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r2 —>< Noncovalent interactions
@ -

m physicochemical properties of noncovalent complexes, clusters, and condensed
molecular matter

m thermodynamics of nonideal gases
m outcomes of reactive/nonreactive collisions

m IR spectra of molecular clusters

y

Interaction energy

Eint = Eap — Ea — EB

m internal coordinates of the monomers A and B used in the calculations of E4 and
Eg are the same as within the dimer AB




I’Q _>< Molecular Interactions
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Interaction energy for weakly interacting subsystems A and B

m Supermolecular approach

Eint = Eap — Ep — Ep




rz ->< Molecular Interactions
@ -

Interaction energy for weakly interacting subsystems A and B

m Supermolecular approach
Eint = Eag — Ea — Ep

m Perturbation-theory approach: expansion in orders of the interaction potential
Ejpe = EM + E@ 4

E;,; obtained directly, in a perturbative manner
based on monomer properties

partitioned into well-defined energy contributions
free of basis-set superposition error (BSSE)
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Rayleigh-Schrédinger Perturbation Theory

Bt = ES) + EZ) + .

k A (k—
EI({S) = <¢0|V¢§{s 1)>

m the RS series either diverges or converges too slowly
m in systems containing atoms other than hydrogen and helium, RS diverges

m even the lowest energy physical states are buried in a continuum of unbound,
unphysical states

P. Claverie, Int. J. Quantum Chem. 5 273 (1970); W. H. Adams Int. J. Quantum Chem. S24 531 (1990)
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Figure 2. Energy level diagram showing sclected eigenvalues of /* and H + ¥ for '2°

States of LiH at R — ~.. The closely spaced vertical lines represent the unphysical contin-

uum. The other conventions are explalm.d in the caption to Figure 1. The two lowest

encrgy. unphysical levels of /1% + 1” are also represented on the right. The single physical
state just below the continuum correlates with no state of 17°.

W. H. Adams Int. J. Quantum Chem. S24 531 (1990)




-r2:>< Rayleigh-Schrédinger PT: LiH example

m Electrons assigned initially to the system A can fall into the Coulomb wells of the system
B by means of the strong nucleus-electron attraction, ejecting some other electrons into
the continuum

.

Interaction operator V
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r2 -_>< Symmetry-adapted Perturbation Theory

Key idea behind SAPT

m replace PP — fl(CDACDB)

Symmetrized Rayleigh-Schrodinger Theory (SRS)

ER) = (o] Vol D)y
£ _ (o] V7 AGLT)y
ors (ol ADLD)




-rQ ->< Symmetry-adapted Perturbation Theory

m SRS: B. Jeziorski, K. Szalewicz, G. Chatasinski, Int. J. Quant. Chem., 14, 271 (1978)

m HS: J. O. Hirschfelder, R. Silbey, J. Chem. Phys., 45, 2188, (1966)

m MSMA: J. N. Murrell, G. Shaw, J. Chem. Phys., 46 1768 (1967); J. |. Musher, A. T.
Amos, Phys. Rev., 164, 31, (1967)

m ELHAV: R. Eisenschitz, F. London, Z. Phys. 60, 491, (1930); J. Hirschfelder, Chem.
Phys. Lett. 1 363 (1967); A. van der Avoird, J. Chem. Phys. 47 3649 (1967)

m JK: B. Jeziorski, W. Kotos, Int. J. Quant. Chem., 12-S1, 91, (1977)




-rQ ->< Symmetry-adapted Perturbation Theory

SRS: B. Jeziorski, K. Szalewicz, G. Chatasifiski, Int. J. Quant. Chem., 14, 271 (1978)
e SRS is the only SAPT vartiant applicable to many-electron systems
HS: J. O. Hirschfelder, R. Silbey, J. Chem. Phys., 45, 2188, (1966)

MSMA: J. N. Murrell, G. Shaw, J. Chem. Phys., 46 1768 (1967); J. |. Musher, A. T.
Amos, Phys. Rev., 164, 31, (1967)

ELHAV: R. Eisenschitz, F. London, Z. Phys. 60, 491, (1930); J. Hirschfelder, Chem.
Phys. Lett. 1 363 (1967); A. van der Avoird, J. Chem. Phys. 47 3649 (1967)

JK: B. Jeziorski, W. Kotos, Int. J. Quant. Chem., 12-S1, 91, (1977)




-r2:>< Symmetry-adapted Perturbation Theory
Advantages of SRS

m dramatic improvement of low-order interaction energies
m accounts for electron exchange: tunnelling of electrons between monomers
m correct asymptotic behavior through all orders

m clear physical interpretation of low-order energy corrections

4

Interaction energy decomposition in SRS

k k k
£ = £ + £

exch
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Interaction energy decomposition in SAPT

k k k
ES(A)PT = Ef({S) + EL

exch
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Advantages of SRS

m dramatic improvement of low-order interaction energies
m accounts for electron exchange: tunnelling of electrons between monomers

m correct asymptotic behavior through all orders

m clear physical interpretation of low-order energy corrections

y

Interaction energy decomposition in SAPT

SAPT _ (1) (1)
E; - Eelst +E

int exch
) , @2 @ | O
+ Eind + Eexch—ind + Edisp + Eexch—disp
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Advantages of SRS

m dramatic improvement of low-order interaction energies
m accounts for electron exchange: tunnelling of electrons between monomers

m correct asymptotic behavior through all orders

m clear physical interpretation of low-order energy corrections

y

Interaction energy decomposition in SAPT

SAPT _ (1) (1)
E; - Eelst +E

int exch
) , @2 @ | O
+ Eind + Eexch—ind + Edisp + Eexch—disp
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SAPT _
rg ->< Em‘r + Eexch + Emd Ee\(h ind Ee\dl disp

(1) pa(r1)ps(ra)
Eelst // |r1 — r2| —————">dridr,

m represents the energy of electrostatic (Coulombic) interaction of the monomer’s
charge distributions




exch—disp

£ _ (Po| VA®o) VAd)
(Ado| Ad)
1
Eefx) E(l) (1 )t
m energetic effect due to Pauli repulsion )
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Fig. 13.9. Interaction energy of Na® and Cl~. The polarization approximation gives an absurdity for
small separations: the subsystems attract very strongly (mainly because of the electrostatic interaction),
while they have had to repel very strongly. The absurdity is removed when the valence repulsion is taken
into account (a). Fig. (b) shows the valence repulsion alone modelled by the term A4 exp(—BR), where
A and B are positive constants.

L. Piela Ideas of Quantum Chemistry (2007)




rg ->< El?l;\PT : Ee exch + + Eexchfind + Elisn + E

eXC.

C

m electrostatic potential of unperturbed monomer B modifies the wave function of
monomer A

" Ei(nzg: energetic effect of mutual polarization of the monomers by the field of their

interacting partner




- - SAPT _ 2
rg ->< Eln‘r elst exC i exch—ind + + Ee

m correlation of instantaneous multipole moments of the monomers (intermolecular,
stabilizing effect)
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m correlation of instantaneous multipole moments of the monomers (intermolecular,
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rg- — “elst + Eexch

£2) _ g2

)
exch exch—ind + Eexch—disp

: (2)
dampens a major part of £}

(2
Edis)p

a E®

exch—ind

a E®

exch—disp dampens a few percent of




| Egzh_ind dampens a major part of El(nzg
n Egzhfdisp dampens a few percent of E(gfs)p
aug-cc-pVDZ S T
Eg% -1.84 -1.36
oxoh—ind 1.69 1.13
ES -6.26 -4.60
E® 4 088 061
A. Hesselmann, G. Jansen, M. Schiitz, J. Chem. Phys. 122 (2005) )
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ESAPT _ éllsi + E(1)

+EX + EZ

int exch exch—ind
(2) (2)
+ Edisp T Eexen—disp

y

Advantages of SAPT

m Van der Waals minimum: accurate to within few percent

m many flavors of SAPT

m different approaches to recover correlation within monomers
m SAPT(CCSD), SAPT(DFT), SAPTO, SAPT2, SAPT-F12, ...
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FIG. 2. Performance of SAPT methods. For each technique considered among (a) zeroth- and s d- cati (b) higher, triples-i

and (c) higher truncations with MP2 corrections, the MAE averaged over four databases is plotted (gray) for smaller to larger basis sets. Subset MAE values
are shown as inset bars for hydrogen-bonding (red), mixed-inf uence (green), and dispersion-dominated (blue) NCI motifs. Colored circles correspond to
computational cost traces in Fig. 3, and black-bordered colored circles indicate Pauling points* in SAPT theory.

T. M. Parker et al. JCP 140, 094106 (2014)
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m existing SAPT formulations based on single-reference treatment of the monomers
m lack of formalism for systems described with multireference wavefunctions

interactions between excited-state molecules
m out-of-equilibrium geometries

m transition-metal complexes
[

M. Hapka, M. Przybytek, K. Pernal, J. Chem. Theory Comput., 17, 5538 (2021)
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bor) (D)= %) () e

——
l ERPA

SAPT
int

m takes as input one- and two-particle reduced density matrices (v, ') of the monomers
m based on response properties from extended random phase approximation (ERPA)

m general: may be applied with any MC wavefunction (CAS, GVB-PP, DMRG, CIPSI, ...)

ERPA: K. Chatterjee, K. Pernal, J. Chem. Phys. 137 (2012)
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o (8 D)= 5)(E)

——
l ERPA }

SAPT
int

m valid for ground and excited states (singlet and high-spin states)

m NS scaling with system size (ndccndpc)

2)

m N° algorithm for E(gisp

M. Hapka, M. Przybytek, K. Pernal, JCTC, 15, 6712 (2019), 17, 5538 (2021)



r2_>< Example: excited-state complexe
@ -

C
Benzene...Water Benzene...MeOH Benzene...MeNHz Peptide...Water
T T—7" T n—m

Pyridine...Water Pyridine...MeOH Pyridine...MeNH» Peptide...MeNH;
T T T—7" n—m"

m How does Ej,; change upon excitation?

S66: J. Rezaé et al., J. Chem. Theory Comput. 7, 2427 (2011)
M. R. Jangrouei et al., J. Chem. Theory Comput., 18(6), 3497-3511 (2022)



'I'g:_x Benzene: - - H,0, ---MeOH, --- MeNH,
BT S

Bl'll’l,(jl(:.k\"ﬂh‘l' B(‘uzt‘l.lt':A\.]("()” B(‘ny,(‘g«‘:[\lf".\lﬂz
E.. — E,
H,0 MeOH MeNH,

AED) 088 098 054
AED 035 —045 —025
AEP) 011 015  0.08

2
AED, . 005 -008 —0.03
AES) 017 024 022
AE®D . —005 —0.07 —0.05
AESAPT 0.72 0.77 0.50
- stabilization + destab. keal /mol



'I'g:_x Benzene: - - H,0, ---MeOH, ---MeNH,
Co dy dy

Bl‘ll’/,(:lt:.E\"ﬂl(‘l' I3('uzt‘|.|(':A\.]("()” B(‘le(‘i«‘:l\,lf:.\”h
Ee, — E,
H,0 MeOH MeNH,

AED) 088 098 054
AED 035 -045  -025
AEP) 011 015 008
AEP. . 005 -008 -0.03
AES) 017 024 022
AEeggh—disp -0.05  -0.07 -0.05
AESAPT 0.72 0.77 0.50
- stabilization + destab. keal /mol
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HB

Peptide...Water

Peptide- - - H,0, ---MeNH,

2
= 'x

Peptide...MeNH,

Ees - Egs

H,0  MeNH,
AE%} 0.71 0.71
AES) -0.03 0.05
AER) 012  -0.12

2

AEQ . 003 032
AE%D 001  -0.10
AED) gy 001 0.05
AESAPT 0.77 0.91
- stabilization + destab. keal /mol



'I'g:_x Pyridine---HzO, ---MeOH, ---MeNH,

q‘af;??

l“\

Py ndm( V\at(r P, )Hdm( M( OH Pyn(lnn ‘\I(I\H
Ees - Egs
H,O MeOH MeNH,

AED 004 003 017
AED, 002 002 -0.15
AER) 002 002 004

2
AE®, . 001 001 —0.04
AES) 002 004 0.5

AE® 0.00 000 —0.03

exch dlsp
AESY 0.03 0.04 0.14

1nt

- stabilization + destab. keal /mol




E;.; for excited-state complexes

90 . . . . - . . .
ground state excited state | |

851

TR=XX

80 1
3] I [
L L

201

MAPE [%]

154

104

Cas
Astoy,
CASP]-2
SApr, 5
Cas
CAS*DISP
Cq ser;
SApr, 5

m SAPT > CAS+DISP > CASPT2

M. R. Jangrouei et al., J. Chem. Theory Comput., 18(6), 3497-3511 (2022)
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GammCor, https://github.com/pernalk/GAMMCOR

.

m interactions between excited-state molecules

m out-of-equilibrium geometries



https://github.com/pernalk/GAMMCOR
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Thank you for your attention!




