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What is modelling?

Model: ideal or simplified system

Helps understanding, predicting rather than describing in detail



What are surfaces?

Regions where the solid ends -> interface with vacuum/gaz/liquid/solid
Anisotropy, low coordination -> increased reactivity
It concerns a small number of atoms compared to bulk



Modelling solid state
* Methods for solids Juan Peralta
« Surfaces: models and applications M. Calatayud
— Introduction
— Models
— Properties
— Applications

— Software

Goal
Get familiar with surface modelling
structure - properties






Modelling solid surfaces

excited states

adsorpt!on spectroscopy
desorption
@ diffusi Coverage effects
iffusion
Defects
<> .
e & Reconstructions
' Q

What do we want to study? Choice of model

How accurate? & method



Methods, scales and phenomena

Electrons: spectroscopy,  Atoms: growth, segregation ~ Protein adsorption,
chemical bond, reactivity  Growth, segregation nanoparticles agregation,
1-500 atoms 1000-10000 atoms/particles phase transition >20 000
particles contunuum
TIME Methods
Is
10°
Atomistic Mesoscale methods
(ms) 10 Simulation R
Methods Brownian dynamics
ws) 10 Dissipative parficle dyn

molecular dynamics
(ps) 10712

Ab initio
methods . }
AU N Quantum

10 10® 10® 107 108 10° 104
(nm) (1)

tight-binding
MNDO, INDOIS

LENGTH
Real samples: ~1073 Imeters



Each system its approach

The exact “solution” does not exist! We need:
approximations that are reasonable
know the conditions of applicability

Physico-chemical laws - Methodology
Simplified forms = easier or faster to solve

ex. Acidic pH neglects [OH] pH, = -log ([HCI)/c®)
Perfect gaz law pV=nRT for non-interacting particles
Born-Oppenheimer approximation nuclei vs e-

Structural model
Reduce complexity to focus on a particular aspect

ex. size: Use an aminoacid to model a protein
composition: neglect impurities to model water
geometry: consider a solid periodic



Each system its approach
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First step: defining the questions

What is the phenomena | want to study?
Define the system, property...
verify experimental distances, predict reactivity...

What level of accuracy | need?
Very accurate for comparison with exp
Accurate to study trends
Low accuracy to have a guess starting structure

What are my ressources and my constraints?
Literature: structure, composition, previous data
Technical: computers, software, skills
Others: deadlines, money...

Do it BEFORE you start!!
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A real surface

Is not homogeneous

Is not perfect

s In composition or
oy B o5 b ¢ Laoueedy Structure

A
L e “Antena @

Cerro,Guagua @ % Ruta a Rucu
Pichinchaigié®

e

Determine the property
and the accuracy

Build the model
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Models

cluster embedded cluster periodic
B news

"

size small medium Infinite/large
methods sophisticated mixed less acurate
Cl, CCSD(T) QM/MM DFT, MM, semiemp.
MC ONIOM Monte Carlo
atomic orbitals AO+point charges plane waves/AO
Problems edge effect boundary region concentration 1
Applications local phenomena semi-local periodic
fine structure adsorption, enzimes, etc. crystals, surfaces,...

The model must be carefully chosen depending on the properties to be studied!




Characterizing a surface - structure

Tisurface O surface 2-
atoms 5-fold fold
“

Ti octahedral

O 3-fold ?

coordinated ._tg‘

Orientation along direction [hkl]
plane (hkl) for crystals

Termination - where to cut

Coordination of surface atoms, polarity...

Thickness
Composition
stoichiometry, defects, capping...

Also applies for amorphous systems

15



Creating a surface in silico

Ex. Rutile MO, (110)
plane

,\E"}V\t)'ﬂm ‘
N \\‘ \\‘ ¥
,{' :u» 8 WM,%"!
7 '\:~:"\\ y i ' ‘

[110]
y directior

Bulk unit cell

= * Termination 2

cut the Ti-O bonds (110) plane cut

The smaller the number of bonds cut, the more stable the surface
The atoms at the surface are less coordinated (less stable) than in the bulk
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Properties

Energy
— Optimization e

— Surface energy — relaxation-reconstruction |

: . : . shape prediction, adsorpti de ...
Vibrational frequencies Wbt adisbeastnskd e

Electronic structure
— Band structure

____________________________________________

5 Conductivity, band gap
— DOS, COOP :> Molecular orbital analysis !
— STM | bond characterization. .. !

Catalysis and chemical reactivity
— Adsorption
— Energetic barriers

____________________________________________

— Adsorption mechanism !

| Surface reactivity, diffusion !
: Heterogeneous catalysis, tribology !
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Exemple 1: studying adsorption

Building a model for the surface
cluster vs periodic
Determining the adsorption mode
based on energy, method dependent, comparison with

experiment

Explaining the interaction
analysis of the electronic structure
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Surface Science
Volume 530, Issues 1-2, 20 April 2003, Pages 71-87

ELSEVIER

Site preference of CO chemisorbed on Pt(1 1 1)
from density functional calculations

Alfred Gil 3, Anna Clotet 3, Josep M. Ricart @ & & Georg Kresse °, Maite Garci&#x0301;a-

Hernandez €, Notker Résch €, Philippe Sautet & & 2 &

https://doi.org/10.1016/S0039-6028(03)00307-8
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The adsorption sites in fcc metals

l- 0 .l l
¢ & | Hollow fcc
“

¢ ¢
¢ 'h ¢ Hollow hcp
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Cluster models

- small clusters do not correctly describe
the substrate environment — not
adequate for adsorption energies

- larger clusters results ~ periodic

both types of model favour CO
adsorption at the hollow site
instead of on-top — disagreement
with experiment

Methods make the difference
hybrid functionals including a part
of the exact exchange decrease
the energy difference between the
two positions, suggesting a
stabilization of the on top site
relative to the threefold hollow site
in the limit of extended models

Modelling allows electronic
structure description




Bond analysis

slab Pt,g cluster

_—
depletes

27"

accumulates  °

Fig. 3. Electron density difference maps between CO
chemisorbed on top at Pt(1 1 1) and the separated fragments
computed with the PW91 functional, for (a) plane wave basis
set (four layers slab) and (b) localized basis set (Pt,g cluster
model). Solid contours represent zones with accumulated
electron density, and dashed contours are associated with
zones of depleted electron density.
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Determining surface energy
based on energy

Relaxation, reconstruction
based on energy

Crystal shape
based on surface energy
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Calculation of surface energy

The surface energy can be calculated from ab initio results

E — E The most exposed planes will be the
E. .= slab bulk ' 2 most stable ones
surf — units: J m
2A —> those of lower surface energy

1) Comparison of different surfaces

(101) (001)

Esurf Esurf g z z

TiO, phase hkl unrelaxed relaxed r; s; A ’ ‘

-2

Jm Jm2
Anatase (101) 1.127 0.414
Anatase (001) 1.011 0.863
Anatase (100) 1.330 0.463

(100) relaxed

2) Relaxation small rearragement to decrease energy

0.51 Jm™
3) Reconstruction reconstructed
important rearragement to decrease energy 0.90 Jm-2
bond break-formation unconstructed
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Crystal shape: a surface property

Wulff construction: the surface area is inversely proportional to the surface energy
The lower energy, the higher area exposed

Predominance
(111)

fcc metals

&

Predominance (100)

' . Cubic shape

TiO; rutile particle

Octahedral shape

L s

Rutile MO,

Rutile particle exposing {110}

Ramamoorthy and Vanderhilt and {011} facets. 27
Phys. Rev, B 49, 16721 {1994)




ANATASE

RUTILE

Crystal shape: role of termination

hydrogen-rich surface adsorbates oxygenated surfaces

hydrogenated surf ces hydrated hydrogen-poor adsprbates
surfaces

Prediction of TiO, Nanoparticle Phase and Shape Transitions Controlled by
Surface Chemistry

Barnard and Curtiss Nano Lett., Vol. 5, No. 7, 2005 28



Example 3: surface reactivity

Building realistic model

presence of water
Adsorption, surface species

based on energy, spectroscopic features, comparison exp.
Chemical reactivity

reactants to products mechanism
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Role of formates in the reaction reverse WGS
CO+H,0=CO,+H,

Stability
O=C=0
- Spectroscopy
?’/ N e ? T —> experiment

Ga Ga Ga Ga Reaction mechanism

Top view Side view

Hydroxyl groups present

e Hy,=H*+H
e H,O0=H"+OH Phys. Chem. Chem. Phys., 2009, 11, 1397-1405 30



Formates infra-red assignement

Based on stability (energy) and spectroscopic signature

Table 1 Calculated and experimental harmonic frequencies for the formate (HCOO™) species

Infrared frequencies of formate species/cm ™

I 11 11 v
Vibrational mode Caled Exptl® Caled Exptl® Caled Exptl® Calcd Exptl*
C-H stretching 2923 2910 2973 2915 3011 2895 3062 nd.
COO asym stretching (1) 1634 1665 1538 1580 1581 1600 1624 nd.
C-H bending 1341 1350 1354 1385 1250 1355 1294 nd.
COO sym stretching (1) 1252 1305 1310 1369 1324 1332 1187 nd.
Av = vy — 1, 382 360 | 2R 71T [Z57 268 | 437 —
I/ .
'V(CH) Vas(OCO) O(CH) V. (0CO) g
i i 0
N B ¢ O typel -0.41
: : ' M
> P i i i
g i | H
& V(CH) V,4(0CO) O(CH) V(0CO) &
: £\
:[] . typelll Q O 0.35
. V(CH) V,6(0CO) O(CH) V. (OCO) / =3
| L | \ SO typen -0.82
i i i # | 1 1 1 1 M M '
3000 2800 2600 1800 1600 1400 1200 1000
Wavenumber (cm™)
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M. Calatayud et al. Phys. Chem. Chem. Phys. 11 (2009) 1397



2.50
2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
-2.00

Reaction mechanism

4

e

1.78

+CO

I1-bis ¢

Key intermediates: monocoordinated formates

M. Calatayud et al. Phys. Chem. Chem. Phys. 11 (2009) 1397
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Conclusion

LCeci nest nas une fufie.

Modelling is about capturing essential features!
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Molecular Mechanics

Quantum Chemistry

Molecular visualization and editing
Databases etc

— Nomad repository: structures and files of
calculations

Companies — Academics
Freeware — Web Applications

35



Molecular Mechanics

s AMBER

eCHARMM

*VMD - Visual Molecular Dynamics

*MOLDY - Free MD program ,.c",;.'..-:fi,;'-,,-:-; (EE T
.  oVed ¢ ‘.l

*GROMACS Molecular Dynamics on Parallel Computers B febt e

*GROMOS Dynamic Modelling of Molecular Systems
eMacroModel - Molecular Modelling

*MSI/Biosym Molecular Modelling Software

*NAMD - Scalable Molecular Dynamics

*TINKER package for molecular mechanics and dynamics
*SYBYL - software from Tripos

*TURBOLMOL - Ab initio electronic structure calculations
*X-PLOR- MM program free for Academics
eDNAtools-Web tools to analyze DNA




Quantum Chemistry

1. Finite Size

e GAMESS

e (Gaussian

e ADF

2. Periodic

e VASP, CP2K

e WIEN2K, SIESTA, DACAPO
e CRYSTAL

MOLCAS Quantum chemistry software at Lund University
MOLPRO an ab initio package

GAMESS-UK

HyperCube Inc.

ATMOL an ab initio program

CADPAC -- The Cambridge Analytic Derivatives Package
COLUMBUS general ab initio electronic structure calculations
DeFT A gaussian density functional program

Python source code for computational chemistry

37


http://www.msg.ameslab.gov/GAMESS/GAMESS.html

Molecular visualization and editing

Molecules Periodic Systems

*Molden Materials Studio

eJmol Crystal Maker

eGaussView VMD

*ECCE ModelView

e Avogadro MOLDRAW (Molecules and crystals)
eArguslab Molekel (Molecules and crystals)
*VMD VESTA

e\/ega’l/

eDeepView

eDiscovery Studio
e MolView and Molview Lite - Macintosh

Selection!
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Molecular visualization and editing

MOLDEN

MOLDEN

[l ol
[ Fese [ [
0 o Pl O F Ul R O

Tenz. Hode |
Read | writs
JHT Editar I
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CDrowModes | 42
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Molecular visualization and editing

Gaussview

:Eile Edit View Calculate Resules Windows Help

DR | Ry crcemertadens Cl=gpdimey - -SE@S@ -
XBB-K 5| xd ARLH G 852
6tvil:ﬂdaul3cheme) EE|@ §E

¥ Buider Fragment |eyclopeniadens




Molecular visualization and editing

Vesta
Avogadr

VMD

File

Edit View Objects Utilities

Help

a

b C a* b* c* @r t ‘ h » t j Step () 45.0 g i, 4n usp Step (px): 10

K

XISY

| Tools | Style | Objects|

V205_1L_new.vasp | CONTCAR

Structural models
Show models
[ Show dot surface
Style
@ Ball-and-stick
(©) Space-filling
() Polyhedral
() Wireframe

() Stick

Volumetric data

[ Show sections
[ Show isosurfaces
[] Surface coloring

Style
@ Smooth shading
Wireframe

Dot surface

Crystal shapes
[] Show shapes
Style
@ Unicolor
Custom color

Wireframe

’ Properties...

]

| Boundary.. || Orientation.. |

& = o] Step(%): 10

c
b a
117 ¢c ¢l 0.43375 0.27877 0.60660 1.000 1.000 1la
118 ¢ €2 0.56252 0.29778 0.682752 1.000 1.000 1a

Number of polygons and unique vertices on iscsurface = 0 (0)
166 atoms, 280 bonds, 36 polyhedra; CPU time = § ma

Output | Summary | Comment
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Databases, repositories

@ & https//nomad-repository.eu s & Y% Q materials project -

The NOMAD Laboratory

A European Centre of Excellence

PUSTRY TEAM RELATED PROJECTS NEWS PRESSKIT CONTACT US

REPO TEAM WHY SHARING? DOIs TERMS FAQ UPLOAD YOURFILES SEARCHAND DOWNLOAD REPO CONTACT

REPOSITORY

D Repository was established to host, organize, and share materials data.

NOMAD copes with the increasing demand and requirement of storing scientific data and
making them available for longer periods. This rule of good scientific practice is set by many Ranncitaru N

(D @ https;//materialsproject.org vor 7 €2 materials project

Home About ~ Apps ~ Documentation

Harnessing the power of supercomputing and state of the art electronic

The structure methods, the Materials Project provides open web-based access

to computed information on known and predicted materials as well as

M ate ri a I s powerful analysis tools to inspire and design novel materials.
P rOj eCt Learn more Tutorials to start using

News

May 20, 2019: Database V2019.05 Released
We have deprecated nearly 15,000 materials and added over 3,600 new ones. More info.
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