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Abstract

This paper describes the development of a Genetic Algorithm for solving crystal
structures directly from powder diffraction data. A number of examples are given to
illustrate the application of this approach for the structure determination of molecu-
lar erystals. Our approach adopts the direct-space philosophy for structure solution
from powder diffraction data, in which trial structures are generated independently
of the experimental diffraction data and the quality of each trial structure is assessed
by comparing the calculated and experimental powder diffraction patterns using the
weighted profile R-factor, Ryp. The use of the profile R-factor in this approach im-
plicitly takes care of the overlap of peaks in the powder diffraction pattern, and
avoids the need to extract the intensities of individual reflections from the exper-
imental powder diffraction data. In our Genetic Algorithm, a population of trial
crystal structures is allowed to evolve subject to well-defined rules governing mat-
ing, mutation and natural selection, and the fitness of each structurc is defined s a
function of Ryy. The aim is to find the minimum value of Ry, which corresponds
to the best structure solution.

*Author for correspondence.



1 Introduction

The determination of crystal structures from single crystal X-ray diflvaction data can
generally be carried out straightforwardly, provided single crystals of appropriate size
and quality are available for the material of interest. However, many crystalline solids
(including several of academic and industrial inportance) cannot be prepared as single
crystals, and, w such cases structure determination is generally attempted using powder
diffraction data.

It is relevant here to emphasize that crystal structure determination from diflvaction data
(either single crystal or powder) can be divided into three stages: (a) unit cell determin-
ation and space group assignment; (b) structure solution; and (c) structure refinement.
The aim of the structure solution stage is to derive a good approximation to the crys-
tal structure by direct consideration of the experimental diffraction data, but starting
from no knowledge of the arrangement of atoms within the unit cell. If this approximate
structural model is a sufficiently good representation of the true structure, a good quality
crystal structure may then be obtained by refinement of this model against the experi-
mental diffraction data in the structure refinement stage. For powder diffraction data,
refinenient of crystal structures can now be carried out fairly routinely (usually using the
Rietveld profile refinement technique), whereas the solution of crystal structures directly
from powder diffraction data is a significantly greater challenge. Here we focus on this
structure solution stage of the structure determination process.

The traditional approach for solving crystal structures directly (ab natio) from powder
diffraction data has been to extract the intensities I{hkl) of individual reflections directly
from the powder diffraction pattern, and then to solve the structurce using the types of
structure solution calculation used for single crystal diffraction data (e.g. direct methods
or Patterson methods). However, as there is usually extensive overlap of peaks in the
powder diffraction pattern, it is often impossible to extract unambiguous values of the
intensities of the individual diffraction maxima. To circumvent the problems associated
with extracting the intensities of individual reflections directly from the powder diffraction
pattern, progress has been made in recent years in the development of an alternative
strategy for structure solution, the so-called ‘direct-space’ approach [1, 2|, in which the
powder diffraction data is used directly in its ‘raw’ digitized form.

In the direct-space strategy, trial crystal structures are genecrated in direct-space, with
the suitability of each trial structure assessed by direct comparison between the powder
diffraction pattern calculated for the trial structure and the experimental powder diffrac-
tion pattern. This comparison is quantified using the weighted profile R-factor (Rup);
whicli considers the whole digitized intensity profile rather than the integrated intensities
of individunal diffraction maxima, and thus implicitly takes care of peak overlap. Clearly,
the aim is to find the trial crystal structure corresponding to the lowest value of R, and
the direct-space strategy is therefore equivalent to exploring a hypersurface R,,(X) to
find the best structure solution (lowest R,,). Here {X} represents the set (‘string') of
variables (‘parameters’) that define the structure. This paper describes the application
of a Genetic Algoritlun to accomplish global minimization with respect to the R, (X)
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hypersurface.

The Genetic Algorithm (GA) is an optimization techuique, based on the principles of evol-
ution, and involves familiar evolutionary operations such as mating (crossover). mutation
and natural selection. Through natural selection, the fittest members of a population sur-
vive and procreate, passing their genetic information into subsequent gencrvations. GAs
have found many applications in science, engineering and business [3]: chemical applica-
tions range from studies of protein folding to conformational optimization of Jong chain
molecules (4] and geometry optimization of atomic clusters [5]. A crucial feature of the GA
approach is that it operates essentially in a parallel manner. with many different regions
of parameter space investigated simultaneously. Furthermore, information concerning dif-
ferent regions of parameter space is passed actively between the individual strings by the
mating procedure, disseminating genetic information throughout the population.

The possibility of using GA techniques in structure solution from powder ditfvaction data
has been realized independently by two research groups (6, 7, 8, 9, 10]. Our approach
described here and the approach of Shankland ef al. [8] differ in the definition and
handling of the fitness function as well as other aspects concerning the way in which the
genetic Algorithm is implemented.

2 Methodology

Our GA approach for structure solution from powder diffraction data has been imple-
mented in the program GAPSS [11]. A schematic flow chart describing the operation of
this program is shown in Figure 1. The method and the program have been discussed in
detail elsewhere (see in particular ref. [9]).

Before running GAPSS, it is necessary to know the lattice parameters and space group
(obtained by indexing the diffraction pattern) and it is necessary to define o structural
fragment [1, 2. Ideally, the structural fragment should include all atoms with significant
scattering power (z.e. all non-hydrogen atoms in the case of powder NX-ray diffraction)
within the asymmetric unit , but in many cases it may be desirable to omit cortain atoms
from the structural fragment in order to restrict the number of variables to he optimized
(the omitted atoms may be found later by difference Fourier technicues).

Each member of the population is a trial crystal structure. defined by a set of variables
{X}, representing the position (centre of mass or a pre-defined pivor atom) {x, v. z}.
orientation {f.¢,¥} and flexible torsion angles {r, 7 ...} of the structural fragment.
The initial population Py comprises Ny, randomly generated stiuctures. Tu general, the
population Py (z.e. generation J+1) is produced from the previous population 2 by the
operations of mating, mutation and natural selection. The number (N} of structures in
the population remains constant for all generations, and N,, mating operations and N,
mutation operations are performed during the evolution from population I, 1o population
|
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Population P;

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

Mating

Intermediate Population of (Np + 2Ny) Trial Structures
(Parents and Progeny)

Natural Mutation
Selection
Select the (Np — Ny) Best Generate Ny Mutations from
Trial Structures from the Trial Structures in the
Intermediate Population Intermediate Population

Population P,

Figure 1: Flow chart representing the evolution of the population from one generation
(population P;) to the next generation (population P;,,) in the program GAPSS.
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The probability of a given structure surviving into subsequent generations and taking part
in mating depends on its fitness. In our GA, the fitness of a given trial crystal structure
is defined as a function of its weighted profile R-factor, R,,,, which describes how well it
fits the experimental powder diffraction data. To date, most of our work has used the
following tanh fitness function (although exponential and linear functions have also been
investigated [9]):

i = %[1 — tanh{2n(2p - 1)}] (1)
where By - R
- P~ Atmin .
p - R1m1 L= ern (2)

and Runin and Rye, are the lowest and highest values of Ry, in the current population
[6, 7,9, 10]. The appearance of Ryar~Rmin (i.€. the range of R,, values in the cur-
rent population) as the denominator of p ensures that the fitness function is dynamically
scaled. The tanh fitness function was adopted because it discriminates strongly between
good structures (low R, values) and poor structures (high R,,), but does not diserim-
inate strongly among different good structures or among different poor structures. We
are currently investigating the potential advantages of altering the nature of the fitness
function at different stages during the evolution of the GA calculation.

Prior to mating, a structure (with fitness F') is chosen from the population at random and
is allowed to take part in mating if F > R, where R is a random nwmber in the range 0
1. This selection procedure is repeated to find a second structure that is allowed to mate
with the first, and so on, until N, pairs of parents have been selected. This approach is a
variant of the roulette wheel selection procedure [3]. Mating (crossover) is accomplished
by combining parameters defining the genetic information of the two selected parents.
The type of crossover adopted depends on the complexity of the structural fragment.
Thus, for a rigid structural fragment, we have used single point crossover, with positional
{x, y, z} and orientational {f, ¢, ¥} parameters exchanged between the two parents.
For a structural fragment with two torsional degrees of freedom, the eight parameters in
each string are partitioned into four groups {x, y, z | 6, ¢, ' | n | = }. Two offspring
are generated from each mating operation; each offspring possesses two complementary
groups from each parent, and three possible pairs of offspring may he generated in this
way from a given pair of parents. Similarly, for a structural fraginent with four torsional
degrees of freedom, the ten parameters in each string are partitioned into six groups {x,
v,2|8,0, % | 7| 7| 7| 7} Two offspring are generated from each mating operation,
and each offspring now takes three complementary groups from each parent.

Since each mating operation leads to two offspring, a total of 2N,, offspring are produced
in each GA cycle. This creates an intermediate population of (N,+2N,,) structures (see
Figure 1). The R, values are then calculated for all offspring, new valucs of Ry, and
Rimae are determined for the intermediate population, and the new fitness values are
calculated for all members of the intermediate population. If two or more structures
are close to identical, all but one of these structures is eliminated from the intermediate
population. The structures in the intermediate population are then ranked according to



their fitness, in preparation for the natural selection process (see helow).

In each generation, mutant structures are also generated in order to waintain diversity
within the population. To do this, a specified number (N,) of structures are selected
at raundom from the intermediate population, and mutant structures are generated by
making random changes to their genetic information. For structural fragiments with two
torsional degrees of freedom, mutation is carried out by randomly sclecting two of the
four groups of parameters {x, y, 2 | 6, ¢. ¢ | 7y | 72} and assigning & new random value
to one parameter within cach of the selected groups. Similarly, for structural fragments
with four torsional degrees of freedom, mutation is carried out by assigning new random
values to one paraneter in each of two groups selected at raudow fron the six groups of
parameters {x, ¥,z | 0, ¢, ¥ | 7 | 75 | 73 | a}.

The structures within the population in the next generation are obtained by selecting the
(N,— N,) best (highest fitness) members of the intermediate population together with the
N, mutant structures. This selection procedure (the analogue of ‘natural selection’ in bio-
logical evolution) is “elitist’, since the best structures survive into successive generations,
irrespective of whether they are parents or offspring. Thus, R,,;,, canuot increase from
one generation to the next. The overall quality of the population, assessed Dy the average
value of R, (denoted Ra,.) for the population, generally improves from one generation
to the next. The complete cycle (involving mating, mutation and natural selection) is
repeated for a specified munber (N,) of generations, or until convergence is reached. For
the examples reported here, the GA parameters had the following values: N, = 100; Ny,
= 50 and 100 (for ortho-thymotic acid and L-glutamic acid respectively)., N, = 10: Ny
= 100 (although far fewer than 100 generations are generally required to find the correct
structure solution (6, 7, 9]).

3 Examples

Initially, to demonstrate the application of our GA method for structure solution from
powder diffraction data, two previously known structures, para-methoxybenzoic acid and
formylurea, were studied. These examples have been discussed in detail elsewhere {7, 9].
Iu both cases, our GA calculation found the correct structure solution within a very low
munber of generations (5 and 6 respectively). In this paper, we discuss the application
of our GA to two known crystal structures containing a highly flexible molecule (the a
and 7 phases of L-glutamic acid) as well as to a previously unknown crvstal structure
(ortho-thymotic acid).

3.1 The o and 7 phases of L-glutamic acid

The L enantiomer of glutamic acid HO,C(CH, ),CH(NH;)CO,H crvstallizes as two poly-
morphs, known as the o and 3 phases. In both of these molecular solids the L-glutamic



acid molecules exist as zwitterions, as shown in Figure 2a. Both structures ave or-
thorhombic and have space group P2,2,2, [12, 13]. The unit cell parameters are: [
phase] a = 10.282 A, b = 8.779 A, ¢ = 7.068 A; [3 phase] a = 5159 A. L = 17.300 A, ¢
= 6.948 A. For hoth polymorphs, there is one molecule in the asynnnetric wuit,

N
NH1+ T ) l
g C. () O
Y NPT
HOLC ¢ " eo,” | T Sl l
: 0 0
(a) (b)

Figure 2: (a) Molecular structure of the L-glutamic acid zwitterion, The chiral centre
is indicated by an asterisk. (b) Structural fragment used in the GA structure solution
calculation for L-glutamic acid.

The structural fragment used in our GA stucture solution calculations for both poly-
morphs of L-glutamic acid comprised all of the non-hydrogen atoms of the molecule (Fig-
ure 2b). Standard geometries (bond lengths and angles) were used. with all C-O bond
lengths taken to be equal. The four torsion angles (7-74) describing the Hexibility of
the L-glutamic acid molecule are indicated in Figure 2b. The position of the structural
fragment was defined by the {x, y, 2} coordinates of a pivot atom, taken as the central
carbon atom (Cs) of the L-glutamic acid molecule (see Figure 2b). For these caleulations,
the positional, orientational and torsional parameters were all discretized, witl grid sizes
of 0.01 for all fractional coordinates and 10° for all angles.

3.2 Ortho-thymotic acid

The structure solution of ortho-thymotic acid (Figure 3a) represents the fivst application
of our GA method to solve a previously unknown structure [G]. Aleasmrement of the
powder X-ray diffractogram for ortho-thymotic acid, unit cell determination (a = 11.08
Ab=815A, ¢c=1178 A, 8 = 100.2°) and space group assignument (P2, /n) have been
discussed elsewhere [6]. There is one molecule in the asymumetric unit.

In our GA structure solution calculation for ortho-thymotic acid. the structural fraginent
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Figure 3: (a) Molecular structure of ortho-thymotie acid. (b} Structural fragment used
in the GA structure solution calculation for ortho-thymetic acid.

(Figure 3b) comprised all non-hydrogen atoms in the molecule. Standard geometries
(bond lengths and bond angles) were used, with the lengths of the two (-0 bonds in the
carboxylic acid group taken to be equal. The structural fragment was allowed a certain
degree of flexibility, defined by the two torsion angles 7 (describing rotation about the
C-C bond between the carboxylic acid group and the benzene ring) and 7 (describing
rotation about the C-C bond between the iso-propyl group and the benzene ring), as
indicated in Figure 3b. The position of the structural fragment was defined by the {x,
v, z} coordinates of the centre of mass of the molecule, and no discretization of the
parameters was adopted.

4 Results

4.1 The a and 3 phases of L-glutamic acid

The progress of the GA structure solution calculation can be monitored by coustructing
an ‘Evolutionary Progress Plot' (EPP), which shows the best (R,u:) and average (Roye)
values of Ry, for the population as a function of the generation number. Figure 4 shows
EPPs for the o (Figure 4a) and 3 (Figure 4b) phases of L-glutamic acid. For the
phase, there is a rapid initial drop in R,.;,, whereas for the a phase the EPP is more
step-like. There is clearly rapid convergence of the GA structure solution calculation for
both phases.

The best structure solutions (z.e. those with the lowest R,,, values after 100 generations)
for the o and 3 phases are shown in Figure 5, where they are compared with the known
crystal structures [12, 13] of the o and 3 phases. In both cases. the structure solution
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Figure 4: Evolutionary Progress Plot showing the evolution of R, (filled circles) and
Rave (Open circles), as a function of generation number, in the GA structure solution
calculation for: (a) the a phase and (b) the 3 phase of L-glutamic acid.
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Figure 5: Comparison between the position of the structural fragment in the best structure
solution obtained in the GA structure solution calculation (open circles) and the positions
of the corresponding atoms in the known crystal structure (filled circles) for: (a) the a
phase and (bh) the 3 phase of L-glutamic acid.
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generated by the GA calculation is in excellent agreement with the known structure and, in
each case, the structure solution refines easily (using the Rietveld refinement technique)
to the known crystal structure. The maximum distance between au atom in the GA
structure solution and the corresponding atom in the known crystal structure is less than
0.5 A for both the o and 3 phases. From Figure 5, it is apparent that the L-glutamic
acid molecules have significantly different conformations in the two phases {12, 13].

4.2 Ortho-thymetic acid

In the EPP for ortho-thymotic acid (Figure 6), Ry, and Ry, both decrease rapidly in
the early generations. R flattens out after the 39" generation, with a further drop
at the 80 generation. For ortho-thymotic acid, the crystal structure was not lkmown
prior to the GA calculation, so the quality of the structure solution must be judged
by comparing the calculated and experimental powder diffraction profiles following full
Rietveld refinement, as well as by assessing the chemical and structural plausibility of the
final refined structure. Rietveld refinement from the best structure solution obtained in
the GA calculation gave R, = 3.2 %.

30

Generation

Figure 6: Evolutionary Progress Plot showing the evolution of R, (dark circles) and
Rave (light circles), as a function of generation number, in the GA structure solution
calculation for ortho-thymotic acid.

The final refined crystal structure, shown in Figure 7, which has been discussed elsewhere
(i] is completely reasonable on structural and chemical grounds. For example, the struc-
ture is found to exhibit the familiar carboxylic acid dimer motif, without this (or any
other type of) intermolecular contact being imposed during the GA structure solution
calculation. The best structure solution in the plateau region (see Figure 6) extending
from the 39*" to the 79" generation (with Ryin = 19 %) also refines to the same structure,
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Figure 7: Final refined crystal structure of ortho-thymotic acid (hydrogen atoms not
shown) viewed along the b axis.

indicating that the correct structure solution has been found relatively early in the GA
calculation.

5 Concluding Remarks

We have demonstrated the successful application of a Genetic Algorithm within the frame-
work of the direct-space approach for crystal structure solution from powder diffraction
data. For all examples of structure solution considered, the correct structure solution
was found after a relatively small number of generations in the GA calculation. Indeed.
preliminary comparisons suggest that the GA method may be a faster approach for find-
ing the correct structure solution than other direct-space techniques, although several
aspects of our approach are currently undergoing rigorous optimization. With regard to
future development and optimization of the GA approach, we are currently exploring two
strategies [9]: (i) experimenting with fundamental aspects of the GA technique, leading to
new and optimized procedures for exploring the R,,,(X) hypersurface; and (ii) developing
new ways of defining the hypersurface, so that global optimization may be achieved more
efficiently.
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