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ABSTRACT: The modified genetic algorithm (MGAC) has been extended to allow
simultaneous relaxation of molecular geometry during optimization of the crystalline
structure. The method was applied to l-alanine and dl-alanine for two different
potential functions. The genetic algorithm was always able to find minima that are
likely global minima of the crystalline potential, showing good agreement with the
experimental structures. For dl-alanine MGAC located the experimental crystalline
structure but also consistently found a different low-energy crystalline structure that it
is an excellent candidate for a polymorph. © 2003 Wiley Periodicals, Inc. Int J Quantum
Chem 96: 312–320, 2004
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Introduction

T he difficulty in predicting crystal structures
from first principles arises from the large

number of parameters to optimize, multiple local
minima, selection of energy potential functions, nu-

merical handling of periodic boundary conditions,
etc. Moreover, organic compounds usually crystal-
lize in a number of different polymorphic struc-
tures that exhibit different physical and chemical
properties. Sometimes polymorphs are difficult to
detect because they may crystallize and/or develop
under special conditions. Thus, modeling methods
that can predict crystal structures and their poly-
morphs from basic principles are extremely valu-
able. A recent review article by Beyer et al. [1] listed
almost 200 crystals that have been used in pub-
lished crystal prediction studies.
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The effectiveness of current methods used to
predict crystalline structures is still an open prob-
lem [2–4]. In the previous articles in this series [5, 6]
we presented the modified genetic algorithm to
model crystal structures (MGAC) method to search
for crystalline structures. The applications pre-
sented in the previous work were concerned with
the crystal structures of planar aromatic hydrocar-
bons, for which assuming fixed rigid molecular
geometries is a good approximation. In this article
we report an extension of the MGAC method to
find crystal structures allowing the simultaneous
relaxation of the molecular geometry during the
genetic algorithm (GA) selection process.

The MGAC method employs a modified GA [7, 8]
to generate a population of random structures of the
crystals and evolve these structures to find the fittest
individuals according to a given “fitness function.”
Information about different regions of the configura-
tional space is passed between the individual strings
by means of the crossover procedure. Operator ana-
logs to crossover, mutation, and natural selection are
employed to perform a search able to explore and
learn the multidimensional parameter space and de-
termine which regions of that space provide good
solutions to the problem. Our GASPlib [5] library has
been successfully used, in conjunction with GAlib [9],
to predict the crystal structures of benzene, naphtha-
lene, and anthracene using an empirical potential
function to calculate the crystal energies that were
used as the fitness functions [5]. Also, we used the
enthalpy as the fitness function to successfully locate
a high-pressure polymorph of benzene [6].

Despite their biologic importance, few amino ac-
ids have been used in crystal prediction studies [10,
11]; for this reason, in this work we selected l-
alanine and dl-alanine as test cases for this new
implementation of MGAC.

Methodology

GENETIC CODING OF THE CRYSTAL
STRUCTURE

In an implementation of a GA it is necessary to
define a genome such that the information available
in it allows the calculation of the fitness function
associated with the individual defined by the ge-
nome. The coding method used here allows the
treatment of crystals with asymmetrical unit cells
with any arbitrary number, Z, of molecules per cell.
When the molecules in the crystal are treated as
flexible bodies without any restriction the resulting

genome contains six real numbers giving the crys-
tallographic parameters (a, b, c, �, �, �) and an array
of dimension 3N with the Cartesian coordinates of
the N atoms belonging to the asymmetrical cell.
Therefore, the number of variables to optimize is
3N � 6. In many cases the search in this large
configuration space can be avoided by reducing the
dimension of the genome to reflect physical approx-
imations appropriate for molecules with semirigid
structures. The extreme case of this approximation
was used in our previous work in aromatic hydro-
carbons [5] in which the molecular geometry was
assumed fix during the optimization of the crystal
structure. A less drastic approximation is appropri-
ate for molecules with rigid backbones but mobile
side-chains. In this case, which we will label the
semirigid approximation, the genome can be ex-
pressed by adding to the genome for the rigid ap-
proximation the intramolecular dihedral angles for
which the torsion energies are comparable to the
intermolecular interactions. The genome within the
rigid approximation, for an asymmetrical cell with
Z molecules, is given by six real numbers corre-
sponding to the crystallographic parameters of the
asymmetrical cell (a, b, c, �, �, �), the position of the
center of mass of all molecules in the cell (r1, r2,
r3, . . ., rz), and Z sets of three Euler angles, (�1, �2,
�3, . . ., �z), describing the orientation of the mole-
cules with respect to the unit cell. When partial
relaxation of the molecular geometry is allowed in
the GA, i.e., the semirigid approximation, the ge-
nome has to be enlarged with Ndihed real numbers
corresponding to the values of the dihedral angles
that are allowed to vary in the optimization. With
these approximations the total number of indepen-
dent variables in the search space is

k � 6 � Z�6 � Ndihed�, (1)

where Ndihed is the number of varying dihedral
angles in each molecule in the asymmetrical cell. A
pictorial representation of the genomes for both
cases discussed above is given in Figure 1.

Ideally, the prediction of the crystal structures
should be done using only the connectivity be-
tween the atoms within the molecule. A full opti-
mization without any symmetry constrain has only
one parameter unknown, the number of molecules
per asymmetrical cell, which has to be assumed
previous to the calculations. The crystal parameters
including its symmetry can be calculated from the
resulting structures. Unfortunately, this strategy
has several disadvantages: The number of parame-
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ters to optimize is considerably larger than for the
symmetry constrained case, making the problem
harder to resolve. Moreover, because there are no
symmetry constrains in the optimization, a large
number of nonphysical structures are created in the
GA process, making it difficult to avoid the con-
tamination of the population from this artifacts. In
this work we have chosen to select the symmetry
group of the crystal and assume the number of
molecules per asymmetrical cell before running the
optimization using MGAC. This greatly reduces the
number of parameters necessary to define a crystal
structure, leading to a smaller configuration space
for each choice of number of molecules per cell and
space group. When this information is not available
multiple runs for different space groups and num-
ber of molecules per cell are needed to locate all the
possible crystalline structures. While this may be
perceived as a serious drawback because there are
235 possible space groups, it has been documented
that most of the molecular crystal structures belong
to one of the 7 most common space groups [12].
Moreover, for crystals in these space groups the
large majority has one or two molecules per asym-
metrical cell. Due to these regularities and the fact
that the number of parameters in each optimization
is greatly reduced by as many times as the number
of symmetry operators belonging to a space group,
this approach is highly preferred.

For the cases studied here, l-alanine and dl-
alanine, the space groups of their crystals as well as

the number of molecules per asymmetrical unit cell
are known [13, 14]. Therefore, we restricted our
search to crystals with four molecules per cell, be-
longing to the P212121 and Pna21 space groups for
l-alanine and DL-alaninne, respectively. Both space
groups are orthorhombic and therefore the unit cell
is defined by the three cell constants a, b, and c with
all the cell angels �, �, � � 90°.

POTENTIAL ENERGY FUNCTIONS

Using the information contained in the genomes
the energy of each individual was evaluated and its
structure relaxed to the local minimum. All calcu-
lations were done using the CHARMm code [15]
with either the AMBER [16] or CHARMm [17] force
fields and considering periodic boundary condi-
tions. To this end, in the new version of MGAC we
implemented an interface with the CHARMm code,
schematized in Figure 2. Note that while this
implementation uses the CHARMm module to
calculate the crystal energy and perform its local
minimization. The system is modular and the

TABLE I ______________________________________
Comparison of the crystal lattice parameters and
Rwp [Eq. (2)] factors for the reference and
experimental structures of L-alanine
using different potentials.

Structurea a (Å) b (Å) c (Å) Rwp

Exp. 6.032 12.343 5.784 0.000
Ref_AMBER94 5.758 12.323 5.694 0.416
Ref_CHARMm 5.521 12.483 5.404 1.265

a From Ref. [13].

FIGURE 1. Pictorial representation of the genomes
used for the unconstrained or full-MGAC and semirigid
approximations.

FIGURE 2. Modular structure of the MGAC software
used in this work.
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CHARMm module can easily be replaced by any
other energy module with similar functionality.

GA OPTIMIZATION

The routine GALib [9] is used to generate the
random numbers necessary to construct the initial
genomes for Npop individuals. The random numbers
used to define the length of the crystal axes belong
to specified intervals selected according to the ex-
pected dimensions of the unit cell; these restrictions
have been included to avoid sampling in nonphys-
ical configurations. It is important that the intervals

chosen are not too large, to reduce the time re-
quired for the local optimizations, but long enough
to generate a representative sampling.

The GA operations of mating (crossover), muta-
tion, and selection are used to evolve one genera-
tion into the next. The population replacement is
made employing the steady-state genetic algorithm
(SSGA), which typically replaces only a small pro-
portion of strings in each generation [18–20]. This
technique is also known as elitism. Among the pop-
ulation the best individuals, 50% of the population,
are copied directly into the next generation. The

FIGURE 3. Simulated X-ray power diffraction spectra for different structures of L-alanine. (Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.)

TABLE II ______________________________________________________________________________________________
Comparison of the crystal lattice parameters, Rwp [Eq. (2)] factors, and relative energies, �E,a for the
predicted structures of L-alanine calculated using the semirigid approximation.

Structure a (Å) b (Å) c (Å) Rwp �Ea (kcal/mol)

Pred_AMBER94 5.774 12.357 5.703 0.418 �0.222
Pred_CHARMm 5.521 12.281 5.404 1.365 0.001

a The relative energy is given by the difference between the energy of the predicted structure and the energy of the reference
structure for the same force field.
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criteria for fitness probability, selection of the indi-
viduals, and mutation used here are those dis-
cussed in detail in Ref. [5]. The results reported in

this article were obtained using a population
formed by Npop � 20 individuals.

Results and Discussion

l-alanine and dl-alanine were chosen as a test
case for the new version of MGAC. These molecules
are well suited for these tests because they contain
a relatively small number of atoms and have a
relatively large number of internal degrees of free-
dom (three dihedral angles) for such small mole-
cules. This allowed extensive testing and compari-
son of the optimizations procedures described
above.

When comparing the predicted (optimized)
structures with the experimental ones we use the
concept of reference structure that was introduced
in our previous work [5]. The reference structures
are calculated performing a local minimization of
the experimental structures using the different
force fields or potentials considered here. By using
reference structures when comparing with experi-
mental data it is possible to independently test the
deficiencies in the predicted structures that are as-
sociated with the GA optimization algorithm from
those originating in shortcomings of the force field
used in the calculation of the energy.

Several methods have been proposed to compare
predicted and experimental crystal structures [4].
Here, we compare the different crystal structures
using their lattice parameters and differences be-
tween their calculated X-ray powder diffraction
spectra. This difference is measured by the
weighted profile values, Rwp given by [21],

Rwp � � �
i

N

wi� yi�exp� � yi�pred�	2��
i

N

wiyi
2�exp��1/ 2

,

(2)

FIGURE 4. Comparison of the predicted structures of
L-alanine with the experimental one.

TABLE III _____________________________________________________________________________________________
Comparison of the crystal lattice parameters, Rwp [Eq. (2)] factors, and relative energies, �E,a for the
predicted structures of L-alanine calculated using the unconstraint or full MGAC approximation.

Structure a (Å) b (Å) c (Å) Rwp �Ea (kcal/mol)

Pred_AMBER94 5.766 12.370 5.701 0.418 �0.024
Pred_CHARMm 5.520 12.483 5.404 1.267 0.001

a The relative energy is given by the difference between the energy of the predicted structure and the energy of the reference
structure for the same force field.
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where wi is the statistical weight of the intensity,
wi � 1/yi(exp), yi(exp) is the intensity calculated
using the experimental structure, and yi(pred) is the
intensity calculated using the predicted structure at
channel i.

L-ALANINE

As discussed above we performed a local opti-
mization of the experimental structure using two
different force fields to obtain the corresponding
reference structures and evaluate their ability to
reproduce the structure for this particular molecule.
The results of these optimizations are show in Table
I. From the comparison of the crystal parameters
and the Rwp factors it becomes apparent that both
the AMBER and CHARMm force fields produce
local minima with structures close to the experi-
mental one. The optimization with AMBER gives
the closest reference structure to the experimental
one.

The first set of optimizations performed using
the MGAC were run two or three times for each

force field using the semirigid approximation and
the symmetry constrains of the P212121 space
group. Under the semirigid approximation all the
dihedral angles in l-alanine were allowed to
change freely, while the bond distances and bond
angles were kept at the values found for the corre-
sponding reference structures. The results of these
optimizations are presented in Table II, which
shows the crystallographic parameters, Rwp factors,
and energy differences between the predicted (op-
timized) and reference structures. It is apparent that
the structures predicted by the AMBER and
CHARMm force fields are similar to their respec-
tive reference structures and consequently to the
experimental ones. The X-ray powder diffraction
spectra simulations for the experimental and pre-
dicted structures are plotted in Figure 3, while their
crystal structures are depicted in Figure 4.

The next set of optimizations was run without
any constrain in the molecular geometry. The inten-
tion here was to verify if the semirigid approxima-
tion was valid for l-alanine. Table III shows the
results for the full-MGAC algorithm using the AM-
BER and CHARMm potentials; from the compari-
son of these results with those in Tables I and II it is
evident that the full-MGAC optimization finds the
same structures as the semirigid MGAC approxi-
mation. While in l-alanine the use of the semirigid
approximation may not be necessary, it may be
important when MGAC is applied to larger mole-
cules where the number of parameters may be con-
siderably larger for the full MGAC optimizations.

DL-ALANINE

Table IV shows the results of the local optimiza-
tion of the experimental structures (reference struc-

TABLE IV _____________________________________
Comparison of the crystal lattice parameters and
Rwp [Eq. (2)] factors for the experimental and
reference structures of DL-alanine calculated using
different potentials.

Structurea a (Å) b (Å) c (Å) Rwp

Exp. 12.026 6.032 5.829 0.000
Ref_AMBER94 12.768 5.667 5.687 0.655
Ref_CHARMm 12.742 5.554 5.402 1.401

a From Ref. [14].

TABLE V ______________________________________________________________________________________________
Comparison of the crystal lattice parameters, Rwp [Eq. (2)] factors, and relative energies, �E,a for the
predicted structures of DL-alanine calculated using the semirigid approximation.

Structure a (Å) b (Å) c (Å) Rwp �Ea (kcal/mol)

Pred_AMBER94
I 12.785 5.664 5.687 0.622 0.232
II 12.760 5.663 5.701 6.023 0.205

Pred_CHARMm
I 12.742 5.558 5.403 1.537 0.625
II 12.766 5.471 5.394 9.875 �0.022

a The relative energy is given by the difference between the energy of the predicted structure and the energy of the reference
structure for the same force field.
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tures) for the AMBER and CHARMm potentials. As
in l-alanine there is good agreement between the
experimental structure and the reference structures.
For dl-alanine the semirigid approximation was
used in all optimizations; the asymmetrical cell was
constructed using the genome parameters to con-
struct the first l-alanine molecule in the cell and the
other molecules including the enantiomers were
created using the symmetry operations that relate
the molecules in the cell for the Pna21 space group.

The results of the MGAC simulation are given in
Table V. For both potentials a number of different

simulations consistently predicted two distinctly
different structures within 0.7 kcal/mol from the
corresponding reference structures. One of these
structures, labeled I in Table V, closely corresponds
to the reference structure and consequently to the
experimental one. Again as in l-alanine, for this
structure there is good agreement with the experi-
mental structure when the CHARMm or AMBER
potentials are used in the calculations. The other
structure, labeled II, is a completely new structure
with energy close, �0.022 kcal/mol for CHARMm
and 0.205 kcal/mol for AMBER, to the energy of the
corresponding reference structures. While both
structures I and II have similar crystallographic
parameters they show large differences in the ori-
entation of the molecules in the unit cell, as de-
picted in Figure 5 for the AMBER-optimized struc-
tures. Figure 6 shows the X-ray powder diffraction
spectra simulated for the experimental and pre-
dicted structures using the AMBER potential. There
is good agreement between those spectra calculated
using the experimental and the predicted structure
(I), but the one corresponding to the second struc-
ture (II) shows significant differences in the power
diffraction spectra. The second structure found by
the MGAC method, using both the CHARMm and
AMBER potentials, is an excellent candidate as a
polymorphic form of dl-alanine.

Conclusions

This article shows how the MGAC method has
been extended to allow relaxation of molecular ge-
ometry during optimization of the crystalline struc-
ture. The method has been implemented allowing
either full or partial relaxation of the molecular
geometry. The results show that both implementa-
tions agree when the semirigid approximation can
be justified. The method was applied to l-alanine
and dl-alanine for two different potential func-
tions; the genetic algorithm was always able to find
minima that are likely global minima of the poten-
tial. These global minima of the potential corre-
spond to structures that are close to the experimen-
tal structures, showing also good agreement
between the calculated X-ray powder diffraction
spectra.

For dl-alanine the MGAC method, using both
the AMBER and CHARMm potentials, was able to
locate the experimental crystalline structure. But, it
also consistently found a different crystalline struc-
ture at less than 0.2 kcal/mol from the reference
structures. This structure shows different X-ray

FIGURE 5. Comparison of the two predicted (AMBER)
structures of DL-alanine with the experimental one.
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powder diffraction spectrum due to a different ori-
entation of the molecules in the asymmetrical cell
and is an excellent candidate for a polymorph of
dl-alanine. An extensive literature search did not
provide any evidence of polymorphic structures in
dl-alanine, which is not surprising as it is well
known that polymorphic structures are sometimes
difficult to crystallize. Our results do not support
the coexistence of these two crystal structures or the
contamination of the experimental structure by the
second one. We hope the results presented here will
encourage experimental work searching for poly-
morphic structures of dl-alanine.
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