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A general method has been developed to predict the structures of molecular crystals without any con-

straints on the space symmetry nor on the lattice constants.

A constant-pressure molecular dynamics

(MD) technique, treating the lattice constants as variables, is employed in the search of candidate struc-
tures (“shaking” process). A heuristic MD search is proposed to reduce redundant sampling in the shaking
process. The structures of the thus sampled species are further optimized in geometry by the steepest descent
method (“quenching” process). This general method was coded in a program named MDCP (Molecular Dy-
namics for Crystal Packing), and was applied to the prediction of the crystal structures of CO2, benzene, and
pyrimidine molecules, as test examples. For CO2 and benzene crystals, the experimentally observed struc-
tures were well reproduced through our method. For pyrimidine, however, a slight difficulty was observed
under the atom—atom potentials employed here, although near-miss structures were frequently encountered.

Prediction of the crystal structure of a given new
molecule has been an important challenge in the field
of applied crystallography, such as organic supercon-
ductors and nonlinear optical materials. The a priori
prediction of the crystal packing for an assembly of pro-
posed molecules can suggest the potential possibility of
the crystal as a superconductor or a nonlinear optical
material even before starting their syntheses. Namely,
when the Se—Se overlap is large, for example, in an or-
ganic charge-transfer complex, the crystal may behave
as a superconductor; when an inversion center is absent
in the crystal of an organic molecule showing a high
2nd-order hyperpolarizability, the crystal may behave
as a nonlinear optical material.

For the prediction of the structure of a molecular
crystal, a criterion for selecting the most probable struc-
ture among many different calculated structures should
be discussed first. Conventionally, the predicted struc-
tures are compared in terms of the potential energies.?
A more sound criterion based on thermochemistry is the
free energy, which can be calculated for each proposed
crystal structure through a partition function derived
under a harmonic approximation.? In both schemes,
the structure at the global minimum, i.e. the lowest po-
tential energy or free-energy structure, is considered as
the most probable crystal structure. Thus, locating the
global minimum on the potential surface is an impor-

tant step for predicting a crystal structure.

The steepest- descent method and the Newton—
Raphson method are often used for minimizing the po-
tential energy. Since the potential energy surface of a
molecular assembly has many energy minima, and since
these methods can only locate the nearest minimum-en-
ergy point around the initial structures, the key point
for locating the global minimum in these methods is how
to efficiently select a possible initial guess. Thus, pre-
vious studies have been aimed at obtaining a good ini-
tial guess for the crystal structure.> % The coordinate
space to be considered for a molecular crystal, which
consists of the coordinates of molecules and the lattice
constants, is very large in its dimension. The space sym-
metry and the lattice constants for the molecular system
are often assumed to reduce the number of indepen-
dent coordinates. Successful methods to be run under
the preassumed lattice constants and/or space Symme-
tries have been proposed.*® However, these assump-
tions cannot be made for the prediction of the packing
structure of an entirely new molecule which has not
been synthesized yet, because the preassumed lattice
constants and spatial symmetry are derived from em-
pirical guesses or experimental information. Thus, the
method to be developed should be based only on infor-
mation concerning the properties obtainable either the-
oretically and/or experimentally for a given molecule.
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For a general prediction of a molecular crystal struc-
ture without any assumption concerning the space sym-
metry and lattice constants, we make use of a lattice-
variable constant-pressure molecular dynamics (MD)
method. Note that MD has been employed here not
to obtain an equilibrium configuration of a molecular
assembly, but to efficiently sample the possible initial-
guess structures for energy minimization. For this pur-
pose we have coded a program for molecular crystals
using constant-pressure MD treating the lattice con-
stants as variables under no spatial symmetry con-
straints. We assume only a periodic boundary condi-
tion. In this study, the efficiency and capability of our
algorithm were examined through trial predictions of
several known crystal structures.

Algorithm for the Search of Crystal Structures

The basic idea in searching for the possible packing
structure of a molecular crystal is to let a small num-
ber of molecules find themselves stable packing while
moving around in a flexible unit cell under the periodic
boundary condition. To adapt to various crystal struc-
tures, we chose mostly 8 (sometimes 4) as the number
of molecules in a unit cell, since 84.6% of the organic
homomolecular crystals contain 1, 2, 4 or 8 molecules
in the unit cells according to a statistical study by Bel-
sky and Zorkii.®) We also assumed that the molecules
do not change their conformation (rigid-body approxi-
mation). Thus, our search is performed with a unit cell
composed of 8 rigid molecules under a periodic bound-
ary condition. It follows that independent geometrical
variables in our search are 24 (=3x8) coordinates for
the centers of mass and 24 (=3x8) Euler angles for the
orientations of the molecules, and 6 lattice constants
(a, b, ¢, @, B, 7). Thus, the potential energy surface
becomes a surface of 54 dimensions, and a point on the
potential energy surface represents each crystal-packing
structure.

Since we have no a priori knowledge concerning the
potential surface for a particular molecular system, a
useful way to search for the global minimum is to wan-
der about over the potential energy surface under the
molecular-dynamics constraint. Since the lattice con-
stants should be treated as variables, we adopted a con-
stant-pressure MD? of the type proposed by Nose and
Klein® for searching for the minima on the potential
surface. Thus, we formulated constant pressure MD
equations for a molecular crystal system comprizing a
small number of rigid molecules in a unit cell (see Ap-
pendix).

When the MD simulation is started at an appropriate
temperature (“shaking” process), the system may relax
from the given initial structure and wander about on the
potential energy surface. One of the low-energy struc-
tures picked up from the thus calculated trajectories on
the potential energy surface would be a possible candi-
date packing structure to be optimized so as to go down
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to the global minimum by the succeeding “quenching”
process.

For the initial structures, the centers of mass of
8 molecules are placed so as to form 2x2x2 blocks
of a simple cubic lattice with the orientation of each
molecule being set randomly. The volume of the ini-
tial MD cell is set to be large enough to allow the 8
molecules to change their orientations easily. The ini-
tial velocities for geometrical variables are set to be pro-
portional to the forces acting in the initial structures.
These artificial initial settings do not mean any prede-
termined constraint, since the lattice constants as well
as the spatial configuration of the molecules in the lat-
tice are changed by the MD process, and the artifact
imposed at the initial stage becomes rapidly relaxed in
the first few hundreds steps.

During the MD process, we sample a possible crys-
tal-packing structure by picking up a point having a low
potential energy from the trajectory. Note that a point
on the MD trajectory at a certain temperature seldom
goes down to the very bottom of a basin on the poten-
tial surface, since the molecular system moves around
with the kinetic energy corresponding to a given tem-
perature. Since the locations of the potential minima
are not known before starting MD walking, any points
on the trajectory which show lower potential energies
than previous points could be considered to represent
a better packing structure, and, hence, should be sam-
pled. In order to avoid redundant samplings, we set up
a selection rule of sampling on the basis of the resem-
blance between the structure S of the current time-step
and the structure S’ of the most recent sample stored in
a temporary buffer. The resemblance of two structures
is evaluated in terms of the standard deviation dp,i, for
the relative distances of all atom pairs found in the unit
cell.

1/2
dpair = {Z(ﬁ‘j - Tz‘j')Q/Npair} ; 1

i<j

where 7;; and 7;;’ denote the distances between atoms
iand jin S and S, respectively, and Np,iy denotes the
number of atom pairs. When dy.;; is greater than a
given threshold dipax, S’ is accepted as a valid sample
and § is stored in the temporary buffer as the most re-
cent sample. On the other hand, when dp,;; is smaller
than the threshold dy.x, S’ in the temporary buffer
will be updated by the present sample S only when the
energy of S is lower than that of S’. In this way, we ob-
tain one sample point every time we visit a supposed-
to-be different basin on an unfamiliar potential surface.
While sorting in energy, we accumulate the thus sam-
pled points up to a certain total number.

After obtaining sufficient sampling points, energy
minimization is performed for each sampled structure in
order to bring it down to the bottom of the correspond-
ing potential-energy minimum by removing kinetic en-
ergy at every time-step of the MD process (a steep-
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est-descent method). We call this process “quenching”.
We then identify the independent minimum by classify-
ing each minimum-energy point according to its energy,
a set of lattice constants, and space symmetry. For
a unique definition of the lattice constants, each MD
cell obtained through quenching should be reduced to
a primitive unit cell, which is the minimal unit of the
periodic structure. The primitive cell need further be
transformed so that c<a<b and «,5>90°. The space
group can be determined by examining possible symme-
try operations on the thus obtained reduced structure.
Numerically, a candidate space group can be confirmed
by checking the standard deviation o for the distances
between the corresponding atoms in the reduced struc-
ture before and after the symmetry operation is applied.
By repeating the procedures described above, we can
obtain, hopefully a small number of, different mini-
mum-energy points that are independent of each other.
Among them, the structure showing the lowest poten-
tial energy could be the global minimum structure, and
should be the one to be observed as a real molecular
crystal. The potential functions used in the MD proc-
esses in the shaking and quenching stages are inaccu-
rate in most cases; we could say, instead, that one of
the structures having low potential energy should be
proposed as a candidate for a real crystal structure.
The entire flow of our procedure for finding the global
minimum is as follows:
1) The geometry and atomic charges of a given molecule
are determined, for example, by ab initio molecular or-
bital calculations.
2) The appropriate potential functions and parameters
are adopted.
3) Eight molecules (sometimes four) are set in a large
unit cell, and the initial velocities are calculated accord-
ing to the forces acting in the initial structure.
4) A constant-temperature and constant-pressure MD
simulation regarding the lattice constants as variables is
performed at certain temperature (“shaking”). Low-en-
ergy structures are sampled while avoiding redundancy,
and are stored after sorting by energy.
5) Steps 3 and 4 are repeated until sufficient number of
samples are obtained.
6) The potential energies of the sampled structures are
minimized in order to identify the potential minima to
which each sample should belong to (“quenching”).
7) The quenched structures are classified into groups
with respect to their potential energies.
8) The lattice constants and the space symmetry are
checked for each classified group.
We would like to call the entire process a “heuristic MD
search.”

Program MDCP

For the calculations in steps 3)—6) mentioned above,
a program called MDCP? (Molecular Dynamics for
Crystal Packing) was coded in FORTRAN. In this pro-

Bull. Chem. Soc. Jpn., 68, No. 2 (1995) 521

gram the intermolecular interactions are expressed in
the form of an atom—atom potential. For van der Waals
interactions, three types of potential functions, i.e.
exp-6, Lennard-Jones (6,12), and Morse type functions,
are installed. These short-range forces are summed over
all the atom pairs within a given cutoff radius. For
Coulombic interactions, Ewald’s sum method!? is em-
ployed in order to accelerate their convergence. A nu-
merical integration for the equations of motion is per-
formed using a predictor-corrector algorithm.!? For en-
ergy minimization, the steepest descent cycles are ap-
plied by using a temperature-scaling routine.

Results and Discussion

In order to demonstrate the validity and efliciency of
our method, it has been applied to predicting the crystal
structures of CO,, benzene, and pyrimidine molecules,
for which the crystal structures are already known ex-
perimentally. Since the potential surface to be used in
our method is entirely dependent on the potential func-
tions and their parameters, our goal of demonstration
here is how efficiently to reproduce the crystal struc-
ture determined by the global minimum of the potential
surface. The experimentally observed crystal structure
should correctly be reproduced, when the employed po-
tential functions and parameters are appropriate.

1. CO,;. Table 1 gives the potential parameters,
cut-off radius r.y:, Ewald’s convergence parameter o,
and geometry of the CO4 molecule employed in our cal-
culations. The potential parameters and geometry were
taken from those proposed by Williams et al.'? for lat-
tice energy calculations. The external pressure Peyy was
kept at 1 atm.

First, we examined the quality of potential surface
calculated from the potential functions employed. We
performed a “quenching” process starting from the
experimentally observed crystal structure in order to
search for the structure at the nearest potential-energy
minimum point (Syin) defined by the given potential
functions and parameters. This energy-minimum point
should be the goal of our MDCP search. Table 2 gives
the lattice constants, potential energy, and space sym-
metry for the thus determined structure Sp;,, which
are in good agreement with those of experimentally ob-
served values.

Next, we ran the heuristic MD search. Eight CO,
molecules were placed in the MD cell. The initial length
of the MD cell edg Li,;s was set to 10 A, which gave a
volume about three times larger than that of the ex-
perimentally observed structure. The centers of mass
of the molecules were set to form a simple cubic lattice.
Since the CO5 molecule has an inversion center, the ini-
tial forces acting on the centers of mass are zero. Thus,
if the initial velocities are set to be proportional to the
initial accelerations, the centers of mass will not move.
To avoid this situation, we set the initial velocities in a
random fashion.
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Table 1. Potential Parameters and Geometry for the CO2 Molecule System,*

Adopted from Those Reported by Williams et al.'?

e Potential function and parameterslz)
E;;=B;jexp (—C,'jri,- ) - A,‘j’l'ij _6+ 1389.4q;q;73; -1

Prediction of Molecular Crystal Structure

Acc=2.41x10%, Bcc=3.67x10°%, Ccc=3.60, gc=0.820,
Aoo=1.13x103, Boo=2.30x10°, Co0=3.96, go=-0.410,
Aco=1.65x103, Bco=2.91x105, Coo=3.78.

e Cut-off distance rear=14 A

e Ewald’s convergence parameter a=0.221 A~!

o Geometry of CO,%13) reco=112 A

a) r; is the interatomic distance between atoms ¢ and j, and g; is the partial charge
on the atom 1. Units: E;; in kJ mol~1, Ty in A, and g¢; in e (elementary charge).

Table 2. Lattice Constants, Potential Energies and Space Symmetries of the Predicted CO2 Crystals

) o o o P.E.» ¢ Symmetry
z oA bAoA of & K kJmol™? 107%A
Sobs? 4 554 554 554 90 90 90 Pa3
Swilliams®) 4 566  5.66 566 90 90 90 Pa3
Smin") 4 566 566 566 900  90.0 90.0 —27.40 022  Pa3
C-1 8 8.00 8.00 5.66 90.0 90.0 90.0 —27.40
(4)g) (5.66) (5.66) (5.66) (90.0) (90.0) (90.0) 0.04 Pa3
C-2 8 6.89 7.78 7.26 90.0 113.0 90.0 —26.71
(4)g) (6.89) (7.26) (3.89) (90.0) (90.0) (113.0) 0.02 P2 /a
C-3 8 7.73 6.92 7.73 90.0 119.9 90.0 -26.69
(4)g) (6.67) (6.92) (3.87) (90.0) (90.1) (90.0) 1.03 P2,ab
a) Number of molecules in a unit cell. b) Potential energy for the structure after “quenching”. c¢) Standard
deviation in geometry between the predicted packing and that obtained by symmetry operation. d) Exper-

imentally observed structure.!3) e) Calculated values by Williams et al.l?)
“quenching” from the experimentally observed crystal structure.

reduced unit cell.

Starting with these initial settings, the shaking proc-
ess was performed for 5000 time-steps with a time-step
Atof 2 fs at a temperature T of 200 K. The hypothetical
mass W (see Appendix and Refs. 7 and 8) for the lattice
was empirically determined to be 150 u (unified atomic
mass unit). A trace of the potential energy in the shak-
ing process is shown in Fig. 1, where the sampling points
(denoted by circles) and the minimum points obtained

- + oy e :
i+ + + ++ 4+ 4]

B0l 1

Potential Energy /kJ-mol ™

1 1

1
4,000 6,000
Time / fs
Fig. 1. The trace of the potential energy of the eight
CO32 molecule system. Open circles indicate sampling
points and crosses show the potential energies for the
samples quenched from each sampling point.

1 I
8,000 10,000

f) The structure obtained by
g) Values in parentheses denote those of the

by quenching the sampling points (denoted by crosses)
are also shown. As shown in Fig. 1, the system relaxed
rapidly at the initial MD stage, and then moved around
the rims of the basins on the potential energy surface.
The system seems to stay longer in the potential basin
of the lower energy. Thus, the employed MD has been
proved to work well in wandering about concentratingly
on regions of the low potential-energy minima. A set of
the initial setting and shaking process was repeated four
times. As a result, 98 structures in total were sampled
with the sampling threshold dp,,x=0.5 A.

A histogram of the potential energy for each quenched
structure derived from 98 sampling points is shown
in Fig. 2. According to the potential energy, the
quenched structures can be classified into groups in en-
ergy: {—27.40 (x21)}, {—26.71 (x9)}, {—26.69 (x11)},
{—26.61 (x7)}, {—26.25 (x11)}, --- kJ mol~!, where the
numbers of occurrence are shown in parentheses. Ex-
amining the structure of each group after the unit cell
reduction, we found that the structures belonging to
one group are all the same. The lattice constants and
space symmetries for the three lowest energy groups,
i.e. C-1, C-2, and C-3, are shown in Table 2, and their
stereoviews are shown in Fig. 3. The structure of C-1 is
the most energetically stable among all of the quenched
structures. This structure has the same lattice con-
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Fig. 2. Histogram of the potential energies of the 98

quenched samples of the eight CO2 molecule system.

Fig. 3. Stereoviews of the experimentally observed
and theoretically predicted crystal structures of CO,
molecule (@ and O denote carbon and oxygen atoms,
respectively). See Table 2 for the structures Sobs,
C-1, C-2, and C-3.

stants as those of Spin, and the space symmetry is also
found to be the same Pa3. This means that MDCP has
been successful in locating the global minimum on the
potential surface defined by the Williams potentials,'?
and that the Williams potentials are sufficiently good
for this particular case. In this case, since the Williams
potentials are of good quality, we can also reproduce
the experimentally observed crystal structure. Thus,
our method was proven to be valid in finding the crys-
tal structure of CO,.

2. Benzene. The geometry of the benzene
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molecule and the potential parameters employed (Hall
and Williams, 1975)'*) are listed in Table 3. The va-
lidity of these potential parameters was checked by
quenching the experimentally observed crystal struc-
tures under Pey;=1 atm. For a benzene crystal, two
polymorphs are reported: one is observed at ordinary
pressure and shows Pbca symmetry (Sobs-1);'® the other
is observed at 25000 atm and shows P2;/c (Sops-11)-'¢
The minimum-energy structures, Spi,-1 and Syip-11, Ob-
tained by the quenching of S,ps-1 and Sops-11, respec-
tively, were very similar to the corresponding observed
structures (see Table 4).

The parameters for shaking were set as follows: the
number of molecules in a unit cell Z=8, dy.x=0.7 A,
T=200 K, Pext=1 atm, Linjy=12 A, At=21fs, and W=
150 u. Since the benzene molecules also have centers of
symmetry, as is the case of COs, the initial velocities
for the centers of mass of benzene molecules were set
in a random fashion. Shaking for 5000 time-steps was
repeated four times, and 40 sampled structures in total
were obtained. After quenching, these samples were
able to be classified into several groups, as shown in
Fig. 4. Two of the quenched structures of these groups
are listed in Table 4 and their stereoviews are shown in
Fig. 5.

The B-1 structure has a potential energy of —54.54
kJmol~!, which was the lowest among those of all the
quenched structures. The potential energy, the lattice
constants, and the predicted space symmetry (Pbca)
were almost the same as those of Spin-1, as shown in
Table 4. Thus, for the system of the benzene molecules
as well as for that of CO3 molecules, our method suc-
cessfully located a crystal structure having the correct
space symmetry.

The B-2 and B-3 structures have potential energies
of —54.34 and —54.06 kJmol~! and show Pbca and
P2, /n symmetries, respectively. They were encoun-
tered only once each. They represent independent en-
ergy minima, the structures of which are different from
B-1 and B-4.

15 T T T —T
Q
Q
:
§ 10 =
o
St
S
3
gl 1
i L I
ol 11K ) 1 '
-55 -54 -53 -52 -51 -50
Potential Energy / kJ-mol !
Fig. 4. Histogram of the potential energies of the 40

quenched samples of the eight benzene molecule sys-
tem.
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Table 3.

Prediction of Molecular Crystal Structure

Potential Parameters and Geometry for the Benzene Molecule

System,a) Adopted from Those Reported by Hall and Williams'?

e Potential function and parametersM)

E;j=B;jexp (—Cijrij) —A,-jnj_(j+1389.4q,-qj1'ij_1

Acc=1.88x10°%,
Ann=1.68x 10,
Acu=5.62x10%,
o Cut-off distance
e Ewald’s convergence parameter
e Geometry of benzene!®

Bec=2.99%x 105,
Bun=1.20x10%,
Bcu=5.99x10%,

Ccc=3.60, qc=-0.179,
Cuu=3.74, qu=0.179,
Cou=3.67.

Tcut:14 A

a=0.355 A1

rcc=1.397 A, reu=1.027 A

a) i is the interatomic distance between atoms i and j, and g; is the partial charge
on the atom 7. Units: E;; in kJ mol ™1, Ty in A, and g¢; in e (elementary charge).

Table 4. Lattice Constants, Potential Energies and Space Symmetries of the Predicted Benzene Crystals

a) o o o P.E.» o9  Symmetry

z a/A b/A c/A o/ B/ v/ ST T
Sobs-1V 4 7.39 9.42 6.81 90 90 90 Pbca
Sobs-11") 2 542 538 753 90 110 90 P2;/c
Swilliams-1") 4 743 929  6.93 90 90 90 —54.2 Pbca
Swilliams-11) 4 5.60  5.52 7.95 90 111.8 90 —53.1 P2;/c
Smmin-1® 4 743 9.31 6.94 90.0 90.0 90.0 —54.54 0.00  Pbca
Smmin-11% 2 5.65  5.55 7.92 90.0 108.1 90.0 —53.54 0.00  P2i/c
B-1 8 1020 11.56 10.20 114.2 94.5 113.8 —54.54

(4P (7.49) (9.26) (6.93) (90.0)  (90.0)  (90.4) 7.00  Pbca
B-4 8 9.68 1127  9.68 104.6 110.2 75.3 —53.55

2" (5.63) (5.54) (7.94) (90.0) (108.0)  (90.0) 026  P2/c

a) Number of molecules in a unit cell.

deviation in geometry between the predicted packing and that obtained by symmetry operation.

b) Potential energy for the structure after “quenching”.

¢) Standard
d) Experimentally

observed structure at ordinary pressure.!®) e) Experimentally observed structure at 25000 atm.1®)  f) Calculated

values by Hall and Williams.14)

observed crystal structure.

The B-4 structure has a potential energy of —53.55
kJ mol~?!, which belongs to the group of the forth low-
est potential energy. This structure was reduced into a
monoclinic unit cell; the consequent structure was sim-
ilar to those of Sype-11 as shown in Fig. 5. Both of them
belong to the same space group, P2;/c. Thus, a poly-
morphous structure at high pressure was successfully
located as the fourth lowest energy structure at an ex-
ternal pressure of 1 atm.

3. Pyrimidine. For the geometry of the
pyrimidine molecule and potential parameters, those of
Williams and Cox'™ (listed in Table 5) were adopted.
Here, additional interaction sites for lone-pair electrons
are placed outward from the nitrogen atoms (Fig. 6)."
The parameters for shaking were set as follows: Z=8§,
dmax=1.0 A, T=300 K, Pext=1 atm, Liniz=12 A, At=5
fs and W =150 u. Since many local minima were ob-
served for this molecule in preliminary calculations, we
considered that a wide search of the potential surface
would be necessary. Thus, the shaking temperature for
pyrimidine was set to be 300 K, higher by 100 K than
that for CO, and benzene, and the number of the sets
of initial setting and shaking cycle was increased to 20.
From these shaking cycles, 475 sample structures in to-
tal were obtained.

g) The structure obtained by “quenching” from the corresponding experimentally
h) Values in parentheses denote those of the reduced unit cell.

The distribution of the potential-energy values for
the quenched structures obtained from 475 samples is
shown in Fig. 7. These quenched structures seemed to
represent independent local minima, and were unable
to be classified in terms of their potential energies. The
presence of such numerous independent minima arises
from the low symmetry of the pyrimidine molecule. For
instance, different rotation angles of one of the eight
pyrimidine molecules in its molecular plane give differ-
ent packing structures, resulting in a small, but mean-
ingful, potential-energy difference.

Among the structures quenched from the 475 sam-
ples, the structure corresponding to S, was not found.
The lowest potential energy found for these quenched
structures was higher by 0.85 kJ mol~! than the energy
for Spin. The packing information for three quenched
samples selected from the lowest potential energy side,
i.e. P-1, P-2, and P-3, is listed in Table 6, and their
stereoviews are shown in Fig. 8. In these structures, as
is the case for the experimentally observed crystal struc-
ture, the molecules pack with their molecular planes in
parallel and the centers of mass of the four molecules
are in a parallelogram. The difference from the experi-
mentally observed packing structure is in the rotational
angles of a few molecules in their molecular planes,
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EFE
333

Stereoviews of the experimentally observed
and theoretically predicted crystal structures of ben-
zene molecule (@ denotes carbon atom). See Table 4
for the structures Sobs-1, Sobs-11, B-1, and B-4.

Fig. 5.

lill
c1
Lpl yd N ,Lp2
N1 TZ
c4 Cc2
/ \
H4 / [ox} H2
H3

Fig. 6. Numbering of atoms in a pyrimidine molecule,
to be used with Table 5. Lpl and Lp2 are placed to
represent lone pair electrons.

which results in the differences in the lattice constants
and space symmetries. This type of packing form was
frequently observed in those quenched samples having
energies under —54 kJmol~!. Take P-1 for example,
the packing structure was almost in complete agreement
with Spin, except for the directions of molecules 3 and
4 in their molecular planes. When these odd molecules
were rotated properly in their molecular planes followed
by quenching, the thus revised P-1 structure coincided
with that of Sy,;, and the potential energy was lowered
by 0.85 kJmol~! from that for the original P-1 itself.
In this example, the difference in energy due to the
difference in the rotational angles in the molecular plane

Bull. Chem. Soc. Jpn., 68, No. 2 (1995) 525

Table 5. Potential Parameters and Geometry for
the Pyrimidine Molecule System,* Adopted from
Those Reported by Williams and Cox!”

e Potential function and parameters'”
E,‘j :Bi,-exp (—C’ijrij)—Aijrij_6+1389.4qiqu,-j'1
Acc=2.44x10%, Bcc=3.710x10°, Coc=3.60,
Ann=1.38x10%, Byn=2.55%x10°, Cxn=3.78,
Aun=1.36x10%, Buu=1.20x10%, Cuu=3.74,
Acn=1.83x10%, Ben=3.07x10%, Con=3.69,
Acu=5.77x10%, Bcu=6.65x10*, Ccn=3.67,
Anu=4.34x10°, Bnu=5.52x10", Cnu=3.76.

o Cut-off distance rews=14 A

e Ewald’s convergence parameter a=0.266 A~!

e Cartesian coordinates and charges for pyrimidine®

X Y VA q
N1 —1.192 0.690 0.000 1.067
N2 1.192 0.682  —0.002 1.067
C1 0.000 1.284 0.003 —0.079
Cc2 1.181  —0.657 0.000 —0.025
C3  -0.000 —1.382 0.003 —0.269
C4 1179 —0646 —0.002 —0.025
H1  —0.002 2.311 0.002 0.154
H2 2074 —1.164 0.000 0.141
H3 0.000 —2.408 0.003 0.166
H4 -2.075 —1.149 —0.003 0.141
Lpl® -1.410 0.814 0.000 —1.169
Lp2®  1.411 0.805 0.000 —1.169

a) rj; is the interatomic distance between atoms 4 and
J, and g; is the partial charge on the atom . Units: E;;
in kJmol~1, Tij and Cartesian coordinates in A, and q;
in e (elementary charge). b) See Fig. 6 for the atom
numbering. Williams and Cox!7) adopted the geometry
reported in Ref. 18. ¢) Lpl and Lp2 denote the pseudo-
atoms representing lone pairs.

20 T T T T

— —
(=] wn

Number of Occurrence
wn

-60 -55 -50 -45 -40 -35
Potential Energy / kJ-mol ™'
Fig. 7. Histogram of the potential energies of the 475

quenched samples of the eight pyrimidine molecule
system.

was so small under the atom—atom potentials employed
here that difficulty arose in predicting the correct pack-
ing structure. For such cases having many local min-
ima of negligible energy difference, assistance of human
interaction at the very last stage will be necessary to
correct the oddly disposed molecules.
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Table 6. Lattice Constants, Potential Energies and Space Symmetries of the Predicted Pyrim-

idine Crystals

b c
72 a/A bAoA B 4/ PEDP 0®  Symmetry
kJmol™!  107%A
Sobs? 4 11.56 946 3.69 90 90 90 Pna2,
Swilliams® 4 11.56 9.72 364 90 90 90 —57.3 Pna2,;
Smin’ 4 11.56 9.72 3.65 90.0 90.0 90.0 —57.36 9.32 Pna2;
P-18 8 10.34 1166 7.26 90.1 1099 110.6 —-56.51 P1
P-28) 8 10.28 11.78 7.24 90.1 1106 92.3 —55.90 P1
P-39 8 10.52 11.24 7.04 952 93.0 90.1 —55.30 P1

a) Number of molecules in a unit cell.

b) Potential energy for the structure after “quenching”.

¢) Standard deviation in geometry between the predicted packing and that obtained by symmetry

operation.

reduced to smaller unit cell.

P-1
P-2
P-3 ‘@ @
% £
Fig. 8. Stereoviews of the experimentally observed

and theoretically predicted crystal structures of
pyrimidine molecule (® and O denote carbon and
nitrogen atoms, respectively). See Table 6 for the
structures Sobs, P-1, P-2, and P-3.

Conclusion

We have proposed a method to search for the struc-
tures of molecular crystals without using any informa-
tion concerning the space symmetry and lattice con-
stants. Molecules were treated as rigid bodies and pe-
riodic boundary condition was assumed. An algorithm
for searching the global minimum has been developed
by using a lattice-variable constant-pressure MD tech-
nique.

For high-symmetry molecules, such as COs and ben-

d) Experimentally observed structure.!®)

f) The structure obtained by “quenching” from the observed crystal structure.

e) Calculated values by Williams and Cox.17)
g) Unable to be

zene, our method was proved to be successful in finding
a potential-energy minimum corresponding to the ex-
perimentally observed crystal structure. The total num-
ber of time-steps in the present MD calculations for gen-
erating possible packing structures was 20000, which is
an acceptable number from a practical viewpoint. How-
ever, for a low-symmetry molecule, i.e. pyrimidine, even
such MD calculations involving as many as 100000 time-
steps ended with a near miss in finding the true global
minimum. The usefulness of human interaction at the
very last stage is suggested in this case.

This research was supported by the Ministry of Edu-
cation, Science and Culture (Grant-in-Aid for Scientific
Research on Priority Areas: Molecular Crystal). The
authors are grateful to Professor Yuji Ohashi, Tokyo
Institute of Technology, for his stimulative discussion.

Appendix

The following formulation for the MD, which treats the
lattice constants as well as the coordinates of the interacting
molecules as variables, is based on studies by Parrinello and
Rahman'® as well as Nose and Klein.®

The Cartesian coordinates r;=(z;,¥i,2)" (the superscript
T, hereafter, denotes the transverse of the vector or matrix)
and the fractional coordinates in a unit cell, 8;=(&;,7:,¢)7,
for the -th atom are related through the lattice vectors a,
b, and ¢ as

ri=&a+nb+(ic
zBs,-, (1)

where the lattice matrix B is defined as

B=(abc¢). (2)

The Lagrangian L for a system consisting of atom 7 with a
mass of m; can be written as'®

1 .1
ngzi:mir?m — 521,:;¢”(T”) — P.y.det B
=%;mi{éFBTB.§i +2s7 B"Bsi+ 5] B" Bs;}

_%qusij("'ij)—Pextdet B. (3)

A E)
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Here, ¢;j(ri;) is the potential energy between the i-th and
jth atoms separated by the distance r;;, and Pexs is the
external pressure. When the cross term, Z2m1 TB Bs;,

is neglected and the kinetic-energy term, 5 Zmi s;r B Bs;,
. . K3
is replaced by %Wtr (B TB ),19) i.e. kinetic-energy term of

the lattice vectors having a hypothetical mass W, the thus-
approximated Lagrangian becomes

1
:§Zm1 BTBSZ——Zquz](TZJ)
7 1 j#i
+%Wtr (BT B) — Poxydet B. (4)

Thus, the Lagrange equations of motion <> 1z ( g: ) 8% =0
derived for each atom in a unit cell and for each component
of matrix B become
i=—m; ! Z(BTB)—I 3¢m
J#i
~(B"B)"

Bap=W™" {Zmi(gi)ﬂ(ysi)a
s
—ZZ aga Pext

i j>i

YBTB+ BTB)sl, (5)

(det B )} (6)

For a rigid-molecule system under periodic boundary con-
dition, the Lagrangian in Eq. 4 becomes,

L=z ZM“S'TBTBS+ Witr (BTB)+2ZwlIw,

——ZZZ(I 8i.i6n,0)D_D 8% (

r8,) = Peyidet B, (7)

keilej
where
ri’;l,, =rf- r} + Bn (8)
= B(S;; +n)+d, 9)
r¥ = BS, + df, (10)

and M, is the mass, w; the angular velocity vector, I, the in-
ertia tensor, and §; the fractional coordinates for the center
of mass of the #th molecule, respectively, rf the Cartesian
coordmates of the k-th atom belonging to the ith molecule,

(rfjl") the potential energy between the k-th atom of the
z—th molecule and the Fth atom of the jth molecule sepa-
rated by 7{“}", and d¥ the relative vector from BS; to ™,
~and di’;-l—dzk—d} . Each component of n is an integer for
the repeated symmetry translations, and é is Kronecker’s
6. Thus, the following equations of translational motion,
rotational motion and lattice vectors for the rigid-molecule

system are coded in the program MDCP:%

- ~109l]
==M'3 233 3 (BB 5

n jAike€ilej

—-(B™B)"Y(BTB+B"B)S,, (11)
Ji=N;
Aok
=Zdzk X {—22(1—61,,]610,0)2 87',;:7 }) (12)
k€i noj lej 4

o= {088 80,
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EIDDYELTR R <

k€iley
8
_Pext m(det B)} . (13)

Here J; is the angular momentum and N; the torque vec-
tor of the i-th molecule. The derivatives of qﬁfjl (rfjln) in
Egs. 11, 12, and 13 read

1008 e 1 —1 gk
(B™B)™! = —(Si;+n+B7'dY), (14)
88; ~ or fjn f]’n /
3‘151‘ o 1
ork arkl %1 Tigns (15)
i ign z]n
and Bk 6¢ )
i ij kl
EY:) JB = ‘97‘{3’“ f]ln (SZJ+'"') ( ijn)a' (16)

Equation 13 implies that the a, b, and ¢ vectors fluctuate
around a certain equilibrium point in balance between the
internal and external pressures.
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