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Abstract

The crystal structure of Ibuprofen has been solved from synchrotron X-ray powder diffraction data using a genetic
algorithm based model building method. The performance of the algorithm is enhanced if additional prior chemical
information is incorporated in the form of hard limits on the values that can be assumed by flexible torsion angles
within the molecule. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ability to solve molecular crystal structures
directly from powder diffraction data has long
been a goal of those who recognise that it is often
difficult to grow single crystals of a particular
polymorphic form of a molecule under study.
This goal is seldom easily achieved, as a series of
non-trivial steps must be performed after the ini-
tial data collection in order to solve the final
crystal structure. Firstly, the diffraction pattern
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must be indexed to provide information about the
size and the shape of the unit cell. From the unit
cell volume, it is then possible to determine the
number of molecules in the asymmetric unit of the
crystal structure. Once the unit cell is known, the
individual reflection intensities, peak shape
parameters and unit cell dimensions may be
treated as variables in a model independent least-
squares fit to the diffraction data. This method,
originally developed by Pawley (Pawley, 1981), is
performed in the Patterson group of the crystal
structure. Using the extracted reflection intensi-
ties, the space group of the material is then de-
duced and the data subjected to a further

0378-5173/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.

PI1 S0378-5173(98)00009-X



118 K. Shankland et al. / International Journal of Pharmaceutics 165 (1998) 117—-126

refinement based on the method by Pawley. The
net result of this procedure is a set of reflection
intensities and an associated covariance matrix
unique to the material under study. At this point,
there are two distinctly different approaches to
structure solution. The first approach borrows
heavily from the conventional direct methods of
structure solution that have been extremely suc-
cessful when applied to single crystal diffraction
data. One limitation of this approach is the in-
evitable reflection overlap (and consequent loss of
intensity information) that occurs when the three
dimensions of diffraction space are collapsed onto
the one dimension of a powder diffraction pattern
as a result of the random orientation of crystal-
lites within the powder sample. In general, con-
ventional direct methods do not deal particularly
well with the low resolution, poorly determined
reflection intensities recovered from a typical
powder diffraction pattern exhibiting a high de-
gree of reflection overlap. However, a variety of
strategies have been proposed to counter this
(Jansen et al., 1992; Gilmore et al., 1993; Sivia
and David, 1994; Altomare et al., 1995) and an
increasing number of structures are now being
solved in this way.

The second approach to structure solution from
powder diffraction data is radically different and
can be regarded as a global optimisation proce-
dure. Once the unit cell and space group are
known, a crystal structure can be postulated, the
corresponding diffraction pattern calculated and
that pattern compared with the measured diffrac-
tion pattern. The trial structure can then be ad-
justed in such a way as to minimise the differences
between the observed and calculated patterns.
Once there is sufficiently good agreement, the
structure may be considered solved. Whilst some
successes have been reported with this approach
in recent years (Tremayne and Harris, 1996), the
majority of examples in the literature are structure
solutions of rigid or essentially rigid molecules,
such as dye substances. The reason for this is
clear; highly flexible molecules contain a large
number of internal degrees of freedom which need
to be varied in addition to the six external degrees
of freedom that are varied when solving rigid
molecules. This rapidly leads to a combinatorial

explosion for all but the simplest of problems,
rendering exhaustive search methods impractical
and challenging totally random search methods.
We have recently developed a computer pro-
gram, ‘the GAP’, that addresses this problem by
implementing a genetic algorithm (GA) search
method. The method can be applied to flexible
molecules and multiple fragments and is therefore
well suited to dealing with drug substances, in-
cluding salt forms. The GA implementation has
been described in some detail elsewhere (Shank-
land et al.,, 1997). Here, using the previously
known crystal structure of Ibuprofen as a test
case, we show that the efficiency of the GA
method can be improved by using the results of
conformational analyses to direct the search to
regions of space where the likelihood of finding
the correct molecular structure is relatively high.

2. Experimental
2.1. Data collection

X-ray powder diffraction data were collected
from a hexane-recrystallised sample of Ibuprofen
on station 2.3 of the Daresbury synchrotron radi-
ation source, operating with a flat plate geometry
and an incident wavelength of 1.405A. Data in
the range 6°-56° 260 were collected in 0.01° steps
with a count time of 3 s/step, giving a total
collection time of just over 4 h. The resultant
diffraction pattern is shown in Fig. 1.

2.2. Data fitting

Program SRI15LS (David et al., 1992) was used
to perform a Pawley refinement of the data in
which the reflection intensities, peak shape (Voigt,
with an asymmetry correction for axial diver-
gence), cell parameters and instrument zero point
were allowed to vary. The initial cell parameters
and the correct space group (P2,/c) were taken
from a previous single-crystal X-ray diffraction
study of Ibuprofen (McConnell, 1974). The final
2 for the Pawley fit was ~ 21, indicating that the
diffraction pattern had been reasonably well fitted
(Fig. 2). The resultant listing of reflection intensi-



K. Shankland et al. / International Journal of Pharmaceutics 165 (1998) 117—-126

119

50000 " T T T T T T
800
40000 - 600 —
400
30000 - -
8
o 2%%s0 55.0
Pl
2
& 20000 |- -
£
10000 - 4
o Wi
0.0 10.0 20.0 30.0 40.0 50.0 60.0

Two theta / degrees

Fig. 1. X-ray powder diffraction data for a sample of hexane-recrystallised Ibuprofen. The inset graph shows that a considerable
amount of information is still present in the weaker, high angle region of the diffraction pattern.

ties, together with its associated covariance ma-
trix, was written to file at the end of the fitting
procedure.

2.3. The molecular chromosome

A molecular model of an (R)-Ibuprofen
molecule was constructed in internal coordinates
using standard bond lengths and angles. Those
four torsion angles (4, 75, 73, 74), that could not
be assigned fixed values were flagged as variables
for the GA procedure (Fig. 4). The external de-
grees of freedom of the single molecule in the
asymmetric unit are defined by three coordinates
(x, y,z) and three Euler angles (0, ¢, ) and so
the full molecular contents of the asymmetric unit
of the crystal structure may then be represented

by a sequence of ten real numbers:

X, 1, 2,0, 0,0, 1y, 75, T3, T4

In GA terminology, this sequence is a chromo-
some describing the molecular crystal structure
and each of the individual variables is a gene,
whose value is allowed to vary throughout the
lifetime of the GA run (Michalewicz, 1996).

2.4. Bounds on the allowable gene values

Bounds on the positional and orientational
parameters were derived from the Euclidian nor-
malisers of the space group (Hahn, 1989) and
taken to be: 0 <x<0.5,0<y<0.25 0<z<0.5,
0° <0 <360° 0°< ¢p <90°, 0° <y <360°.

Two sets of restrictions were placed on the
values that could be assumed by the variable
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Fig. 2. The result of a model independent fit to the Ibuprofen diffraction data. The calculated profile (——) matches the measured
diffraction data (O) well. The inset graph shows that the measured peaks are reasonably well described by the Voigt function used

in the fit.

torsion angles within the GA procedure. The first
‘general’ set was used to ensure that essentially
duplicate molecular conformations were not cre-
ated within the program. For example, given that
the X-ray data extend to relatively low resolution,
and the fact that hydrogen atoms are very weak
X-ray scatterers, the following conformations are
essentially indistinguishable (Fig. 3).

Thus, only 180° of the space covered by rotation
of the carboxyl group needs be searched.

The second ‘specific’ set of torsion angle restric-
tions was used to direct the search to regions of
conformational space where the likelihood of find-
ing favourable molecular conformations is greater.
These regions of space were identified from a
conformational analysis of Ibuprofen (Shankland
et al., 1998) and structurally related molecules, and
the derived bounds are listed in Fig. 4.

2.5. Molecular evolution

A collection of chromosomes constitutes a pop-
ulation of molecules and the fitness of an individ-
ual chromosome is a figure of merit that indicates
whether one chromosome is ‘better’ than another
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Variable torsion

General bounds

Specific bounds

T1=12-11-6-1 -90° to 90° 0° to 60°

T,=15-14-11-13 0° to 360° 40° to 200°
T73=25-24-3-2 0° to 360° -170° to 100°
T4=31-30-24-25 0° to 180° 120° to 160°

Fig. 4. The Ibuprofen molecule showing the numbering scheme used for those flexible torsion angles flagged in the internal
coordinate definition. Note, that this numbering scheme is different from the one used in the conformational analysis of Ibuprofen
(Shankland et al., 1998). The bounds on the torsion angles varied within the GA program are listed for the general case and for the
case where restrictions have been derived from the conformational analysis of Ibuprofen.

in the context of the given problem. For the
powder diffraction problem, we define the fitness
function to be:

1= Zth[(Ih - C|Fh|2)( V= Dl — C|Fk|2)]

where I, is the extracted intensity from a
Pawley refinement of the diffraction pattern; Vi,
the covariance matrix from the Pawley refine-
ment; ¢, scale factor; F , the calculated structure
factor from trial structure.

This expression is formally equivalent to fitting
a diffraction pattern by traditional Rietveld meth-
ods. It has the advantage, however, of being
substantially faster to calculate than a standard
Rietveld agreement factor (Rietveld, 1969).

Thus, the fitness of an individual chromosome
in the powder problem is an indication of how
well the trial crystal structure matches the mea-
sured diffraction data; the smaller the value of y2,
the better the match. We therefore start the evolu-

tion process by creating a population of molecules
with genes initialised at random. We then evaluate
the fitness of each chromosome, and thus decide
which molecules will survive to form the next
population through a ‘survival of the fittest’ pro-
cedure.

Pairs of individual survivors are allowed to
breed by uniform and arithmetic crossover mech-
anisms, used in equal proportions. The single
random point uniform crossover operates as:

ParentS: (xa’ Vas Zas Haa ¢a7 lpaa Tias T2a> T3a> 7'-4a) +
(Xbs Vo Zbs Oy Pos Wis Tivs Tabs T3bs Tap)

Offspring: (X, Vas Zas Obs Pos Yos Tivs Tobs Tabs Tan)
and (xba Vb5 Zbs Has ¢as wa’ T1a> T2a> T3a> T4u) where
the crossover point is chosen randomly. The arith-
metic crossover operates as:

Parents:

A+B
Offspring:
(Ar + B(1 —r)) and (A(1 — r) + Br)
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where 4 + B represent parent chromosomes as
outlined in the uniform crossover case, and r is a
random number between zero and one. Typically,
5-10% of genes in the resultant offspring are
mutated, 40% of the time by a uniform mutation
and 60% of the time by a non-uniform mutation.
The single random point uniform mutation oper-
ates  as  (Xy Vas Zas Ons oy Yoo Tivs Tobs Tabs Tan)
(xaa Yas Za> 0>bk7 ¢ba l:bb’ T1b> T2b> T3bs T4b) in the case
where 0, has been chosen at random as the gene
to be mutated, and has been assigned a new
random value 07, within the allowed bounds. The
non-uniform mutation initially operates identi-
cally to the uniform mutation, but as the number
of generations increases, the bounds on the gene
effectively contract around the current value of
that gene. Thus, this operator introduces an in-
creasing amount of local searching as the popula-
tion ages (Michalewicz, 1996). The offspring
formed by the crossovers and mutations form the
new parent population and the process is re-
peated. Fig. 5 summarises this cycle and its imple-
mentation in ‘the GAP’ computer program. The
net effect is to produce a continually changing
population of trial molecular structures in which
members iterate towards the global minimum in
14(x, v, 2,0, P, ¥, t,, 15, 15, T,) Space. The overall
crossover and mutation rates were set such that
there was a 95% chance of a parent being selected
to participate in a crossover operation, and an 8%
chance of an individual gene undergoing a muta-
tion operation. The overall population size was
held constant at 224 molecules, with the members
of the population distributed in groups of seven
over 32 islands, and evolution occurring indepen-
dently on each island. Migration of members be-
tween islands was allowed only every 50th
generation, with a 25% chance of an individual
member then migrating to another island. A
structure was deemed to be solved at a point
where a constrained Rietveld refinement of the
best trial structure converged to the correct (previ-
ously known) crystal structure. Preliminary runs
showed that this process could be carried out
reliably when y2 values of 500 or less were
reached. A total of 50 runs were performed with
the general torsion angle bounds listed in Fig. 4,

and another 50 runs with the specific angle
bounds (henceforth referred to as the uncon-
strained and constrained runs respectively). Each
GA run was terminated if a member with a
12 <500 was detected or the preset maximum of
10000 generations was reached. All the GA struc-
ture solution runs were carried out on two dual
200 MHz Pentium Pro personal computers, oper-

Crystallographic Information
o Unit cell
® Space group symmetry
® Reflection intensities and
associated covariance matrix

L

Molecular Information
® Z matrix file
e Torsion angle bounds

|

The GAP program

(

Create chromosomes by assigning
random values (between preset
bounds) to each variable

!

Construct molecules in Cartesian
space, then reduce to fractional space

!

Evaluate fitness (xz)

|

Select survivors

!

Cross selected members and
mutate resultant offspring

|

Evaluate fitness ()?%)

|

Expected xz reached, or
maximum number of
generations exceeded ?

NO YES ¢

END

Fig. 5. A flow chart outlining the operation of ‘the GAP’
computer program.
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Fig. 6. The performance of the GA in solving the crystal structure of Ibuprofen. Only eight of the constrained runs failed to reach
a solution within 10000 generations, compared to 20 of the unconstrained runs.

ating as a four processor parallel computer run-
ning Linux 2.0.28. Parallel program execution was
accomplished using the MPI subroutine library
(Gropp and Lusk, 1996). Structures were dis-
played and examined using Cerius2 molecular
graphics package.

3. Results

The results of the GA runs are summarised in
Fig. 6, which shows how quickly refineable struc-
ture solutions (y*<500) were obtained in the
constrained and unconstrained cases. The use of
torsion angle constraints reduced the number of
runs that failed to reach a »><3500 in 10000
generations by more than a factor of two. In
addition, it dramatically reduced the average time
taken to obtain a structure solution. Fig. 7 shows
how the crystal structures of five of the con-
strained GA solutions that terminated with 497 <
%2> <500 compare to the known crystal structure
of Ibuprofen. The trial structures are all clearly in
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Fig. 7. A comparison of five superimposed trial crystal struc-
tures obtained from the constrained GA runs (upper two cell
views) with the known single crystal structure of Ibuprofen
(lower two cell views). All the trial structures have effectively
equal y? values, yet each one occupies a slightly different
space. This illustrates the complexity of the y? space that is
being searched.
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Fig. 8. The result of fitting a successful trial structural model derived from one of the constrained GA runs to the Ibuprofen
diffraction data. The upper two plots show that the calculated profile (——) for the model is a good match for the measured
diffraction data (O) with only the overall scale factor refined i.e. the model obtained from the GA run has not been adjusted in any
way. The ‘difference over estimated standard deviation’ plot emphasises the deficiencies in the trial model with respect to the data.
Once the model is allowed to refine subject to a series of slack geometric constraints that help to hold the atoms in chemically
sensible positions during the refinement procedure, the differences between the observed and calculated profiles are greatly reduced
(lower two plots).
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the correct location within the unit cell. A con-
strained Rietveld refinement of any one of these
trial structures proceeded routinely to give a good
fit to the measured diffraction data (Fig. 8),
demonstrating that correct solutions had indeed
been located.

4. Discussion

The magnitude of the combinatorial explosion
that would result were an exhaustive search
method to be applied to the Ibuprofen problem is
illustrated in Table 1. Such a scenario is, of
course, unrealistic in the sense that even a random
search would outperform a grid search that takes
31000 years to complete! Nevertheless, the figures
serve as a useful reminder that sheer computing
power alone is insufficient to solve such problems
on a realistic time scale. This is unlikely to change
in the foreseeable future, particularly given that
the majority of drug compounds are more com-
plex than Ibuprofen in terms of their conforma-
tional flexibility. The GA approach used here has
several features that appear to contribute to its
successful application in the field of structure
solution from powder diffraction data:

e Unlike traditional GAs, which operate on a
discrete representation of the problem vari-
ables, each variable is represented by a real
number that can assume any value between its

Table 1

allowed bounds. This removes one level of
abstraction between the problem and its repre-
sentation within the computer program. It is
interesting to note that the discrete grid search
outlined in Table 1 is actually extremely coarse
compared to the continuous representation
used in our GA.

o The fitness function used in our implementa-
tion allows the viability of structures to be
evaluated much more quickly than functions
that rely upon an exact point-by-point com-
parison of measured and calculated diffraction
profiles.

o Elements of ‘local fine-tuning’ are incorporated
into the search procedure via the use of non-
uniform mutations. This greatly improves the
convergence properties of the algorithm.

o The implicit parallelism of the GA means that
computational load can be efficiently dis-
tributed over a number of processors, decreas-
ing the already short run times by a factor
approximately equal to the number of proces-
sors. Structure solutions for Ibuprofen were
evaluated at a rate of 300/s on the four proces-
sor Linux cluster.

It is also important to realise that the GA
solutions are purely structure factor driven and
that no intramolecular/intermolecular distance or
energy checks are performed at any stage. How-
ever, it is clear from the results of the constrained
runs that the implicit introduction of intramolecu-

The combinatorial explosion for an exhaustive search of possible crystal structures of Ibuprofen, using parameter bounds equivalent

to the ones used in the constrained GA structure solution runs

Parameter Range Step size No. of steps Cumulative combinations Compute time/years
x 0-0.5 0.01 50 0.5x 102 1.6x10~?
y 0-0.25 0.01 25 12.5%x10? 40x10-8
z 0-0.5 0.01 50 62.5x 10° 2.0x10~¢
% 0-360° 5° 72 4.5x10° 1.4x10~4
¢ 0-90° 5° 18 8.1x 107 2.6x1073
v 0-360° 5° 72 5.8x10° 1.8x 10!
7, 0-60° 5° 12 7.0 x 1010 2.2

75 40-200° 5° 32 2.2x 1012 7.0x 10!
75 —170-100° 5° 54 1.2x 10 3.8x 103
T, 120-160° 5° 8 9.7x 10" 3.1x10*

The compute times are based on an evaluation rate of 1000 structures/s.
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lar energy terms, via specific torsion angle
bounds, greatly improves the performance of the
algorithm. Organic molecules invariably crys-
tallise in relatively low energy conformations, and
the improved performance of the constrained runs
is realised by reducing the amount of time spent
on trial structures in which the intramolecular
energy is relatively high, and therefore the proba-
bility of the structure being correct is relatively
low. The conformational analysis of Ibuprofen
shows that favourable conformations tend to ap-
pear on the potential energy surface as discrete
clusters, and ideally the torsion angle search
should reflect this. However, with the implemen-
tation of ‘the GAP’ used here, only one continu-
ous region of space was searched per variable
torsion angle, and some unfavourable space was
inevitably included within the torsion angle
bounds. When this restriction is lifted in future
versions of ‘the GAP’, a further improvement in
the performance of the algorithm should be ob-
tained.

Other successful structure solutions achieved
with ‘the GAP’ include cimetidine (X-ray data)
and [*H],,-dopamine deuteriobromide (neutron
data). These successes are encouraging and sug-
gest that the GA approach is a valuable addition
to the methods available for tackling structural
problems of the size and conformational complex-
ity typically encountered in drug molecules.
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