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ABSTRACT: The lattice energies of predicted and known crystal structures for 50 small organic molecules with
constrained (rigid) geometries have been calculated with a model potential whose electrostatic component is described
by atom-centered multipoles. In comparison to previous predictions using atomic point charge electrostatics, there
are important improvements in the reliability of lattice energy minimization for the prediction of crystal structures.
Half of the experimentally observed crystal structures are found either to be the global minimum energy structure
or to have calculated lattice energies within 0.5 kJ/mol (0.1 kcal/mol) of the global minimum. Furthermore, in 69%
of cases, there are five or fewer unobserved structures with lattice energies calculated to be lower than that of the
observed structure. The results are promising for the advancement of global lattice energy minimization for the ab
initio prediction of crystal structures and confirm the utility of representing electrostatic contributions to the energy
with atom-centered multipoles.

1. Introduction

The challenging task of predicting a molecule’s most
probable crystal structure(s) from knowledge of atom
connectivity alone is usually approached through global
minimization of the lattice energy.1-4 However, it is the
exception, rather than the norm, for the calculated
energy of an observed structure to be well separated
from those of other (calculated) hypothetical crystals.
Thus, with normally very small energy differences
among the most probable structures, it is advisable to
use the best possible model for the packing energy in
such crystal structure predictions. In a previous study,5
the usefulness of lattice energy minimization, using a
simple model for intermolecular interactions, was evalu-
ated for a set of 50 rigid organic molecules, which,
including polymorphs, provided a target set of 62
crystals. For 29% of these crystal structures, no lower
energy unobserved structure was located in the searches,
and in 56% of cases, five or fewer unobserved structures
were found with lower lattice energies than the known
form. During this study, we noticed that the crystal
structures of molecules with hydrogen bond capability
were less consistently predicted with energies close to
the global minimum of the search, and there were
generally more unobserved structures lower in energy
than the known polymorphs when compared to mol-
ecules with no, or relatively unimportant, hydrogen
bonding capacity. This observation may point to a
greater tendency for the crystallization of hydrogen
bonding molecules into kinetically trapped, metastable
structures. However, it also raised concerns over the
adequacy of the model potential to correctly predict the
relative energies of competing hydrogen bond motifs.

The electrostatic component is the dominant contribu-
tor to the binding energy in hydrogen bonds, and these
interactions generally show preferred orientations around
the acceptor site.6 Thus, the most obvious starting point
for improving lattice energy calculations for the hydro-
gen bonding molecules is to use a better electrostatic
model. The atomic point charges used in the earlier
study5 probably provide insufficient detail of the electron
density distribution to adequately model these most
important interactions in molecular crystals. This has
been recognized for some time, and more elaborate
methods for modeling the electrostatic interactions
between molecules have been proposed. The computa-
tionally simplest approach is to define non-nuclear
interaction sites at, for example, proposed positions of
lone electron pairs and to place point charges at these
extra positions.7,8 Williams and Weller7 noticed the
inadequacy of atomic-centered charges for aromatic
nitrogen and used such an electrostatic model in later
parametrizations of nonbonded model potentials.9-12 An
even more elaborate representation of the molecular
charge distribution can be obtained by adding higher
order multipoles (dipole, quadrupole, etc.) to the atomic
sites. Typical root-mean-square (rms) errors in the
electrostatic potential around organic molecules are
halved when dipoles and quadrupoles are included in
addition to atomic charges,13 and atomic multipole
models give better predictions than atomic charges of
hydrogen bond geometries in small molecular com-
plexes.14,15

Multipoles are becoming more commonly used in
modeling of molecular organic materials, as more soft-
ware is being written that can handle the mechanics of
multipole-multipole interactions in energy minimiza-
tion,16 lattice dynamics,17,18 and molecular dynamics.19-21

The superior performance of atomic multipole models
to the simpler point charge has been demonstrated for
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molecular organic crystals by comparing the distortion
of energy-minimized crystals away from their experi-
mentally determined structures,13,22 as well as in an
ability to reproduce observed phonon frequencies (and
hence free energies)18 and mechanical properties.17 The
improvement for rigid molecules is clear, while the
application to flexible molecules is currently hampered
by problems with modeling the conformational depen-
dence of atomic multipoles, which contribute to both the
inter- and intramolecular energies.13

Crystal structure prediction studies using atomic
multipole models have been reasonably successful,23-28

but these studies have mostly examined individual
systems in detail, not larger sets of diverse molecules
that might lead to more general conclusions. Further-
more, there is a lack of direct comparisons between
crystal structure prediction results using atomic multi-
pole models and with the computationally cheaper
atomic charges. Blind tests of crystal structure predic-
tion1,2 and a subsequent study of the 1999 blind test
molecules29 allow for some comparison, but the small
set of molecules and other differences in the computa-
tional models make it difficult to draw general conclu-
sions about the improvements that the more elaborate
electrostatic model produces. We have, therefore, in-
vestigated how the lattice energy predictions for our set
of 50 molecules are affected by replacing point charges
by atomic multipoles.

2. Computational Methods

The molecular structures were taken from the gas
phase (density functional theory, DFT) calculations of
our previous study.5 We could not easily partition the
Dmol30 calculated electron density into atomic multi-
poles, so we recalculated the DFT wave function using
the program CADPAC.31 We tried to keep the method
as close as possible to that used for the electrostatic
potential (ESP) fitted atomic charges from our previous
work,5 employing the B3P91 functional and 6-31G(d,p)
basis set. Atomic multipoles were generated from the
electron density using a distributed multipole analysis
(DMA),32,33 including multipoles up to l ) 4 (i.e., charge,
dipole, quadrupole, octupole, and hexadecapole) on each
atom. The same exp-6 repulsion-dispersion model as
in our previous study was employed, using Williams’
parameters fitted to the structures and lattice energies
of a large set of small organic molecules;11,12 these were
summed to a 15 Å cutoff. Hence, the only change from
our previous calculations is in the electrostatic model.
Ewald summation was used for charge-charge, charge-
dipole, and dipole-dipole interactions, while all higher
order electrostatic terms (up to R-5) were summed to a
15 Å cutoff between molecular centers of mass. The
increase in computing time for lattice energy minimiza-
tion using this multipole approach relative to the point
charge calculations is about 10-fold.

The sets of crystal structures are those found in the
simulated annealing searches described in our previous
paper. For the present work, we kept all structures
within 15 kJ/mol of the global minimum of our searches
with the W99 + point charge model in the nine most
common space groups for molecular organic crystals
(P21/c, P1h, P212121, P21, C2/c, Pbca, Pnma, Pna21, and
Pbcn).34 Two of the molecules in our set have poly-

morphs in less common space groups (the P32 poly-
morph of glycine and Pa polymorph of pyrazinamide);
we include these in our sets of structures for complete-
ness. All structures were re-energy-minimized with the
W99 + multipoles model potential, and as with the
previous study, the validity of all of the final structures
was tested by checking the stability of the elastic
stiffness matrix and the (k ) 0) intermolecular phonon
frequencies. These calculations were performed with the
DMAREL16-18 crystal structure modeling program.

3. Results and Discussion

As in our previous study,5 we discuss the results in
terms of a relative energy, ∆E, and the number of
predicted structures that are lower in energy than the
observed crystal structure, Nlower. The relative energy
is defined with respect to the lowest energy, unobserved,
structure; a negative value implies that no structures
with lower energy than the observed crystal are found
in the search, save possibly another known polymorph.
As an example illustrating ∆E and Nlower, the lattice
energies and densities of the predicted structures of
paracetamol are presented in Figure 1. Here, each filled
point represents a distinct predicted crystal structure
and the open red symbols are the experimentally
observed structures after energy minimization with the
W99 + multipoles model potential. One of the known
polymorphs (open red diamond) corresponds to the
lowest energy predicted structure (Nlower ) 0), and the
next most stable predicted structure is 0.08 kJ/mol
higher in energy (∆E ) -0.08 kJ/mol). There are five
unobserved predicted crystal structures lower in energy
than the other polymorph (open red square, Nlower ) 5),
and the lowest energy unobserved structure is 1.65 kJ/
mol more stable (∆E ) +1.65 kJ/mol). If lattice energy
could predict all crystal structures (assuming all poly-
morphs are known), then our target is Nlower ) 0 and
∆E < 0 for all crystal forms of a given molecule.

The relative energies and values of Nlower for the
individual molecules are presented in Table 1, and the
differences between the two models for each molecule
are summarized in a plot of the ∆E with the point
charge model against ∆E with atomic multipoles for
each crystal (Figure 2). The 11 points in the lower left
quadrant represent crystals that are predicted as more
stable than any hypothetical crystal with both electro-
static models, while the majority of crystals are in the
upper right quadrant; these are less stable than at least
one unobserved hypothetical crystal in both sets of
calculations.

Most of the crystals of hydrocarbons (black crosses)
and polar, non-hydrogen-bonding molecules (blue tri-
angles) lie close to the line ∆Echarges ) ∆Emultipoles,
demonstrating a small effect of changing the electro-
static model. For almost all of such molecules, the
change in ∆E is less than 1 kJ/mol (bounded by the
dashed gray lines) and uncertainties in the rest of the
model potential are at least as important as the changes
with the electrostatic model. The crystals of hydrogen
bonding molecules are the most sensitive to the change
in the electrostatic model, and in general, ∆Emultipoles <
∆Echarges. There are a few molecules for which the energy
relative to the global minimum increases with the
supposedly better electrostatics, and these are discussed
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below. However, before we address any of the individual
cases, the overall distributions of ∆E and Nlower are
compared from the point charge and atomic multipoles
calculations (Figures 3-6).

3.1. Overall Differences between Atomic Charge
and Multipole Predictions. There is an overall shift
of the distribution to lower values of Nlower with the
multipolar electrostatic model (Figure 3). While there
is a small increase in the number of structures with
Nlower ) 0 (i.e., a “perfect” prediction) from 19 (point
charges) to 21 (atomic multipoles), 44 of the 64 known
crystal structures now have five or fewer predicted but
unobserved structures with lower lattice energy; this
is a noticeable improvement from the 36 crystals with
Nlower e 5 with the simpler model. The cutoff for success
in the recent blind tests of crystal structure prediction1,2

has been for the observed structure to be found in the
first three predictions. Our results suggest that the
expected success rate from lattice energy minimization
with a well chosen model potential and a point charge
electrostatic description is approximately 42% (27 of 64
have Nlower < 3), increasing to 55% (35 of 64) with the
multipole model of electrostatics.

As important as the low end of the Nlower distribution
is the lowering of the upper limit. There were several
poorly ranked crystals in the earlier study; for example,
the four polymorphs of pyrazinamide (35 in Table 1) had
Nlower ) 0, 24, 59, and 104, the â form of glycine (8) had
Nlower ) 98, and the known crystal of 3,5-pyrazolidinedi-
one (19) also had a poor ranking (Nlower ) 66). These
are all lowered significantly (Nlower ) 0, 7, 10, and 32
for pyrazinamide, Nlower ) 4 for â-glycine, and Nlower )
30 for 3,5-pyrazolidinedione), and the highest Nlower in
our test set is reduced from 104 to 47.

The distributions of ∆E show similar improvements.
While approximately half of the observed structures are
within 1 kJ/mol of the most stable structure with the
point charge model, half of the known crystals are
within 0.5 kJ/mol (∼0.1 kcal/mol) of the global minimum
with the multipole model (Figure 4). While the differ-
ences in the distributions of the relative energies are

less remarkable above ∆E ) 1 kJ/mol, the upper limit
on ∆E is decreased significantly, from 7.3 kJ/mol
(charges) to 5.1 kJ/mol (multipoles).

For crystal structure prediction (CSP) to become a
useful tool, improvements at the upper and lower ends
of the distributions are important. Increasing the num-
ber of structures that are very close to the global
minimum demonstrates that we are becoming more
successful at predicting the most stable possible crystal
structure; knowing that the crystal of, say, a potentially
important pharmaceutical molecule is the most stable
possible polymorph would give confidence in furthering
its development into a dosage form. Lowering the upper
limit in ∆E or Nlower that must be considered in order
to be confident of finding all possible polymorphs is
beneficial for developing CSP as a tool where knowledge
of the absolute relative energies of the predicted crystals
is less important, for example, to aid the structure
solution from poor powder X-ray data35 or to find all of
the likely packing and hydrogen bonding motifs for a
given molecule in crystal engineering.36 In such applica-
tions, it is most important that we choose as small a
set of predicted structures as possible in which we are
confident that the real structure or structures will be
found. Lowering the upper limits on ∆E by 2.2 kJ/mol
and Nlower from 104 to 47 is significant progress for such
applications.

The cumulative distribution of ∆E (Figure 5) should
be a useful guide for future applications of crystal
structure prediction. A selection of the lowest energy
predicted structures are often considered as candidates
for the most likely observable crystal structure or new
polymorphic form and are then chosen for closer analy-
sis, perhaps for the prediction of properties25 or more
accurate lattice26 or free energy28,37 calculations. This
distribution provides an estimate of the confidence that
the real crystal structures will be among the candidates
chosen. For example, for a 95% confidence level of
having included all real structures, Figure 5 shows that
all structures within 5 kJ/mol of the global minimum
should be considered from predictions with the W99 +

Figure 1. Predicted and observed crystal structures of paracetamol, using multipole electrostatics. Observed crystals are shown
as red open symbols. For definitions of ∆E and Nlower, see the text.
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Table 1. The Test Set of Small Organic Molecules and Results of the Crystal Structure Prediction with Both
Electrostatic Models
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Table 1 (Continued)
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point charge model, while those within 4 kJ/mol should
be sufficient with the W99 + multipoles model. The

number of distinct structures per unit of energy tends
to increase rapidly a few kJ/mol above the global

Table 1 (Continued)

1 The ratings of the success of the prediction, Nlower and ∆E, are explained in the text. 2 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. 3 AMNTPY02 relaxed to the same potential energy minimum as AMNTPY01 (see ref 5). 4 These crystals are not
in the space groups considered in the searches in our previous study (ref 5). The values in parentheses are obtained by lattice energy
minimizing the experimental structure and comparing the energy to the predicted structures in the nine most common space groups
(P21/c, P-1, P21, P212121, C2/c, Pbca, Pna21, Pnma, and Pbcn).
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minimum, so small improvements of the ∆E cutoff can
seriously reduce the number of structures that must be
considered. We observe (Figure 5) that, for a given ∆E
cutoff, the W99 + multipole predictions give a confidence
approximately 10% higher than the W99 + point charge
calculations.

It is only through systematically improving our
energy calculations that we will be able to define the
“real” distribution of crystal structures on their energy
landscapes and, hence, determine the propensity for
metastable structures to be observed. Improvements of
the repulsion and dispersion models and inclusion of
polarization and lattice vibration contributions to the
free energy would all refine the calculated relative

energies of the predicted crystals. Ignoring the thermal
contributions to the relative energies is probably the
biggest limitation of current calculations. A computa-
tional study38 of 204 pairs of known polymorphs sug-
gests that entropy differences up to 15 J/(mol K) ()4.5
kJ/mol at room temperature) between polymorphs are
possible (although almost two-thirds of polymorphic
pairs differ by less than 4 J/(mol K) ) 1.2 kJ/mol at room
temperature). The lattice energy differences between
almost all of the predicted and real crystal structures
are smaller than possible entropy differences, so con-
sideration of lattice vibrational contributions to the
energy is likely to be important for any further improve-
ments to the success of crystal structure prediction.

Figure 2. Plot of ∆E from multipole calculations against ∆E from atomic charge calculations. Crosses are hydrocarbons; blue
(filled) triangles are polar, non-hydrogen-bonding molecules; and red (open) circles are hydrogen bonding molecules. (The
classification is indicated in Table 1.) The gray lines delimit the area where the change in ∆E is less than 1 kJ/mol.

Figure 3. Distributions of Nlower with the atomic point charge
and atomic multipole models.

Figure 4. Distributions of ∆E with the atomic point charge
and atomic multipole models.
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3.2. Hydrogen Bonding. In our earlier study, the
presence of intermolecular hydrogen bonding was judged
to be the greatest factor affecting the reliability of the
lattice energy predictions.5 With the multipole electro-
static model mainly improving the results for hydrogen
bonding molecules, the difference in reliability for the
two classes of molecule is now less dramatic (Figure 6).
However, most of the structures with high ∆E (say >2
kJ/mol) are hydrogen bonded crystals. Even with the
highly accurate electrostatic model, errors in lattice
energy calculations are still greater when hydrogen
bonds are involved, and some specific cases are dis-
cussed below. However, the distributions are sufficiently
different that we are now confident in proposing that
this is a real difference; metastable crystal structures
are more commonly observed for molecules that can
form hydrogen bonds in the crystal. High energy bar-
riers will separate local minima on the crystal’s poten-
tial energy surface where rearrangement of hydrogen
bonds is required to transform between crystal struc-
tures. Therefore, the intermolecular contacts that are
favorable in the early stages of crystal nucleation and
growth may persist in the fully developed crystal, even
where crystals of lower total energy may exist. It seems
plausible that non-hydrogen-bonding molecules, on the
other hand, may explore possible arrangements more
freely, increasing the likelihood of finding the global
minimum in energy.

3.3. Individual Cases. As well as changes in the
overall results, it is worth commenting on a few of the
individual molecules. First, we address those for which
the more elaborate electrostatic model gives improved
predictions.

(a) Oxazolidine-2,5-dione. One of the biggest changes
in ∆E is for oxazolidine-2,5-dione (15), whose known
crystal (OXAZDO) was 4.23 kJ/mol above the global
minimum in our search with the point charge electro-
static model. With one donor and three acceptors, this
molecule has many possibilities for hydrogen bonding
in the crystal. The observed structure has hydrogen

bond dimers (Figure 7, left), while the global minimum
of the W99 + point charge search and many of the other
low energy structures show hydrogen bond chain motifs
(Figure 7, right). With the atomic multipoles model, the
relative energies change dramatically and the observed
crystal structure is now lower in energy than any of the
other predicted crystals (∆E ) -1.15 kJ/mol). This re-
ranking is understandable in terms of the geometries
of the hydrogen bonding. The hydrogen bond geometry
around the oxygen in the best packed chain structures
is nearly linear, while real crystals usually favor CdO‚
‚‚H angles near 120°,6 with the hydrogen approaching
the oxygen atom’s lone pair density. Indeed, the CdO‚
‚‚H angle in the dimers of the known crystal is 121°.
The atomic point charge on the oxygen atom cannot
provide this orientational bias and favors the wrong
motif. The atomic multipoles, on the other hand, do
describe the anisotropy of the electron density around
the oxygen. Hence, the dimer motif is favored and the
lattice energy of the real structure is lowered relative
to that of the structures with hydrogen bond chains.

(b) Benzamide, Nicotinamide, and Pyrazinam-
ide. Three of the molecules for which ∆E is lowered
most dramatically are benzamide (33), nicotinamide
(34), and pyrazinamide (35). These molecules are struc-
turally very similar, being amide substituted benzene,
pyridine, and pyrazine. These typify the kind of mol-
ecule for which atomic point charges give an insufficient
description of the electrostatics. The π-electron density
above and below the aromatic ring and around the
amide CdO probably requires atomic dipoles and quad-
rupoles for an accurate representation, and the lone pair
density at the ring nitrogen atoms and carbonyl oxygen
is vitally important in the description of the hydrogen
bonding interactions. For nicotinamide, the known
crystal structure (NICOAM) was already the global
minimum (∆E ) -0.96 kJ/mol) with the simple model
and, in the new calculations, the energy gap to the
second most stable structure is almost 5 kJ/mol; this
crystal is almost certainly the thermodynamically most
stable structure, and polymorphism seems unlikely, at
least within the space groups considered in this study.
Benzamide (BZAMID), which forms chains of dimers in
the crystal, was less well predicted in our earlier
study: there were three predicted structures lower in
energy than the known crystal, up to 3.15 kJ/mol more
stable than the known form. In our newer calculations,
BZAMID is now 1.38 kJ/mol lower in energy than all of
the other predicted crystals.

There are four known polymorphs of pyrazinamide,
and the improvement in the predictions with the atomic
multipoles model has already been mentioned. The γ
polymorph, in the space group Pa, has a lattice energy
of -79.07 kJ/mol with the W99 + atomic charges model,
0.89 kJ/mol lower in energy than any of the other
calculated structures. With the W99 + multipoles
model, the γ form is 2.78 kJ/mol more stable than any
of the predicted structures; as for nicotinamide, the
energy gap between this observed structure and pre-
dicted competing forms is increased with the multipolar
electrostatic model. ∆E values for the other polymorphs
were +2.72 kJ/mol (R form), +4.19 kJ/mol (δ form), and
+5.88 kJ/mol (â form) with atomic charges and +2.86
kJ/mol (R form), +0.88 kJ/mol (δ form), and +1.05 kJ/

Figure 5. Cumulative distributions of ∆E with the atomic
point charge and atomic multipole models.
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mol (â form) with atomic multipoles; the relative ener-
gies of the â and δ forms are noticeably lowered.

(c) Glycine. Glycine (8) is the only molecule in our
test set that crystallizes with a zwitterionic molecular
structure. We expect that the electrostatic interactions
are the dominant contribution to the lattice energy and
the form of the electrostatic model should be important.
Our earlier calculations (W99 + charges) found the R,
â, and γ forms with ∆E ) +1.27, +5.19, and +3.15 kJ/
mol, respectively, and Nlower ) 2, 98, and 28. With the
W99 + multipoles model, all three forms have much
better rankings (Nlower ) 1, 4, and 0) and relative
energies (∆E ) +0.65, +1.36, and -2.28 kJ/mol); as
expected, the changes with the different electrostatic
models are important. Our calculated order of stability
with the W99 + multipoles model agrees with calori-
metric studies, which found that at ambient and low
temperatures, the order of stability is γ > R > â.39

(d) m-Hydroxybenzaldehyde. The predictions for
m-hydroxybenzaldehyde (26 in Table 1, XAYCIJ) are
complicated by the existence of four possible planar
conformations.5 With the point charge model, the known
crystal was found as the sixth lowest in energy in a
search with the observed conformation only. Density
functional theory calculations found that the molecular
conformation in the known crystal is higher in energy
than one of the other possible conformations that can
be generated by rotating the hydroxyl and aldehyde
moieties by 180°. While this alternate conformation was

found to pack less favorably than the observed confor-
mation, the total energies (conformational + W99 +
charges lattice energy) of 18 of the crystals predicted
for this conformation were lower than the total energy
of the observed crystal. Furthermore, two of the pre-
dicted crystals of a third molecular conformation also
had lower total energies than XAYCIJ. With the atomic
multipoles model for the lattice energies, the known
structure is the most stable crystal in the search with
the known molecular conformation and the lattice
energies of the alternate conformations are relatively
disfavored. So, on total energy, only one unobserved
crystal structure now has a lower calculated total energy
than the known crystal. Thus, assuming that XAYCIJ
is the thermodynamically stable form, the multipolar
electrostatic model is more successful both at correctly
ordering the possible crystal structures within the
known conformation and at predicting the generally
more favorable lattice energies for the observed molec-
ular conformation.

Despite the overall improved results of the multipole
model over the atomic point charge calculations, a few
of the molecules have higher relative energies after the
newer calculations. Are these cases where the multi-
poles model is less accurate than the atomic charges,
or are the calculations pointing to real metastable
crystals? It is easier to rationalize the cases where the
more elaborate calculations improve the predictions.
These molecules are good candidates for further calcula-

Figure 6. Relative energy distributions for hydrogen bonding and non-hydrogen-bonding molecules from the W99 + atomic
charge (left) and W99 + multipoles (right) calculations.

Figure 7. Hydrogen bonding in the known (left) and W99 + point charge lowest energy (right) crystal structures of oxazolidine-
2,5-dione.
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tions to investigate errors in the models and possibly
experimental investigation; even for molecules where
the polymorphism has been investigated extensively, it
is possible that lower energy polymorphs are realizable
after remarkable time-lags.40

(e) Maleic Hydrazide. The most extreme case in our
test set is maleic hydrazide (37); three polymorphs are
known, and its polymorphism has been well studied.41

All three have the same hydrogen bonding motif: O-H‚
‚‚OdC chains, linked together by N-H‚‚‚OdC dimer
interactions (Figure 8, left). Two of these had low ∆E
(+0.55 and +0.84 kJ/mol) and Nlower (both had Nlower )
2) in our original search with the atomic point charge
model, while the third was significantly higher in the
predicted list (∆E ) +3.59 kJ/mol, Nlower ) 19). With
the point charges replaced by multipoles, the energies
of all three are increased relative to the lowest energy
structure, to ∆E ) +3.94, +4.33, and +5.07 kJ/mol, with
Nlower ) 19, 22, and 27. Almost all of the crystals that
are now more stable than the known forms are made
up of chains of molecules linked by pairs of O-H‚‚‚N
and N-H‚‚‚OdC interactions (Figure 8, right). In fact,
the three known polymorphs are the first, second, and
sixth lowest energy structures that lack the O-H‚‚‚N
hydrogen bond. A possible explanation is that the W99
exp-6 parameters are not well suited for this molecule;
no molecules in the W99 parametrization set contained
both oxygen and nitrogen,11,12 so the relative energies
of O-H‚‚‚N and O-H‚‚‚O interactions might be unreli-
able. The differences in the two sets of calculations are
intriguing, and maleic hydrazide is currently a target
for further calculations to resolve the energy differences
between observed and predicted structures.

(f) 3-Diazabicyclo(3.3.1)nonane-2,6-dione and 4,5-
Dihydro-5-oxo-(1,2,4)-triazolo(1,5-a)pyrimidine. The
relative lattice energy of the observed crystal of
3-diazabicyclo(3.3.1)nonane-2,6-dione (50, DOGTIC) in-
creased significantly with the atomic multipoles elec-
trostatic model. It is surprising that the prediction for
this molecule should worsen (from ∆E ) -0.3 kJ/mol
with the point charge model to +3.21 kJ/mol using
atomic multipoles) while the relative energy of the
structurally very similar 3-aza-bicyclo(3.3.1)nonane-2,4-
dione (49, BOQQUT) was improved by more than 3 kJ/
mol. Similarly, the known crystal of 4,5-dihydro-5-oxo-
(1,2,4)-triazolo(1,5-a)pyrimidine (42, QAJYIJ) is assigned
a high relative energy (∆E ) +3.69 kJ/mol) with the
W99 + multipoles model. Unlike maleic hydrazide, most
of the lower energy structures are characterized by the
same hydrogen bonding (N-H‚‚‚OdC) as in the ob-
served form, so the energy differences between struc-
tures result from variations in the weaker interactions.

As far as we know, both molecules (50 and 42) were
only crystallized under one set of conditions, with the

primary aim of determining the molecular structure.42,43

Further experimental investigation is therefore required
to be certain that other polymorphs do not exist.

(g) 3,5-Pyrazolidinedione and 1,2,4-Triazolidine-
3,5-dione (Urazole). 3,5-Pyrazolidinedione (19, DUN-
VEN) and 1,2,4-triazolidine-3,5-dione (urazole, 20,
KOXRIY) are the final poorly predicted crystals. Both
are calculated to be approximately 4 kJ/mol less stable
than the global minimum, with many lower energy
predicted structures. The crystals of both molecules are
heavily hydrogen bonded and so may be susceptible to
being kinetically trapped in metastable crystal struc-
tures, and neither has been extensively studied for
polymorphism. For these molecules, the two sets of
calculations agree in assigning them high relative
energies, so we are confident in the calculations. For
this reason, these are the most promising targets for
experimental polymorph screens of the 50 molecules
studied.

4. Conclusions

The lattice energy crystal structure predictions of 50
small organic molecules have been compared using
results based on two electrostatic models. Overall, the
more elaborate model, with multipoles up to hexadeca-
pole on each atom, is more successful at predicting the
known crystal structures near the global minimum in
lattice energy and with fewer lower energy structures
than the simpler (atomic point charge) electrostatic
model. We found that 32 of the 64 known crystal
structures are either global minima or have calculated
lattice energies within 0.5 kJ/mol of the lowest energy
structure. This is compared to 23 of the known crystals
within 0.5 kJ/mol of the global minimum with the
atomic charge model. Furthermore, the lattice energy
of a known crystal is now never higher than 5.1 kJ/mol
above the lowest energy predicted structure (compared
to 7.3 kJ/mol with atomic charges).

The improvements in these results over the calcula-
tions with the more commonly used atomic point charge
models are important for all applications of crystal
structure prediction, and with the steady increase of
computer power that is available at low cost, the added
computing expense (approximately a 10-fold increase for
energy minimizations) is easily manageable for small
molecules. Considering the factors that are ignored in
the lattice energy approach, systematic improvements
to the energy model and the related computing cost are
bound to give diminishing returns. We can imagine that
there is a “true” distribution corresponding to Figure 5
and improvements to the model will take us closer to
this reality. A reliable description of the relative lattice
energies of possible crystal structures is a necessary

Figure 8. Hydrogen bonding in the known polymorphs (left) of maleic hydrazide and the lowest energy structures with the W99
+ multipoles model potential (right).
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basis for evaluating the importance of other factors (e.g.,
relative nucleation and growth rates) in determining a
crystal’s structure. For example, the atomic charge
calculations might have motivated an exploration of
kinetic reasons why hydrogen bonded dimers are found
in the crystal structure of oxazolidine-2,5-dione (15) in
preference to chains; energy calculations with the
atomic multipoles model suggest that the preference is
simply energetic and any exploration of other determin-
ing factors would have been ill-founded.

It is for such hydrogen bonding molecules that atomic
multipoles provide the greatest improvement in reli-
ability of lattice energy predictions. However, crystals
of non-hydrogen-bonding molecules are still more reli-
ably predicted than those of hydrogen bonding mol-
ecules; we now have confidence that this reflects the
ability of such strong, directional interactions to kineti-
cally trap thermodynamically metastable crystal struc-
tures.
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