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Conventional Approach 
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Energy Ranking 
Ab-initio (DFT / DFT-D) 

Pre-Selection 
Classical force field 

Generation 
database/experiment/random  

Searching? 



 

Computing time 

Molecular Crystals – Prediction? 
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Ranking 

Searching  

 

 

Reliable 

 

Transferable 

 

Universal 

Economical 

Automatic  

 

User friendly 

(Parameter free) 

 



Ab initio determination 
Given information as least as possible 

 

Powerful Searching 

Invariant with the system 

Self-improved learning process 

 

New method: USPEX 

USPEX workshop, Guilin, August, 2013 



USPEX: from atom to molecule 
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Universal Approach to predict organic molecular crystals 
 

Main features of molecular crystals: 

 
Large amount of atoms 

Sparse space 

Metastable 

Symmetry preference 



1. Large amount of atoms 
 

Molecular Crystals 
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Benzyl-(4-(4-methyl-5-(p-tolylsulfonyl)-1,3-thiazol-2-yl)phenyl)carbamate 



2. Sparse space 
 H – bond 

 Van der waals bond 

Molecular Crystals 
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3. Metastability 
 

Molecular Crystals 
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Molecular form is not always favored by energy ! 



4. Symmetry Preference 

Molecular Crystals 
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Main feature 

• Large amount of atoms      

•     Sparse space                        

• Metastability 

•     Symmetry preference 

 

Molecular Crystals 

Search space  
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Apply Constraints 

 
Advantage: 
•  avoid decomposition 

•      decrease search space  

Methodology 

         Type              Degree of freedom 

Unconstrained:            3*10 

Rigid:                           6 

Partly flexible:              6~3*10 

Global Optimization Constrained Global Optimization 

USPEX workshop, Guilin, August, 2013 



Z-matrix 
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description of each atom in a molecule in terms of its atomic number, 

 bond length, bond angle, and dihedral angle (so-called internal coordinates).  

Cartesian 

 

 

 

Z-matrix 1 

2 

4 

3 

5 
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Species       X              Y         Z            i     j     k    ift 

     C      0.00000   0.00000  0.00000   0    0    0     1       

     H      0.63512   0.63512 -0.63512   1    0    0     1 

     H     -0.63512  -0.63512 -0.63512   1    2    0     1 

     H      0.63512  -0.63512  0.63512   1    2    3     0 

     H     -0.63512   0.63512  0.63512   1    2    3     0 

 

Species 

 

X, Y, Z 

Cartesian coordinate of the piece of molecule.  

 i, j, k 

Topological relation in Zmatrix style.  

 ift 

Optimization flag for torsion angle 

Define molecule in USPEX 

1 

2 

3 

4 

5 



Constrained evolutionary algorithm 
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Symmetrization-  
random structure with random space group 

14: P21/c ,  4 molecules/cell 

P21/c 

P21/c 

2a 

2d 

P21 
1. Build the wyckoff positions 

2. Track the symmetry operations 

    (Point group + Translation) 

3. Construct the whole molecule   

Point group  

2/m             Translation 

 

( x, y, z)      (0,   0,   0) 

(-x, y,-z)      (0,1/2,1/2) 

(-x,-y,-z)      (0,  0,   0) 

( x,-y, z)      (0,1/2,1/2) 

4e 

USPEX workshop, Guilin, August, 2013 

Don’t  completely rely on symmetry ! 



Local optimizer 

1. Constrained optimization: Zmatrix (DMACRYS, SIESTA) 

 

2. Van der Waals correction: (VASP, SIESTA), 

 

    DFT -D 

    Random Phase Approximation,                            Li et al, JPC, 2010 

    vdW-Functional,           originally proposed by Dion et al, PRL, 2004; 

                                        significantly speeded up by Kilimes, et al, PRB, 2011 

Level Initial stages 
(with Zmatrix) 

Final stages 
(without Zmatrix) 

Classical DMACRYS DMACRYS+GULP 

Ab-initio SIESTA VASP 
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Latest version, DFT-D3, Grimme, JCP, 2010 

Skip it 



Variation Operators 
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Constrained evolutionary algorithm 
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Application 

• Simple molecules at extreme conditions 

• H2O, NH3, CH4, CO2, C6H6 

• Pharmaceutical compounds 

• glycine, aspirin 

•    Organo-metallic complex 

• ferrocene 

• Polymers 

• Inorganic crystals 

• M(BH4)x 

 

USPEX workshop, Guilin, August, 2013 

http://upload.wikimedia.org/wikipedia/commons/7/7a/Ferrocene-from-xtal-3D-balls.p


Extended Systems 
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Molecular Packing Polymerization 



Ice 

Strong H bonding 

Bent molecule 

 

USPEX input: 
Z-matrix of H2O 

Siesta Input file 

4 molecules/cell 

Target Pressure: 0 GPa 

USPEX workshop, Guilin, August, 2013 



One single calculation:  < 1 day in 8 core Dell XPS Desktop !! 

Ice:         Ice-XI           Cubic ice    Tetragonal       
Carbon: lonsdaleite    diamond       BCT-4  

Umemoto, PRL , 2010 
Zamann, PCCP, 2011 

USPEX workshop, Guilin, August, 2013 

Ice at ambient pressure 



A subsequent dissociation: 

Methane             ethane             butane             diamond 

Predicted high pressure phases of methane 

USPEX workshop, Guilin, August, 2013 

Methane 



Methane 
vdW bonding 

tetrahedra molecule 

USPEX input: 
3~8 molecules/cell 

Target Pressure: 20~200GPa 

   P212121(20-58 GPa) Cmca (> 138 GPa) 
Pnma (58~138 GPa) 

Gao,, J Chem. Phys, 2010 

I-4  

5 molecules/ primitive cell 
R-3R  

7 molecules/ primitive cell 

USPEX workshop, Guilin, August, 2013 



Ammonia 

 NH3, weak H bonding 

 Pseudo tetrahedral  

  

 USPEX input: 

 4 molecules/cell 

 Target Pressure: 0~100GPa 

Ammonia polymorphs found by USPEX. a) P213 phase (1 - 4 

GPa, Z=4); b) P21/c phase (4 - 7 GPa, Z=4); c) P212121 phase 

(7 - 60 GPa, Z=4) 

Pickard, Nature Materials, 2008 

USPEX workshop, Guilin, August, 2013 



CO2 

CO2,  vdW bonding 

Linear molecule 

 

USPEX input: 

4 molecules/cell 

Target Pressure: 20~80GPa 

CO2 III (Cmca, 4 molecules/cell) 
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Benzene 

C6H6,  π- π stacking 

planar molecule 

 

USPEX input: 

4 molecules/cell 

Target Pressure: 5~20GPa 

USPEX workshop, Guilin, August, 2013 



Benzene 

C6H6,  π- π stacking 

planar molecule 

 

USPEX input: 

4 molecules/cell 

Target Pressure: 5~20GPa 

USPEX workshop, Guilin, August, 2013 

Ciabini, et al, Nature Mat., 2006 



Glycine 

C2H5NO2,  vdW + H bonding 

Amino acid molecule 

 

USPEX input: 

2, 3, 4 molecules/cell 

Target Pressure: 0~2 GPa 

a) representation of glycine zwitterion; b) α glycine at 2 GPa;  

c)    β-glycine at 0.4 GPa;                            d) γ-glycine at 1 GPa.  

DFT+D could not give the right energy ranking for glycine polymorphs !!!!!! 

USPEX workshop, Guilin, August, 2013 

DFT+D:  α < γ < β 

Exp:        γ < α < β 

VdW-DF:  γ < α < β 



Improved rotational mutation 
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1. Principle axis from 

inertia tensor 

2, Flexible molecules, 

allowing the variation of dihedral angles 
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Butane-1,4-diammonium dibromide 

Flexible molecules are also applicable ! 



Some organic crystals can also be viewed as the packing of well defined motifs 
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From organic to inorganic 

Ca(H2O)6 + Cl2 



From organic to inorganic 

Mg(BH4)2 

Mg(BH4)2 polymorphs found by USPEX. a) F222 phase; b) I4122 phase. 

Ozolins V., et al, PRL, 2008 

Zhou X.F., et al, PRB, 2009 

Pnma-LiBH4 was also trivially identified in 60 atoms /cells 

USPEX input: 

MOL 1: Mg 

MOL 2: BH4 

4 + 4 molecules/cell 

Target Pressure: 0 Gpa 

~ 300 structural relaxations 

USPEX workshop, Guilin, August, 2013 
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USPEX 

Model exp 
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  Methane under pressure 

21 molecules (105 atoms) 

Can it  be predicable???? 
Nakahata, CPL, 1999 
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  Methane under pressure 

(111) view 2*2*2 (100) view 

21 = 12 + 1 + 8 
 

12: icosahedron site 

 1 : icosahedron center 

 8 : outside icosahedron 



OUTLOOK 
Molecular Crystals – Prediction? 
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vdW bonding 
 DFT+D 

 VDW -DF 

EA 

 

 

 

Ab initio or empirical ?? 

No bias introduced 

 

Computing time 

 

 

 

Ranking 

Searching  

 

 

Reliable 

 

Transferable 

 

Universal 

Economical 

Automatic 
 

User friendly 

Least given information 
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Conclusion 

1. Based on USPEX , we succeeded in developing a new efficient 

approach to predict the structure of molecular crystals 

2. It can find the stable for the systems with various geometry shape 

(tetrahedral, linear, bent, planar and regular molecules), and 

chemical bonding (vdW bonding, weak and strong hydrogen 

bonding, π-π stacking, etc) 

3. We also extended this method to the prediction of inorganic 

complexes (if one wants to fix some bond connectivity). 

4. Variable compositional prediction for molecular compounds 

(Monday) 

5. 1D polymers crystal (Wednesday). 

USPEX workshop, Guilin, August, 2013 
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