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OVERVIEW

e Molecular simulations in solution
e The continuum solvent model: what and why

e An approach to the electrostatic energy in the context
of plane-waves and pseudopotentials

e The cavitation energy contribution
e Applications to n-dimers
e The treatment of solid-liquid interfaces

e Molecular dynamics at the TiO2 anatase surface



MOLECULAR SIMULATIONS IN SOLUTION

The explicit inclusion of the
solvent molecules mvolves
several methodological
challenges
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e Solid or glassy phases not representing the solution

e Energetics of the solute is lost amidst the massive contribution of the solvent

= Lenghty molecular dynamics in large supercells



MOLECULAR SIMULATIONS IN SOLUTION

Alternatives to the
use of explicit
solvents in quantum
simulations

[ Hybrid QM-MM _;
methods %

Continuum solvent
\. methods SR

Both are common in quantum-chemistry implementations
for molecular systems. Little precedents in plane-waves
basis frameworks and in materials applications



THE CONTINUUM SOLVENT MODEL

In a polarizable medium,
the solvation free energy
may be written:
e\=\e r » e TAG T ..

Hy = Ho% + Vi [p]

Describes in an averaged way the dielectric effect of the solvent.
Solute-solvent specific interactions are lost.



THE ELECTROSTATIC CONTRIBUTION, 4G,

Elpl=Tlp]+ [v(t)o()dr + £, [p]+ jp¢[p]dr

Vi = —dmp

Efficiently solved with FFT

V(eVo) = —4np

More expensive to solve, e.g., with a multigrid technique
Fattebert, Gygi. Int. J. Quantum Chem. 93, 139 (2003)



THE ELECTROSTATIC CONTRIBUTION, 4G,

A smooth dielectric model == = (p)
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THE ELECTROSTATIC CONTRIBUTION, 4G,
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THE CAVITATION CONTRIBUTION, 4G

Cavitation energy from surface tension AG,,, = 47R%y

cav

Our approach —> AG,,, =7 S

How do we get S ?

0 : .
1) Definition i Tifp>pg
%
of the volume I < Vi(po) = / 0(r)dr

| Oifp <
i p P < Po

2) Get the volume at p, and at p;, AV (py) — dV (py)
1) — 0

dS = l

M(po)

00 = [ Bal) ()] 2D

Po — P1

dr

[

S'1s computed as a difference between two volumes corresponding to
two values of p, divided by the width of the film resulting in between



SOLVATION AND CAVITATION ENERGIES

FOR NEUTRAL SPECIES (kcal/mol)

H.0
NHa

CH,

CH;0H
CH,COCH,
HOCH,CH,OH
CH,CONH,
CH;CH,CO,H

mean unsigned error

":"*Gad

Expt. 5 This model PCM
6.3 5.4 5.4
4.3 3.2 -1.6
2.0 5.4 6.9
5.1 3.6 0.8
3.0 1.7 3.5
0.3 9.3 6.7
0.7 -10.5 4.6
6.5 6.0 2.4
1.5 4.0

This model PCM

5.7 5.7

6.6 6.6
7.5 10.0

9.0 9.6
13.7 14.3
13.0 12.3
12.7 12.8
148 14.6

Scherlis, Fattebert, Gygi, Cococcioni, Marzari.
J. Chem. Phys., 124, 74103 (2006)



SOLVATION AND CAVITATION ENERGIES
FOR IONIC SPECIES (kcal/mol)

AG g AG cau

Expt.”® =7 This model PCM This model PCM
Cl- 75 -66.9 726 7.0 5.8
NOZ 65 57.8 62,6 10.5 9.7
CN- 75 4.8 -70.2 8.4 7.0
CHC1,CO; ifi 747 53.5 16.3 15.7
Agt -115 -110.0 -102.3 5.7 4.0
CH3NHT 73 -81.0 5.1 0.4 10.2
CH,C(OH)CHY 64 706 55.2 13.5 14.4
CsHsNH* (pyridinium) 58 -650.8 -59.0 15.0 13.09
mean unsigned error 7.1 6.6

Scherlis, Fattebert, Gygi, Cococcioni, Marzari.

J. Chem. Phys., 124, 74103 (2006)



n-DIMERS IN SOLUTION: THE TCNE-~ ANIONS
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n-DIMERS IN SOLUTION: THE TCNE-~ ANIONS
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— dimer

—— monomer C=C stretching
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The shift in the C=C stretching upon dimerization 1s
nicely reproduced by the model

——

Scherlis, Fattebert, Gygi, Cococcioni, Marzari.
J. Chem. Phys., 124, 74103 (2006)



SOLID-LIQUID INTERFACES:
THE PROBLEM IN THE CONVERGENCE

Car-Parrinello electronic relaxation

\ / -1471.02

-1471.03

-1471.04

-1471.05

Total Energy (a.u.)

-1471.06

-1471.07 1 1 1 1
0 10 20 30 40 50

iterations

Inclusion of V', seems to affect the convergence of the
self-consistent calculation of periodic surfaces.



potential (a.u.)

SOLID-LIQUID INTERFACES:
THE PROBLEM IN THE CONVERGENCE

Comparison of V_ with the rest of the contributions to the potential




A POSITION DEPENDENT FORMULATION
FOR THE DIELECTRIC

Detinition of € as a function of a
non-self consistent, or “fake” v(r) =

density y(r)

The dependence of ¢on p is removed, and therefore 7V, = 0
1 286 5EH

Now E, depends explicitly on R, = new contribution to the forces

Oby 1 0e(Ry) (1)
OR;  srJ ORy (Vqﬁ(l‘))gdr—|—f¢(r) IR, dr




A POSITION DEPENDENT FORMULATION
FOR THE DIELECTRIC

80
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permittivity (a.u.)
T

Or | 1 I
0.5 1 1.5
R/Rvdw
& (p) e (Ryp) Exp
AG,, |CHiCONH,| -105 9.9 9.7
(kcal/mol) NO; -57.8 -62.5 -65
CH,NH,* -81 -85.4 73




IMPROVING THE EFFICIENCY:
COMBINATION OF FFT AND MULTIGRID SOLVERS

The MG scheme 1s slower than FFT, but accepts any kind of boundary
conditions. This property can be exploited to reduce the size of the grid
submitted to the MG solver.

FFT —»”dry” region MG—"wet” region

MG
0 | =1 FFT \/




ADSORPTION OF H,0 ON THE TiO, SURFACE

Anatase (101)

Molecular versus Dissociated

E

EDissociated ~ “Molecular

vacuum 11.9

solvent 0.2

Relative adsorption energies per water molecule (kcal/mol)



PROTON EXCHANGE ON THE TiO, SURFACE

Ti-OHy + OH™ & Ti-OH™ + HyO

HO" H,0

AE = 21.1 kcal/mol

_gas phase solvent

b -0. -1.
Charge > 05 0

localization

-0.5 0.0




PROTON EXCHANGE ON THE TiO, SURFACE

Gas phase, 0.5 ps Solution, 1 ps




PROTON EXCHANGE ON THE TiO, SURFACE

Solution




FINAL REMARKS

A dielectric medium defined as a function of the self-consistent charge density
provokes a strong response in the effective potential, which in solid-liquid
systems may spoil the convergence of the Car-Parrinello electronic dynamics.

Such a response can be avoided with a dielectric based on a non self-consistent
charge, which can be equivalent to have a position-dependent permittivity.
This involves a new term 1in the 1onic forces.

The methodology presented here 1s a powerful instrument to explore the kind of
equilibria Ti-OH, + OH™ < Ti-OH™ + H,0. Besides, it can be useful to assess
the role of the solvent in a great diversity of problems in surface chemistry,
including the effects on structure, on vibrational frequencies, or on charge
transfer phenomena, among others.
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