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ABSTRACT: Lattice energy searches for theoretical low-energy crystal forms are presented for 50 small organic
molecules, and we compare the experimentally observed crystal forms to these lists of hypothetical polymorphs. For
each known crystal, the relative stability is calculated with respect to the global minimum energy structure, and we
determine the number of unobserved structures lower in energy than the experimental form. The distributions of
these relative energies and their rankings in the predicted lists are used to determine the efficacy of lattice energy
minimization in crystal structure prediction. Although a simple form for the interaction energies has been used, the
calculations produce almost a third of the known crystals as the global minimum in energy, and approximately a
half of the known structures are within 1 kJ/mol of the global minimum. Molecules with no hydrogen-bonding capacity
are most likely to be found close to the global minimum in lattice energy, while increasing the number of possible
hydrogen-bond donor-acceptor combinations leads to less reliable predictions.

1. Introduction

Computational methods of predicting the most likely
crystal structures of a molecule from its atomic con-
nectivity alone could be of great value in several areas
of materials chemistry. The predicted properties of such
hypothetical polymorphs could be used as a screen for
molecular crystals with novel properties, such as a high
nonlinear optical response. Furthermore, the forecasting
of energetically competitive polymorphs may help avoid
the potentially disastrous problems associated with
unanticipated crystal forms appearing late in the pro-
cessing cycle of a pharmaceutical molecule.

The field of crystal structure prediction (CSP) has
benefited from many detailed studies of well-chosen
molecules, such as paracetamol1 and p-dichlorobenzene,2
as well as collaborations comparing alternate method-
ologies for small sets of molecules.3-5 Surveys of larger
groups of molecules6-11 have also been valuable, but
have usually been limited to specific classes of mol-
ecules, often in the development of model potentials.
Such detailed studies of single molecules or small
families have the advantage of being able to fine-tune
the prediction methodology as well as the possibility of
performing extensive experimental investigations in
parallel with the theoretical study.

A more general survey does not allow for fine-tuning
of the method for each molecular system and so may
not give as reliable results for the individual molecules.
However, it can provide a broader picture that can
answer different questions:

(i) How often have experimentally observed crystals
not found the global free energy minimum (i.e., are

kinetic products of crystallization) and, so, what success
rate can we expect from CSP by global minimization
methods?

(ii) Crystals of which types of molecules are more
likely to be predictable by lattice energy minimization
(see the recent survey asking this question12), and are
there molecular characteristics that make them ame-
nable to this most common of prediction methods?

(iii) Where the energy is not the sole factor determin-
ing the final crystal structure, what other calculated
properties or nonenergetic descriptors can help deter-
mine the most likely observable structures generated
by CSP searches?

Differences in methodology among the growing num-
ber of prediction studies make these questions difficult
to answer through literature surveys. Predictions are
especially dependent on the model used to calculate
energies, and, indeed, different schemes for calculating
intermolecular energies can give contrasting results for
a given molecule. Pyridine is a good examplesan atom-
atom model potential with electrostatics described by
atomic multipoles found that there are many lower
energy structures than the known polymorphs,13 but by
calculating interaction energies for the same hypotheti-
cal crystals by the semiclassical density sums (SCDS)
pixel approach,14,15 the global minimum does correspond
to one of the known forms.15 The approaches are
different and each describes certain contributions to the
interaction energy very well. The discrepancies are
therefore noteworthy and highlight the sensitivity of
crystal structure predictions to the approach used to
describe the intermolecular energy. Such variations in
results make it difficult to draw general conclusions
from individual studies of particular molecules. How-
ever, we hope that, over a large set of molecules, using
a consistent computational method, such variations will
not obscure the overall picture and we can make
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conclusions about the general approach to crystal
structure prediction. We have, therefore, performed a
study of a large group of organic molecules, with a
variety of shapes, sizes, and constituent functional
groups. This diverse group of molecules is limited only
by the criteria of being (a) small and reasonably rigid
(less than 25 atoms) and (b) composed of common atom
types, for which high-quality parameters are available
for the model potential.

There are numerous software packages that generate
lists of hypothetical crystal packings for a given mol-
ecule, many of which are described in Verwer and
Leusen’s review of crystal structure prediction meth-
ods.16 The problem of searching phase space is being
solved by the use of clever algorithms and the rapid
increase in available computing power. At least for
small, rigid molecules, the generation of all of the
plausible structures should now rarely be a stumbling
point, at least when there is only one symmetrically
independent molecule (Z′ ) 1). It is the post-search
ranking of structures that is the main obstacle to
reliable crystal structure prediction for small, rigid
molecules. In the present study, we only consider the
lattice energy of the hypothetical crystals. However, the
collection of these predicted crystal structures can act
as a future test set for other methods of ranking the
probabilities of observing computed structures.

We chose to start with a form of model potential that
requires no particularly specialized modeling softwares
the pairwise additive, isotropic repulsion-dispersion
model with the charge distribution described by atomic
point charges. Higher quality models, such as those
explicitly including polarization,17,18 using atomic mul-
tipoles for more accurate electrostatics,19-21 anisotropic
atom-atom repulsion,2,22 or more detailed partitioning
of the molecular charge density,14,15 are certain to yield
better results, but we leave the effects of such improve-
ments in the model for future study. Furthermore,
lattice energy calculations ignore the potentially impor-
tant effects of lattice vibrational energy differences,
especially the entropy - enantiotropic polymorphs are
proof that the temperature dependence of relative
stabilities is important. A computational study of
known polymorphs23 suggests that entropy differ-
ences of up to 15 J/mol‚K between polymorphs are
possible, although almost two-thirds of polymorphic
pairs differ by less than 4 J/mol‚Ksjust over 1 kJ/mol
at room temperature. Inclusion of vibrational con-
tributions to the energy will be important in fine-
tuning the energy ranking of predicted structures,
but we have not calculated these contributions in this
work.

2. Choice of Molecules

As we have mentioned, we chose a set of small, rigid
organic molecules for our test set. Many practical
applications of CSP will need to deal simultaneously
with conformational flexibility and the search for close
packed structures of the molecule. This increases the
difficulty of the problem because all relevant conforma-
tions must be searched in the generation of the trial
crystal structures, and the models for the inter- and
intramolecular energies must be accurate and well
balanced. Some of the difficulties in combining inter-

and intramolecular energy calculations have been high-
lighted by case studies of conformational polymor-
phism.24,25 Flexible molecule force fields are continually
improving, but, as we see from the results of recent blind
tests,3-5 the added difficulties dramatically lower
the success rates of CSP for flexible molecules. With
this in mind, we initially chose to study rigid molecules
and we searched the Cambridge Structural Data-
base for suitable small molecules, using the following
criteria.

(i) Molecules containing only the elements C, H, N,
and O and a range of common functional groups,
molecular sizes, masses, and shapes.

(ii) We defined “small” as less than 25 atoms and only
took molecules that we judged as reasonably rigid. Some
of the molecules we chose do have a potentially flexible
torsion angle or rotation, but it was necessary to include
these to cover a range of functional groups (for example,
amide substituted aromatic rings). We are not address-
ing the problems related to molecular flexibility in this
work, so when choosing molecules with potentially
flexible functional groups, we only included molecules
whose calculated gas phase conformation was close to
the conformation observed in the crystal, e.g., torsion
angles within about 5°. For example, the calculated out-
of-plane torsion angle of the amide group in benzamide
is about 21°, which is reasonably close the 25-28°
observed in the various determinations of its crystal
structure.

(iii) The molecule must have at least one known
crystal structure with all atomic positions accurately
located and no disorder.

As a final criterion, we chose to limit ourselves to the
nine most common space groups: P21/c, P1h, P212121,
P21, C2/c, Pbca, Pnma, Pna21, and Pbcn; about 95% of
homomolecular organic crystals are observed in these
space groups.26 Furthermore, we have only considered
crystals with Z′ e 1. While these restrictions would not
be necessary when studying a particular molecule, they
restrict the search space and allowed us to study a
greater number of molecules. As searching the less
common space groups is only a technical detail, the
exclusion of molecules that crystallize with less common
symmetries is a small sacrifice for allowing a larger
sample of molecular types and, so, more general results
and conclusions.

The set that we chose consists of 50 molecules (Table
1), ranging in molecular weights from 28 to 181 amu.
We deliberately chose some molecules that are known
to be polymorphic so that the total number of crystals
is 62 (ignoring those in the less common space groups
that we are not considering). The sampling of space
groups within this set (58% P21/c, 11% Pbca, 10% P1h,
6% Pna21, 6% P212121, 5% P21, and 3% C2/c) is reason-
ably representative of what is observed in the CSD.26

3. Computational Methods

One of our criteria for the choice of molecules was that
they were reasonably rigid, so that we could treat the
molecular structure as fixed during crystal structure
prediction. Crystal structure searches were performed
using idealized molecular structures, generated from
density functional theory calculations. We optimized the
gas-phase structure using the program Dmol3,27 with
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Table 1. Test Set of Small Organic Molecules and Results of the Crystal Structure Prediction
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Table 1 (Continued)
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the PW91 functional28 and the double numerical polar-
ized (DNP) basis set.29 Several of the molecules in our
list have multiple possible “rigid” conformations. For
example, in m-nitrophenol, the proton of the alcohol

group could point away from (as is observed in the
known polymorphs) or toward the nitro group; both
planar geometries are stable in the gas phase and
separated by a ∼5 kJ/mol energy barrier. For the 11

Table 1 (Continued)

1 ∆E is the calculated energy difference between the experimentally observed crystal structure and the lowest energy unobserved
crystal structure. Nlower is the number of predicted, but unobserved, crystal structures that are lower in energy than the experimentally
observed crystal structure. These measures are described in section 4.3. 2 Polymorphs in space groups that were not considered in this
work are listed in parentheses. 3 For the high-pressure polymorph of benzene, we added the PV energy term to the calculated energies
of all the predicted structures to determine its position in the ranked list of hypothetical structures. 4 AMNTPY02 relaxed to the same
potential energy minimum as AMNTPY01 (see text). *Indicates a crystal that was not located in the first four repeats of the simulated
annealing search and the search was repeated until the structure was found.
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molecules where there are such alternate conformations,
we optimized geometries for each conformer (see section
4.4).

3.1 Model Potential. Besides the molecular struc-
tures, the other main ingredient in crystal structure
prediction is a model for the interaction energies
between molecules. Much of the variability of results
in previous prediction studies results from differences
in the choice of model potential.3-5 As this choice is
crucial to the success of a study, we tested several
models on a subset of 15 crystals from our test set.

There are many choices for the model potential, not
only in the functional form used, but in the approach
used to parametrize the function. As already mentioned,
we restricted ourselves to simple functional forms of
intermolecular potential in the present study, leaving
improvements requiring more specialized software and
increased computational expense to later investigations.
We chose a set of model potentials that we consider
suitable for the type of molecules that we are studying
here.

Two model potentials derived specifically for rigid
molecules were tested, both using the exp-6 (Bucking-
ham) functional form for nonbonded interactions.

(a) The FIT model uses the C, N, O, and nonpolar H
parameters from Cox and Williams’ work.30,31 The
parameters were fitted to reproduce the structures and
lattice energies of a large set of non-hydrogen-bonded
hydrocarbons, oxohydrocarbons and azahydrocarbons.
To complete the FIT model, parameters for polar
hydrogen atoms, H(-N) and H(-O), were later fitted
by Price and co-workers to sets of hydrogen-bonded
organic molecular crystals, in conjunction with an
accurate electrostatic model.9,20

(b) The W99 model32-34 is a more recent set of param-
eters, derived in much the same way as the FIT model,
but allowing the parameters for each atom type to
depend on the bonding environment of the atom. For
example, the parameters describing aromatic and ali-
phatic carbon were varied separately in the fitting
procedure. Another detail of the W99 model potential
is that the center of the interaction for all hydrogen
atoms is shifted 0.1 Å along the X-H bond (X ) C, N,
O), toward the heavy atom. Thus, for all of our calcula-
tions with the W99 model, we foreshortened all DFT
optimized X-H bond lengths by 0.1 Å.

We also tested the use of the nonbonded parameters
from three flexible molecule force fields: Dreiding,
CVFF95 and COMPASS.

(c) Dreiding35 is the oldest of these three and one of
the most commonly used force fields for molecular
simulation. We tested the Dreiding-X variation of the
potential, which uses the same exp-6 functional form
as FIT and W99. A specific 12-10 model for hydrogen
bonding is included within the Dreiding model, although
the use of an explicit expression for hydrogen bonding
is probably redundant when the repulsion, dispersion,
and electrostatic models are sufficiently accurate. Thus,
we tested the Dreiding model with and without this
hydrogen bond term.

(d) CVFF9536-39 force field was developed specifically
for materials science applications and the nonbonded
parameters were parametrized to the crystal structures

of small organic molecules, employing a 12-6 (Lennard-
Jones) form.

(e) The final model that we tested is COMPASS,40 a
force field for condensed phase simulations. The non-
bonded parameters of the 9-6 model were parametrized
to structures and properties of the condensed phase. In
contrast to the normal approach of parametrization by
comparing lattice energy minimized models to experi-
ment, molecular dynamics simulations were used to
explicitly include temperature when fitting the model
to experiment.

Both CVFF95 and COMPASS can supply their own
atomic charges, based on bond increments. We tested
the models with their own charges as well as atomic
charges specifically fitted for each molecule. The charges
were derived by fitting to the molecular electrostatic
potential (ESP) of the DFT calculated charge density,
calculated within the Dmol3 program.27 The grid of
points used in the fitting was taken from the internal
and external atomic radii suggested in Dmol3 and
smoothly varying weighted fitting points across border
layers at the internal and external edges of the area
around each atom.27 These ESP atomic charges were
used as the electrostatic model for the FIT, W99, and
Dreiding calculations.

To test the models, we took the known crystal
structures from the Cambridge Structural Database and
replaced the molecular structure with the DFT opti-
mized geometry. The crystal was then energy minimized
using the Cerius2 software, keeping the DFT geometry
fixed. We measured the root-mean-squared change in
the lattice parameters a, b, and c and used the overall
root-mean-squared change in the lattice parameters to
judge the performance of the potential (Table 2).

The ESP atomic charges are a clear improvement over
those calculated from transferable bond increments and
the cost of calculating the molecular electrostatic po-
tential for these small molecules is minimal. The best
performance was with the W99 model, which was
developed specifically for these types of molecules, while
COMPASS+ESP followed closely behind. We proceeded
with the W99+ESP model potential for all of the crystal
structure searches presented here. We only used struc-
tural comparisons to guide our choice of model potential
in this work, so are not making definite conclusions
regarding the accuracy of these models. Sublimation
enthalpies have been determined for a few of the
crystals in our list and these are given, along with the
W99+ESP calculated lattice energies, in the Supporting
Information. There is good agreement for some of the
crystals, while the lattice energy underestimates the
sublimation enthalpy for several of the hydrogen-bonded
crystals. Previous studies41,42 suggest that an improved
electrostatic model would improve the agreement be-
tween lattice energies and sublimation enthalpies.

3.2 Crystal Structure Search. There are numerous
methods of generating the possible crystal packings of
a molecule,16 as compared in blind tests of crystal
structure prediction.3-5 Some of these methods build up
crystals from stable molecular clusters,43-46 while others
search phase space systematically,6,7,47,48 by Monte
Carlo,49-53 Molecular Dynamics,54 or genetic algo-
rithms55-57 or even completely randomly.58,59 Some of
these methods may be more efficient or more effective
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for different types of molecules, but our aim is not to
compare search methods. Instead, we are interested in
the ranking of structures, given a list generated by one
of these types of searches. We chose the simulated
annealing algorithm of Karfunkel and Gdanitz,16,51-53

as implemented in the Accelrys Polymorph Predictor
module of the Cerius2 software suite.60 This search
method is well tested and seems to be effective for a
range of types of molecules.

The search consists of several steps and is repeated
separately for each space group.

(i) The first stage is the simulated annealing, during
which crystal structures are built and randomly modi-
fied. During a heating phase, high energy barriers can
be crossed and so the whole of the potential energy
surface is sampled. This is followed by a cooling phase,
during which the probability of crossing energy barriers
decreases.

(ii) After the simulated annealing, the resulting
structures are clustered to eliminate duplicates.

(iii) The hypothetical structures are energy mini-
mized.

(iv) The structures are clustered again to remove
duplicates that converged to the same minimum during
energy minimization.

There are several parameters that can be adjusted
during this routine. The simulated annealing is gov-
erned by the heating rate (Th), cooling rate (Tc), and two
parameters to signal the end of the heating phase: a
maximum temperature (Tmax) and a limit on the number
of consecutive accepted structures, Naccept. The heating
is ended when either the temperature reaches Tmax or
Naccept consecutive random moves are accepted. The
clustering is controlled by a tolerance on the measure
of similarity. The lower this number, the closer struc-
tures must be to be considered identical, so high
tolerances risk throwing away distinct crystals. During
the first clustering, a maximum number of structures,
Nmax, are chosen for energy minimization. Although it
is possible that a high energy trial structure can relax
to be one of the most stable crystals, the number of
energy minimizations can be limited, by discarding any
structures above Nmax in the energy ranked list follow-
ing the simulated annealing. The settings for the
parameters are a balance of computing time and con-

fidence that the search generates a complete set of
possible low-energy hypothetical crystals.

We took most of our settings from the default values
in the highest performance (and most computationally
intensive) settings provided by the Cerius2 software.
The heating and cooling rates as well as maximum
temperature and number of consecutive accepted moves
in the heating were left unchanged (Table 3). We have
developed our own algorithm for the clustering of crystal
structures, so used the Cerius2 clustering with very
tight settings. The tolerance for comparing structures
was decreased to 0.10 from the default value of 0.13,
which resulted in very few structures being discarded.
We tested the performance of the search on a subset of
our molecules and found that, with this clustering
tolerance, the default number of structures to energy
minimize (1000 per space group), was too low, missing
about 5% of structures within 5 kJ/mol of the global
minimum in the final list. While doubling Nmax to 2000
lowered the number of missed structures to about 1%
of those in the lowest 5 kJ/mol, we decided to include
all distinct simulated annealing structures in the energy
minimization by increasing Nmax to 10000.

The simulation was repeated several times for a
subset of our molecules, combining final lists after each
repeat of the simulated annealing. We kept track of the
number of new structures in the low energy list after
each repeat and found that the search was converged
after three repeats for this subset of molecules. To be
more confident of adequately searching phase space, we
added an extra repeat and performed four searches for
each molecule in our set. On average, one repeat of the
search (simulated annealing, clustering, and energy
minimization) for the nine space groups took about 6-8
hours on our workstation (one 600 MHz processor of an
SGI Octane), so we used about 1 day of computing time
per molecule with the final settings.

Table 2. Root Mean Squared % Changes in Lattice Parameters on Energy Minimization for the Model Potentials Tested

Dreiding CVFF95 COMPASS

crystal
Refcode FIT W99

with
H-bond

without
H-bond

bond increment
charges

ESP
charges

bond increment
charges

ESP
charges

ETHLEN 6.55 2.64 3.07 3.07 12.72 2.48 11.03 3.21
NTROMA 4.81 2.09 2.75 2.75 5.73 4.60 2.03 0.89
TRAZOL 6.88 4.68 6.87 6.22 17.09 6.78 21.17 5.67
NEZMUA 5.64 3.80 3.03 2.50 3.37 2.19 4.19 2.22
OXAZIL 2.23 3.12 3.90 1.15 1.98 1.94 2.90 3.25
SEGRUR 2.35 2.55 2.00 1.93 5.59 2.11 6.11 3.53
R PYRZIN 2.34 1.09 2.60 2.42 4.95 3.83 2.70 3.53
â PYRZIN 6.86 2.69 4.38 4.79 2.41 2.99 0.59 2.84
γ PYRZIN 5.23 2.80 2.61 2.89 0.40 0.92 1.72 1.73
δ PYRZIN 4.92 2.79 3.36 4.13 6.26 1.85 6.67 1.98
HEZQUY 2.75 1.42 1.39 1.39 1.85 1.28 1.79 1.77
QAJYIJ 6.57 3.50 2.83 2.83 17.72 4.23 12.52 4.31
GEYWIQ 2.25 1.38 1.41 1.41 2.43 1.80 7.78 0.92
QUINCB 2.45 0.97 1.56 2.27 2.31 2.72 1.96 2.22
HEBBEV 1.58 0.91 0.60 0.60 2.65 1.35 1.41 2.30
overall 4.65 2.66 3.18 3.04 7.91 3.12 7.83 2.96

Table 3. Simulated Annealing and Clustering
Parameters

simulation parameter value used

heating rate, Th 0.025
cooling rate, Tc 0.001
maximum temperature, Tmax 100000 K
maximum number of consecutive

accepted structures, Naccept

12

clustering tolerance 0.10
structures kept after clustering 10000
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For those molecules with multiple rigid conforma-
tions, the search was repeated for any conformations
with molecular energy within 10 kJ/mol of the most
stable. The low energy lists of crystals structures for
each conformation were then combined, using the sum
of molecular (gas-phase DFT energy) and lattice (from
the model potential) energies as a measure of their
relative stabilities.

3.3 Symmetry Constraints and Unstable Struc-
tures. Energy minimizers generally do not guarantee
that a minimum in the energy is found, but stop at any
stationary point (i.e., the forces are all zero to within
some tolerance). Such points on the potential energy
surface could be minima or saddle points, which are a
minimum in energy in at least one direction, but a
maximum along at least one other path. Such structures
are especially likely to be found when using space group
symmetry in the energy minimizations, as is done in
the energy minimizations within the Polymorph Predic-
tor package. Therefore, there may be many such cases
in the final lists we generate with Polymorph Predictor.
These saddle point structures are not observable crys-
tals, so must be removed from the lists of hypothetical
structures or pushed downhill toward the nearest
minimum on the energy surface. This task is automated
in another crystal structure modeling program,
DMAREL,19,61 which can calculate elastic constants and
phonon frequencies for rigid molecules. Either an un-
stable elastic constant matrix or a negative phonon
frequency indicates that the structure is at a saddle
point. In either case, DMAREL performs a line search
in the direction of decreasing energy and resumes the
energy minimization at the lowest point along this path.

The final structures within 15 kJ/mol of the global
minimum from the Polymorph Predictor calculations
were reminimized using DMAREL, initially using space
group symmetry. Their stabilities (phonon frequencies
and elastic constants) were then checked and structures
were pushed to a minimum where required. In some
cases, the original space group symmetry is conserved,
but some structures required at least one symmetry
constraint to be removed to reach a stable minimum.
In these cases, all symmetry was removed from the
structure and we identified the remaining symmetry
after energy minimization. In some cases, this leads to
space groups that were not included in the initial
searches and even to structures with more than one
molecule in the asymmetric unit. As yet, only k ) 0
phonon calculations are implemented in DMAREL, so
it is still possible that some structures at the end of this
procedure are unstable to unit cell doubling.

For comparison to the lists of predicted crystals, the
known crystal structures for each molecule were taken
from the CSD and lattice energy minimized, with the
molecular structure exchanged for the idealized gas-
phase geometry. A table of unit cell parameters for the
lattice energy minimized structures is available as
supplementary information.

3.4 Clustering. The list of optimized predicted
structures often contains several duplicate structures,
and it is helpful if these duplicates are removed to
produce a list of unique structures. To cluster our list,
we have developed an algorithm, COMPACK,62 to
identify whether two crystal structures are the same

to within specified tolerances. The algorithm avoids the
use of space group symmetry but rather defines a crystal
structure in terms of its molecular packing environment.
A molecule together with its coordination shell, say the
closest 14 closest molecules, is chosen to represent the
reference crystal structure. Relationships between these
molecules are described by distance and angle con-
straints which can then be searched for in a target
structure. Tolerances are placed on distances and angles
to control the level to which relative positions and
orientations of the molecules must match. This method
was also used to locate the position of the observed
structure within the predicted list.

4. Results and Discussion

4.1 Are All of the Experimental Structures Gen-
erated? Of the 62 crystals in the space groups that
we searched, all but four were located in the final
lists: benzamide (BZAMID), the monoclinic polymorph
of 3,4-cyclobutylfuran (3-oxabicyclo(3.2.0)hepta-1,4-
diene) (XULDUD01), the â polymorph of pyrazinamide
(PYRZIN01), and form III of 2-amino-3-nitropyridine
(AMNTPY02). The result is pleasing; if we were study-
ing a particular molecule on its own, more than four
repeats of the simulated annealing would be run to be
more confident in having a complete search of phase
space. Furthermore, an experienced user of the software
could perhaps adjust other settings (e.g., the heating
and cooling rates) to further optimize the efficiency of
the search. All of the missed structures are in the space
group P21/c. As this is the most common space group
for molecular organic crystals, it is probably a good idea
for future prediction studies to search this symmetry
more intensely than others. For three of these four
missed crystals, we added additional repeats of the
simulated annealing in P21/c until the known structure
was found. For XULDUD01, the known structure was
located in the fifth search, BZAMID in the 12th, and
PYRZIN01 in the 13th. The simulated annealing algo-
rithm clearly has difficulties with the latter two crystals;
they may inhabit narrow potential energy wells in
otherwise inaccessible areas of phase space. We have
not compared search methods in this work, but if the
cause of the difficulty in finding these structures is the
narrowness of the potential energy well, then other
search methods would probably have similar problems
in finding these crystal structures.

The four missed structures remind us that we have
not produced complete sets of crystal structures for our
molecules; there may be other low-energy structures
missing. We know this in advance, because of our
limiting of the space groups considered. Furthermore,
few of the molecules have been subjected to polymorph
screens, so it is likely that undiscovered structures exist.
More extensive calculations could show up more unreal-
ized low-energy structures, while more extensive experi-
ments could discover more real polymorphs. We expect,
however, that the results of either would have a small
influence on the overall results of our study.

The lack of success with the remaining crystal (2-
amino-3-nitropyridine, AMNTPY02) is due to shortcom-
ings of lattice energy minimization with a simple model
potential. When relaxing the experimental crystal on
the W99+point charge potential energy surface, the

1334 Crystal Growth & Design, Vol. 4, No. 6, 2004 Day et al.



stepped sheet structure relaxes to the energy minimum
of one of the other polymorphs (AMNTPY01), with
planar hydrogen-bonded molecular sheets. The model
fails to reproduce the energy barrier between the two
forms, so we can only expect to be able to predict the
polymorph with the stable minimum. A similar observa-
tion was made with a similar trimorphic molecule,
2-amino-5-nitropyrimidine,63 where a polymorph with
buckled hydrogen-bonded sheets collapses to another
known polymorph on energy minimization, even with
an elaborate model of the electrostatic interactions. Such
crystals, with closely related polymorphs, are a chal-
lenge for computer modeling. AMNTPY02 is excluded
from the results reported in the rest of this study.

Although we only searched nine space groups, the
structures do have the opportunity to adopt higher
symmetry space groups during energy minimization, or
lower symmetry space groups during the stability
checking and reminimizations (section 3.3). As a result,
we did find one known crystal structure that is not in
our list of space groups, the Cmc21 low-temperature
phase of acetonitrile was located in searches of both P21
and Pna21 and is the global minimum of the lattice
energy search for this molecule (Table 1). Therefore, in
total (excluding AMNTPY02 and including the Cmc21
polymorph of acetonitrile), we consider the prediction
of 62 crystal structures in the remainder of this study.

4.2 Reranking of Structures after Reminimiza-
tion. The use of DMAREL and the calculation of elastic
constants and phonon frequencies to test the stability
of the predicted structures proved to be very important.
Of the 50 molecules, the stability testing and remini-
mizations introduced new low-energy crystal structures
in most cases. On average, 2 of the 10 lowest energy
structures for each molecule resulted from this process
and would not have been located had we not performed
these extra calculations beyond the initial energy
minimizations. The “top 10” list of structures of only 6
of the 50 molecules was unaffected by these calculations.

As an example, four of the 10 lowest energy crystal
structures of acetic acid were found during this process
and would have been missed if the search had been
stopped after the first energy minimizations immedi-
ately following the simulated annealing search. One of
these structures is shown in Figure 1. On the left is
structure 80 (counting upward from the global mini-
mum) of the list from Polymorph Predictor, an orthor-
hombic (Pbcn) crystal 4.48 kJ/mol above the global
minimum. The stability calculations showed that this
structure is unstable to breaking the symmetry con-
straints of the mirror plane that keeps the methyl
groups in close contact. The symmetry was relieved and
the lattice parameters shifted during energy minimiza-
tion to allow the methyl groups to reorient to the
symmetry relaxed structure on the right of Figure 1, a

triclinic (P1h, Z′ ) 4) crystal 2.56 kJ/mol lower in energy
than its orthorhombic “parent” and seventh in the final
list.

4.3 Location of the Observed Structures in the
Ranked Lists. The locations of the observed crystal
structures in the lists of predicted crystals (Table 1) are
described by their energy relative to the most stable
unobserved crystal in the list (∆E) and the absolute
position of the observed crystals in the list, counting
upward from the global minimum. Instead of presenting
the position of the observed crystal by its absolute rank,
we report the number of lower energy hypothetical, but
unobserved, crystal structures, Nlower. In this way, a
“perfect” prediction yields a negative ∆E and Nlower )
0. Furthermore, all the known crystal forms for poly-
morphic systems can reach such a ranking simulta-
neously. The three structures that were not found in
the original search, but were located after an increased
number of simulated annealing repeats, are included
in Table 1 and are indicated with an asterisk.

A positive relative energy tells how much the experi-
mentally observed crystal is apparently less stable than
the theoretical global minimum structure, while a
negative value indicates that there are no lower energy
unobserved structures in the list. We illustrate this with
two contrasting results, using plots of the lattice energy
against density for the lowest energy structures to
summarize the results of the CSP for these two mol-
ecules (Figure 2). The upper plot shows the results for
bicyclo(3.3.1)nonane-2,6-dione. For this rather bulky
molecule, the lowest energy structure corresponds to the
known crystal (CSD refcode HEBBEV) and there are
no competing structures within 4.4 kJ/mol. For this
crystal, ∆E is -4.4 kJ/mol and Nlower ) 0; this crystal
is easily predicted and polymorphs seem unlikely.

The lower plot in Figure 2 summarizes results for the
much smaller 3,5-pyrazolidinedione. Here, there is no
large gap in energy separating any of the lowest energy
structures and, with the model potential used here, the
known crystal (refcode DUNVEN) is 67th in the list
(Nlower ) 66), 5.1 kJ/mol above the global minimum.
With such small energy differences between structures,
this crystal is a much greater challenge for prediction
by lattice energy minimization. Furthermore, if the
energy calculations are correct, and entropy differences
between structures are small, the known crystal is
metastable to many more densely packed potential
polymorphs.

Of the 62 known crystals, 18 are predicted with lower
energy than any of the unobserved structures; 17 are
global minima and the two polymorphs of 2-amino-3-
nitropyridine rank 1 and 2 in energy. This represents a
success rate of 29% for such a “perfect” prediction. Of
these, most (12) are within 1 kJ/mol of the nearest
unobserved crystal and a further three are within 2 kJ/
mol; results as in Figure 2a, where the known crystal
is far more stable than any others, are quite rare. The
worst ranked crystal is the â form of pyrazinamide
(refcode PYRZIN01); there are 105 lower energy hypo-
thetical crystals in the list. On relative energy, all of
the structures are within 7.3 kJ/mol of the global
minimum. The known crystal of 2-amino-4-nitropyridine
(CSD refcode SEGRUR) has this highest ∆E. Consider-
ing all of the predicted structures as potential poly-

Figure 1. Relaxing one of the acetic acid saddle point
(unstable) crystals.
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morphs, these results are consistent with estimates that
lattice energy differences between polymorphs are usu-
ally smaller than 10 kJ/mol.64,65

Our overall results are summarized in Figure 3a,b,
where the predictions are binned into intervals of 5 for
Nlower and 0.5 kJ/mol for ∆E. The distribution of relative
energies is better than we expected, with 35% of
structures either lower than any others or within 0.5
kJ/mol of the global minimum; 53% are within 1 kJ/
mol. 56% of the observed crystals are separated by fewer
than five hypothetical structures from the global mini-
mum and 74% have Nlower e 10. These distributions
could be used to guide future prediction studies. For
example, if we wanted to construct a list of possibilities
for the crystal structure of a new molecule, with 90%
confidence that the real structure will occur in this list,
all structures within a cutoff of 4 kJ/mol above the global
minimum should be included as possibilities.

The distributions tail off fairly quickly at higher Nlower
or relative energy and the results are encouraging for
the crystal structure prediction of small, rigid molecules.
The rate at which these distributions fall away is a
combination of two factors. The modeling of energies is
fairly crude; lattice energies ignore temperature and

only approximate the energies at T ) 0 K. Furthermore,
the simple form of model potential that we have used
has known limitations, so the errors in lattice energies
are probably as great as the relative energies that we
are calculating for many of the molecules. The second
factor is that metastable polymorphs do exist and it is
possible that more stable polymorphs are experimen-
tally realizable for some of the molecules in our set.
Hence, the relative energies that we calculate for some
of the higher ranked known crystals could be a realistic
measure of their metastability. To separate the effects
of modeling deficiencies and our incomplete knowledge
of the true number and stability of crystal forms, we
could perform extensive polymorph screens on all 50 of
the molecules. This is a mammoth task for this number
of molecules. Alternatively, by systematically improving
the theoretical basis of our energy ranking, we should
get to a point where we can confidently estimate the
proportion of crystals in our sample that are metastable.

4.4 Assessing the Importance of Alternate Con-
formations. For all but one of the molecules where
alternate conformations exist, the conformation in the
known crystal is the most stable in the gas phase (Table
4). Furthermore, for several of the molecules, the

Figure 2. Predicted structures of (a) bicyclo(3.3.1)nonane-2,6-dione and (b) 3,5-pyrazolidinedione.
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conformational energy difference is too great to be
balanced by improved crystal packing. Where the mo-

lecular energy difference is only a few kJ/mol, these
alternate conformations can give competitive low-energy
crystals, so we performed the prediction for any confor-
mations more stable than, or within 10 kJ/mol of the
conformation in the known crystal. This meant extra
searches for six of our molecules, each in one extra
conformation, except m-hydroxybenzaldehyde, where
three extra conformations had to be searched. For all
of these molecules, the atomic charges were fitted
separately to the DFT calculated charge distribution for
each conformation.

For five of these molecules (nicotinic acid, nicotina-
mide, m-nitrophenol, o-nitrobenzaldehyde, and parac-
etamol), the global minimum lattice energy in the search
with the alternate conformation is less stable than with
the observed conformation. Hence, the alternate con-
formation is disfavored on both molecular and packing
energies. On the sum of lattice energy and gas-phase
monomer energy, the observed crystal is more stable
than any of those found for the alternate conformation,

so the Nlower and ∆E based on the known conformation
are unaffected.

The ranking of the known crystal was only affected
for m-hydroxybenzaldehyde. For this molecule, one of
the molecular conformations, with the hydroxyl and
aldehyde substituents rotated 180 degrees from their
orientation in the observed conformation, is predicted
to be significantly more stable than the observed
conformer. On lattice energy, the lowest energy crystal
predicted for this conformation is 1.6 kJ/mol less stable
than global minimum with the observed conformation,
but is more stable on total (lattice + conformational)
energy. In fact, 18 predicted crystals with this molecular
conformation are more stable on total energy than the
known form (refcode XAYCIJ). Of the two conformations
that are less stable in the gas phase, one packs poorly,
with worse lattice energies than the known crystal,
while the other (with just the aldehyde rotated with
respect to the known conformation) packs with better
lattice energies, which approximately balance the higher
molecular energy. On total energy, two crystals of this
conformation are lower in energy than the known form.
In all, by taking account of these additional conforma-
tions, there are an additional 20 calculated structures
lower in energy than the observed crystal and the
relative energy, ∆E, is increased by 1.63 kJ/mol. This
ranking and relative energy were used in Figure 3a,b.

5. Discussion

5.1 Which Crystals Are Predictable? In addition
to the overall statistics on the performance of lattice
energy minimization for crystal structure prediction, we
hoped that our results would distinguish between types
of molecules that are more or less easily predicted than
others.

The search procedure used here has been very suc-
cessful at locating the experimentally observed crystal
structures, in all but a few casessXULDUD01, BZA-
MID, and PYRZIN01. It is difficult to say what the
reasons are for this, although we can speculate that the
potential energy well is narrow and difficult to access
via the simulated annealing search. That two of these
are aromatic amides suggests that such molecules may
be problematic for the search routine, although the other
two polymorphs of pyrazinamide and the crystal struc-
ture of nicotinamide were located without problems.

Besides these infrequent difficulties with the search-
ing of phase space, the success of crystal structure
prediction by lattice energy minimization depends on

Table 4. Relative Energies of Alternate Molecular Conformations

molecule
conformational difference

from conformation in known crystal

molecular energy relative
to conformation found in
known crystal (kJ/mol)

m-hydroxybenzaldehyde 180° rotation of hydroxyl +0.33
180° rotation of aldehyde +0.37
rotation of hydroxyl and aldehyde -3.27

nicotinic acid 180° rotation of COOH +1.01
nicotinamide 180° rotation of amide +3.40
paracetamol 180° rotation of hydroxyl +1.42
m-nitrophenol 180° rotation of hydroxyl +2.02
o-nitrobenzaldehyde 180° rotation of aldehyde +9.52
isoxazol-3-ol 180° rotation of hydroxyl +17
1,2-dihydropyridazine-3,6-dione 180° rotation of hydroxyl +21.0
pyrazinamide 180° rotation of amide +39.5
quinoline-2-carboxamide 180° rotation of amide +45

Figure 3. Distributions of the known crystals in our predicted
lists.

Prediction of Molecular Organic Crystal Structures Crystal Growth & Design, Vol. 4, No. 6, 2004 1337



the number of predicted low-energy structures and the
computation of the relative energies of the predicted
crystal structures. We tried correlating several molec-
ular descriptors with the position of crystals in the
predicted lists. No easily quantifiable descriptor, such
as molecular mass or dipole moment, shows any cor-
relation with how well that molecule’s known crystal is
predicted. It seems reasonable to suggest that particu-
larly bulky molecules with very asymmetric shapes
should have less possible ways to closely pack, so should
be more easily predictable. This is not an easily quanti-
fied molecular property, but can be judged by eye. We
deliberately included four similarly shaped molecules
in our set, chosen for their obvious bulkiness. The four
crystals (refcodes HOBBOP, HEBBEV, BOQQUT, and
DOGTIC) all rank quite well (Nlower ) 4, 0, 6 and 0,
respectively). Although less so, 3a,6a-dihydro-isoxazolo-
(5,4)isoxazole (refcode DIHIXL) also has a distinctive
bent shape and its Nlower ) 2.

The density of structures in the lowest energy part
of the list is a measure of the difficulty in predicting
the correct structure. A large number of structures in a
small energy range means small energy differences and,
so, requires much more accurate energy calculations to
predict the correct order of stability. We counted the
number of structures within 5 kJ/mol of the global
minimum for all of our molecules and the distribution
(filled bars in Figure 4) shows that about a third of
molecules have more than 100 distinct structures in this
small energy window. The median of this distribution
is about 67. Considering these densely packed lists, the
low overall values of Nlower are a testament to the
usefulness of the empirical atom-atom model potential.

We noticed that the smaller molecules with lower
lattice energies generally have more molecules in the 5
kJ/mol energy window, so we also present a distribution
that is less dependent on the size of the molecule and
magnitude of the lattice energysthe number of struc-
tures within 5% of the global minimum (white bars in
Figure 4). More than half of the molecules have between
10 and 40 structures in this relative energy range and
the median of the distribution is 33. Of the five bulky
molecules mentioned earlier, all but norbornene (refcode
HOBBOP) have fewer than 20 structures within 5% of
the global minimum. The distinctive shape of these
molecules may be a reason for their having few low-
energy close packed possibilities, helping their overall
predictability.

5.2 Consequences of Hydrogen Bonding on Pre-
dicting Crystal Structures. Apart from global mo-

lecular characteristics, local attributes may be impor-
tant in determining the predictability of a molecule’s
crystal structure. Probably the most important such
attribute is the presence or absence of hydrogen-bond
donors and acceptors. Molecules with the ability to
hydrogen bond behave very differently from those whose
crystals have no such strong, directional interactions.
To examine differences between hydrogen-bonding and
non-hydrogen-bonding molecules, the distributions of
Nlower and ∆E were split into these two categories. For
this classification, the presence or absence of weak
C-H‚‚‚O interactions was ignored. Because of the
different numbers of each type of molecule in our test
set, the distributions are presented as percentages
instead of the absolute number of structures in each bin
(Figure 5).

Differences between the two classes of molecules are
striking. For 80% of non-hydrogen-bonded crystals,
there are five or fewer theoretical structures lower in
energy than the observed crystal structure and there
are never more than 25 lower in energy. In contrast,
less than half of hydrogen-bonded crystals have Nlower
between 0 and 5 and all of the poorly ranked crystals
are heavily hydrogen bonded. Over half of the non-
hydrogen-bonded crystals are found as either global
minima or within 0.5 kJ/mol of the global minimum and
90% are within 1 kJ/mol (Figure 5b). Again, the distri-
bution is much flatter for the hydrogen-bonding mol-
ecules; we must consider predicted structures up to 4.5
kJ/mol above the global minimum to include 90% of the
observed structures.

The differences in results for the two classes of
molecules are likely to be due partly to the increased
difficulty in modeling the energies of hydrogen-bonded
crystals. Such strong interactions involve very close
contacts with hydrogen atoms, so the calculations are
especially sensitive to slight changes in molecular

Figure 4. Density of structures in the lowest 5 kJ/mol (filled
bars) and lowest 5% in lattice energy (unfilled bars).

Figure 5. Distributions of (a) Nlower and (b) ∆E for hydrogen
bonding (filled bars) and non-hydrogen bonding (unfilled bars)
molecules.
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geometry. The dominant contribution of electrostatics
to these interactions also means that the simple atomic
point charge model used here limits the quality of
calculated energies far more for crystals with hydrogen
bonding. Such a simple representation of the charge
distribution cannot describe important features such as
lone pairs, which dictate the directionality of hydrogen
bonds and relative energies of different hydrogen-bond
motifs. Thus, the errors in relative lattice energies are
greater for molecules with hydrogen-bonding capability.
As a result, molecules with a plurality of competing
hydrogen-bond motifs are a greater challenge for CSP.
For each molecule, a measure of the number of compet-
ing hydrogen bond options can be roughly quantified as
the number of possible hydrogen-bond acceptors/donors
pairwise combinations (Nacceptor!/(Nacceptor - Ndonor)!).
While this measure ignores differences in extended
motifs, our results strongly suggest that molecules with
more hydrogen-bonding possibilities have a higher
likelihood of a poor lattice energy ranking (Figure 6).

While much of the difficulty with hydrogen-bonding
molecules results from limitations of the model for the
interaction energies, the distributions in Figures 5 and
6 could reveal a reality of crystallization. It seems
sensible that strong, directional interactions lead to
higher barriers between valleys on the potential energy
surface. Such higher energy barriers facilitate the
trapping of a crystal in a local energy minimum, possibly
leading to the growth of metastable polymorphs. This
is a likely contributor to our results, but we must reduce
the errors in our modeling methods to confidently
describe real differences between classes of moleculess
higher quality energy calculations are desirable and are
the subject of current investigations.

6. Conclusions

Lattice energy minimization, the most widely used
method for the prediction of crystal structures, gives
promising results for rigid organic molecules. This study
of a diverse set of 50 molecules shows the success rate
that can be achieved when using a carefully param-
etrized, but simple form of model potentialsabout half
of all molecules can be found among the five lowest
energy predicted structures, or within 1 kJ/mol of the
global minimum in lattice energy. Due to differences in
the details of modeling methods, these statistics would
have been difficult to determine from a survey of the
literature.12

We might expect that certain molecular characteris-
tics affect the predictability of a crystal and there is
some evidence that more bulky molecules have less
possibilities for low-energy packing, so are easier to
predict than those with simple shapes. However, the
greatest difference in types of molecules is the presence
or absence of hydrogen-bonding sites. The known crys-
tals of almost all non-hydrogen-bonding molecules are
at, or within 1 kJ/mol of, the global minimum. These
relative energies are certainly well within the expected
errors due to the model potential and omission of
thermal effects in lattice energy calculations. There is
a much greater variability of ranking for molecules with
hydrogen bonding, with up to approximately 100 com-
puted structures lower in energy than the known
crystal. While part of this variability may be due to
deficiencies in the modeling, the results do point toward
a greater propensity for the formation of metastable
polymorphs of hydrogen-bonded molecules. Investiga-
tions of the effect of improving the model potential and
thermodynamic basis of the calculations are required
to determine the true proportion of metastable crystals
in our test set, which we hope is reasonably representa-
tive of all small organic molecules in the Cambridge
Structural Database.
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