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Theoretical Foundation

HY=EY

Hamiltonian operates on wavefunction
of all electronic degrees of freedom

. -
et
-

LV VDN - BV () | e sehodnge

In practice, wave functions are expressed in
terms of one particle functions

Y({r}) = FRoi)]
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 Exact only for ground state

Density Functional Theory

* Needs approximation to E,.

Hohenberg-Kohn E[‘P(E,E)] = E[,O(F)]
theorem

Elp]=T,|p]+ Ulp]+E.c[p]

Kohn-Sham aE—['O]
Walter Kohn theorem yo,

Kohn-Sham
equations

p 2 .
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31 — . .
DMol°: Linear Combination of Atomic Orbitals A,
0 i AV AN

— ZZCIJ ¢J (ra)

_____
|
1
1
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<«

¢y (r,) = ZR (r)YIm(‘g (0) Ray

1 ' Periodic and
Radial portion aperiodic

Angular
atomic DFT egs. numerically Portion systems

e

. {

Good for molecules, clusters, zeolites, molecular crystals, polymers "open structures”

pys SiSteMes | The 3DEXPERIENCE® Company
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Mind the gap!

Solids can be divided in three classes based upon their band structure

R Metal Semiconductor Insulator
Conduction
band
> Conduction
&n band
) Conduction Energy gap
c
Ll band
kT| [Energy gap

Valence Valence Valence
band nd baiid
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What are the mathematical solvers for materials ?

Schrodinger equation Solvers Based on Quantum Mechanics

Wave function based Methods Semi - Empirical Plane Wave Based Methods

Gaussian Basis (Gaussian, MOLCAS) Overlap approximation methods | Psuedopotential Approach

VAMP (CASTEP)
Numerical Basis (DMOL3, FHI-AIMS) or Tight Binding (DFTB+)
Popular with Chemists Wannier Functions (ONETEP)

Mixed Plane Wave and _ _
Gaussian Basis (CP2K) Hybrid Classical-Quantum | | poyyjar with Physicists
(Condensed Matter Physics)

Popular with Chemists QMERA
P Density Functional Theory with
Material Studio




Molecular Mechanics Pros

Structure = Based on Newtonian mechanics

= [ntuitive to Engineers

= Simplistic treatment using springs

Forcefield

Molecular
Mechanics Cons
Engine
= Hardcoded and extensively

parameterized sets required (usually
Minimization

W non transferable)

v eI B o\ dissociation is not defined

Conformational .
(except ReaxFF), hence no reactions

2 2, .
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Representation of a forcefield - Part 2

Y e 3 W b3
(1) (2)

3
Z[Kz(b—b0)2+Kg(b—b0)3+Ka(b—b0)4] ZKIZ
b

+ZH (6-6,)2+H,(B-6,)%+H, (8- eD)4+Z[ 1 - cos ¢ rt;j +V,[1- oos(2¢ ¢2) v [1-cos 3¢ ¢3

r 3t x EW%

(6)

+EZbe,(b-bo)(b'_ba) +22Fae,(e—eo)(e’-ef0) +EZFbB(5-bO)(6-BO) +ZZ(bfb0)[V]oos¢+V2m52¢+V3m53¢]
™ 8 0 b oo T

NN =N = NN

(10) (11) (12)

+;;(b’—ba)[Vlcos¢+Vzcns‘2¢+V3m53¢] +Z;(B—eo)[V]cos¢+V2cos2¢+V30053¢] +Z¢“Z‘Z’K¢ee .cos¢ (8-6) (8"-8]) *Z
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DS BIoVIA DS BASSAYLT | The 3DEXPERIENCE’ Company




What are the mathematical solvers for materials ?

Classical Mechanics Solvers are based on Force Fields

Methods for Soft Condensed Matter Methods for Inorganic Solids
(Polymers, foams, amorphous materials) | | (Crystalline state)
GULP
Forcite Shell Models
UNIVERSAL: Rule Based Coarse Grained
Dreiding, CVFF: Gen 1 FF Mesoscale Methods
PCFF, COMPASS: Gen 2 FF Mesocite

2
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Sy

stem Models
Polymers

Engineering Polymers
Fuel cell Polymers
Nanocomposites
Surfactant

Drug delivery polymers

Blends & Formulations

Microporous materials

System data
management & analysis
Sample quality/purity
Literature data on
system of interest
Process conditions

2
DS BIoVIA

Industry benchmarked standards

Process Simulations Statistical correlations
Minerals, Oxides - Adsorption/Absorption - Miscibility/Solubility - Identify the factors critical
Metals, Alloys - Separation/Diffusion - Stabilization to Process and predict
Heterogenous & « Reaction/Interaction - Dispersion optimal behavior
Homogenous Catalysts - Adhesion/Cohesion - Corrosion inhibition - Better quality systems,
Solvents -+ Annealing - Equilibrium reduced experiment
Ceramics & Inorganic Glass - Surfaces/Interfaces «  Polymorphism - Optimize formulated
Semiconductors - Mechanical/Thermal process products and reduce

Agrochemicals & Drugs experimental costs

SYSTEM PROCESS B OC ' Product

In Silico Property )/‘ CHARACTERIZATION Analytical Simulations

Prediction

Testing

- Spectroscopic

Remove unnecessary - UV-Visible
synthesis —save money - Vibrational
Assess properties—reduce - NMR

- Structural
- XRD, Morphology,
Crystallization

experiment and risk

Focus experiment on
the most productive
pathways

17755?555153,‘,‘,5; | The 3DEXPERIENCE’ Company




Materials Studio extension to connect with the experimental world

2 — . Dovcciyr Peiymar progariad RS
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PPProClent Pipeline Pilot Web

Materials Visualizer assemblv/automation deployment

Materials Studio Gateway Pipeline Pilot Server

Windows
or Linux
SERVER

Statistical
Materials
Studio
Collection
Chemistry
Data Modeling
Imaging
Reporting
Statistics
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Analytical and
Crystallization



How does it WORK !

3D VISUALIZER

Sketch & Build, Polymers Crystals Layers, Monte-Carlo, 3D Surface, Electrodes

Quantum Mechanics Classical Mechanics Meso Scale

0r7e+ I CONFORMERS DPD

Proprietary COMPASS Force Field
i NOW Gen. 2

ONETEP
VAMP

Perl Scripting, Parallelization framework, Connectivity

2
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Client-server architecture

Client PC
/ Windows GUI
\ Linux
server
Windows

server

HPC
Environment

NOTE: The client machine can also be configured to be a server machine

2
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Functionality Map for Materials Studio Modules
Build System PRE- PROCESS Interface the System
(polymer, catalyst) (packing, adsorption screening)
BASE MODULE MONTE-CARLO ~
MS Visualizer & Collection MS Adsorption Locator, MS SORPTION t24

Calculations and Analysis

Classical Mechanics <Calculate Custom Parameters> Quantum Chemistry

Quench, Anneal, Catalyst Screen, AHF AGF AEA AS, KR Cracklng’ Polymenzatlon
Dynamics, Mechanical, Thermal , Supercomputing, Catalyst Design to interface with visualizer
Partition function; Diffusion Coefficient, Heterqgeneous Cataly_S'S
Build Custom force fields Proces understanding Reaction rate calculation
= DFT for molecules and solids DFT f =15 and zeofi
Drieding, PCFF, CVFF COMPASS (IP Protected) CASTEP or crystals and zeolites

MS Forcite Plus MS COMPASS Parallel DMOL3 MS DMOL3-Solid State Parallel

2 ) .
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System Build and Sketch

Build | Tools Statistics

Build Polymers

Build Analogs

Bujld Nanostructure

BASE MODULE Build Transport Device

Build Mesostructure
MS Visualizer & Collection oyl

Surfaces

Build Layers

‘@ Add Atoms
Bonds
Close Contacts

Hydregen Bonds

2
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Modules

-:1’20 Eind Symmetry...

Window Help

how Symmetry
attice Parareters

Unbuild Crystal

MNonperiodic Superstructure

Supercell

Redefine Lattice

pys SEen e | The 3DEXPERIENCE® Company




System Build and Sketch

Simple Molecules
Clusters Complexes Cleave Crystals

Build Interfaces

Build Layers

Build Polymers Build Meso-

Structures

f

Crystals
Inorganic/Molecular T T TE TOE T I T

SA A S
A ®A DA S
'§A 04 4"

A BA S @jl

2
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System Build and Sketch: Build Nanostructures

Multi Walled Boron Nitride
Nano Builder Options Single Walled Carbon Nanotube Nanotube

lio
Build | Tools Statistics  Modules  Window  Help

Build Polyrmers |
L
Build Analogs !;
Build Transport Device 4 Multi-Wall Nanotube
Build Mesostructure L4 Manorope
j_' Crystals L4
Surfaces 4
Build Layers
Symmetry L4
[
vom—

2 2 .
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Crystal Building

s ~

Crystal Building
= Build Crystals & Surfaces
= Import Files — e.g. from CCDC Conquest

Symmetry

= Show and find symmetry

= Lattice parameters

Lattice Parameters

N
J

Parameters | Advanced I

Lattice type: 30 Monaclinic-B
- - Lengths (&)
Visualize a [EIE  -b: [5.887 e [12280 =
n DISplay Style . Symmetry constraints:  None
gles (degrees)
= Hydrogen bond o000 = pfi3002001 =] [50.000 -
. . Symmetry constraints:  o=7=%0
= Distance & Angles monitors

= (Cleave surface

= Display miller planes
< J

2 2 ;
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System Build and Sketch: Build Transport Device

Build Electrode

Build Transport Device like polymer, molecule

U R oww

s e ese»

m
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Pre-Processing and screening

MS Amorphous Cell
Build your system (polymer/molecule/solvent) by packing it into
various boxes or within molecules/ cavities/ surfaces.

MS Adsorption Locator

Interface the System A built system has to interface with a reactant or catalyst.
(packing, adsorption screening) Heterogeneous catalyst adsorption is performed via Monte-Carlo
steps on the adsorbate to quickly screen through the configuration
space. Works for both periodic and non-periodic structures an

MONTE-CARLO delivers low energy geometry.
MS Amorphous Cell VS SORPTION
MS Adsorption Locator An adsorbate can interact with a 3D porous network like zeolite and
MS SORPTION nanostructures. For microporous framework one can calculate

adsorption isotherms and Henry constants with this module.
Especially to know where the adsorbed molecule are located within
the nano-porous catalyst.

2
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Pre-Processing and screening

Find minimum energy

Amorphous Cell Construction adsorption sites on the
and Solvent Packing crystal surface
_MS Adsorption Locator

2
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Calculate Adsorption sites
in Porous media
MS Sorption
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MS Sorption

fi
H; = lim —
Henry Constant i = oy,
. . . r Sorption Calculation ﬁ
« Ratio of fugacity and the mole fraction of the solute =
HP : : Setu nstraints | Properties | Jo ol
at infinite dilution and zero pressure | G| orats | s 'J_blc"”‘ L I
* Quantify the affinity of a sorbate e Meopbn ke =] Tee
Q y y Method: Eﬁg lp:)r:zisnugre More... |
Henry constant
Adsorption Isotherm z:” = Pa—
orbates
_ . . Molecule | Start Pa)| End P2)
 Simulate a framework in open contact with a sorbate | cHasss 10133 10134
reservoir over a range of pressures at a given
temperature
« The loading at each point in the pressure range is [ SIE

calculated and the points combined to create an
isotherm

2
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Calculations — Classical Mechanics

Quench, Anneal,

. Dynamics, Mechanical, Thermal ,
MS Forcite (Plus) " eattonfurcion;

Build Custom force fields

= \Workhorse classical mechanics module

. MS Forcite Plus
= Perform Force field based tasks such as

”
Forcite Calculation

Molecular Dynamics (all ensembles) =
» Includes BIOVIA Proprietary COMPASS(Il) force | o, g7 ——

field along with Drieding, PCFF, CVFF, Universal | ~=&zs- ..

and supports wide variety of atom types AT
= Ewald Summation and PPPM algorithm for

electrostatic calculations

e |

pys S5 EL 1 The 3DEXPERIENCE® Company

2
DS BIoVIA



Calculations — Classical Mechanics
MS Forcite (Plus) Analysis

= Analyse a wide variety of structural parameter
evolution of the trajectory (auto-correlation, RDF,
MSD, radius of gyration, etc)

= NVE, NVT, NPH NPT supported ensembles

= Parinello, Andersen, Berendsen and Souza-
Martins supported Barostats

= \elocity rescaling, Nose, Andersen, Berendsen
and NHL supported Thermostats

= Supports parallel calculations,en

DS BIoVIA ,775 DASSAULT | The 3DEXPERIENCE’ Company




| I Fiter by selection in: I ﬂ

. . . 1 Type  Description Element Symbol | van der Waals Form
alculations — Classical Mechanics |- ;
As3 | arsenic As Buckingham |z
B_2 |boron,sp2 B :_g,JnO{; 4
B_3 |boron.sp3 B 3
EBr bramine Br Ll 5 4
C_1 | carbon, spl C H‘g‘g X |3
M S F n P I F F ™ I d M C_11 |carbon, sp1, 1implicit hydrogen | C LI_12_ 6
— C_2 | carbon, sp2 C LI_12_6&
orcite (Plus) - Force Field Manager
C_22 | carbon, sp2, 2 implicit hydrogens | C LI_12_ 6
C_3 |carbon, sp3 C LI_12 &
C_31 | carbon, sp3, 1implicit hydrogen | C LI_12_ 6
. C_32 |carbon, sp3, 2 implicit hydrogens |C LI_12 6
. CO St Ct C Sto fo Ce f e | d S C_33 |carbon, sp3, 3 implicit hydrogens | C LI_12_&
n ru u m r I C_34 | carbon. sp3. 4 implicit hydrogens | C LI_12_6
. . . C_R | carbon, aromatic C LI_12_6&
. S O t fo a d e a et Of e eSS O S C_R1 |carbon, aromatic, 1 implict hydrogi| C LI_12_&
u p p r r WI V rl y X r I n C_R2 | carbon, aromatic, 2 implict hydrogi C LI_12_ 6
Ca calcium Ca LI_12 &
a chlorine a LI_12_6
= Custom atom types 2 o — T
. Fe iron Fe LI_12 &
Gad | gallium Ga LI_12_ 6
= Use charges calculated via quantum methods o« lues
. . H_ | hydrog H LI_12.6
fro m th e I n te rfa Ce d I re Ctl y i H___A|hydrogen. involved in hydrogen ba| H LI_12_6
] H__b | hydrogen, bridging hydrogen H LI_12_6&
T I iadine | LI_12_6
In3 indium In LI_12 6

Summary  Types I Interactions I Equivalences I

pys i reraes | The 3DEXPERIENCE’ Company
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Calculations — Classical Mechanics
MS GULP

= General Utility Lattice Program (GULP) Support for
3D periodic solids, gas phase clusters, and isolated
defects in bulk materials

= EAM potentials and Shell models, ReaxFF and | ===
many more system specific potentials supported ==

= Calculate phonon DOS and EFG tensor

= Fit forcefield parameters using user interface

Prof. Julian Gale https://nanochemistry.curtin.edu.au/gulp/news.cfm

pys SEen e | The 3DEXPERIENCE® Company
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Calculations — Mesoscale
MS Mesocite Builder: Ul makes it easy to construct and parametrize
mesomolecules

Add Formers ] Fillers ] Formers ]

Former type: | System j

Bxent XY2): 1000 = [i00 [0

[ Fiter by curent document

Properties... Help |

v Automatically update typing document

Help ;

Define _, Gonstruct Mesomolecule =—— Pack into template = Execute Job
Beads/Potential

p 2 _
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Calculations — Mesoscale

TABLE 1: Interaction Matrix”

MS Mesocite ForceFields o

o]
z
a

sub da d a 0 5 4 3 2 1 da d a 0 5 4 3 2 1
Q da O 0] (0] I @] (0] (0} I I I I I v V VI VII X X
d O I (0] I O (0] O I I I jiis I v AY VI VII X X
a 6] o I II (0] o 6] I I I I II JAYEY, VI VII IX X
. . 0 I II I v I O I II I III I II vV VI VII IX X
| | M t d Sh d F F t d P 5 [¢] (0] 0 I (0] 0 0] @] (@] I I I J A VI VI VI VI
a r I n I a n I n O a S u p por e 4 (@] (0] O o (0] I I I I I I I J A VI VI VII VI
3 [¢] (0] 0 I (0] I I 1T I 1T I II v IV % A\ VI VIL
2 I I I II (0] i i I I I I II 111 AY v v VI VIL
. . . 1 I I I juis (0] i i I I I I II 111 AY v v v VI
Coarse Grammg usmg Mar’um Bead N d 1 1 I m I m T o o oI o o v v V VI VI VI
d I I I jusl I juii I II I II jiis I v v v VI VI VI
a I I III II I III I II I II I II IV IV % VI VI VI
typeS 0 v N NV NV N N N I I N I v IV IV IV IV V VI
C 5 v Y A Y v v v v | AU A v v IV IV v v v A
4 VI VI VI VI VI VI A\ v v v % Y v IV v v v A
( P) PO | a r 3 Vi VI v VII VI VI v v v VI VI VI v IV v v v v
2 X X X X VII VII VI VI v VI VI VI % V % v v v
( N ) N on- p 0 | ar 1 X X X X VII VI VI VI VI VI VI VI VI V V IV IV IV
7 Level of interaction indicates the well depth in the LT potential: O, ¢ = 5.6 kJ/mol: I. € = 5.0 kJ/mol: II, € = 4.5 kI/mol: III. ¢ = 4.0 kJ/mo
(C) A Olar IV, € = 3.5 kI/mol: V, € = 3.1 kJ/mol: VI, € = 2.7 kJ/mol; VII, € = 2.3 kl/mol; VIIL, € = 2.0 kl/mol: IX, € = 2.0 kJ/mol. The LJ parameter
p = 0.47 nm for all interacion levels except level IX for which ¢ = 0.62 nm. Four different CG sites are considered: charged (Q). polar (P). nonpol:
(N). and apolar (C). Subscripts are used to further distinguish groups with different chemical nature: 0. no hydrogen-bonding capabilities ar
(Q) Ch arg ed present: d. groups acting as hydrogen bond donor: a. groups acting as hydrogen bond acceptor: da. groups with both donor and acceptor option:
1—5 indicatine increasine nnlar affinitv
(S) for rings

The MARTINI forcefield: coarse grained model for biomolecular
simulations, J. Phys. Chem. B, 111:7812-7824, 2007

2 2
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Typ|cal Polymer Workﬂow

Performan Optimum high
Monomer Polymerize pure '\ Custom eriormance Phase P g
additives performance
synthesis components blends Morphology .
materials
1 I
v
v v Predict phase morphologies
Predict and control formation of Screen for polymer-polymer Predict bulk phase properties
polymers using catalysts and polymer- additive Evaluate structure-property
compatibility relationships

Change additive, polymer Mw, polymer composition, ...

Can also predict mechanical properties, diffusion, surface binding energies,...

2
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Calculations — Quantum Chemistry — ERCURCIISY
MS DMOL3

= Workhorse Density functional theory quantum [B ek sl
. Reaction Kinetics
chemistry program . . B Cracking, Polymerization,
" Based on Numencal At0m|C Ol’blta|S fOI' baS|S Heterogeneous Cata|ysi3,
functions Reaction rate calculation
= Support for latest functionals
= Performs gas and solution phase periodic DFT |RlRERSEEiS IRt

_ MS DMOL3
calculations for crystals and molecules MS DMOL3 Solid State

2
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Calculations — Quantum Chemistry
MS DMOL3

= Transition state search, implemented NEBM
(LST, QST, HL)

= Solvent effects incorporated via SCRF
method. Support for COSMO model

= Dispersion corrections via TS, OBS, Grimme

Optical property calculation via TD-DFT

= Band structure, DOS supported

2
DS BIoVIA

Quantum Chemistry

AHg, AGg, AE,, AS, Kq
Catalyst Design and
Reaction Kinetics

Cracking, Polymerization,
Heterogeneous catalysis,
Reaction rate calculation

DFT for molecules and solids
MS DMOL3
MS DMOL3 Solid State

/{SS_?SSTS,;‘,},‘,;; | The 3DEXPERIENCE’ Company



Catalysis Workflow

Energy

Rg

With A* =
catalyst

Without
catalyst
1 \Baz

Tars

¥/
Hot-spots for

reactant & product
docking

v

Structure optimization

Reaction Coordinate

ldentification of
optimum catalyst

Reaction modeling

A 4

* Thermodynamic feasibility of reactions
Equilibrium distribution of products

Energy barriers, reaction rates
Kinetic feasibility of reactions

Change metal, ligands, crystal face, promoters,
location of promoter, ...

<

2
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Homogeneous Catalysis

Problem

. !elect ligands to achieve target reactivity

* Ligand synthesis and x-ray experiments are costly and
lenghty.

 Standard selection criteria not applicable (too many
substituent etc)

* Need a method that is quick and easy to run by non-
experts

* OSAR good but not necessarilg predictive

Polymerization can be done using
homogeneous catalysts — DOW Chemicals

ARKEermA

* Predict ligand properties before synthesis

* Build reaction specific QSAR models for key property:
coupling constant.

55 BIOVIA Jeroen de Pater, Accelrys

High quality model obtained.

Descriptors in models have understandable
meaning.

Accessible with simple computational methods.

pys SSTEMEL 1 The 3DEXPERIENCE’ Company




Lanthanide Catalysts using DMol3

La,0,, LaOCl, LaCl, used in commercial reactions,
* Production of vinyl chloride, alkane conversion to chloride

Studied model reaction of
« CCl,+2H,0 — CO, +4 HCl

* Acollaboration between Dow Chemical and several Universities @

Use experiment & theory to link surface properties with
catalytic activity

Detailed work from can be found in

JPC:B 108 (2004) 15770; Chem. Euro. J 10 (2004) 1637; JPC:B 109 (2005) 11634

2
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Calculations — Quantum Physics .
Quantum Physics
MS CASTEP

AH, AGg, AE,, AS, Kg
Reaction Kinetics
Heterogeneous catalysis

= DFT Plane-wave pseudopotential code for
solids state materials

= Developed by the Castep Development e-Ph coupling
Group, Cambridge RAMAN and IR

= Support for both UltraSoft and Norm Solid-State NMR
Conserving psuedopotentials

DFT for solids

= | DA(+U), GGA, B3LYP, HSE03/06 supported MS CASTEP
= Dispersion corrections via TS, OBS, Grimme HSIERSA =TS

2
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Calculations — Quantum Physics

MS CASTEP
: CASTEP Optical Properties
MOleCUlar DynamICS Scissors operator= 0 eV, Instrumental smearing : 0.5 eV
1 Calculation geometry: Polarized, polarization direction: (1.000 0.000
Elastic Constants cution geometry: Plarzed, poizaon direction:

PDOS, LDOS and Band structures .
Electron-Phonon coupling, Phonon DOS; .

Electron Localization Function £

Core level spectroscopy g - l&

IR, Raman Spectra, STM profiles B
Solid-State NMR predictions | 9 et 1 i

2
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Heterogeneous Catalysts

Problem

»Develop fuel cells as an affordable “green” energy
solution.

* Replace expensive platinum while maintaining high
performance.

* Find the “best” material among 1000s,
on schedule and in budget.

tilize predictive analytics to speed candidate material
assessment.

» Create reporting system for collaborative decision
making.

« Database to capture computational results

e Highly automated workflow system

2
DS BIOVIA
Gavartin, et al., ECS Transactions, v. 25, pp1335-1344 (2

* Developed efficient, reusable application for discovery and
optimization of fuel cell materials.

* |dentified lead material with lower cost than pure Pt.
* Screened 2000+ structures with zero experimental cost.
* Database has become a knowledge base




Solid state NMR

ra ~\ Parameter | Theory | Expt
Function o 01 |-27.19
Predicts key magnetic resonance properties Biso O1 294.49 |[284
of molecules and solid state materials Gieg 02 -9.94
Biso 02 277.24 |260.5
Theory C, 01 8.29 |7.86
* Based on the CASTEP density functional c, 02 678 |6.53
theory (DFT) program no 0.26 |0.28
» Uses the gauge-including projector o 0.65 |0.70
augmented-wave (GIPAW) approach
* Includes relativistic effects Siso = Oreference * Gobserved
. 1 Assignment of 70 shifts in L-Alanine
i N (
Key Properties Materials
*  NMR chemical shift tensor Molecules, solids, interfaces and surfaces for a
+ Isotropic shifts wide range of materials classes including organic
= e e e gradient tensors molecules, ceramics, and semiconductors.
» Visualization of isotropic shifts and c —
electric field gradients Typical Applications
9 * perform assignment of the observed NMR
spectra
* Very Accurate! » assign chemical shifts to atoms unambiguously
» discriminate between crystal polymorphs
2
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http://accelrys.com/products/datasheets/NMR-Castep.pdf
http://accelrys.com/products/datasheets/NMR-Castep.pdf
http://accelrys.com/products/datasheets/NMR-Castep.pdf

Calculations — Quantum Physics

Setup |Elec:tmnic| F‘mpertiesl ub Cnrrtmll
MS DFTB+ Task: IEIectmnTlanspnrt ;I Mare... |
. ) . . . Quality: IMedium ;I
= Based on the tight-binding ansatz, “like R
LCAO prinCiple [ Spin unrestricted |T7 Lllse.fu:urmal sﬂpin as initi.iI
. otal spin: I“ =]
= Enables calculations over larger number O

of atoms
= Uses Slater-Kosher PP libraries
= QOffers similar functionality as CASTEP to
a limited set of atoms |
Prof. Thomas Frauenheim

= Electron transport Bremen Center for Computational Materials Science

pys SEen e | The 3DEXPERIENCE® Company
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Calculations — Semi-Empirical
Ml Setwr |Bectronic | Properties | Job Control |
MS VAMP - Vectorized AMPAC (AM1) U -]

Hamittonian: ~ |NDDO | A |

= ZDO0 - Zero differential overlap method -
= NDDO (MNDO, AM1, PM3, PM6)
= ZINDO (INDO, CNDO)

= Supports larger system size

= Transition States and H;

Auto | Spin: RHF -

Charge: |0 j

= UV-VIS

= |R Clark, T.; Alex, A.; Beck, B.; Burkhardt, F.; Chandrasekhar, J.; Gedeck,
. P.; Horn, A.; Hutter, M.; Martin, B.; Rauhut, G.; Sauer, W.; Schindler,

= Orbitals

T.; Steinke, T.; Universitat Erlangen 2001.

2
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Calculations — QM-MM
MS QMERA

« QMERA offers an accurate way of
modelling reactivity at a low computational
cost

« QMERA has been tested against other ab
initio and QM/MM approaches

* QMERA has several embedding schemes:

QM-Pot/ONIOM-like and electrostatic
additive GULP for MM
* QMERA is easy to use thanks to MS Ul

2
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Calculations — QM-MM
MS QMERA

= combined quantum mechanical (QM)

and molecular mechanics (MM)
* Do an MM calculation on whole system (S) — exclude link atoms

« Use QM on the central region C =1 +L
» Use MM on the central region C =1+ L

Eo™ = Eym(S) + Equ(C) - Ey(C)
Note: requires to have proper forcefield atom types for both the full
system S and the inner system C!/

Nantotube Based Gas Sensors — Role of structural defects
Chem. Phys. Lett. 2006, 421, 58

2
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Calculations — QM-MM

MS QMERA Example

Geometry Optimization of
Ru(H),(diphosphine)(diamine)

PBE/DND / Dreiding
homogeneous catalyst

Electronic additive embedding:
QM region polarized by MM point
charges

“New insights into the
enantioselectivity in the hydrogenation
of prochiral ketones”

Samuel A. French,Devis Di
Tommaso,Antonio Zanotti-Gerosa,Fred
Hancock and C. Richard A. Catlow

Chem. Commun., 2007, 2381

ESP charges for MM region

MM (122 atoms) DMol? pure!

QM (15 atoms) } QMERA faster than

2 P
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MS CRYSTAL Tools

Molecule
Crystallization
of a powder Crystallization of
Polymorph 1 \ a single crystal
Predictor High quality Low quality

powder pattern powder pattern

Y Diffractomete
Powder Solve

Trial structure

Crystal Morphology of Pigment Red

Crystal Structure Database Showing (001) surface to be most stable

p 2 _
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MS CRYSTAL Tools

= Comprehensive X-RAY, Neutron, Electron structure solution and Simulation Package
LA Pattern Processing

= |ndexing (DICVOL91, TREOR90, ITO15, X-Cell [MS Exclusive]) B Powder Diffraction
LA Powder Indexin

= Refining Powder Diffraction and Structure (Pawely, Rietveld, Pareto) Lk Euw;er ;;mﬂfent

= Space Group Determination (Figure of Merit Ranking) ﬁ EZE: ilmnity

= Compare and Refine with experimental patterns LA Powder Solve

Save Settings...
= Account for line broadening, Asymmetry, Line Shift in experimental patterns

= Structure optimization methods using MS QUANTUM AND MS CLASSICAL

= (Calculate degree of crystallinity

2
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Analytical: Powder Crystallinity

~ Simulation\10 prov standard_90%_110_C1 Decomposition.xcd *

Powder Crystallinity (MS Reflex) allows users to
quantify the amorphous content within a sample.

This is often critical because:

= Benchmark measure for efficiency of
crystallization process

ttttttt

o — E— = Amorphous content can crystallize into different
Reflex Powder Crystallinity : p0|ym0rphIC fOl'mS
se | D”“m“‘ete"' - = Amorphous content typically shows different
Task: Phase analysiz hd . ' ' .
. dissolution behavior that crystal phase. This can

Crystalling reference: H!:'ﬁ'l prow indesing,_1 h3|j_j

affect bioavailability

Amorphous reference: H'Ji 2 prov_x‘l_lac:tose_arrﬂ

[~ Use custom range

Start; |10.0 End: |44.0

ste | Help [Topic?)

2 2 .
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MS CRYSTAL Tools

MS Polymorph

= Predict potential stable or metastable crystal structures of a given

. Polymorph Calculatior

compound directly from the molecular structure

(| Setup | Enefgyl Space Groups I Job Control I

. \ . Tas:  [Prdcton <]  Moe. |
= Generate possible packing arrangements in all reasonable space ;[

Clustering
Geometry Optimization

groups - Monte Carlo Simulated Annealing

Motion groups

= Ab initio prediction of polymorphs when experimental powder data is ff - [«
Create |fr0m selection

not available | = e |- |

= Predict space group occurrences/population

2 2 _.
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Exploration of Polymorphic Landscape

= Once a potential form is discovered, the risk
of polymorphic transformations needs to be
assessed

= Unknown polymorphs can cause huge costs,
with FDA and patent rights implications

Novir: A famous example of a pharmaceutical polymorph causing
huge costs due to it’s late discovery

» MS Polymorph — a “fast” tool to screen potential packing arrangements
* MS ConQuest - Integration with CCDC’s DB of known crystal structures

» MS Motif — Analysis and statistical scoring of bonding relative to known structures

2
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MS CRYSTAL Tools

MS Morphology

= De Wulff constructor - Predict external morphology from / I \

Crystal Structure

internal crystal structure Edit Surfaces < BTH Crvstai Graph
= Bravais-Friedel Donnay-Harker growth plane prediction L e
= Growth morphology via Attachment Energy Calculations / {\‘\‘
o . . Calculate Equilibrium Growth Morphology
= Prediction of Equilibrium morphology o orphology . BFDH Morphology  (attachment
= Crystal graph functionality via Periodic Bond Chains \ l /

Morphology & Surfaces

2 2
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Crystal Morphology

> Estimate relative growth rates of crystal
faces to construct crystal morphology.
» MS Morphology allows to predict crystal

morphology in vacuum from the atomic
structure of a crystal

7 L N -
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Characterization of Crystal Workflow

Indexing

Pawley refinement
Structure solution

Rietveld Refinement

— Polymorph prediction ‘

= New crystals with no prior structural information - Structure
determination with powder diffraction data

= New crystals with no prior structural information — In-silico
structure prediction

= New crystal with some prior structural information

ITIILERILE

letvela

Refinement Calculate

Manual Geometry
' Properties

manipulation Optimiza

2 o
7S BIoviA Morphology prediction | S 25555447 1 The 3DEXPERIENCE" Company



Materials Studio and the CCDC

= Connection to Cambridge Structural Database (CSD)

— information sharing between Materials Studio and Conquest from the Cambridge Crystallographic Data
Center (CCDC).

— Ability to transfer substructures from MS to CSD query engine

— Ability to import CSD query results for further analysis
= Motif Search

— analyse hydrogen bond motifs formed between particular functional groups in a crystal structure

* | %% CRYSTALLIZATION\indigo_axsd

=t
¥ Returm first 1000 = stiuctures only

p) | P
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Crystal visualization

& properties

25 B

' )
. Volumes Field
C lly Surf:
U Crystals Properties By =S
= Atom volumes & Surfaces e
Connolly radus:  [IH =a
H H Result
= Simulation of XRPD (Reflex) ==
Occupied Volume: 551.83 A3
Al
= Property Explorer
Density e
v'Unit cell parameters, etc.
[t indigo 1
\{ / Intensity
Properties x
Fiter: [Lattics 3D - 0
Property [ Value | ©
AngleApha 900000
AngleBeta 130.020
AngleGamma 90.0000 7
Primitive Monoclinic
600134
3D Primitive Centered 6
Color RGB(255, 255, 255)
P21 5
IsVisbie e
LaticeOrigin {0.000000, 0.000000, 0.000000)
3D Monocinic B ®
LengthA 10.8400
LengthB 588700
LengthC 122800 »
Name P21
2
OrientationCorven.. Calong Z. B in YZ plane »
2
Menoclinic ©
2
Z/mig) l 1]
Pizit 0
B-Unique [T TR
c22
e T
(620149, 1.0905% 015, 6 97072) e
VectorAVelocity {0.000000, 0.000000, 0.000000)
(0.000000, 5.88700, 0.000000) )
VectorBVelocity 0.000000. 0.000000. 0.000000) indigo_1 (Sim) ObservedReflectons
{0.000000, 0000000, 12.2500) «
VectorCVelocity {0.000000, 0.000000, 0.000000)

4% indigo_1



Example Project Areas

» Statistical Correlations
» Spectral Analysis
 Structural Characterization

* Analysis of Solids

* Analysis of Surfaces

—

Delivering Solutions for Real- * Analysis at Meso scale Level
World Scientific Problems »  Chemical Reactions

pys S5 EL 1 The 3DEXPERIENCE® Company
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Statistical Correlations

Structure L) L1 [Pl Lz La
Activity apeol Area Cripole Eneraw Ft

AT 31S0| 106£:04| 270566|  7139| 133003 »  Optimizing the brilliance of a flare used in the US Army
A_I_:I\h( 2450 | 9.5SSE+03 242417 2056 100,681 . . . Lo .

* A combination of formulation and statistical correlation
ji(i\\ 4,130 1.1 FE+04 252950 1.037 103,760

was used

)::,(Lﬁﬁ 2450 1.1 7E+D4 257.214 2313 109687
L se00| seseros| 215372] 1028 s0evo * Independent variables — concentration of components in
m 4,010 1.1 7E+04 242563 2286 LI 813 the miXture
m 4,280 1.1 7E+04 251,587 1.558 100,894

» Dependent variables — information about the properties of
the mixture

»  Genetic function algorithm allowed the study of linear,
second order and non-linear effects

«  Simple interpretable models help design better flares

2 2 _.
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Spectral Analysis

» A major concern in quantifying types, concentration and composition of
minerals in reservoir rocks using XRD is the complexity of the profile due to
preferred orientations and structure modifications.

»  Computational work at Accelrys involved
» Clean-up of experimental XRD data
» Simulation of XRD for various minerals

r El n |’|
\_.\Wi#»l\u‘-lb\)l_q.' LT T

| H'U" « Correction for preferred orientation

N IRt R II\IIIIIII--II;AIJ-I:J_NQJI . . .
R U Y U . SO UPY SRV S VU  Geometry optimization of substituted structures

« Study of the effect of chemical substitution

40

 Development of early informatics component to simplify and
accelerate the analysis of complex XRD patterns.

2 2 .
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Structural Characterization

J. Solid State Chem. 177, 165 (2004)

2
DS BIoVIA

The XRD pattern of y-MnO, (used in batteries) is of a poor quality and
varies depending on the production process.

Computational work at Accelrys showed

« Particular effects of De Wolff disorder, microtwinning and
point defects on XRD patterns.

» Structural features in CMD and EMD from comparisons
of simulated with experimental XRD patterns.

 De Wolff disorder to be a major factor in determining the
structure of y-MnO.,,.

« CMD materials contain larger percentage of pyrolusite
while EMD contain more ramsdellite.

« EMD is higher in energy than CMD variants.

/{SS_?SSTS,;‘,},‘,;; | The 3DEXPERIENCE’ Company




Analysis of Solids

» Aconcern in glass fiber production is how to increase
resistance to atmospheric moisture while maintaining
biodegradability.

« Computational work at Accelrys showed

« Correlation of glass composition and network density
with water reactivity.

» Sensitivity of cation diffusion in the presence of
water.

 The favorable role of cation on hydrolysis reactions
and on the mechanical stress on glass.

Electronic, Optical, Magnhetic,

2 2 .
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Analysis of Surfaces & Interfaces

Phys. Rev. Lett. 87, 155502 (2001)

Metals, Alloys, Oxides, Zeolites,
Ceramics, Glass, Minerals,

2
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A concern in a field-emission based flat-panel display device is to
reduce the operating voltage.

Experiments at Motorola showed that adsorbed water vapor
enhances field-emission current.

Computational work at Accelrys revealed:

* The interaction of carbon nanotube and water is weak in zero
electric field

 Under emission conditions, large electric field at the tube tip
stabilizes the binding of adsorbate

 Under emission conditions, large electric field at the tube tip
makes it easier to extract electrons through the formation of
water clusters leading to a reduction in the lonization Potential of
the nanotube

pys SEen e | The 3DEXPERIENCE® Company




Analysis at the Meso Scale

» Aconcern is in the production of polymer blends where expensive copolymer
compatibilizing agents sometimes phase separate out of the blend.

» Computational work at Accelrys revealed an alternate approach:

« Grafting one of the blend components with an inexpensive
random copolymer

« This approach results in a strongly mixed interfacial region.
 This approach increases the adhesion between the phases.

c U ) ULLOI1UG U JU Ul
S, Miscibility, Glass transition t
D0 Mer mMornholose D)1 i

2
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Chemical Reactions

:
- Fm

— — T T T T 1
148 1.50 1.52 1.54 1.56 1.58 1.60 162

Bond Length

Homogenous and

2
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A concern in the production of chemicals and polymers is the
generation of toxic wastes.

Computational work at Accelrys

Showed the role of the metal catalyst in the
formation reaction

Revealed the role of solvent in changing the charge
state of the metal catalyst

Confirmed the reaction mechanism

Helped to predict the reaction including solvent
effects (proved later to be correct from experiments)

Involved the development of informatics component
used in statistical correlation to predict reactions

p7S S5 EL 1 The 3DEXPERIENCE® Company




Materials Studio

new - M5 Modeling

File Edit WView Modify Build Tools Statistics Modules Window Help
O~ | 8 5 |2 | i o6 b | 8 @ || 2 ﬂovﬂMvmf TOO'_S a &%
Bl - £ P v 52 ML A LAl R

I

O = O
new WVamp Optimization Convergence
=423 UV spectra
=239 3D Atomistic Document VAMP GeomOpt
+-[2) 3D Atomistic Document VAMP Energy
. #& 3D Atomistic Document - Calculation
F] leS & 2% 3D Atomistic Document.xsd
3D Atomistic Document.input i B Indigolindigo_1.xsd
tatus.txt
FO ld e rS liz3 3D atomistic Document Convergence.xcd
|},'.j 3D Atomistic Document Energies.xcd
Fg"l 3D Atomistic Document.out
:% 3D Atomistic Document.xsd
=23 Indigo
=-&39 indigo_1 VAMP GeomOpt
%% indigo_1 - Calculation
#% indigo_1.xsd
3 TS

Conwvergence (loglo)

Filter: |Eh:md

Property walue
BondType .
__ Figures
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g & Tables
‘ I - El Gateway Server Status Progress Start Time | Results Folder
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Chemicals and Materials R&D Process

Fundamental Applied Product Manufacturing
research research development

_Scaleup 3 Piot



http://en.wikipedia.org/wiki/Image:Fc_diagram_pem.gif
http://nl.wikipedia.org/wiki/Afbeelding:Experiment_in_chemistry.jpg

Asking the right questions

Define the topic

Define the question

Choose the technique/model \ [Answer t(%e question]

11 1r

YES
 Vatidation [ YES., fwake more calculations

(L

2
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Industry Solutions: Oil and Gas

Upstream Downstream

law Material

Refinery

Ethylene Plant

Ethylene
Propylene

R H TS
Purchased
raw mat’l

Adapted from Tjoa, Cervantes, Nakagawa, “Optimization based approach for managing

enterprise-wide business planning in a petrochemical industry,” presented to AIChE 27 April 2004

2
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Industry Solutions: Oil and Gas

——

Thermodynamic modelling

. |

Homogenous Catalysis Heterogenous Catalysis « Reaction Optimization
» Vapour Pressure

Downstream Processing Crackers  Distillation
Production of Vinyl chloride, Polymerization Catalysts « Solvation energies
Alkane conversion to chloride » Process Chemistry
JPC:B 108 (20 04) 15770 Gavartin, et al., ECS Transactions,25, 1335(2009) e Process Engineering
Chem. Euro. J 10 (2004) 1637
JPC:B 109 (2005) 11634




Industry Solutions: Oil and Gas ¢ ycionaiiy

Applicable Material Studio Modules

1. MS Visualizer and Collection
2.  MS Amorphous Cell

3. MS Adsorption Locator
4. MS Conformer

5. MS Sorption
6

7

8

MS Forcite (plus, COMPASS)
MS DMOL3

. MS Castep
9. MS Mesocite (optional)
10. MS Synthia (polymers)
11. MS GULP (optional)
12. MS Blends (Phase diagrams)

/775 BIlOVIA 10.

3D Sketch & Build, 3D volume, property and
trajectory visualization

Preprocess, system construction, packing, etc.
Find minimum energy configuration for adsorbed
systems

Conformational Analysis of molecules

Adosrption studies on mesoporous molecules
Classical Simulation module for pre-processing or
screening of catalytic systems

Quantum chemistry simulator for homogenous
(downstream conversions) and heterogenous
(crackers) systems

Quantum Physics simulator for heterogenous
systems (crackers)

Mesoscale simulations (if polymers are involved)

QSAR tools (if polymers are involved)
Claccical cimiilation for inoraanic <olide




Industry Solutions: Consumer and Packed Goods

Design of Polymeric Membranes-Modeling and Simulation

Diffusion Studies of Small Gas Molecules in Polymeric Materials 9
Molecular dynamics (MD) can be | _ i °°
accurate enough to predict the self- e e e e

diffusion coefficient of small gas P il ' ¢
molecules in amorphous polymeric
materials . B R e

Arrhenius plot of the

Density variation as a diffusion coefficients of
M. Meunier (BIOVIA Europe) function of polymer chain methane and second
J. Chem. Phys. 123, 134906, 2005 length order polynomial fit

2
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Industry Solutions: Consumer and Packed Goods

Multiscale Modeling Studies of Sulfonated Triblock Copolymers

An important class of thermoplastic elastomers involves polystyrene and polyisobutylene blocks (SIBS). Sulfonated SIBS Triblock
Copolymers (S-SIBS) are of particular interest because of potential applications for fuel cell and textile applications, where breathable,
protective clothing is required. We have used multiscale modeling to gain an understanding of the static and dynamic properties of these
polymer systems at detailed atomistic levels. Quantum chemistry tools were used to elucidate the bonding of water molecules and
sulfonate groups. In addition, molecular dynamics was applied to calculate the polymer density at various levels of sulfonation. The
structures of polymer with hydronium ions and also water were studied and the mechanism of water self-diffusion was proposed. It was
found that with increase of water content the hydronium ions move further away from sulfonate groups. The self-diffusion coefficients of
water were found to reproduce well experimental trends. Two different distributions of sulfonate groups were studied: one blocky and
another perfectly dispersed. In the case of the blocky architecture, the water clusters are connected at a lower sulfonation level, leading
to increased water diffusion coefficients as compared to the dispersed architecture.

“The multiscale simulations allowed us to study  WYENEIESUNEI I MPAV Ry ARIR

microphase separated in composites, fuel cells  Jan Andzelm, Ph.D
and other polymeric systems and to predict Computational Chemist
macroscopic properties at the mesoscale level’  U.S. Army Research Laboratory

2
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Industry Solutions: Consumer and Packed Goods

and Polymers

Applicable Material Studio Modules

1. MS Visualizer and Collection
Amorphous Cell

MS Conformer

MS Sorption

MS Forcite (plus, COMPASS)
MS Mesocite

MS Synthia (polymers)

MS Blends (phase diagrams)

O Nk WD

2
DS BIoVIA
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/.

Functionality

3D Sketch & Build, 3D volume, property and
trajectory visualization

Preprocess, system construction, packing, etc.
Conformational Analysis of molecules
Adosrption studies on mesoporous molecules
Classical Simulation module for potential
development, cross linking reactions, Solubility
Parameters. Establish transport phenomenon
Mesoscale simulations using forcite developed
potentials or native models. Establish transport
phenomenon

QSAR tools for correlation development

pys i reraes | The 3DEXPERIENCE’ Company




Industry Solutions: HiTech/Semiconductor

Photovoltaics Semiconductors

«  Exciton and Trion Dynamics in Bilayer MoS2, » Magnetic MoS2 pizzas and sandwiches with Mn,
v Small 2015.11.6384 (n = 1-4) cluster toppings and fillings: A first-

 Tuning the electronic properties of bondings in principles investigation

monolayer MoS2 through (Au, O) co-doping v Scientif@c F_{epor.ts 2016, 6,1950{1
v RSC Adv., 2015,5, 68085 » Fundamental insights into the electronic structure of

«  Electro-optical properties of the perfect zigzag MoS2 nanoribbons

reflector material: Poly(3-thiophene boronic v Phys. Chem. Chem. Phys., 2016,18, 4675
acid) semiconducting polymer » Two-dimensional GeS with tunable electronic

v' Polym Eng Sci, 2016, 56, 707 properties via external electric field and strain
o v' Nanotechnology, 2016, 27, 274001

pys i reraes | The 3DEXPERIENCE’ Company
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Industry Solutions: HiTech/Semiconductor

Applicable Material Studio Modules Functionality
1. 3D Sketch & Build, 3D volume, property and

—

MS Visualizer and Collection

MS Amorphous Cell trajectory visualization

MS Adsorption Locator 2. Preprocess, system construction, packing, etc.
MS Conformer 3. Find minimum energy configuration for adsorbed
MS Sorption systems

© 0o N oW

MS Forcite (plus, COMPASS) 4. Conformational Analysis of molecules

MS DMOL3 5. Adosrption studies on mesoporous molecules
MS Castep 6. Classical Simulation module for pre-processing
MS GULP 7. Quantum chemistry simulator for homogenous

(downstream conversions) and heterogenous
(crackers) systems

8. Quantum Physics simulator for heterogenous
systems (crackers)

. Classical simulation for inorganic solids
2S BIoViIA DS EHERRSE | The 3DEXPERIENCE” Company



Industry Solutions: Pharma and Biotech

Molecule Enabling API Development

Molecular Simulation Taylor & Francis
Vol. 34, Nos. 10-15, September—December 2008, 1353-1357 Taylor & Francis Group
Crystallization
of a powder
Crystalllzatmn of Empirical lecul delli f i tabilisati ith Pol hate 80
a mpirical molecular modeling ol suspension stabmisation wi olysorpate
Polymorph 1 asingle crystal | . N
. Hich i li Jamie T. Konkel"* and Allan S. Myerson
ua Low quali
PrEd Ictor g q ty q ty “Global Research and Development, Baxter Healthcare, Round Lake, USA; ”Depam)wm of Chemical and Biological Engineering,
PDWdEr PattE‘rn POWder pattE m 1llinois Institute of Technology, Chicago, USA
( Received 26 February 2008; final version received 24 September 2008 )
olecular modelling has been used successfully to predict the stabilisation of crystalline nanosuspensions of mode
Diffractometer Molecular modelling has been used full edict the stabilisation of crystalli jons of model
Powder SOI“E pharmaceutical drugs by the surfactant Polysorbate 80. The ratio of the binding energy of the Polysorbate 80 to the binding

energy of the drug to the surface of the crystal was found to correlate with the stabilisation of the nanosuspension.

Trial structure Keywords: molecular modelling; Polysorbate 80; pharmaceutical; suspension

» Background: Formulation of poorly water-soluble
drugs into crystalline nano-suspension.

= Aim: “Develop a molecular modelling approach to
rapid surfactant screening, which could identi
— pid surf g | fy
stabilising surfactant systems for a particular drug,
based on its crystal structure.”

Crystal Structure Database

2 2
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Industry Solutions: Pharma and Biotech

Applicable Material Studio Modules Functionality
1. 3D Sketch & Build, 3D volume, property and

MS Visualizer and Collection

MS Amorphous Cell trajectory visualization

MS Adsorption Locator 2. Preprocess, system construction, packing, etc.
MS Conformer 3. Find minimum energy configuration for adsorbed
MS Sorption systems

Conformational Analysis of molecules

Adosrption studies on mesoporous molecules
Classical Simulation module for pre-processing
Quantum chemistry simulator as property calculator
and geometry optimizer for polymorph predictor

8. Powder pattern indexing and solving algorithms

9. Crystallite shape and sizes predictor

10. Polymorph predictor

MS Forcite (plus, COMPASS)
MS DMOL3

MS Reflex

MS Morphology

0 MS Polymorph

o o

SPENDARLN:
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Academia

Departments Applications

MS Visualizer and Collection Band gap engineering

MS Amorphous Cell Electron Transport

MS Adsorption Locator Thermal and electrical conductivity
MS Conformer Core hole spectroscopy

MS Sorption Powder Solve with XRAY diffraction

MS Forcite (plus, COMPASS) Phonon, IR and RAMAN
MS DMOL3 Solid state NMR

MS Reflex
MS Morphology Reaction kinetics and thermodynamics

MS Polymorph UV-Vis spectra
IR and RAMAN

I;SEL?SSE;‘,,‘,’EL; | The 3DEXPERIENCE’ Company
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