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Modules based on DFT theory 

 

DMol3 allows you to model the electronic structure and energetics of molecules, solids, and surfaces 

using density functional theory (DFT). This produces highly accurate results, while keeping the 

computational cost fairly low for an ab initio method. You can study a broad range of systems using 

DMol3, including organic and inorganic molecules, molecular crystals, covalent solids, metallic 

solids, and surfaces of a material. 



Modules based on DFT theory 

 

CASTEP is a quantum mechanics-based program designed specifically for solid-state materials 

science. It employs the DFT plane-wave pseudopotential method, which allows you to explore the 

properties of crystals and surfaces in materials such as semiconductors, ceramics, metals, minerals, 

and zeolites. It offers simulation with unique capabilities, such as accurate prediction of phonon 

spectra, dielectric constants, and optical properties. 
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Modules based on DFT theory 

 

ONETEP is a program designed specifically for calculations on large systems, employing density 

functional theory (DFT) in the density matrix formulation. The density matrix is expressed in terms of 

special maximally localized functions, non-orthogonal generalized Wannier functions (NGWFs). 

ONETEP is a linear scaling method, so that the time required for the total energy calculation increases 

linearly with the number of atoms. Typical applications include studies of surface chemistry, structural 

and energetics properties as well as configurations of large molecular systems  
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DFT is built around the premise that the energy of an electronic system can be defined in terms 

of its electron probability density  (ρ). (Hohenberg-Kohn Theorem) 
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DFT is built around the premise that the energy of an electronic system can be defined in terms 

of its electron probability density  (ρ). (Hohenberg-Kohn Theorem) 

By minimizing the total energy functional applying the variational principle it is 

possible to get the SCF equations (Kohn-Sham) 

Density Functional Theory (DFT) 

 

Kohn-Sham orbitals 
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Accurate form of XC potential 

Empirical  

(Fitting to atomic properties) 

Non-Empirical 

(physics rules) 

No explicit expression for the exact 

functional is available 

Exchange-Correlation (XC) potentials 

 



o LSDA (Local Spin Density Approximation): The 

functional in each point in the space depends only on the 

density in that point. It works well for calculating molecular 

geometries, vibrational frequencies and dipole moments. 

Molecular atomization is not accurate. However, it is not 

recommended for chemistry especially for transition metals 

o GGA (Generalized Gradient Approximation): LDA + 

Terms that depend on derivatives of the density. These 

functionals provide an improved accuracy for molecular 

systems but are computationally more expensive. 

o Hybrid GGA: Combination of GGA with a part of Hartree-

Fock exchange 

o Meta-GGA: GGA part + Kinetic energy density 

o Meta-hybrid: GGA + HF + Kinetic energy density 

o Range-separated: They are based on the separation of the 

e-e interaction in both long and short range and treating the 

two parts with different functionals. 

The Jacob’s Ladder 

 



o LSDA (Local Spin Density Approximation): The 

functional in each point in the space depends only on the 

density in that point. It works well for calculating molecular 

geometries, vibrational frequencies and dipole moments. 

Molecular atomization is not accurate. However, it is not 

recommended for chemistry especially for transition metals 

o GGA (Generalized Gradient Approximation): LDA + 

Terms that depend on derivatives of the density. These 

functionals provide an improved accuracy for molecular 

systems but are computationally more expensive. 

o Hybrid GGA: Combination of GGA with a part of Hartree-

Fock exchange 

o Meta-GGA: GGA part + Kinetic energy density 

o Meta-hybrid: GGA + HF + Kinetic energy density 

o Range-separated: They are based on the separation of the 

e-e interaction in both long and short range and treating the 

two parts with different functionals. 

There is not a systematic way to choose a XC functional. In general, the succesful of a 

XC potential is assesed by comparing with experimental results 

The Jacob’s Ladder 

 



Long-range interations (dispersion) corrections 

 

Problem: It is well-known that standard 

Exc functionals cannot describe the 

long-range dispersion interactions 

Grimme S “Density functional theory with London dispersion 

corrections” WIREs Comput Mol Sci 2011 1 211–228 

Grimme S “Density functional theory with London 

dispersion corrections” WIREs Comput Mol Sci 

2011 1 211–228 

C60 dimer 



Functional DMOL3 CASTEP ONETEP 

LDA (Local Density Approximation) 
1980 VWN (Vosko-Wilk-Nusair) X  X 
1981 CA-PZ (Ceperley-Alder-Perdew-Zunger)  X X 
1992 PWC (Perdew-Wang) X   

GGA (Generalized Gradient Approximation) 
1988 BP (Becke-Perdew) X   
1988 BLYP (Becke, Lee-Yang-Parr) X  X 
1992 PW91 (Perdew-Wang) X X X 
1992 VWN-BP (Vosko-Wilk-Nusair , Becke-Perdew) X   
1996 PBE (Perdew-Burke-Ernzernof) X X X 
1998 REVPBE   X 
1999 BOP X   
1999 RPBE (Revised Perdew-Burke-Ernzernof) X X X 
2001 HCTH X   
2004 XLYP   X 
2006 WC  X X 
2008 PBESOL X X  

Hybrids 
1993 B3LYP (Becke3, Lee-Yang-Par) X X  
1998 PBE0 (Perdew-Burke-Ernzernof)  X  
2003 HSE03 (Heyd-Scuseria-Ernzerhof)  X  
2006 HSE06 (Heyd-Scuseria-Ernzerhof)  X  

MetaGGA 
2006 M06-L Minnesota 2006 meta-GGA functional (Zhao-Truhlar) X   
2011 M11-L Minnesota 2011 meta-GGA functional (Peverati-Truhlar) X   

1994 MS0 meta-GGA made simple, version 0 X   

1994 MS1 meta-GGA made simple, version 1 X   
2003 TPPS Tao, Perdew, Staroverov and Scuseria functional X   
2009 revTPPS  revised Tao, Perdew, Staroverov and Scuseria funct. X   

Non-local potentials 
HF (exact exchange, no correlation)  X  
HF-LDA (exact exchange, LDA correlation)  X  
sX (screened exchange, no correlation)  X  
sX-LDA (screened exchange, LDA correlation)  X  

VdW-DF (vdW from ab-inito, non-empirical corrections) 
2004,2010 vdW-DF (Dion, Roman)   X 
2010 vdW-DF2 (Lee)   X 
2010 optPBE (Klimes)   X 
2010 optB88 (Klimes)   X 
2010 Vdw-DFK (Klimes)   X 

 

XC Functionals 

Comparing DMol3, CASTEP and ONETEP 

 

Method for DFT-D correction DMOL3 CASTEP ONETEP 

2009 TS Tkatchenko-Scheffler (PBE, BLYP y B3LYP) X X  
2006 Grimme (PBE, BLYP, B3LYP y TPSS) X X  
OBS (PW91 y LDA) X X  
1999 Mooij   X 
2001 Elstner   X 
2002 Wu   X 

 

Dispersion corrections 



Comparing DMol3, CASTEP and ONETEP 

 



Plane waves on  CASTEP 



Tasks DMOL3 CASTEP ONETEP 

Energy X X X 
Geometry optimization  X X X 
Dynamics X X X 
Transition Structure Search X X X 
Transition Structure Optimization X   
Transition Structure Confirmation X X  
Elastic Constants X X  
Reaction Kinetics X   
Electron Transport X   
Properties from other tasks  X  

 
Properties DMOL3 CASTEP ONETEP 

Band structure X X X 
Density of states X X X 
Electron density X X X 
Electrostatics X  X 
Frequency X   
Fukui function X   
Optics X   
Orbitals X X X 
Population analysis X X X 
Core level spectroscopy  X  
Electron localization function  X  
Electronic excitations  X  
NMR  X  
Optical properties  X X 
Phonons  X  
Polarizability, IR and Raman Spectra  X  
    

 

Comparing DMol3, CASTEP and ONETEP 

 



VAMP is a semiempirical molecular orbital package capable of predicting many molecular properties. The 

program is optimized to be highly numerically stable and fast. Semiempirical methods start out from a 

first-principles formalism and then introduce rather drastic assumptions to speed up the calculations, 

typically by  neglecting  many  of  the  less  important  terms  in the underlying equations. In order to 

compensate for the errors caused by these approximations, empirical parameters are incorporated into 

the formalism and calibrated against reliable experimental or theoretical 
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VAMP (Semiempirical package) 

 

Semiempirical methods are: 

 Less robust and generally less accurate than DFT, but also about  1,000  

times  faster. 

 Several  orders  of  magnitude  slower than MM, but semiempirical methods 

are capable of treating electronic events such as chemical reactions and 

electronic excitations  

 Filling  the  gap between DFT and classical force fields, semiempirical 

methods enable realistic electronic structure calculations,  with  useful 

accuracy,  on  large  complex systems  in  all  branches  of  chemistry and 

materials. 

Thiel W. “Semiempirical quantum–chemical methods”, 

WIREs Comput Mol Sci, 2014, 4: 145–157 



DFTB+ (DFT based tight binding) 

  DFT codes are good for small systems  

 Nano structures and biomolecules are often too large for DFT but their electronic properties are still of 

interest hence quantum mechanical description is needed.  

 Classical force field based codes can handle large systems but are missing the QM part 

 DFTB merges the reliability of DFT with the computational efficiency of  empirical Tight-Binding (TB) 

methods  

 Parameters are based on an atomic basis 

 The parameters can be made transferable 

 Charge self consistent 

 Describes both electronic as well as energetic properties 

 Can handle thousands of atoms 

 

 



Diamond nucleation Novel SiCN ceramics Si cluster growth 

Magnetic Fe clusters WS2 nanotubes  

Source: Accelrys 

DFTB+ (DFT based tight binding) 

 



Analytical and crystallization 
Tools 

Polymorph 

Reflex Morphology 



REFLEX 

 

 This module allows you to simulate and analyze X-ray, electron, and neutron 

diffraction data. 

 Several tools to extract the maximum amount of information from diffraction 

patterns of organic, inorganic, organometallic, and biological crystals. 

 Feedback from simulations is graphical and easy to understand.  

 Simulated patterns can be updated dynamically allowing real time coupling of 

structure modeling and experiment. 

REFLEX overview 



REFLEX 

 
REFLEX tools 
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Data processing on experimental powder diffraction patterns 
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REFLEX 

 

Data processing on experimental powder diffraction patterns 

REFLEX tools 

Powder diffraction simulations of crystalline systems 

Automatic/manual peak searching, indexing of experimental 

powder patterns and automatic space group determination 

Pawley or Rietveld refinement of crystal structures and optimization 

to match experimental powder patterns 

Relative amounts of different phases in a mixture of phases from a 

powder pattern  

Searches of possible arrangements and conformations of 

molecular fragments in a unit cell to locate structures whose 

simulated powder patterns match the experimental data  

Degree of crystallinity of a sample from the X-ray powder diffraction 

pattern 



REFLEX 

 1. REFLEX Pattern Processing 

Properties of the X-ray radiation used to 

obtain the experimental powder diffraction 

pattern and to strip Kα2 peaks from a 

pattern 

To perform interpolation and to calculate 

and remove the background scattering 

contribution from an experimental powder 

diffraction pattern 

Data smoothing algorithm and scaling on 

an experimental powder diffraction pattern 



REFLEX 

 

Experimental Experimental without background Smoothing 

4-nitrophenylhexylurethane 

1. REFLEX Pattern Processing. Example 



REFLEX 

 2. REFLEX Powder Diffraction 

 To monitor the effects of structural changes on powder patterns  

 To compare the patterns obtained from theoretical crystals with experimental diffraction data.  

To set up parameters 

concerning with the 

instruments and line shift 

corrections (errors from 

placement and transpa-

rency of the sample) 

Type of radiation used for the 

simulation (X-ray, electron and 

neutron) 

Parameters for powder 

pattern display 

To set up the crystallite size, 

lattice strain, and preferred 

orientation parameters for 

powder pattern display 



To  correct for the effects of 

atomic thermal vibrations 

on the diffraction pattern 

Asymmetry corrections can be 

applied to modify the peak 

shape 

To manage experimental 

powder patterns 
To specify how the results of 

the powder diffraction 

simulation are displayed 

REFLEX 

 2. REFLEX Powder Diffraction 



REFLEX 

 2. REFLEX Powder Diffraction. Example 

Indigo Polymorph A Indigo Polymorph B 
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REFLEX 

 2. REFLEX Powder Diffraction. Example 

Indigo Polymorph A Indigo Polymorph B 

Polymorph A shows a good fit 

to experimental results 



REFLEX 

 3. REFLEX Powder Indexing 

 This tool allows: 

 To load an experimental powder diffraction pattern,  

 To identify peaks, and use those peaks to index the pattern.  

 To search all possible space groups to determine the most likely space group, given the 

pattern and a unit cell. 

 Four indexing algorithms: TREOR90 (Werner et al., 1985), DICVOL91 (Boultif and Louër, 

1991), ITO15 (Visser, 1969), or X-Cell (Neumann, 2003). 



REFLEX 

 3. REFLEX Powder Indexing 

 This tool allows: 

 To load an experimental powder diffraction pattern,  

 To identify peaks, and use those peaks to index the pattern.  

 To search all possible space groups to determine the most likely space group, given the 

pattern and a unit cell. 

 Four indexing algorithms: TREOR90 (Werner et al., 1985), DICVOL91 (Boultif and Louër, 

1991), ITO15 (Visser, 1969), or X-Cell (Neumann, 2003). 

Parameters required to run 

indexing calculations 

Automatic search for peaks in a 

powder pattern . Detection method 

Simple and Savitzky-Golay 

Automatic searh for all possible space groups for a 

given unit cell. Pawley refinement of an experimental 

powder pattern is an essential step prior to attempting 

crystal structure determination 



REFLEX 

 4. REFLEX Powder Refinement 

 



REFLEX 

 4. REFLEX Powder Refinement 

 

 Performs a Pawley, Rietveld, Rietveld with energies 

refinement, or a Pareto optimization on the 

specified experimental powder pattern using the 

current Powder Refinement parameters 



REFLEX 

 4. REFLEX Powder Refinement 

 

 Performs a Pawley, Rietveld, Rietveld with energies 

refinement, or a Pareto optimization on the 

specified experimental powder pattern using the 

current Powder Refinement parameters 

 Initiates the calculation of a simulated powder 

pattern using the current Powder Refinement 

parameters. This button allows to refine the 

simulated powder pattern for your structure solution 

and compare it to the experimental pattern 



REFLEX 

 

Search automatically the peaks 

4. REFLEX Powder Indexing and refinement. Example 



REFLEX 

 

Search automatically the peaks 

These  two intense peaks can 

be attributed to scattering from 

the aluminum sample holder 

4. REFLEX Powder Indexing and refinement. Example 



REFLEX 

 4. REFLEX Powder Indexing and refinement. Example 



REFLEX 

 4. REFLEX Powder Indexing and refinement. Example 

Indexing peaks with X-Cell program 
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 4. REFLEX Powder Indexing and refinement. Example 

Indexing peaks with X-Cell program 



REFLEX 

 4. REFLEX Powder Indexing and refinement. Example 

Indexing peaks with X-Cell program 

Figure of merit (FOM) 



REFLEX 

 4. REFLEX Powder Indexing and refinement. Example 

Create both cells P21 

C2 

P21 

C2 

P21  residual factor (Rwp) = 15% 

C2    residual factor (Rwp) = 18% 

P21 is the suggested cell which agrees 

with the experimental data from single 

crystal diffraction studies 

Creating cells for the two most probable space groups 

Pawley Refinement. All steps can be found in the 

“Indexing of 4-nitrophenylhexylurethane using X-Cell” tutorial 



REFLEX 

 5. REFLEX Powder QPA (Quantitative Phase Analysis) 

 This tool allows you to determine the relative amounts of different phases from a powder 

diffraction pattern of a mixture.  

 

 The pure component phases that comprise the mixture may be represented by: 

 

 Crystal structures (Rietveld method) 

In this case, the diffraction pattern is represented as the superposition of powder 

diffraction patterns simulated from the crystal structures of the component 

phases. Powder QPA allows you to refine pattern, sample, lattice, and structural 

parameters for each phase. 

 

 Experimental powder diffraction patterns 

Powder QPA supports the use of standardless QPA as well as the use of the 

internal standard method. For each phase, parameters associated with line shift 

corrections may be refined. 

 

 A mixture of crystal structures and experimental powder diffraction patterns 

This novel approach combines the Rietveld method with standardless quantitative 

phase analysis from experimental powder patterns 



REFLEX 

 

• Type of refinement you wish to perform 

• Modify the refinement control parameters 

• Specify the range that will be used for the calculation of the 

measure of similarity between the simulated and experimental data 

• Specify crystal structures or powder 

patterns for possible phases in the mixture  

• Insert these documents into a study table 

for input to a Powder QPA calculation 

5. REFLEX Powder QPA (Quantitative Phase Analysis) 



Powder diffraction pattern of a three-component-phase mixture:  

40% acetohexamide (Form A) 

40% acetohexamide (Form B) 

20% corundum (internal standard) 

REFLEX 

 5. REFLEX Powder QPA. Example 

Import experimental powder diffraction data 

Acetohexamide 



To prepare the pure phase crystal structures 

REFLEX 

 5. REFLEX Powder QPA. Example 



To prepare the pure phase crystal structures 

• Modules|Reflex|Powder Refinament  Rietveld 

• Creating a single group for the motion with 6 

torsional angles as d.o.f 

Acetohexamide 

(Form A) 
Acetohexamide 

(Form B) 

REFLEX 

 5. REFLEX Powder QPA. Example 



To prepare the pure phase crystal structures 

• Modules|Reflex|Powder Refinament  Rietveld 

• Creating a single group for the motion with 6 

torsional angles as d.o.f 

Acetohexamide 

(Form A) 
Acetohexamide 

(Form B) 

Corundum 

• Modules|Reflex|Powder Refinament  Rietveld 

• Creating individual groups 

REFLEX 

 5. REFLEX Powder QPA. Example 



To prepare the pure phase crystal structures 

• Modules|Reflex|Powder Refinament  Rietveld 

• Creating a single group for the motion with 6 

torsional angles as d.o.f 

Acetohexamide 

(Form A) 
Acetohexamide 

(Form B) 

Corundum 

• Modules|Reflex|Powder Refinament  Rietveld 

• Creating individual groups 

REFLEX 

 5. REFLEX Powder QPA. Example 

• Adjust some non-strucutral parmaters on the  Reflex Powder Refinement tool 



To setup and run QPA with the Rietveld method 

REFLEX 

 5. REFLEX Powder QPA. Example 

1 

• Select from the folder of the 

project the structures: 

Acetohexamide_FormA.xsd, 

Acetohexamide_FormB.xsd  

and Al2O3.xsd 

• Select each row in the table and edit the following parameters: 

• On Pattern : U,V,W,NA and Zero Point line shift  are 

checked 

• On Lattice: All cell parameteres should be checked. For the 

Al2O3 checks “Keep Fractional coordinates during lattice 

changes” 

• On Structure: All d.o.f shold be unchecked. 

2 

a 

b 

3 4 
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 5. REFLEX Powder QPA. Example 

• Intensities are significantly different between 

experimentals and siulated  data. Thus, the 

refinement is not completed 

• Including all d.o.f in the process by 

checking them in the Structure tab 

Results 

• Non-including all d.o.f in the process 

by checking them in the Structure tab 



REFLEX 

 5. REFLEX Powder QPA. Example 

• New refinement using “Preferred orientations” for all structures 

• The overall intensity 

distribution is well 

reproduced 

36.5%, 40.6%, 22.9% close to the experimental 

• Intensities are significantly different between 

experimentals and siulated  data. Thus, the 

refinement is not completed 

• Including all d.o.f in the process by 

checking them in the Structure tab 

Results 

• Non-including all d.o.f in the process 

by checking them in the Structure tab 



REFLEX 

 6. REFLEX Powder Crystallinity 

 This tool  allows you to determine the degree of crystallinity of a sample from the X-ray powder 

diffraction pattern. 

 

• Background subtraction. A simple and approximate method that 

estimates the amorphous and background scattering solely from the 

assumed typical shape of these contributions.  

• Phase Analysis. Based on Quantitative phase analysis this method 

uses the diffraction patterns of the pure crystalline and amorphous 

phases as references to determine the degree of crystallinity. 

 

To specify the instrument geometry, polarization of 

the X-ray beam and the monochromator settings  



REFLEX 

 6. REFLEX Powder Crystallinity. Example 

(Tutorial in Materials Studio) 



REFLEX 

 7. REFLEX Powder Solve 

 This tool can solve crystal structures from X-ray or neutron powder diffraction data. It uses 

simulated annealing or parallel tempering to determine the positions, orientation and 

conformations of molecules within a crystal lattice which minimize the figure of merit (FOM) 

 The FOM is a mesurement of the agreement between simulated and experimental powder 

diffraction patterns with no close contacts between structural fragments 

 It also allows you to optimize parameters which characterize the preferred orientations of 

crystallites in the sample. 

 

 Requirements are : 

 unit cell parameters, 

 unit cell contents  

 space group of the crystal 

 Accurate peak profile parameters and 

 background coefficients. 

 (Powder Refinement tool in Pawley mode) 

 

 Four steps: 

 Indexing (Powder diffraction tool) 

 Pawley fitting (Powder refinement tool) 

 Structure solution (Powder solve tool) 

 Rietveld refinement (Powder refinement tool) 



REFLEX 

 7. REFLEX Powder Solve 

 This tool can solve crystal structures from X-ray or neutron powder diffraction data. It uses 

simulated annealing or parallel tempering to determine the positions, orientation and 

conformations of molecules within a crystal lattice which minimize the figure of merit (FOM) 

 The FOM is a mesurement of the agreement between simulated and experimental powder 

diffraction patterns with no close contacts between structural fragments 

 It also allows you to optimize parameters which characterize the preferred orientations of 

crystallites in the sample. 

 

 Requirements are : 

 unit cell parameters, 

 unit cell contents  

 space group of the crystal 

 Accurate peak profile parameters and 

 background coefficients. 

 (Powder Refinement tool in Pawley mode) 

 

 Four steps: 

 Indexing (Powder diffraction tool) 

 Pawley fitting (Powder refinement tool) 

 Structure solution (Powder solve tool) 

 Rietveld refinement (Powder refinement tool) 



REFLEX 

 7. REFLEX Powder Solve. Example 

Structure solution of 3-chloro-trans-cinnamic acid 

• Import 3-chloro-trans-cinnamic_acid.3cam containing the powder diffraction data 

Create cell 



REFLEX 

 7. REFLEX Powder Solve. Example 

Structure solution of 3-chloro-trans-cinnamic acid 

• Import 3-chloro-trans-cinnamic_acid.3cam containing the powder diffraction data 

Step 01: Indexing the diffraction pattern  

• Peaks Tab:  Low amplitude cutoff = 1, check Eliminate background during search and smooth boxes, width = 

0.05  SEARCH 

• Setup Tab:   Select TREOR90 and check Crystal systems to test  INDEX 

Create cell 
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 7. REFLEX Powder Solve. Example 

Structure solution of 3-chloro-trans-cinnamic acid 

• Import 3-chloro-trans-cinnamic_acid.3cam containing the powder diffraction data 

Step 01: Indexing the diffraction pattern  

• Peaks Tab:  Low amplitude cutoff = 1, check Eliminate background during search and smooth boxes, width = 

0.05  SEARCH 

• Setup Tab:   Select TREOR90 and check Crystal systems to test  INDEX 

Create cell 



Step 02: Pawley refinement and select group space 

REFLEX 
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Step 02: Pawley refinement and select group space 

REFLEX 

 7. REFLEX Powder Solve. Example 

Good agreement between experimental 

and simulated pattern. Unit cell is 

correct. 

Search Space group and then create the new cell using the most probable group 



New Pawley refinement using 

the new cell with space group 
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REFLEX 

 7. REFLEX Powder Solve. Example 

Step 03: Sketch and optimize the CTCA molecule 

Step 04: Solve the crystal structure using torsional, angular and distance degrees of freedom 

Optimization using Forcite Module 

and COMPASS as force field 



Step 05: Rietveld refinement 

REFLEX 

 7. REFLEX Powder Solve. Example 



MORPHOLOGY 

 

 Morphology allows you:   

 

 To predict crystal morphology from the atomic structure of a crystal 

 To study particle shape 

 To consider the effects of altering the growth rate of particular faces on crystal 

morphology.  

 

 The Morphology module can also provide insight into: 

 The effect of tailor-made additives in modifying growth.  

 The texture of powders and polymorphism.  

 

 Morphology's application areas include pharmaceuticals, agrochemicals, food sciences, 

petrochemicals, cements, and commodity and specialty chemicals 
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MORPHOLOGY 

 Example 

Pigment red 

 Morphology Calculation  Growth Morphology using COMPASS force field 

 Geometry optimization of the crystal using FORCITE (COMPASS) 



POLYMORPH 

 

 Polymorph allows you to predict potential stable or metastable crystal structures from the 

molecular structure. 

 

 Two ways: 

 If experimental powder data is available (Combine Polymorph and Reflex). 

 Else ab-initio prediction of polymorphs. 

 

 Polymorph uses a Monte Carlo simulated annealing process to generate packing crystal 

alternatives in all reasonable space groups to search low lying minima in a lattice energy 

surface. These structures may be clustured based on packing similarity. Optimized 

structures are ranked according to lattice energy. 

 

 Comparison of simulated and experimental powder patterns and crystal simulilarruty 

between structures can be carried out. 

 

 Mostly developed for polymorph prediuction of fairly rigid, non-ionic or ionic molecules 

composed mostly of C, N, O and H.  



POLYMORPH 

 

• Type and quality of calculation that Polymorph  

• Four tasks: 

o Prediction: Performs a complete prediction sequence, comprising: 

packing, (optional) pre-clustering, optimization, and (optional) clustering 

o Packing: Generates a large number of potential crystal structures using 

Monte Carlo methods 

o Clustering: Groups together similar crystal structures 

o Geometry optimization: Optimizes the geometry of each crystal 

structure 

• Motion groups are used to define rigid entities  

To specify which space groups will be 

searched during the Polymorph run 

To select a forcefield to be used in the energy calculation 

and set the accuracy of energy evaluations 



POLYMORPH 

 Example: Predicting a polymorphic form of a potential anti-cancer drug 
(Tutorial MS) 



Forcite 
Conformers 

Amorphous 

Cell 

GULP 

Classical Simulation Tools 

Adsorption  

Locator 
Blends 

Sorption 

Molecular Mechanics 

(minimization) and 

Molecular Dynamics Monte Carlo  
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• Input data: 

 Position of all atoms in the system (Coordinate file: PDB, XYZ, XSD, …) 

 Connectivity of the atoms (Topology of the model: PSF,  TOP, XSD, …) 

 Materials studio is able to guess topology from coordinate files (i.e: PDB or XYZ). 

Physical Model of the system:  
i)Degrees of freedom (Atoms and topology) 
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• Input data: 

 Position of all atoms in the system (Coordinate file: PDB, XYZ, XSD, …) 

 Connectivity of the atoms (Topology of the model: PSF,  TOP, XSD, …) 

 Materials studio is able to guess topology from coordinate files (i.e: PDB or XYZ). 
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Atom Types 

1 atom type; mass; charge; non-bonded parameters 

2 atom type; mass; charge ;non-bonded parameters 

3 atom type; mass ;charge; non-bonded parameters 

(…) 

MOLECULAR TOPOLOGY 

Physical Model of the system:  
i)Degrees of freedom (Atoms and topology) 
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(…) 
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Physical Model of the system:  
ii) Interactions between atoms ( Force Fields) 
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Physical Model of the system:  
ii) Interactions between atoms ( Force Fields) 

Simplifying Potential Energy Surface 

One-body terms 

(External fields) 
Two-body 

terms 

Three-body 

terms 

X X 

Interatomic interactions External Fields 
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Physical Model of the system:  
ii) Interactions between atoms (Force Fields) 
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Physical Model of the system:  
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Physical Model of the system:  
iii) Packing and Periodic boundary conditions  
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Physical Model of the system:  
iii) Packing and Periodic boundary conditions  

Packing 
molecules 

Ramos, J., Peristeras L, Theodorou D.N. 

J. Macromolecules. 2008, 40(26), 9640-

9650 
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Physical Model of the system:  
iii) Packing and Periodic boundary conditions  

Periodic 
boundary 

conditions (PBC) 

Packing 
molecules 

Ramos, J., Peristeras L, Theodorou D.N. 

J. Macromolecules. 2008, 40(26), 9640-

9650 
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A MD program solves numerically the set of Newton's equation of motion. We would 

like to determine a trajectory in 6N-dimensional phase-space numerically 

Verlet algorithm is commonly used to numerical integrate this set of equations. 

Physical Model of the system:  
iv) Solving the equations of motion 
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A MD program solves numerically the set of Newton's equation of motion. We would 

like to determine a trajectory in 6N-dimensional phase-space numerically 

Verlet algorithm is commonly used to numerical integrate this set of equations. 

Algorithm  Trajectory 
Initial Conditions  

Potential 

The choice of time step (Δt) is crucial: 

• too short → phase space is sampled inefficiently 

• too long →  energy will fluctuate wildly and the simulation may become unstable 

• Δt =1-2 fs. 100 ns around 1011 integration steps 

• Δt ~ 5 fs using advanced MD techniques.  

Physical Model of the system:  
iv) Solving the equations of motion 
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NVE (Microcanonical ensemble) 

• Number of particles (N), Volume (V) and total energy (E) are constants. 

• The forces are derived from the potential energy => Total energy is a conserved. 

• NVE ensemble is not very useful for studying real systems 

Physical Model of the system:  
v) Statistical ensembles 
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NVE (Microcanonical ensemble) 

• Number of particles (N), Volume (V) and total energy (E) are constants. 

• The forces are derived from the potential energy => Total energy is a conserved. 

• NVE ensemble is not very useful for studying real systems 

NVT (canonical ensemble) 

• Number of particles (N), Volume (V) and temperature (T) are constants. 

• The particles interact with a thermostat 

• The thermostat exchange energy with the system to keep the T constant. Thermostat relaxation 

time (τT) governs the interaction between the system and the reservoir. 

• Andersen, Nose-Hoover and Berendsen thermostats are commonly used. 

NPT (Isothermal and isobaric ensemble) 

• Number of particles (N), Pressure (P) and temperature (T) are constants. Mimic real experiments 

• The particles interact with both a thermostat and a barostat. 

• Two relaxation times: thethermostat (τT)  and barostat (τP) 

• Parrinello-Rahman and Berendsen barostats are commonly used. 

 

Physical Model of the system:  
v) Statistical ensembles 
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Molecular dynamics: Advantages and disadvantages 

Advantages 

 

  Provides information about both the static and dynamic properties (i.e size of molecules or 

clusters, self-diffusion coefficients, viscosity,…). 

 Visualization and understanding of the underlying microscopic dynamic mechanisms (i.e 

crystallization in polymers). 

 Study of relaxation processes (f(t)) 

 Applicable to systems under flow or shear. 
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Disadvantages 

 Electrons are not present explicitly. Processes involving bond rearrangement require special  

potentials (reactive force fields). 

 Short time span (at most 1 μs). Long time-scale physics is not accessible by simple MD 

simulations (i.e., polymer melt dynamics or glass transition) 

 Difficult to investigate multi-phase systems (e.g., phase equilibrium in blends) 

Molecular dynamics: Advantages and disadvantages 

Advantages 

 

  Provides information about both the static and dynamic properties (i.e size of molecules or 

clusters, self-diffusion coefficients, viscosity,…). 

 Visualization and understanding of the underlying microscopic dynamic mechanisms (i.e 

crystallization in polymers). 

 Study of relaxation processes (f(t)) 

 Applicable to systems under flow or shear. 
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Summary: Basic steps for a molecular dynamics simulation 
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Initial 

Structures 

Minimization 

Equilibration 

Analysis 

Production 

Summary: Basic steps for a molecular dynamics simulation 

Interatomic 

potential 

Teq, Peq, Δteq, teq 

{r0,v0}, T, P, Δt, t Production Production 
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replicas 



Monte Carlo Simulations 



In a Monte Carlo simulation we attempt to follow the `time dependence’ of 

a model for which change, or growth, does not proceed in some rigorously 

predefined fashion (e.g. according to Newton’s equations of motion) but 

rather in a stochastic manner which depends on a sequence of random 

numbers which is generated during the simulation. Landau and Binder, A 

Guide to Monte Carlo Simulations in Statistical Physics (Cambridge U. Press, 

Cambridge U.K., 2000), p. 1.   
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AMORPHOUS CELL 

 
 A set of tools to construct 3D periodic structures of molecular liquids and polymeric systems.  

 

 The module builds molecules in a cell in a Monte Carlo fashion, by minimizing close contacts 

between atoms, whilst ensuring a realistic distribution of torsion angles for any given 

forcefield. Once the cell is built an optimization step can be carried out 
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AMORPHOUS CELL 

 
 A set of tools to construct 3D periodic structures of molecular liquids and polymeric systems.  

 

 The module builds molecules in a cell in a Monte Carlo fashion, by minimizing close contacts 

between atoms, whilst ensuring a realistic distribution of torsion angles for any given 

forcefield. Once the cell is built an optimization step can be carried out 

Tasks in Amorphous Cell 

Construction: Build a cell box containing one or more 

types molecules at a given density in a realistic 

conformation. Examples: Pure polymers, dendrimers, 

polymer blends, polymer solutions, polymer membranes 

filled with small molecule penetrants, and bulk solvent 

systems 

 Packing: Pack polymers and/or small molecules into 

existing structures. Example: Packing penetrants into 

nanotubes, zeolites and other inorganic membranes, 

solvate biomolecules, depositing a polymer coating on a 

substrate, creating complex nanocomposite structures.   

Confined Layer: Construct a layer of material confined in 

a chosen direction. Example: Creating polymer structures 

confined between two metal layers. 



AMORPHOUS CELL 
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s-PP 

s-PS 
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AMORPHOUS CELL 

 Polymer blend (Construction) 

s-PP 

s-PS 

Nanotube soak with water (Packing) 

Polystyrene-Al2O3 layers (Confined Layer) 



CONFORMERS 

 This module provides methods for searching the conformational space of nonperiodic 

molecular systems in order to derive a reasonable sampling of the low energy 

conformations.  
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 This module provides methods for searching the conformational space of nonperiodic 

molecular systems in order to derive a reasonable sampling of the low energy 

conformations.  

Systematic Grid Scan: Systematic search where each specified 

torsion angle is varied over a grid of equally spaced values 

 Random Sampling: A stochastic search where the starting 

conformation is perturbed by randomly altering the values of all the 

variable torsion angles 

Boltzmann Jump: Similar to Random sampling, but after each 

random move, the Metropolis selection criterion is employed to 

either accept or reject the move. 

 To set the rules for accepting and discarding 

candidate conformers generated by the 

search 
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 Example: Butane conformations 
Torsion Distribution 

Energy (kcal/mol) vs torsion angle 



ADSORPTION LOCATOR 

 
 This tool enables you to simulate a substrate loaded with an adsorbate or an adsorbate 

mixture of a fixed composition. It allows you:  

 To find low energy adsorption sites on both periodic and nonperiodic substrates   

 To investigate the preferential adsorption of mixtures of adsorbate components. 

 Adsorbates are typically molecular gases or liquids  

 Substrates are usually porous crystals or surfaces 

  It uses Monte Carlo searches of the configurational space of the substrate-adsorbate 

system as the temperature is slowly decreased 
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 This tool enables you to simulate a substrate loaded with an adsorbate or an adsorbate 

mixture of a fixed composition. It allows you:  

 To find low energy adsorption sites on both periodic and nonperiodic substrates   

 To investigate the preferential adsorption of mixtures of adsorbate components. 

 Adsorbates are typically molecular gases or liquids  

 Substrates are usually porous crystals or surfaces 

  It uses Monte Carlo searches of the configurational space of the substrate-adsorbate 

system as the temperature is slowly decreased 

 To specify the region around the 

substrate in which adsorbate 

configurations will be sampled 
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Example: Modeling inhibitor adsorption 

onto a Pigment Red crystal face 

2-phenylglycine 

Pigment red slab of 

the surface (010) 

Attachment Energy = -27.0 kcal/mol 
Adsortion energy     = -103.1 kcal/mol 
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 This module provides a way to shorten the discovery process by estimating the miscibility 

behavior of binary mixtures. These include solvent-solvent, polymer-solvent, and polymer-

polymer mixtures. Blends predicts the thermodynamics of mixing directly from the chemical 

structures of the two components and, therefore, requires only their molecular structures and a 

forcefield as input 
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BLENDS 

 This module provides a way to shorten the discovery process by estimating the miscibility 

behavior of binary mixtures. These include solvent-solvent, polymer-solvent, and polymer-

polymer mixtures. Blends predicts the thermodynamics of mixing directly from the chemical 

structures of the two components and, therefore, requires only their molecular structures and a 

forcefield as input 

 Phase diagrams (critical points, binodal and spinodal curves). Flory interaction parameter χ. Mixing 

Energy. 

 Applications: Polymer compatibility, additives (plasticizers, modifiers, fillers, dyes, antioxidants, UV 

stabilizers, extrusion agents, and surface modifiers), Liquid-liquid phase equilibria, adhesion,…).  

 module combines a modified Flory-Huggins model and molecular simulation techniques to calculate the 

compatibility of binary mixtures. These mixtures range from small models to large systems and include 

polymer solutions, polymer blends, and alloys  



Blends Module 

Miscibility of polymers => Extended Flory-Huggins model 

 Molecular segments are no longer required to be on a regular lattice (off-lattice) 
 Explicit temperature dependence of χ(T) is taken into account. 

Fan, C. F.; Olafson, B. D.; Blanco, M.; Hsu, S. L.”Application of Molecular Simulation To Derive 

Phase Diagrams of Binary Mixtures.”  Macromolecules, 25, 3667 (1992). 
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Blends Module 

Miscibility of polymers => Extended Flory-Huggins model 

 Molecular segments are no longer required to be on a regular lattice (off-lattice) 
 Explicit temperature dependence of χ(T) is taken into account. 

 Advantages :  Quick evaluation of the miscibility of two components 
 Disadvantages: Isolated molecular segment interactions = Bulk polymer interaction ????? 

Fan, C. F.; Olafson, B. D.; Blanco, M.; Hsu, S. L.”Application of Molecular Simulation To Derive 

Phase Diagrams of Binary Mixtures.”  Macromolecules, 25, 3667 (1992). 



Example: Compatibility of polyoxietileno with PP and PAA 

oxyethylene acrylic acid propylene 

BLENDS 

 



Example: Compatibility of polyoxietileno with PP and PAA 

oxyethylene acrylic acid propylene 

χ  = 1.011 

Emix = 0.599 kcal/mol 

χ  = 0.052 

Emix = 0.031 kcal/mol 

POE-PP 

Inmiscible 

POE-PAA 

Miscible 

BLENDS 
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 It is a collection of molecular mechanics tools that allow you to investigate a wide range of 

systems. 

 The field of forcefield-based molecular mechanics is highly developed and very broad in 

terms of techniques and applications 
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COMPASS: Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies 

Alkanes, alkanes, 
alkynes, 

aromatics, 
cycloalkanes, 

Ethers, acetals, 
alcohols, phenols, 

amines, 
ammonia, 
aldehyde, 

ketones, acids, 
esters, carbonates, 

amides, 
carbamate, 

siloxanes, silanes, 
halides, 

phosphazenes , 
nitro groups, 

nitriles, 
isocyanides, 

sulfides, thiols, 
amineoxides, 
cyanamides, 

nitrates, sulfates, 
solfonates, 
metals, … 
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NVT 200ps, 298K 

COMPASS  

PPDO 
PVph 
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GULP 

 

 The General Utility Lattice Program (GULP) is a program for performing a variety of 

simulations on 3D periodic solids, gas phase clusters, and isolated defects in bulk materials. 

In particular, GULP is designed to handle both molecular solids and ionic materials through 

the use of the shell model. 

 

 GULP can also perform calculations on nonperiodic systems, subsuming what was once a 

separate program called CLUSTER. This facility is useful when calculating defect energies 

for molecular defects. It also allows the combined fitting of potentials to bulk and cluster 

information. 

 

 GULP has many different forcefield libraries which use a variety of techniques from two-body 

interactions to many-body interactions. The choice of the forcefield depends on the system 

to be studied. 



GULP 
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 Example: Diamond structure 

Ubulk  C.gout  Total lattice energy = -58.958 / 8           = -7.370 eV/atom 

Usurf  C(1 1 1).gout  Total lattice energy -219.484/ 32 = -6.859 eV/atom 

Surface Energy 



SORPTION 

 
 This module allows you to simulate a pure sorbate (or mixture of sorbate components) 

absorbed in a sorbent framework, that is, a three-dimensional periodic structure with 

pores of a size and shape suitable to accommodate the sorbate molecules.  

 

 Sorbent examples: zeolites, aluminophosphates, clays, nanotubes, polymer membranes, 

silica gels, activated carbons, and metal-organic frameworks.  

 

 Characterizing the sorption behavior of these materials is of importance in the fields of 

catalysis and separation technology. 

 

 The information that can be obtained from Sorption simulations includes: 

 Adsorption isotherms  

 Binding sites and binding energies 

 Global minimum sorbate locations 

 Density and energy field 

 Energy distributions 

 Sorption selectivities 

 Solubilities 

 isosteric heats 

 Henry constants. 
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Sorbate (Methane) Sorbent (Zeolite MFI) 

SORPTION 

 



Mesoscale Tools 

Mesocite Mesodyn 





MESODYN 

 

 This module allows you to perform dynamic simulations of complex fluids over length and 

time scales not readily accessible to atomistic modeling.  

 

 The fluid is described by the concentration fields of the various components in the system. 

These fields evolve dynamically due to random "thermal" noise, but also because of 

gradients in the chemical potential. These chemical potential differences arise because of 

asymmetric interactions between the various species 

 

 It is a dynamic variant of mean-field density functional theory, providing a coarse-grained 

method for the study of complex fluids, their kinetics, and their equilibrium structures at large 

length and time scales. MesoDyn can analyze these morphologies both quantitatively and 

qualitatively. 

 

 The types of structures that MesoDyn enables you to study typically have dimensions in the 

range 10-100 nm 





MESOCITE 

 
 This module combines a coarse-grained particle-based approach to mesoscale simulations 

with classical molecular mechanics. 

 

 The field of forcefield-based molecular mechanics is highly developed and very broad in 

terms of techniques and application.  



Dissipative Particle Dynamics (DPD) Simulations of polymer systems  



Dissipative Particle Dynamics (DPD) Simulations of polymer systems  

 A bead (CG particle) is defined as a set of atoms  



Dissipative Particle Dynamics (DPD) Simulations of polymer systems  

 Three forces are considered 

Conservative force  
(soft repulsion) 

Dissipative force Random force 

 A bead (CG particle) is defined as a set of atoms  



Dissipative Particle Dynamics (DPD) Simulations of polymer systems  

 Three forces are considered 

Conservative force  
(soft repulsion) 

Dissipative force Random force 

 Groot and Warren made a link between the repulsive parameter and the 
Flory–Huggins parameters. 

 A bead (CG particle) is defined as a set of atoms  



Dissipative Particle Dynamics (DPD) Simulations of polymer systems  

 Three forces are considered 

Conservative force  
(soft repulsion) 

Dissipative force Random force 

 Groot and Warren made a link between the repulsive parameter and the 
Flory–Huggins parameters. 

 A bead (CG particle) is defined as a set of atoms  

 A harmonic spring keeps the chain connectivity 



DPD Simulations of polymer systems  

Hydrophobic Hydrophilic 
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Preguntas ???? 


