of the structural variables
{x,¥,2z,q,f,y,ty, ty ..., tn}. The agreement
between the powder diffraction pattern calcu-
lated for the trial structure and the experimen-
tal powder diffraction pattern is then assessed,
for example using Ryy.

(ii) The trial structure is then accepted or rejected
by considering the difference [Z=Ru, (G yia)-
Rup(G)] between the values of Ry, for struc-
tures G yia and G and invoking the Metropolis
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importance sampling algorithm [54]. If Z=0,
the trial structure is automatically accepted,
whereas if Z>0, the trial structure is accepted
with probability exp(-Z/S) and rejected with
probability [1-exp(-Z/S)], where S is an ap-
propriate scaling factor. If the trial structureis
accepted, structure G4 istaken to be the same
as G yia. If the trial structure is rejected, struc-
ture G, is taken to be the same as G. The pa-

rameter S may either be fixed or 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.

This procedure is repeated to generate a large
number of structures, with each structure derived
from the previous one through small random dis-
placements in the values of the variables in the set
G. After a sufficient number of structures has been
generated, representing a sufficiently extensive
sampling of the Ry,(G) hypersurface, the best
structure solution (corresponding to lowest Ryy) is
identified and is considered as the starting model
for structure refinement. It is important to empha-
size that the Monte Carlo method does not repre-
sent minimization of Ry, (except if S=0), but ex-
plores the Ry,(G) hypersurface in a manner that
gives emphasis to regions with low Ry, but with
the ability to escape from local minimain Ry,.

The essential distinction between Monte Carlo
and simulated annealing techniques concerns the
way in which the parameter S is used to control
the sampling agorithm. In the Monte Carlo
method, S is ether fixed or varied manualy,
whereas in simulated annealing, S is decreased
systematically according to an annealing schedule
or temperature reduction procedure [55]. Clearly,
different annealing schedules may be employed in
the implementation of simulated annealing meth-
odsin thisfield [26-34].

4. The Genetic Algorithm Technique

The Genetic Algorithm (GA) is an optimiza-
tion technique [56-58], based on the principles of
evolution, and involves familiar evolutionary op-
erations such as mating, mutation and natural se-
lection. A crucial feature is that the GA operates
essentially in a parallel manner, with many differ-
ent regions of the R(G) hypersurface investigated
simultaneously. Furthermore, information con-
cerning these different regions of the R(G) hyper-
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surface is passed actively between different mem-
bers of the population by the mating procedure.
Our GA approach for structure solution from
powder diffraction data [35-44] has been imple-
mented in the program EAGER [59], and a sche-
matic flow chart describing the operation of this
program is shown in Figure 2. The GA structure
solution strategy investigates the evolution of a
population of trial structures, with each member
of the population defined by the set of variables G
discussed above. As each member of the popula-
tion is uniquely characterized by the values of
these variables, the set G can be regarded to define
its "genetic code". The initial population P, com-
prises N, randomly generated structures. The
population is then allowed to evolve through sub-
sequent generations by applying the evolutionary
operations of mating, mutation and natural selec-
tion. Through these operations, a given generation
(population B) is converted to the next generation
(Pj+1). The number N, of structures in the popula-
tion is constant for all generations, and N, mating
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Figure 2. Flow chart representing the evolution
of the population from one generation (population
P) to the next generation (population B.4) in the
GA technique for powder structure solution.
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operations and Ny mutation operations are per-
formed during the evolution from population P, to
population P... The quality ("fitness’) of each
structure depends on its value of Ry, (lower Ryp
represents higher fitness), and it is advantageous
to define fithess as an appropriate decreasing
function of Ryp.

In the mating procedure, a given number (N,
of pairs of structures ("parents") are selected from
the population. The probability of selecting a
given structure as a parent is proportional to its
fitness. For each pair of parents, two new struc-
tures ("offspring”) are generated by distributing
parts of the genetic codes of the two parents
among the two offspring. As a simple example,
for the case of a rigid molecule defined by the
structura variables {x, y, z, q,f, y }, one method
for carrying out mating is to exchange the posi-
tional {x, y, zZ} and orientationa {q,f,y} vari-
ables between the two parents. Thus, the two se-
lected parents{ Xa Va Za Qo f & Y of @d {Xp, Yo, Zb,
O, T, Yo} Would give rise to the two offspring
{Xa Ya Za Oo, fo Yo} @d {Xo, Yo, 2o, Ua o YV ol
For systems involving greater numbers of vari-
ables, more complex rules may be adopted for the
mating procedure.

It is important to note that the mating opera-
tion does not create any new values of the genetic
variables, but instead redistributes the existing
genetic information in different ways. New values
of the genetic variables are introduced into the
population in the mutation procedure, in which a
given number (N,) of structures are selected at
random from the population and random changes
are made to parts of their genetic code to create
mutant structures (note that the original structures
from which the mutants were derived are still re-
tained within the population). The changes to se-
lected variables may dther be new random values
(static mutation) or small random displacements
from the existing values (dynamic mutation).

In the natural selection procedure, only the
best structures (with lowest Ry,) are alowed to
pass from one generation to the next generation.
After the population has evolved for a sufficient
number of generations, the member of the popula-
tion with highest fitness (i.e. the structure with
lowest Ry,) should be close to the correct struc-
ture.
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In developing a strategy for implementing a
GA in the field of structure solution, there is con-
siderable scope for optimization and diversity in
the methods for carrying out each of the evolu-
tionary operations, in the definition of fitness
function and in the sequence of evolutionary
events in the flow-chart shown in Figure 2.

In our most recent implementation of the GA
method [39], each new structure generated during
the GA calculation is subjected to local minimiza-
tion of Ry, with respect to the structural variables
in the set G, and only these minimized structures
are used subsequently in the GA calculation. In-
troduction of local minimization in this way has
been found to improve the efficiency of finding
the correct structure solution (representing a re-
duction by at least a factor of 10 in the number of
generations required to find the correct structure
solution). In addition, and perhaps more impor-
tantly, the reliability and reproducibility in terms
of finding the correct structure solution (for ex-
ample, in repeated runs from different random
initial populations) is also substantially improved
with the introduction of local minimization of Ry.
These advantages of introducing local minimiza-
tion of Ry, within the GA method may be attrib-
uted to a favourable combination of stochastic
(i.e. the GA) and deterministic (i.e. the minimiza-
tion) components within the globa optimization
strategy. As the genetic characteristics of each
structure generated become modified in the mini-
mization step in a way that depends on the nature
of its local environment on the Ry, hypersurface,
the GA method incorporating local minimization
represents Lamarckian (rather than Darwinian)
evolution. In view of the advantages described
above, the GA method incorporating local mini-
mization of R,y is now our standard approach for
tackling structure solution from powder diffrac-
tion data.

5. The Combined Use of Powder Diffraction
Data and Energy in Structure Solution

As energy (E) and Ry, hypersurfaces for a
molecular crystal are based on the same parameter
space G, but have well-defined differences in their
characteristics [60], there is a direct opportunity to
blend E(G) and Ry,(G) together in the definition of
a new hybrid hypersurface G(G) for use in direct-
space structure solution from powder diffraction
data. In this regard, we have proposed and imple-
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mented [61] a specific definition of a new hybrid
hypersurface G(G) based on combining desirable
characteristics from both the E(G) and Ry,(G) hy-
persurfaces. In particular, our hybrid function
G(GQ) is designed to behave as E(G) when the
value of E(G) is high and to give increasing im-
portance (ultimately absolute importance) to
Rup(G) as lower values of E(G) are approached. In
practice, this behaviour is achieved by use of a
dliding weighting parameter, which is defined to
be an appropriate function of E(G). We use the
term “guiding function” to refer to such figuresof-
merit in which one property (here E) is used to
guide another property (here Ry,) towards its op-
timal value. In the present case, G(G) is designed
such that E(G) guides the calculation towards re-
gions of structural space G corresponding to ener-
getically plausible structures, with R,,(G) becom-
ing progressively more important as the criterion
for discriminating the correct structure solution. In
general, we find that the progress of GA structure
solution calculations using G(G) represents a more
systematic and controlled evolution of the popula-
tion than that typically observed in corresponding
calculations using Ry,(G) aone, and is particu-
larly advantageous in avoiding potential problems
due to stagnation of the population.

6. Some Examples of Structure Determination
of Molecular Materials

We give three examples of structure determi-
nation of molecular materials directly from pow-
der diffraction data. In each case, we have used
powder X-ray diffraction data recorded at ambient

temperature on a conventional laboratory diffrac-
tometer [operating in transmisson mode with a
primary germanium monochromator (CuKy radia-
tion) and a linear position sensitive detector cov-
ering 8° in 2q]. In each case, the unit cell was de-
termined directly from the powder diffraction data
by standard indexing procedures, and space group
assignment was carried out by consideration of
systematic absences. In each case, consideration
of density indicated that there is one molecule in
the asymmetric unit. The structure solution cal cu-
lations were carried out using the GA method im-
plemented in our program EAGER [59], and Riet-
veld refinement was carried out using the GSAS
program [62].

The first two examples concern the oligopep-
tides Phe-Gly-Gly-Phe [42] (Figure 3a) and Piv-
Pro-Gly-NHMe [43] (Figure 3b). These calcula-
tions involved 11 and 6 variable torsion angles
respectively, with the peptide groups constrained
to be planar units with the O-C-N-H torsion angle
fixed a 180°. The molecules were constructed
using standard bond lengths and bond angles. The
structure of Phe-Gly-Gly-Phe (space group P4,)
comprises ribbons that run parallel to the c-axis.
Adjacent molecules in these ribbons interact
through three N-H---O hydrogen bonds (Figure 4),
forming a direct analogue of an anti-paralel b-
sheet. Intermolecular N-H---O hydrogen bonds
involving the endgroups of the oligopeptide
chains give rise to two inter-twined helical chains
running along the 4, screw axis. In the structure of
Piv-Pro-Gly-NHMe (space group P1), the mole-
culeisfound to adopt a Type Il b-turn conforma-
tion stabilized by an intramolecular hydrogen

o -_ ls
':Tf‘ LY i -\_,\_,.:-"I . x .-[
bt ]  CH— <|:I —MN—cHL-c—oH FF TN A LD
HN—CH-{—C—N{—CH—Fr C— N T~ CR -~ - - i F
=t N H&% el '—r\ h! Tt
X CH, T 0 \I )
CH, {o =
l T v/
o F &= {

O
)
o

=

anglesin the GA structure solution calculation.

Figure 3. (a) Molecular structure of Phe-Gly-Gly-Phe, showing the variable torsion anglesin the GA
structure solution calculation. (b) Molecular structure of Piv-Pro-Gly-NHMe, showing the variable torsion

28

The Rigaku Journal



o ;J.‘Qf.:: “’:"" :Mn:w,,__::,:‘-oe.‘,_4"":5?_45{.- 4,,45___-{-.;1-
¢ ¢
o b L g
FONAARE
8 fob
A S ¢ o
=~ e o T et .
m?’ e 4 ﬁ%"*?" A Rt Figure4. (a) Crystal structure of Phe-Gly-
© ' 9 : Gly-Phe viewed along the 4, screw axis
S i ! = (c-axis). (b) interactions between adjacent
i & molecules in the crystal structure of Phe-
_*-‘:‘.’:..é;f,,»%\,q,w A "*:\“»mgw%‘:f GIy—_GIyTPhe (vi_ewed perpendic_ular to the
I 2 0 c-axis) illustrating the formation of an
b o

anti-parallel b-sheet arrangement (hydro-
gen atoms are omitted for clarity).

bond between the C=0O group of Piv and the N-H
group of NHMe (Figure 5). Adjacent molecules
along the c-axis form chains through intermol ecu-
lar N-H---O hydrogen bonds.

Another example of structure determination of
a molecular material with significant conforma-
tional flexibility concerns Ph,P(O)-(CH,);-
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P(O)Ph, [40]. In the GA structure solution calcu-
lation (Figure 6), the structural fragment com-
prised al non-hydrogen atoms in the molecule,
with all bond lengths and bond angles fixed at
standard values. The molecular conformation was
defined by a total of 12 variable torsion angles
{ Figure 7a)-four torsion angles describe the orien-
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tations of the phenyl rings (which were them-
selves constrained to be planar) relative to the rest
of the molecule, and eight torsion angles describe
the conformation of the alkyl chain. With the
whole molecule also subjected to trandation and
rotation within the unit cell, each structure was
defined by 18 variables{x, vy, z, q,f,y, ts, t5, ...,
t1o}. In the crystal structure (Figure 7b), the mole-
cule adopts a conformation with a gauche bond

(Figure 7c) at one position in the alkyl chain, and
provides interesting contrasts and comparisons
with the structural properties of other materialsin
the family Ph,P(O)-(CH,),- P(O)Ph, [63].

7. Synchrotron versus Laboratory Powder Dif-
fraction Data

We now consider the relative merits of using
synchrotron X-ray powder diffraction data [64,

Figure 5. Molecular geometry of Piv-Pro-Gly-
NHMe in the crystal structure, with the intramolecu-
lar hydrogen bond shown as the dashed line.

1} 200 300 40 500
Ceneration
Figure 6. Evolutionary Progress Plot showing the
evolution of the lowest (open circles) and average
(filled circles) values of Ry, in the populéation as a
function of generation number in the GA structure
solution for Ph,P(O)-(CH,);- P(O)Ph,

Figure 7. (@) Molecular structure of Ph,P(O)-(CH,);- P(O)Ph,, showing the variable torsion angles in the GA
structure calculation. (b) Crystal structure of Ph,P(O)-(CH,);- P(O)Ph, (hydrogen atoms not shown) viewed
along the b-axis. (c) Confromation of the of Ph,P(O)-(CHy);: P(O)Ph, molecule in the crystal structure.
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65] versus conventional laboratory powder Xray
diffraction data in this field, recognizing 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
due to peak overlap can be alleviated to some ex-
tent, allowing more reliability in the determination
of accurate peak positions (which is advantageous
in unit cell determination) and in the ability to
extract the intensities of individua diffraction
maxima from the powder diffraction pattern. In
this regard, synchrotron radiation can be advanta-
geous when traditional techniques (or a direct-
space technique using a figure-of-merit based on
extracted peak intensities) are to be used for struc-
ture solution. Thus, the success of traditiond
techniques for structure solution is generaly en-
hanced by using data recorded on an instrument
with as high resolution as possible. However, for
direct space techniques employing a figure of
merit based on a profile R-factor (such as Ryy),
the important requirement is not high resolution
per se, but rather that the peak profiles are well-
defined and accurately described by the peak
shape and peak width functions used in the struc-
ture solution calculation. In such cases, the use of
laboratory data can be just as effective as the use
of synchrotron data. Indeed, asillustrated from the
examples presented in Section 6, much successful
structure determination from powder diffraction
data has been achieved using conventional labora-
tory powder X-ray diffraction data, clearly dem-
onstrating that the use of a good quality, well op-
timized laboratory powder diffractometer is usu-
aly perfectly adequate for research in this field.
Indeed, with continuing improvements and devel-
opments in the instrumentation for powder X-ray
diffraction, the central role of laboratory diffrac-
tometers in this field is likely to be consolidated
and further strengthened.

8. Conclusions and Futur e Prospects

The successful application of direct-space go-
proaches for structure solution from powder dif-
fraction data in recent years has been clearly dem-
onstrated by several examples, including those
highlighted in this article. Through these tech-
niques, the opportunity to determine molecular
crystal structures directly from powder diffraction
data is now a very real capability, which should
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enter the array of options available to all structural
chemists. However, while recognizing the suc-
cesses achieved so far in the application of direct-
space techniques in powder structure solution,
there is nevertheless considerable scope for the
further development and optimization of the
strategies for implementing these methods. In this
regard, we are currently pursuing research both to
advance fundamental aspects of the Monte Carlo
and Genetic Algorithm techniques, with the aim
of deriving new and optimized procedures for
searching R(G) hypersurfaces, as well as develop-
ing new ways of defining the hypersurface such
that global optimization may be achieved more
efficiently.

While direct-space approaches for powder
structure solution are particularly appropriate in
the case of molecular crystal structures (as re-
flected by the fact that the majority of the pub-
lished work employing these techniques has fo-
cused on molecular materials), it is clear that the
horizons for the application of these methods ex-
tend far beyond the molecular solid state. The fu-
ture application of these techniques promises to
reveal new and important insights into structural
properties of solids across a wide range of disci-
plines within solid state and materials sciences.
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