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Why

scaling: charged systems:
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PBC charge correction

too expensive for large systems — finite size effects
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Levels of coarse graining
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Levels of coarse graining
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Density of States (1/eV)
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e(eV)

Rutile TiO, cluster w/o embedding
no band-gap, wrong work function
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Levels of coarse graining
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Levels of coarse graining

atomistic embedding continuum embedding
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Atomistic embedding (QM/MM)

e R R seamless coupling
R R R between
quantum mechanics (QM)
molecular mechanics (MM)
geometry geometry

% < >
: > Chemshelit ——> GULP
QM e MMe2es

Berger, et. al. , J. Chem. Phys. 141, 024105 (2014) 4
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Structure of a QM/MM simulation
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Example: Crystal with positive and negative sites
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Structure of a QM/MM simulation

Example: Crystal with positive and negative sites
m Cut large cluster
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Structure of a QM/MM simulation

Example: Crystal with positive and negative sites
QM Zone

m Designate QM and MM atoms
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Structure of a QM/MM simulation

Example: Crystal with positive and negative sites

m Positive sites near QM atoms = charge leakage
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Structure of a QM/MM simulation

Example: Crystal with positive and negative sites
Transition <@ © QM Zone
0200

m Positive sites near QM atoms = charge leakage

B Replace singularities with Pseudo-potentials
= transition region
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Structure of a QM/MM simulation

Example: Crystal with positive and negative sites

m Still missing: Periodic Madelung potential,
correction for multipole moments
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Structure of a QM/MM simulation

Example: Crystal with positive and negative sites

® = Still missing: Periodic Madelung potential,
correction for multipole moments

fitted o m Fitted charges to fix Potential in QM Zone

charges e
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Effect of environment polarisability (MM)
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Effect of environment polarisability (MM)
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Effect of environment polarisability (MM)
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S €.
®
B 3O slab
5 “Seamless embedding” recovers electronic structure
:g 20
- 12 (DOS of the rutile TiO, 110-surface)
° —020 -15 -10 -5 O 5

E (eV) Berger, et. al. , J. Chem. Phys. 141, 024105 (2014)
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Example: Rutile TiO2 (110) Surface Oxygen Vacancy

Gf(Q) ~ Edefect(Q) — Epristine(Q) + 1o + g&s

FHI-aims HSEOG6, tight settings, polarisably embedded TizOg2

V? closed-shell singlet

Vo open-shell singlet/triplet

Formation energy O-rich (eV)

Formation energy O-poor (eV)
N

1 2 3

0
Fermi Level € (eV)

Berger, Oberhofer, Reuter, Phys. Rev. B 92 75308 (2015)
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Example: Rutile TiO2 (110) Surface Oxygen Vacancy

Gf(Q) ~ Edefect(Q) — Epristine(Q) + 1o + q&t

FHI-aims HSEOG6, tight settings, polarisably embedded TizOg2

Vo' closed-shell singlet Charged defect stable over wide range of
| _ doping (s) and oxidation conditions

Vo open-shell singlet/triplet

Formation energy O-poor (eV)
N
Formation energy O-rich (eV)

0 1 2 3 ]
Fermi Level € (eV)

Charges localise at defects = photo-electrocatalysis
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Example: Free Energy Barriers

Stecher, Reuter, Oberhofer, Phys. Rev. Lett. 116, 276001 (2016)
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Example: Free Energy Barriers

Stecher, Reuter, Oberhofer, Phys. Rev. Lett. 116, 276001 (2016)
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Example: Free Energy Barriers

Stecher, Reuter, Oberhofer, Phys. Rev. Lett. 116, 276001 (2016)
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Example: Free Energy Barriers

Initial proton abstraction driven by electron hole:

FHI-aims HSEOQB, tight settings, umbrella sampling/energy gap reaction coordinate

0.2
0.1}
00 | Basis-set corrected
barrier 200 - 40 meV
% -0.1¢

T-0.2|
-0.3|
-0.4|

-0.5

8 10 12 14 16 18 20 22 24

Stecher, Reuter, Oberhofer, Phys. Rev. Lett. 116, 276001 (2016)
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Continuum embedding

Poisson equation in vacuum
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Continuum embedding

Parameters:

{Nmin, Mmax } | solvation cavity shape

non-electrostatics

Poisson equation in a dielectric continuum

Harald Oberhofer | IPAM, October 2017 10



Continuum embedding

Parameters:

{Nmin, Mmax } | solvation cavity shape
non-electrostatics
{a} lon size

{Mmin> Mmax } | ion cavity shape
(Stern layer)

(modified) Poisson Boltzmann equation in a dielectric continuum

Harald Oberhofer | IPAM, October 2017
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Continuum embedding

non-electrostatics

{a} ion size
(8% (8% . .
MPBL, 1 7 {nminv nmax} lon cavity shape

-3.5x10° 0 2.5x10° (Stern Iayer)

0

-2x107
ni'\oAfB[vv nel]

lonic “cavity” not necessarily same as solvation cavity = 8 parameters in total

Borukhov, Andelman, and Orland, Electrochim. Acta 46, 221 (2000)
Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Significance of the parameters
Example: Nitrobenzene in H,O with 1M NaCl

RTh

/ o/
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Significance of the parameters
Example: Nitrobenzene in H,O with 1M NaCl
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Significance of the parameters
Example: Nitrobenzene in H,O with 1M NaCl

A Nmin

8[nel]
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With four parameters | can fit an elephant,
and with five | can make him wiggle his trunk.

Harald Oberhofer | IPAM, October 2017

TUTI

J. von Neumann via E. Fermi
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TUTI

With four parameters | can fit an elephant,
and with five | can make him wiggle his trunk.

J. von Neumann via E. Fermi

(a) | Pat.lem , (b)

100
20k
50
40}
¢
» 60 y Or
80¢ 1
‘ -50}
100
0 ) 00 786 500 % =6 0 50 100
X X
An elephant pattern. 5 parameter fit output, note the trunk wiggling.

Mayer, Khairy, and Howard, Am. J. Phys. 78, 648 (2010)
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Fixing solvation parameters

/< .Y
¢ ¥ % % & X

240 molecule test-set with known
experimental solvation free energies

—> fit solvation parameters

Andreussi, Dabo, and Marzari, J. Chem. Phys. 136, 064102 (2012)
Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Fixing solvation parameters
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Andreussi, Dabo, and Marzari, J. Chem. Phys. 136, 064102 (2012)
Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Fixing solvation parameters
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Andreussi, Dabo, and Marzari, J. Chem. Phys. 136, 064102 (2012)
Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Fixing parameters
First approach salt activity coefficients (KCl)
0.0
-0.2}
“H
> -0.4;
c
~-0.6f -
-0.8;

0.5 1.0 1.5 2.0

CS1/2M1/2

Robinson and Stokes, Electrolyte Solutions, 2nd ed.; Butterworths Publications Limited: New York (1959)
Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Fixing ionic parameters

First approach salt activity coefficients (KCl)

0.0

-0.2}
-0.4}
-0.6|
-0.8|

In(y +)

[1] _
exp.

Debye-', _
Huckel °, electrostatics
| - MPBE_  only
0.5 1.0 1.5 2.0

CS1/2M1/2

Robinson and Stokes, Electrolyte Solutions, 2nd ed.; Butterworths Publications Limited: New York (1959)
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Fixing ionic parameters

First approach salt activity coefficients (KCl)

0.0

-0.2}
-0.4}
-0.6|
-0.8|

In(y +)

Debye-',

non-electrostatic
| corrections incl.

=- ion parameters can be fit to
physical observables

Hickel °, | electrostatics
| - MPBE. only
0.5 1.0 1.5 2.0

CS1/2M1/2

Robinson and Stokes, Electrolyte Solutions, 2nd ed.; Butterworths Publications Limited: New York (1959)
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Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)

14



Fixing ionic parameters

Molecular test-set, Setschenow coefficients

Linear relationship of solvation free energy of
(neutral) molecules with salt concentration

Ringe, Oberhofer, and Reuter, J. Chem. Phys. 146, 134103 (2017)
Harald Oberhofer | IPAM, October 2017
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Fixing ionic parameters

Molecular test-set, Setschenow coefficients

Linear relationship of solvation free energy of
(neutral) molecules with salt concentration

Holds for concentrations < 2M.

Ringe, Oberhofer, and Reuter, J. Chem. Phys. 146, 134103 (2017)
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Fixing parameters

Molecular test-set, Setschenow coefficients

Linear relationship of of
(neutral) molecules with salt concentration

XX ks Cs

Holds for concentrations < 2M.

Generally ks > 0 = salting out.

Ringe, Oberhofer, and Reuter, J. Chem. Phys. 146, 134103 (2017)
Harald Oberhofer | IPAM, October 2017
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Fixing ionic parameters

Molecular test-set, Setschenow coefficients

0.4 —
. . . . ®% training Bisphenol A phenytoin
Linear relationship of solvation free energy of oo validation |.ndan2 e
(neutral) molecules with salt concentration SR \ / 0.1 ./mo.
— 0.3/ theophylllne
AAGion ~ ks Cs § theobromine tyrosme ..%
I . Ieum@ ® 0o .
a 6-mercaptopurine e o ¢
1 0.2¢ - & o
_ 0 cysteine o {\o..oao ® O
Holds for concentrations < 2M. 3 I \eo S geeet s 3°/°\ )
X ° .Oof 4 cycloheptane
. ° ¢ o ° cyclohexane
Generally ks > 0 = salting out. O élr DYV i |
glycine 5-fluorouracil 4
—0.1 0.0 0.1 0.2 0.3

k& (I/mol)

Ringe, Oberhofer, and Reuter, J. Chem. Phys. 146, 134103 (2017)
Harald Oberhofer | IPAM, October 2017
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Independence of ion parameters

Best results generally found for a = 0 (point-like ions), ensures Setschenow linearity.

Harald Oberhofer | IPAM, October 2017
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Independence of ion parameters

Best results generally found for a = 0 (point-like ions), ensures Setschenow linearity.

Stern layer width d,, versus “softness” &,,.

1.5

1.0

Eaion

0.5

0.5 1.0
daion
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Independence of ion parameters

Best results generally found for a = 0 (point-like ions), ensures Setschenow linearity.

Stern layer width d,, versus “softness” ¢,.  Stern layer sizes for anions d_ and cations d_.

1.5 1.
5 0 10.096
2 10.120
0.105 2 0.088 iED
s 10 i c :
& < | § <
W w © Ic.})J
0.0902 0.080=
o 0.5
0.5
0.075 0,072

0.5 1.0

daion
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Independence of ion parameters
Best results generally found for a = 0 (point-like ions), ensures Setschenow linearity.

Stern layer width d,, versus “softness” ¢,.  Stern layer sizes for anions d_ and cations d_.

1.5 1 ‘
o 0 0.096
2, 0.120
\
— d,

Setschenow coefficients depend only on d, = d :
1.0 0.5 d;i 1.0

0.5

dO!ion
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Scaling relation for d, (Stern Layer width)

What to do with other salts (with often little or no experimental data)?

Harald Oberhofer | IPAM, October 2017
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Scaling relation for d, (Stern Layer width)

What to do with other salts (with often little or no experimental data)?

2.0
1.5 0.52 h.n. - 0.85
R®=0.90

10 sa=0.1/ d, correlates with the hydration number.
8-_5?

0.5} - . .

LiBr = predict ionic parameter.
NH4ClI g r
0.0} "Nal  NaNO3
i 2 3 4 5

hydration number
Ringe, Oberhofer, and Reuter, J. Chem. Phys. 146, 134103 (2017)
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SMPB in practice

solute-solvent
~ hon-mf
Interactions

Free energy functional 4
Qg’a_jz [V' nel] — TS[neI] + Exc[nel] + “Q:;i [V, nel] + “ngn_mf[nel]

ion ““lon

|

m\j” r1,r17||n mean field
e . .
interactions

SMPBE modified KS-eq.
(Newton-MuItipole-Expansion Relaxation Method (MERM)

Harald Oberhofer | IPAM, October 2017 18



Solving the MPBE

Regularisation Rewrite SMPB as root-finding Problem
v = v + v Flv] = V.[eVv] + 47 (nsol + Nion[v]) =0

Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
Harald Oberhofer | IPAM, October 2017 19



Solving the MPBE

Regularisation Rewrite SMPB as root-finding Problem
v = v + v Flv] = V.[eVv] + 47 (nsol + Nion[v]) =0

Linearise, Newton in function space
Flopl(dvpe1 — dvy) = —Flog]
(V[V‘S] — h? [UnD(Svn-l—l — _47T5Q[Un]

Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Solving the MPBE

Regularisation Rewrite SMPB as root-finding Problem
v = v + v Flv] = V.[eVv] + 47 (nsol + Nion[v]) =0

Linearise, Newton in function space
Flopl(dvpe1 — dvy) = —Flog]

/ (V[V&“] — h? [vn])(svn-l—l — _47T5Q[Un]

Solve by relaxation method, recast as screened Poisson equation

\ (A — £2)dvp11 = —4nq[vn] + L1 [n]0Un41
Svni1(r) = — [dr'Gy(|r — 1)) (—47Tq[fun(r’)] n f)l[vn(r’)](SvnH(r’)) |

Gi(Jr — ') 1 —rlr—1]

— Tr—r]

Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Solving the MPBE

Regularisation Rewrite SMPB as root-finding Problem
v = v + §u Flv] = V. [eVv] + 47 (nsol + Nion|v]) = 0
Linearise, Newton in function space
Solve Integral by

F'lop|(6vp41 — 0vy) = —Fluy] Multi-centre multipole

(V.[Ve] — h2[v,])0vng1 = —4meq(vy,] expansion
MERM

Solve by relaxation method, recast as screened Poisson equation

\ (A — £2)dvp11 = —4nq[vn] + L1 [n]0Un41
Svni1(r) = — [dr'Gy(|r — 1)) (—47Tq[fun(r’)] n f)l[vn(r’)](SvnH(r’)) |

Gi(Jr — ') 1 —rlr—1]

— Tr—r]

Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Solving the MPBE

nel

Poisson Solver

KS-Equation

Solve via multi-centre

~SCF \ Multipole expansion
update KS-Hamiltonian P B

solve eigenvalue problem

update electron density

Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
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Solving the MPBE

nel
MPBE

(-Newton
rewrite MPBE: F[v] =0

solve for v via Newton method

—— KS-Equation

~SCF N Newton step «
update KS-Hamiltonian . solve "tangent equation” y
solve eigenvalue problem MERM — ~N
recast "tangent equation” into
update electron density Screened Poisson Equation
J

to be solved self-consistently

integrate SPE via Multipole Expansion

V4 /L

ME based Relaxation Method )

Ringe, Oberhofer, Hille, Matera, and Reuter, J. Chem. Theor. Comput. 12, 4052 (2016)
Harald Oberhofer | IPAM, October 2017 19
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