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Problem of crystal structure prediction:

- theoretical importance

- practical importance for design and industrial processing of molecular
materials (pharmaceuticals, pigments, optical materials, explosi ves)

Polimorphism is the ability of a particular substance to exist in
severa different crystal forms. Polymorphs of a compound differ
In their physical and biological properties.

The solubility and rate of dissolution can vary, which influences the bioavailability.

Differences in density, hardness, and crystal morphology can influence the handling
properties in the production process.

Color is dependent on the crystal packing and is essential for pigments.

The existence of different polymorphs can cause problems with patent protection.




he stability of crystal structure at a given temperature and pressure |
leter mined by itsfree energy

G(T,P) = U(T,P) + pV =TS

hermodynamic hypothesis:

he observed structure corresponds to the global minimum of the free energy
G)

he ther modynamic stability is not always the decisive factor because
Inetics plays an important role, influenced by crystallization conditions.

e can assumethat the observed structureisamong structures having a
ow freeenergy. Thelatter can be approximated by the potential energy U
thermal effects may contribute as much as 2 kcal/maol).




Crystal structure prediction is search for lowest energy
minima of potential energy (which correspond to possible
polymorphs) given only the atomic connectivity for an

organic compound.
I C

E=E(a,b,c,a,b,gt, 't LT Lgly ...

Lo ty‘x/l , 0, 6+Z(6+N) variables,
‘ where Z 1s number of
molecules in the unit cdll,

’t . : N is number of torsional
a o by bo ) oM angelsin the case of flexible

molecule.

lobal optimization of potential energy (E) = multiple minima probl

PROBLEM: huge number of local minima = avery efficient global
optimization method is heeded.




\ good potential function Is a necessary element for any algorithm for crysta
tructure prediction. On the other hand, crystal structure prediction algorith
pased on global optimization is a very useful tool for assessing the quality of
Jiven potential.

ood (predictive) potential function:

a) Should reproduce the experimental structure within a certain accuracy
9)) If experimental value of sublimation enthalpy is known, it should be
eproduced as well.

C) The structures corresponding to the lowest-energy minima found for the
potential should represent plausible structures, and one of them, preferably the
Jlobal minimum, should correspond to the observed most stable experimental
structure

ost potentials are derived based on a series of local minimizations instead of
Jlobal optimization, therefore they may not satisfy criterion (c).




Blind test of crystal structure prediction
of small organic molecules
(organized by the Cambridge Crystallographic Data Centre)

May 1999 — Acta Crystallographica, 2000, B56, 697-714

May 2001 - Acta Crystallographica, 2002, in press




Global optimization methods for crystal structure prediction

Self-Consistent Basin-to-Deformed-Basin Mapping (SCBDBM) Method

Deformation-based method developed in Scheraga group in 1998. It has been successfull
applied to many different systems such as proteins, Lennard-Jones clusters and crystals.

Conformation-Family Monte Carlo (CFMC)

A variant of Monte-Carlo Minimization (MCM). It has been recently developed in ou
aboratory in application to proteins and crystals.




Monte Carlo-Minimization (M CM)

. Select aconformation at random, and minimize the potential
energy.

. Select any variable at random.
Make arandom change in the variable.
Minimize the energy of the new conformation.

. Compare E,,, to E_,4 by means of the Metropolis criterion.

|[terate.




Conformation-Family Monte Carlo (CFMC)

Helvet.Chim. Acta 2000, 83 (9), 2214-2230; PNAS 2001, 98 (22),12351-12356

The central element of the CFMC method is the structure family database
o Uses Metropolis criterion to move between families

« Uses Boltzmann distribution to choose conformation from a family

» Does not move between structures, but between families

* |t is equivalent to smoothed “ staircase deformation” of a potential function

* |t has been successfully applied for protein structure prediction and performs as
well as the Conformational Space Annealing (CSA)

Original function




Generate and minimize N, random conformations
to initialize the conformation-family database

Sdlect the lowest-energy
family asthe generative
family

Choose conformation C

from generative family F

Generate new conformation
C’ from conformation C

|

IsC’ tooclosetoa

database structure?

To how many families does C’ belong?

zerc/

Step 3a.
Make new
family F’

>Step2

CFMC algorithm

Step 1. A conformation C is chosen
at random from the generative family
F, with a probability proportional to
its Boltzmann weight.

Step 2. This conformation C is
modified to yield anew
conformation C.

Step 3a. If the new conformation
C is unconnected to any family in
the database, a new family F is
created whose sole member is C..
If the number of families in the
database exceeds the limit N;, the
family with the highest energy is
eliminated.




Step 3b. If the new conformation C
To how many families does C' belong? connected to exactly one family F” in

database, the conformation is added to

Zerc/ o \ sovera family. If N > N_, the conformation with

Step 3a. Step 3b. Step 3c. Mergeall highest energy is eliminated.
Make new AddC’ tothe families of C’ into
family F’ family F, onefamily F’

~ / Step 3c. If the new conformation C
Update database to satisfy connected to more _than one family in

limits N, and N, database, these families are merged intc
single family F". Two families are merged if
has lower energy than every conformation
the higher-energy family and C has a lo
energy than at least one conformation of {
lower-energy family.

@ Step 4. If the new family F'1F, a Metropg

criterion is applied to determine whether to make
the generative family. F~ becomes the new generat
family if it has a lower energy than F, or if
Boltzmann factor exp(-bDE/KT) > rando
generated number in the interval (0,1)

\ 4

If F'1F, apply Metropolis test




The Methods for Producing New Conformations

There are two general classes of moves used in the CFM C method:

internal (or local) moves, intended to improve the low-energy conformations within afamil

external (global) moves, intended to search the conformational space for new families.

Families and structures are always chosen according to Boltzmann distribution

In order to avoid atomic clashes all newly generated structures are expanded before local
minimization.

All newly generated structures are locally minimized.




CFMC moves

Internal moves

external moves

Perturbation of trandations
of al molecules within unit
cell by

DPERT 2

D PERT1

Perturbation of all
rotations

of molecules within unit

D_PERT2A

D_PERT1A

cell by

Systematic search in
rotations for one molecule

All degrees of
freedom are perturbed

Averaging. Every variable
IS calculated according to:
n', = nW, xx+ nl. x(1 - x)

All variables between two
structures from the same

family

All variables between
two structures from
different families




| nput data

— Covalent structure of target molecule
— Forcefield parameters

— Number of molecules per unit cell, as a parameter

Variablesin the calculation (all vary independently)

Internal degrees of freedom (torsional angles)

Intermol ecular distances (trandlational vectors of molecules)

Euler angles for molecular rotations

Components a,, b,, b,, c,, ¢, ¢, of the lattice vectors (basis vector a of unit cell coincides
with thex axis, vector b liesin the (X,y) plane, and lattice vectors form a right-handed

system




Potential Enerqy

Etot - EeI + Enb + Etor

E, obtained from Coulomb formula with Ewald summation. Point
charges on atoms and additional sites

E , calculated with Lennard-Jones 6-12 or Buckingham 6-exp potential
function

E. caculated using real part of third-order Fourier expansion

3
E. =a k_ (1- cosmw)
=1

(w, ki, k,, k; obtained by fitting E,, to difference between ab initio
and molecular mechanic (E4+E,,) profiles)




Structure comparison for identification of a family

he following values are being calculated and stored for al structures from the database:

total energy E,, and volume of the unit cell V.,

parameters of theunit cell a, b, c,a, b, g

set of shortest interatomic distances within a cutoff radiusr , sorted according to their value

Btructure comparison is carried out using the similarity measure cal culated according to the

R = [E-§|/DE + |V,-V,[/DV + max]r *-r,</Dr,

where DE, DV, Dr are preset values of the largest deviations of energies, volumes and
Interatomic distances, allowed for equivalent structures.

n order to speed up calculations, al local minimizations (except final ones) are carried out wit
clatively low accuracy.

he geometrical focusing isachieved by gradual lowering R cutoff for structural differences.




Application to Crystal Structure Prediction
PNAS, 2001, 98 (22), 12351-12356

Two different potentials have been tested: AMBER and W99.

Set of ninerigid and flexible organic molecules was used.:

o O O o O

BENZEN PRMDIN IMAZOLOG6
PHYPHM DNITBZ03

OH
H,N OH
J Oy SN
O,N

2

LIQVUC
NITPOLO3 FORAMOO1 BENZON

None of the above potentials was perfect, however W99 force field performed dlightly better,
e., It iscloser to satisfy criteria (a)-(c) discussed earlier.




Imidazole - CFMC global optimization

— Lowest-energy family
Family 2
Family 3
Family 4
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Imidazole - CFMC global optimization - 200 minima
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Imidazole - CFMC global optimization - 200 minima
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DE
BENZEN 0.19

PRMDIN 0.11
IMAZOLOG6 0.79

PHY PHM 0.00

DNITBZ03 0.00

NITPOLO3 1.44
FORAMOO1 3.82
LIQVUC 2 0.04 5

*

- experimental structure was not found during the global search
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Minimized experimental structure
(green, no 13 above global
minimum) (optimized)

Globa minimum Global minimum

Propylene oxide — example of potential optimization




Massive parallelization

worker 1

e |/ W
| JERVATRY, \ /

worker 3

AEA

worker 5

o L ]| |

The CFMC algorithm has been parallelized at the coarse-grain level —
all local minimizations are carried out in paralel by workers. The
master is maintaining the database of structures and it is making all
decisions within the algorithm.
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Efficiency of parallelization of the CFMC agorithm

CFMC (ethlene Z=4)
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efficiency
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Efficiency of parallelization of the CFMC agorithm

CFMC (ethlene Z=4)

—&—not counting master
—s=— master included
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number of processors




