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Hybrid multiscale methods

@ Physical and chemical properties in large systems (10%-10°
atoms) — quantum (QM) methods not applicable
@ Quantum meets classical:

e QM for a (small) subregion of the system
o Classical for the rest of it (environment)

CLASSICAL
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Hybrid multiscale methods

Biological/biochemical applications

ENZYMATIC CATALYSIS
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Hybrid multiscale methods

Materials applications

METAL-ENHANCED SPECTROSCOPIES
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Nobel prize in Chemistry 2

© Nobel Media AB. Photo: A. © Nobel Media AB. Photo: A. © Nobel Media AB. Photo: A.
Mahmoud Mahmoud Mahmoud

Martin Karplus Michael Levitt Arieh Warshel
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Chemistry 2013 was awarded jointly to Martin
Karplus, Michael Levitt and Arieh Warshel "for the development of
multiscale models for complex chemical systems"
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Hybrid multiscale methods
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Hybrid multiscale methods

Can we neglect quantum
Can we localize the effects between the two
process of interest? subsystems?

Classical

Environment

om i HQM/class br Hclass
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Hybrid multiscale methods

Can we neglect quantum
Can we localize the effects between the two
process of interest? subsystems?

Classical

Environment

HQM i HQM/class br Hclass

@ How the classical part is modelled?
@ How partition is done?
@ How QM and classical subregions interact?

E. Coccia (DSCF)



Modelling the classical environment

The molecular
cavity containing
the target and the
dielectric constant

Continuum

Atomistic

The configuration
of the environment
atoms around the
target and the MM
force field

@ Atfomistic: use force fields from molecular mechanics (MM)
@ Continuum: the environment is a polarizable medium
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Partitioning the system

@ Local character of most chemical reactions in condensed
phases

@ Distinction between a “reaction center” and a “spectator”
@ Expensive but accurate QM for the small “reaction center”
@ Cheaper classical methods for the “spectator” region
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Partitioning the system

@ Local character of most chemical reactions in condensed
phases

@ Distinction between a “reaction center” and a “spectator”
@ Expensive but accurate QM for the small “reaction center”
@ Cheaper classical methods for the “spectator” region

@ Try to avoid to cut bonds at the boundaries

@ But this too is covered by the models (see next slides)
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QM/MM methods
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@ Three types of interaction:
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..............

@ Three types of interaction:
e Among atoms in the QM region
e Among atoms in the MM region (electrons ignored in the MM
region!)
e Among QM and MM atoms «+
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QM/MM

@ Eom/mm(@M/MM): coupling energy between QM and MM
subregions
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QM/MM

@ Eom/mm(@M/MM): coupling energy between QM and MM
subregions
@ Subfractive QM/MM coupling

Eanymm(@M/MM) = Epp(full) + Equ(QM) — Epi(QM)

s e O MM Q9 MM
1 e P, -
® ! I ﬂ. - &
i ! 9
- : ° : 0 o | +|* ¢ o = s
e 1 > (] >
5 o 4 = &
o ¥ % ] g |- ! M

E. Coccia (DSCF) 12/27



QM/MM

@ Eom/mm(@M/MM): coupling energy between QM and MM
subregions
@ Subfractive QM/MM coupling

Eanymm(@M/MM) = Epp(full) + Equ(QM) — Epi(QM)
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@ Advantage:
e Straightforward implementation (no QM/MM communication)
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QM/MM

@ Eom/mm(@M/MM): coupling energy between QM and MM
subregions
@ Subfractive QM/MM coupling

Eanymm(@M/MM) = Epp(full) + Equ(QM) — Epi(QM)
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@ Advantage:
e Straightforward implementation (no QM/MM communication)
Drawbacks:
@ Required force field for QM subregion
@ No polarization of the QM electron density by MM
environment
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QM/MM

@ Additive QM/MM coupling
Fean(full) = Agm(QM) + Ayma(MM) + Han i (QM/MM)

@ MM region only at classical level

@ Egqm/mm(@M/MM) explicitly computed
e Mechanical embedding
o Electrostatic embedding

Eovmv = Ep+Enp
Eb = Ebond + Eongle + Edihe
Eno = Evaw + Eeg
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QM/MM

Mechanical embedding
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QM/MM

":lQM/I\/IM = Hp+ A
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QM/MM

Hommm = Hp + Hnp
R QM atoms MM atoms
Hp = Z Z Epona(rkm)
k m
+ Z Eangle(ekml)
k,m,l
+ Y Eane(Okmip)
k7m7I7p
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QM/MM

Hommm = Hp + Hnp
QM atoms MM atoms

":Ib = Z Z Epona(rkm)
Kk m

+ Z Eangle(ekml)

k,m,l
+ Y Eane(Okmip)
k7m7I7p
QM atoms MM atoms 12 6
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QM/MM

@ Electrostatic embedding: polarization included
electrons MM atoms

Hnb el = nb - Z Z %

r/m
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QM/MM

@ Electrostatic embedding: polarization included

electrons MM atoms

Hnb el = nb - Z Z %

r/m

@ Electrons see MM atoms as special nuclei with non-integer
and possibly negative charges

@ Risk of overpolarization at boundaries (electron spill-out)
@ Smeared charges

RY.
n(r) = 1/ I e [“20;’”)]

E. Coccia (DSCF)



QM/MM

@ Capping bonds at the QM/MM boundary

@ Monovalent link atom at an appropriate position along the bond
vector between the QM and MM atoms

@ Link atom only present in the QM ccllirékﬁtf’(rnn’rion
@ Link atom frozen at a given position
@ Do not cut double or triple bonds

Lys296
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QM/MM

(W Ha| W) = (W Hgm W) + (W] Am|v) + <w|F/@M/MM|w>
N 1 N K ZkZl
SRR S AR W IEEDIED W
i i i<j k<l ki
M
+ (VW) Ey + waZ + (VW) (Ep + Enp)
i m im
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QM/MM

(W Ha| W) = (W Hgm W) + (W] Am|v) + <w|F/@M/MM|w>
N 1 N K ZkZl
SRR S AR W IEEDIED W
i i i<j k<l ki
M
+ (VW) Ey + waZ + (VW) (Ep + Enp)
i m im

N z.7
SRS B D M B ILLES oIS ped )
i i k i i<j k<l

+ Emm+ Ep+ Enp

SCF calculation affected by the MM charges
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Polarizable continuum models

E. Coccia (DSCF)



QM/continuum

@ Continuum models for solutions
@ QM solute(s), solvent as a polarizable medium

( N

++
-~

@ Medium with a dielectric constant e
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QM/continuum

AGsolv = AGcovi’ry + AGdispersion + AGelec:
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QM/continuum

AGsolv = AGcovi’ry + AGdispersion + AGelec:

@ Models differ:
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QM/continuum

AGsolv = AGcovi’ry + AGdispersion + AGelec:

@ Models differ:
e how size and shape of the hole are defined
e how the cavity dispersion ferm is computed
e how the charge distribution of the solute is described
o how the dielectric medium is given

@ ¢ fully describes the solvent
@ Also spatial and frequency dependencies are used, i.e. «(r)
and e(w)
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QM/continuum

AGgony = AGcqvity + AGgispersion + AGelec

@ Models differ:
e how size and shape of the hole are defined
e how the cavity dispersion ferm is computed
e how the charge distribution of the solute is described
o how the dielectric medium is given
@ ¢ fully describes the solvent
@ Also spatial and frequency dependencies are used, i.e. «(r)
and e(w)
@ Sphere or ellipsoid allow for an analytical electrostatic
interaction
@ Inferlocking spheres on each nucleus (vdW surface)
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QM/continuum

AGgony = AGcqvity + AGgispersion + AGelec

@ Models differ:
e how size and shape of the hole are defined
e how the cavity dispersion ferm is computed
e how the charge distribution of the solute is described
o how the dielectric medium is given

@ ¢ fully describes the solvent

@ Also spatial and frequency dependencies are used, i.e. «(r)
and e(w)

@ Sphere or ellipsoid allow for an analytical electrostatic
interaction

@ Inferlocking spheres on each nucleus (vdW surface)

@ Born model )
1 1
AGgoy = ) <] - 6> qT
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QM/continuum

@ Self-consistent reaction field (SCRF)

@ Poisson equation (electrostatic potential ¢, solute charge
distribution p)

V- (e(Ve(r) = —4mp(r)
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QM/continuum

@ Self-consistent reaction field (SCRF)

@ Poisson equation (electrostatic potential ¢, solute charge
distribution p)

V- (e(NVe(r) = —4rp(r)
VZ(r) = ——p(r)
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QM/continuum

@ Self-consistent reaction field (SCRF)

@ Poisson equation (electrostatic potential ¢, solute charge
distribution p)

V- (e(Ve(r) = —4mp(r)

Vi) = ——=p(r)
Areo(rs) = (e — 1)F(rs)
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QM/continuum

@ Self-consistent reaction field (SCRF)

@ Poisson equation (electrostatic potential ¢, solute charge
distribution p)

V- (e(Ve(r) = —4mp(r)

Vi) = ——=p(r)
Areo(rs) = (e — 1)F(rs)

@ Extra tferm in the Hamiltonian

Fscre = H+ o,
_ a(rs)
oo(r) = =y ars
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QM/continuum

@ Solute charge distribution p(r)

p(r) = pruc(r) + pe(r)
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QM/continuum

@ Solute charge distribution p(r)

p(r) = pruc(r) + pe(r)

@ Electrostatic potential ¢(r)

B(r) = dnuc(r) + dei(r) + dpol(r)
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QM/continuum

@ Mixed solvent models
@ First solvation shell explicitly modelled
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QM/continuum

@ Mixed solvent models
First solvation shell explicitly modelled
Configurations sampling issue

@ Parametrization of the continuum model against
experimental data

Mixed models may yield substantially better results than pure
continuum models, at the price of an increased
computational cost

Solvation energy from few (neutral solute) to hundreds of
kcal/mol (ions) in water

Inclusion of solvent effects may change the geometry,
charge distribution and conformational preferences
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Example: Reactivity of charged species

@ S\ 2 substitution
CI™ + CH3Br — Br~ + CH3Cl

@ Kinetics
e k=1.3x10"M~'s~1 (gas phase)
e k=33M"'s"! (acetone)
e k=50x10"¢M~'s~1 (water)
[CI3--CH,--BroJF
ag| QIS N CICH, + Br

1
1
1
1
1
:
Aso\vG(CHSCI)

Lo+ AsoyG(Br)
AgoyG(CICH3+Br)

AsoIvG(CF) +
AsoyG(CH4Br)

solv

I
AsonG(CIm=CH3Br)
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Example: Reactivity of charged species

@ DFT calculations (wB97X-D functional, 6-31+G(d) basis set)
@ SMD model for solvation (screening model based on density)

Species AG, AGso1ution)
Ol + CHBr 00 00
CIreCHBr 488 10.9

Ts 133 1007
CICH;eBr -349 38.5
CICH; + Br™ 187 310

@ Computed kinetics

e k=285x10"9M~'s~1 (gas phase, 2.3 times larger than exp)
o k=14x10"°M~'s~1 (acetone, 2.4x 10~ smaller)

@ Inaccuracy due to approximations in SMD
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Example: acid-base equilibria

@ Dissociation of a weak acid HA in solvent (water)
HA+H,O = A +H;O"
[HsO"J[A7]

K = HAIR,O]
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Example: acid-base equilibria

@ Dissociation of a weak acid HA in solvent (water)
HA+H,O = A +H;O"

. _ [HOIAT]
N =
[HA][H2O]
Thermodynamic cycle
AG?cq) = AG((JQ)+AGSO|V(A_)+AGSO|V(H30+)
- {AGsolv(HA) + AGsoIv(HQO)}
—~AGY
Ka = —logigKy=—— 09
Pra °810 %A= R71n 10
AG%g
HAg + HOg =—= Ay + HO
\ASOWG(HA) \AsolvG(HZO) \ASOWG(A_) \ASOWG(HBO“-)
AG(qq)
HAGg + HyOpq) =—= Aaq + H30"(aq)

E. Coccia (DSCF) 27/27



