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Molecular interaction energy calculation with GammCor

external code 
(molpro, quantum 

package)
GammCor

RDMs(ΨΑ)

RDMs(ΨB)
Eint(AB)

Molecular Interactions

Interaction energy for weakly interacting subsystems A and B

Supermolecular energy

Eint = EAB � EA � EB

Perturbation-theory way: expansion in orders of the interaction potential

Eint = E
(1) + E

(2) + . . .

Combined supermolecular and perturbational approach

Eint = [EAB � EA � EB ]supermolecular + E
(2)
disp + . . .

treated as perturbation

symmetry-forcing

A
B
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Molecular interaction energy calculation with GammCor

external code 
(molpro, quantum 

package)
GammCor

RDMs(ΨΑ)

RDMs(ΨB)
Eint(AB)

Energy decomposed interaction, e.g. SAPT (symmetry adapted perturbation theory)

SAPT methods

Second-order SAPT energy

E
SAPT
int = E

(1)
elst + E

(1)
exch + E

(2)
ind + E

(2)
exch�ind + E

(2)
disp + E

(2)
exch�disp

consists of components of clear physical interpretation:

first-order electrostatic and exchange component, E
(1)
elst + E

(1)
exch

induction and exchange-induction, E
(2)
ind + E

(2)
exch�ind

dispersion and exchange-dispersion

Components can be computed at different levels of approximations. No BSSE.

SAPT methods have used coupled cluster theory or KS-DFT description of

monomers, SAPT(DFT).

components of clear physical meaning - give insight into a character of interaction

Molecular Interactions
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GammCor Development

New algorithms for handling (reading, sorting, transforming) two-electron integrals: 
savings on scratch space, better efficiency

Computing second-order interaction energy terms: new algorithms based on Cholesky 
decomposition

OpenMP directives 

OpenMP at the MKL level

Improved vectorization
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GammCor Development
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Dispersion Interactions between Molecules  
in and out of Equilibrium Geometry:  

Visualization and Analysis

Dispersion Interactions between Molecules in and out of
Equilibrium Geometry: Visualization and Analysis
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ABSTRACT: The London dispersion interactions between systems undergoing bond
breaking, twisting, or compression are not well studied due to the scarcity and the high
computational cost of methods being able to describe both the dynamic correlation and
the multireference character of the system. Recently developed methods based on the
Generalized Valence Bond wave function, such as EERPA-GVB and SAPT(GVB) (SAPT
= symmetry-adapted perturbation theory), allow one to accurately compute and analyze
noncovalent interactions between multireference systems. Here, we augment this analysis
by introducing a local indicator for dispersion interactions inspired by Mata and Wuttke’s
Dispersion Interaction Density [J. Comput. Chem. 2017, 38, 15−23] applied on top of an
EERPA-GVB computation. Using a few model systems, we show what insights into the
nature and evolution of the dispersion interaction during bond breaking and twisting such an approach is able to offer. The new
indicator can be used at a minimal cost additional to an EERPA-GVB computation and can be complemented by an energy
decomposition employing the SAPT(GVB) method. We explain the physics behind the initial increase, followed by a decrease in the
interaction of linear molecules upon bond stretching. Namely, the elongation of covalent bonds leads to the enhancement of
attractive dispersion interactions. For even larger bond lengths, this effect is canceled by the increase of the repulsive exchange forces
resulting in a suppression of the interaction and finally leading to repulsion between monomers.

■ INTRODUCTION
The London dispersion, the most elusive of the noncovalent
interactions, is known to play a key role in the formation of
molecules,1 reaction barrier heights,2 and catalytic processes3

as well as in the design of one- and two-dimensional van der
Waals heterostructures.4 While modern computational meth-
ods are able to capture the London dispersion interaction
accurately, separating dispersion from other effects is still
challenging: the symmetry-adapted perturbation theory
(SAPT)5,6 methods are able to rigorously isolate the dispersion
contribution to the total energy of the interaction between
systems, but only recently their capabilities are being extended
to intramolecular7,8 and multireference cases.9−11

Another group of tools for analyzing the noncovalent
interactions are the visualization indicators, such as Non-
Covalent Interactions Index (NCI),12 QTAIM-based tools,13

or DORI,14 where usually the relative strengths of interactions
are associated with molecular fragments. Such indicators are
useful thanks to their intuitive nature and a relatively broad
range of applicability: they can be employed both in the inter-
and intramolecular cases, in large systems.
There are a couple of ways to isolate and map specifically the

dispersion interaction in physical space, namely, the London
dispersion potential (LDP) maps of Pollice and Chen15 and
the Dispersion Interaction Density (DID), based on the
second-order spin-component scaled16 local Møller−Plesset

method (LMP2), proposed by Mata and Wuttke.17 The latter
method utilizes the localized nature of correlation contribu-
tions in the LMP2 method and identifies the parts of the
correlation energy responsible for the dispersion interaction.
This approach is consistent with the SAPT definition of
dispersion and is computationally efficient, so it has been very
helpful in understanding the interaction inside large mole-
cules.18 However, as single-reference approaches, neither LDP
nor DID allow for studying systems, where covalent bonds are
significantly stretched or compressed. Such systems include
interacting materials under pressure, stretched nanowires and
nanoribbons, and molecules approaching chemical reactions;
therefore, a tool able to get insight into those phenomena
could prove very useful.
To be able to adapt the DID approach for those challenging

cases, one needs a computationally efficient multireference
approach in which the dispersion contribution can be isolated
from the correlation energy, and it can be assigned to physical
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Wavefunction model

We chose a product of strongly orthogonal geminals as a model (multireference) wavefunction

geminals consist in two orbitals singlet-coupled

GVB orbitals are localized on bonds and lone pairs → intuitive picture, useful for 
interpretation  

Intra-pair correlation → bonds can be broken with GVB

molecules or molecular fragments. One approach fulfilling those requirements is a variant of

the generalized valence bond method (namely the strongly-orthogonal perfect-pairing Gen-

eralized Valence Bond, in the rest of the paper denoted as GVB) amended by a correlation

correction based on the Extended Random Phase Approximation (ERPA).19–21

The purpose of this work is to introduce a quantity analogous to Mata and Wuttke’s

DID based on the ERPA-GVB method and show the robustness of the new indicator on a

few model systems including dimers whose components are out-of-equilibrium molecules. In

Section II, we will show how to extract the dispersion component from the correlation energy

in ERPA (and Embedding ERPA) approach. In Section III we will present the new indicator

being applied to examples of interactions in water, ethylene, acetylene, and diacetylene

dimer in di↵erent geometries. This picture will be complemented by a symmetry-adapted

perturbation theory computation decomposing the interactions into physically meaningful

terms. Finally, we will discuss, how the obtained results fit in with the current state of

knowledge on non-covalent interactions and with our previous observations.

II. THE DISPERSION ENERGY INDICATOR

The GVB ansatz reads22–24

 GV B = Â

N/2Y

I=1

 I , (1)

where Â denotes the antisymmetrization operator, N is the (even) number of electrons,  I

are GVB geminals, i.e. antisymmetric singlet-coupled two-electron wavefunctions

 I(x1,x2) =
1p
2
(cI1'I1(r1)'I1(r2) + cI2'I2(r1)'I2(r2)) (↵ (�1) � (�2)� ↵ (�2) � (�1)) ,

(2)

strongly orthogonal to each other. A natural orbital representation is employed throughout

this work, thus a coe�cient cp is directly related to a corresponding spinorbital occupation

number np as follows

np = c2p . (3)

3
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Computational tools

• SAPT(GVB)

The latter is given in terms of monomer properties: transition energies !A/B
µ and transition

density matrices TA/B
µ corresponding to solutions of the ERPA equations, cf. Eq. (5), for

isolated monomers, in particular

[Tµ]pr = (np � nr)
�
Y ⌫
pr �X⌫

pr

�
. (14)

Let us introduce the inter-geminal correlation terms as

8I2A
J2B

"IJ = 2
X

pr2⌦A
I

qs2⌦B
J

Wpqrs , (15)

where geminals I and J are assumed to be localized on distinct fragments. A sum of such

terms yields EERPA dispersion-like correlation energy, cf. Eq. (9),

EEERPA
disp =

X

I2A

X

J2B

"IJ , (16)

and each "IJ term has the interpretation of the dispersion interaction between geminals I

and J.

Having identified inter-geminal components of the correlation energy, "IJ , giving rise to

dispersion energy, we follow Wuttke and Mata17 and define a local descriptor of dispersion

on a fragment A interacting with a fragment B as

DA(r) =
X

I2A

⇢I(r)
X

J2B

"IJ , (17)

and for B interacting with A

DB(r) =
X

I2B

⇢I(r)
X

J2A

"JI , (18)

or

DAB(r) =
1

2

�
DA(r) +DB(r)

�
(19)

where a geminal density ⇢I reads

⇢I(r) =
X

p2I

np'p(r)
2 (20)

Since each geminal is normalized to one, i.e.

Z
⇢I(r)dr = 1 (21)

6

• Dispersion energy descriptor

I. PAIR-FRAGMENT ELECTRON CORRELATION CONTRIBUTIONS GIVING

RISE TO DISPERSION ENERGY

Eint = E(AB)! E(A)! E(B)

lim
RAB!1

!
EERPAcorr (AB)! EERPAcorr (A)! EERPAcorr (B)

"
= EERPAdisp =

X

I2A
J2B

"IJ

EERPAdisp = 2
X

I2A
J2B

X

pr2I
qs2J

Wpqrs =
X

I2A
J2B

"IJ

"IJ =
X

pr2I
qs2J

X

2

(nr ! np)(ns ! nq)
$
X2
pr + Y

2
pr

%
(X2

qs + Y
2
qs) hpqjrsi ; (1)

DA(r) =
X

I2A

/I(r)
X

J2B

"IJ ; (2)

and for B interacting with A

DB(r) =
X

J2B

/J(r)
X

I2A

"IJ ; (3)

or

DAB(r) =
1

2

$
DA(r) +DB(r)

%
(4)

Z
DAB(r)dr = EERPAdisp

where a geminal density /I reads

/I(r) =
X

p2I

np'p(r)
2 (5)

Z
/I(r)dr = 1 (6)

Recall that the EERPA or EERPA correlation energy can be written as a sum of one-

body, two-body, up to 4-body terms

EEERPAcorr = EIcorr + E
IJ
corr + E

IJK
corr + E

IJKL
corr : (7)

In the context of diseprsion interaction we are interested in two-body terms

EIJcorr =
X

p>r;q>s
pqrs2"IJ

W IJ
pqrs ; (8)

1

Multiconfigurational-wavefunction SAPT

We have developed the SAPT method based on multiconfigurational wavefunction

description of monomers

E
SAPT
int = E

(1)
elst + E

(1)
exch + E

(2)
ind + E

(2)
exch�ind + E

(2)
disp + E

(2)
exch�disp

where all components (up to second-order) are computed from 1- and 2-electron

reduced density matrices of monomers

E
SAPT
int = E

SAPT
int (�A, �A, �B , �B)

strong correlation is accounted for the wavefunction description

interactions in electronically excited states

I. PAIR-FRAGMENT ELECTRON CORRELATION CONTRIBUTIONS GIVING

RISE TO DISPERSION ENERGY

Eint = E(AB)! E(A)! E(B)

lim
RAB!1

!
EERPAcorr (AB)! EERPAcorr (A)! EERPAcorr (B)

"
= EERPAdisp =

X

I2A
J2B

"IJ

EERPAdisp = 2
X

I2A
J2B

X

pr2I
qs2J

Wpqrs =
X

I2A
J2B

"IJ

"IJ =
X

pr2I
qs2J

X

2

(nr ! np)(ns ! nq)
$
X2
pr + Y

2
pr

%
(X2

qs + Y
2
qs) hpqjrsi ; (1)

DA(r) =
X

I2A

/I(r)
X

J2B

"IJ ; (2)

and for B interacting with A

DB(r) =
X

J2B

/J(r)
X

I2A

"IJ ; (3)

or

DAB(r) =
1

2

$
DA(r) +DB(r)

%
(4)

Z
DAB(r)dr = EERPAdisp

where a geminal density /I reads

/I(r) =
X

p2I

np'p(r)
2

(5)

Z
/I(r)dr = 1 (6)

E int
SAPT

= E int
SAPT

(2GVB
A

;*GVB
A

; 2GVB
B

;*GVB
B

)

lim
RAB!1

EERPAdisp = E
(2)
disp

Recall that the EERPA or EERPA correlation energy can be written as a sum of one-

body, two-body, up to 4-body terms

EEERPAcorr = EIcorr + E
IJ
corr + E

IJK
corr + E

IJKL
corr : (7)

1

I. PAIR-FRAGMENT ELECTRON CORRELATION CONTRIBUTIONS GIVING

RISE TO DISPERSION ENERGY

Eint = E(AB)! E(A)! E(B)

lim
RAB!1

!
EERPAcorr (AB)! EERPAcorr (A)! EERPAcorr (B)

"
= EERPAdisp =

X
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J2B

"IJ

EERPAdisp = 2
X

I2A
J2B

X

pr2I
qs2J

Wpqrs =
X
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J2B

"IJ

"IJ =
X

pr2I
qs2J

X

2

(nr ! np)(ns ! nq)
$
X2
pr + Y

2
pr

%
(X2

qs + Y
2
qs) hpqjrsi ; (1)

DA(r) =
X
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X

J2B

"IJ ; (2)

and for B interacting with A

DB(r) =
X

J2B

/J(r)
X

I2A

"IJ ; (3)

or

DAB(r) =
1

2

$
DA(r) +DB(r)

%
(4)

Z
DAB(r)dr = EERPAdisp

where a geminal density /I reads

/I(r) =
X

p2I

np'p(r)
2

(5)

Z
/I(r)dr = 1 (6)

ESAPT
int

= ESAPT
int

(2GVB
A

;*GVB
A

; 2GVB
B

;*GVB
B

)

lim
RAB!1

EERPAdisp = E
(2)
disp

Recall that the EERPA or EERPA correlation energy can be written as a sum of one-

body, two-body, up to 4-body terms

EEERPAcorr = EIcorr + E
IJ
corr + E

IJK
corr + E

IJKL
corr : (7)

1

Consistent description of dispersion energy

RDMs are computed here from GVB wavefunctions.
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Model case: acetylene dimer

Actetylene dimer, (C2H2)2 with C-C bond stretched in both monomers.  
Inter-monomer distance is kept constant
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Model case: acetylene dimer

Actetylene dimer, (C2H2)2 with C-C bond stretched in both monomers.  
Inter-monomer distance is kept constant
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
I2A

P
J2B

"IJ becomes equal to
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Model case: acetylene dimer

Actetylene dimer, (C2H2)2 with C-C bond stretched in both monomers.  
Inter-monomer distance is kept constant
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
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"IJ becomes equal to
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Model case: acetylene dimer

Actetylene dimer, (C2H2)2 with C-C bond stretched in both monomers.  
Inter-monomer distance is kept constant
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
I2A

P
J2B

"IJ becomes equal to
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
I2A

P
J2B

"IJ becomes equal to

14

rCC/Å 1.20 1.56 1.80 1.92

GVB -0.33 0.20 1.01 1.61

EERPA-GVB -1.16 -1.22 -0.85 -0.35

SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
elst -1.05 -2.50 -3.04 -3.22

E(1)
exch 0.83 3.04 4.27 4.86

E(2)
ind -0.22 -1.07 -1.61 -1.87

E(2)
exch�ind 0.16 0.90 1.41 1.66

E(2)
disp -0.87 -1.84 -2.22 -2.39

E(2)
exch�disp 0.08 0.29 0.40 0.45

E(2)
disp + E(2)

exch�disp -0.79 -1.55 -1.82 -1.93

P
I2A

P
J2B

"IJ -0.91 -1.45 -1.73 -1.82

C-H (far) 2 2 1 1

C-H (close) 35 27 24 23

C-C 63 71 75 76

TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons

12

Interaction energies and their components of acetylene 
dimer for different C-C bond lengths in kcal/mol 
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
I2A

P
J2B

"IJ becomes equal to

14

rCC/Å 1.20 1.56 1.80 1.92

GVB -0.33 0.20 1.01 1.61

EERPA-GVB -1.16 -1.22 -0.85 -0.35

SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
elst -1.05 -2.50 -3.04 -3.22

E(1)
exch 0.83 3.04 4.27 4.86

E(2)
ind -0.22 -1.07 -1.61 -1.87

E(2)
exch�ind 0.16 0.90 1.41 1.66

E(2)
disp -0.87 -1.84 -2.22 -2.39

E(2)
exch�disp 0.08 0.29 0.40 0.45

E(2)
disp + E(2)

exch�disp -0.79 -1.55 -1.82 -1.93

P
I2A

P
J2B

"IJ -0.91 -1.45 -1.73 -1.82

C-H (far) 2 2 1 1

C-H (close) 35 27 24 23

C-C 63 71 75 76

TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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dispersion increases → interaction is strengthened
Interaction energies and their components of acetylene 
dimer for different C-C bond lengths in kcal/mol 



25/01/224

25/01/224

Model case: acetylene dimer

SAPT analysis

X

I�A

X

J�B

"IJ

<latexit sha1_base64="QhvNAApomdR/trs5A4o6PhD0qqI=">AAACI3icbVDLSgMxFM3UV62vqks3wSK4KjNVUFzVurFdVbAP6AxDJk3b0CQzJJlCGeZf3PgrblwoxY0L/8X0sbCtBwKHc+7h5p4gYlRp2/62MhubW9s72d3c3v7B4VH++KSpwlhi0sAhC2U7QIowKkhDU81IO5IE8YCRVjB8mPqtEZGKhuJZjyPicdQXtEcx0kby83euirnLKKda+UkVulTA+3RJhLWpWEndEZIkUpSZXFKtpX6+YBftGeA6cRakABao+/mJ2w1xzInQmCGlOo4daS9BUlPMSJpzY0UihIeoTzqGCsSJ8pLZjSm8MEoX9kJpntBwpv5NJIgrNeaBmeRID9SqNxX/8zqx7t16CRVRrInA80W9mEEdwmlhsEslwZqNDUFYUvNXiAdIIqxNrTlTgrN68jpplorOVbH0dF0oVxZ1ZMEZOAeXwAE3oAweQR00AAYv4A18gE/r1Xq3JtbXfDRjLTKnYAnWzy922aVk</latexit>

FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
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term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
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"IJ becomes equal to
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GVB -0.33 0.20 1.01 1.61
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SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
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TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons

12

dispersion increases → interaction is strengthened

exchange energy also increases and for sufficiently large C-C bond 
it is not compensated by electrostatic energy → interaction is weakened

Interaction energies and their components of acetylene 
dimer for different C-C bond lengths in kcal/mol 
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A
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J2B
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term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
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"IJ becomes equal to
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GVB -0.33 0.20 1.01 1.61

EERPA-GVB -1.16 -1.22 -0.85 -0.35

SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
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TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
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term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
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TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
I2A

P
J2B

"IJ becomes equal to
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rCC/Å 1.20 1.56 1.80 1.92

GVB -0.33 0.20 1.01 1.61

EERPA-GVB -1.16 -1.22 -0.85 -0.35

SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
elst -1.05 -2.50 -3.04 -3.22

E(1)
exch 0.83 3.04 4.27 4.86

E(2)
ind -0.22 -1.07 -1.61 -1.87

E(2)
exch�ind 0.16 0.90 1.41 1.66

E(2)
disp -0.87 -1.84 -2.22 -2.39

E(2)
exch�disp 0.08 0.29 0.40 0.45

E(2)
disp + E(2)

exch�disp -0.79 -1.55 -1.82 -1.93

P
I2A

P
J2B

"IJ -0.91 -1.45 -1.73 -1.82

C-H (far) 2 2 1 1

C-H (close) 35 27 24 23

C-C 63 71 75 76

TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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rCC/Å 1.20 1.56 1.80 1.92

GVB -0.33 0.20 1.01 1.61

EERPA-GVB -1.16 -1.22 -0.85 -0.35

SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
elst -1.05 -2.50 -3.04 -3.22

E(1)
exch 0.83 3.04 4.27 4.86

E(2)
ind -0.22 -1.07 -1.61 -1.87

E(2)
exch�ind 0.16 0.90 1.41 1.66

E(2)
disp -0.87 -1.84 -2.22 -2.39

E(2)
exch�disp 0.08 0.29 0.40 0.45

E(2)
disp + E(2)

exch�disp -0.79 -1.55 -1.82 -1.93

P
I2A

P
J2B

"IJ -0.91 -1.45 -1.73 -1.82

C-H (far) 2 2 1 1

C-H (close) 35 27 24 23

C-C 63 71 75 76

TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion
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Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no
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Contributions to the dispersion energy from fragments of the monomers, in %. 
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C-C bond length: 1.20
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Model case: acetylene dimer

Dispersion energy density, DAB(r), analysis 
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FIG. 5. The interaction energy of the acetylene dimer for di↵erent C-C bond lengths.

the much larger exchange repulsion is mainly counteracted by dispersion.

The main source of the interaction between diacetylene molecules are the triple bonds in

the molecules, as evidenced by visualizing of the DAB descriptor, cf. Fig. 8. This finding

is not surprising, since the triple bonds are the most electron-rich regions of the monomers.

As the intermolecular distance grows, the interaction increasingly concentrates on the triple

bonds closest to each other in the interacting monomers.

Thanks to the SAPT(GVB) analysis we can check if the dispersion
P
I2A

P
J2B

"IJ correlation

term (i.e. the sum of the visualized contributions over the real space) matches the dispersion

component as defined in SAPT. From Tables I and II, we can see that that this term

is actually very close to the sum of the second-order dispersion and dispersion-exchange

terms in SAPT(GVB). In agreement with Eq. (24), for large distances, when the overlap of

electronic densities of the monomers is close to zero, the term
P
I2A

P
J2B

"IJ becomes equal to
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rCC/Å 1.20 1.56 1.80 1.92

GVB -0.33 0.20 1.01 1.61

EERPA-GVB -1.16 -1.22 -0.85 -0.35

SAPT(GVB) -1.07 -1.18 -0.79 -0.50

E(1)
elst -1.05 -2.50 -3.04 -3.22

E(1)
exch 0.83 3.04 4.27 4.86

E(2)
ind -0.22 -1.07 -1.61 -1.87

E(2)
exch�ind 0.16 0.90 1.41 1.66

E(2)
disp -0.87 -1.84 -2.22 -2.39

E(2)
exch�disp 0.08 0.29 0.40 0.45

E(2)
disp + E(2)

exch�disp -0.79 -1.55 -1.82 -1.93

P
I2A

P
J2B

"IJ -0.91 -1.45 -1.73 -1.82

C-H (far) 2 2 1 1

C-H (close) 35 27 24 23

C-C 63 71 75 76

TABLE II. Interaction energies and their components of acetylene dimer for di↵erent C-C bond

lengths in kcal/mol and contributions to the dispersion energy from fragments of the monomers,

in %.

The triple bonds are electron-rich and in ⇡ bonds the electrons are relatively mobile, which

results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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results in high polarizabilities and a larger dispersion interaction.45 A significant fraction,

c.a. 35%, of the interaction comes also from the CH fragments closest to each other (see the

entry “C-H (close)” in Table II; the the entry “C-H (far)” shows a contribution to dispersion

energy from the outer CH fragments). In the stretched geometries, the ⇡ bonds become more

strained and eventually are destroyed, and the electrons move closer to the carbon atoms.

Consequently, most of the interaction comes from the electrons around the carbon atoms

that are closest to each other. As the bond stretches further, e.g. at 2.04 Å, the bond no

longer exists and each of the acetylene molecules becomes a pair of methylidyne radicals.

The valence electrons, however, previously forming the CC bond, become more mobile and

migrate outside of the bond region. Simultaneously, their polarizability grows even more

and therefore the dispersion interaction grows as well. As Table II shows, the electrons
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Contributions to the dispersion energy from fragments of the monomers, in %. 
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C-C bond length: 1.20
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C-C  bond length: 1.56 
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Å

C
-C

b
o
n
d
le
n
g
t
h
,
(
c
)
a
t
2
.0
4
Å
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Å

in
T
ab

le
I)
.

IV
.

C
O
N
C
L
U
S
IO

N
S

W
e
in
tr
od

u
ce
d

a
n
ew

qu
an

ti
ty

d
es
ig
n
ed

to
id
en
ti
fy

th
e
re
gi
on

s
of

m
ol
ec
u
la
r
sy
st
em

s

w
h
ic
h
co
nt
ri
b
u
te

th
e
m
os
t
to

a
d
is
p
er
si
on

-d
ri
ve
n
in
te
ra
ct
io
n
.
It

is
in
sp
ir
ed

by
th
e
D
is
p
er
-

si
on

In
te
ra
ct
io
n
D
en
si
ty

in
tr
od

u
ce
d
by

W
u
tt
ke

an
d
M
at
a,

1
7
b
u
t
in
st
ea
d
of

ex
tr
ac
ti
n
g
th
e

d
is
p
er
si
on

-l
ik
e
co
m
p
on

en
t
fr
om

th
e
lo
ca
l
M
øl
le
r-
P
le
ss
et

m
et
h
od

,
w
e
u
se

th
e
an

al
og
ou

s
p
ar
t

of
th
e
co
rr
el
at
io
n
in

th
e
E
m
b
ed
d
ed

E
xt
en
d
ed

R
an

d
om

P
h
as
e
A
p
p
ro
xi
m
at
io
n
an

d
w
e
ex
p
lo
it

th
e
lo
ca
li
ze
d
n
at
u
re

of
or
b
it
al
s
in

th
e
P
er
fe
ct
-P
ai
ri
n
g
G
en
er
al
iz
ed

V
al
en
ce

B
on

d
m
et
h
od

.

T
h
is

ch
an

ge
al
lo
w
s
u
s
to

tr
ea
t
n
ot

on
ly

sy
st
em

s
in

th
ei
r
eq
u
il
ib
ri
u
m

ge
om

et
ri
es
,
b
u
t

15

C-C bond length: 1.92



25/01/224

25/01/224

Dispersion interactions in exciton-localised states.  
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Abstract

We address the problem of intermolecular interaction energy calculations in molec-

ular complexes with localized excitons. Our focus is on the correct representation of

the dispersion energy. We derive an extended Casimir-Polder formula for direct com-

putation of this contribution through second order in the intermolecular interaction

operator V̂ . An alternative formula, accurate to infinite order in V̂ , is derived within

the framework of the adiabatic connection (AC) theory. We also propose a new pa-

rameterization of the VV10 nonlocal correlation density functional, so that it corrects

the CASSCF energy for the dispersion contribution and can be applied to excited-state

complexes. A numerical investigation is carried out for benzene, pyridine and peptide

complexes with the local exciton corresponding to the lowest ⇡ � ⇡⇤ or n� ⇡⇤ states.
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Dispersion interaction for systems in ground state

• For ground-state weakly interacting systems, dispersion energy follows from the famous 
Casimir-Polder formula 

• Dispersion energy is negative (attractive interaction)

and that of B in the state J , �BJ , defined analogously. From now on it will be assumed that

wavefunctions are real-valued. Decomposing the response functions of the monomers into

positive- and negative-transition-energy components as

�
AI (r, r0; i!) = �

AI
+ (r, r0; i!) + �

AI
� (r, r0; i!) , (8)

�
AI
+ (r, r0; i!) = �2

X

µ>I

!µ ⇢
AI
µ (r)⇢AI

µ (r0)

!2 + (!µ)
2

, (9)

�
AI
� (r, r0; i!) = �2

X

µ<I

!µ ⇢
AI
µ (r)⇢AI

µ (r0)

!2 + (!µ)
2

, (10)

(analogously for B), the dispersion energy can be written as

E
(2)

disp
(AIBJ) = � 1

2⇡

Z
dr1

Z
dr0

1

Z
dr2

Z
dr0

2

1

r12

1

r
0
12

Z 1

0

d!�AI
+ (r1, r

0
1
; i!)�BJ

+ (r2, r
0
2
; i!)

+
X

µ<I,⌫<J

W
AIBJ
µ⌫ +

X

µ>I,⌫<J

W
AIBJ
µ⌫ +

X

µ<I,⌫>J

W
AIBJ
µ⌫ , (11)

where

W
AIBJ
µ⌫ = � 1

!
AI
µ + !

BJ
⌫

 Z
dr1

Z
dr2

⇢
AI
µ (r1)⇢BJ

⌫ (r2)

r12

!2

. (12)

The expression in Eq. (11) is an extension of the Casimir-Polder formula (also referred to

as the Longuet-Higgins formula40) for excited states. The ground-state dispersion energy

is expressed entirely through � = �+ response functions. For excited states, also the non-

Casimir-Polder terms, W
AIBJ
µ⌫ , have to be included. They arise due to the presence of

negative transitions in the density response function of the unperturbed monomers. While

the first term in Eq. (11) is always negative and attractive,41,42 the non-Casimir-Polder

terms, Eq. (12), may take a positive sign. For example, for a system with two localized

excitons, one on a subsystem A, another on B, non-Casimir-Polder terms corresponding to

negative transitions on A and B, µ < I, ⌫ < J in Eq. (12), are positive. Thus, this kind of

non-Casimir-Polder terms gives rise to repulsion for multiple localized-exciton state.

In this work, we study systems with a single lowest localized-exciton, for which repulsive

7
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Dispersion interaction for systems with localized excitons

• Generalization of the Casimir-Polder formula for systems with localized excitons

The extra terms (non-Casimir-Polder) are positive for multiple localized excitons - repulsive 
forces resulting from long-range correlation. 
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Single excitonic interacting systems

• Studied dimers included excitons on: benzene (pi-pi*), pyridine (pi-pi*) or peptide (n-pi*) 

-acetamide), shown in Figure 1. Both ground- and excited-state calculations employed the

original S66 geometries optimized for the ground state at the MP2/cc-pVTZ level of theory.

The Boys-Bernardi counterpoise correction was applied to eliminate the basis set superpo-

sition error (BSSE).71 The excitons in excited states calculations were localized on benzene

(⇡ ! ⇡
⇤), pyridine (⇡ ! ⇡

⇤), and peptide (n ! ⇡
⇤) molecules. As a benchmark for the

interaction energy in ground state dimers we adopted the CCSD(T) results extrapolated to

the complete basis set limit (CBS) from Ref. 69. Reference values of the interaction energy

in complexes involving excited states were taken from Ref. 19. They were obtained by com-

bining the CCSD(T)/CBS description of the ground state with excitation energies calculated

at the EOM-CCSD72 level of theory using the 6-31++G(d,p) basis set.73–75

Figure 1: Structures of eight complexes in their ground state geometries. Interaction energies
in the lowest ⇡�⇡

⇤ (benzene and pyridine complexes) and n�⇡
⇤ (peptide complexes) excited

states are studied in this work.

All CASSCF computations employed the aug-cc-pVTZ basis set76 and were performed

in the Molpro77 program. The MP2 orbitals were used as a starting guess for CASSCF. The

active space composition was identical for ground- and excited-states. Benzene active space

involved 6 active electrons on 6 orbitals, the three ⇡ bonding and the three ⇡
⇤ antibonding
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• SAPT(CAS) only needs 1,2-RDMs of monomers 

• We have used CASSCF wavefunctions to obtain RDMs of monomers
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Single excitonic interacting systems

• Interactions of the studied systems are of different types:

-acetamide), shown in Figure 1. Both ground- and excited-state calculations employed the

original S66 geometries optimized for the ground state at the MP2/cc-pVTZ level of theory.

The Boys-Bernardi counterpoise correction was applied to eliminate the basis set superpo-

sition error (BSSE).71 The excitons in excited states calculations were localized on benzene

(⇡ ! ⇡
⇤), pyridine (⇡ ! ⇡

⇤), and peptide (n ! ⇡
⇤) molecules. As a benchmark for the

interaction energy in ground state dimers we adopted the CCSD(T) results extrapolated to

the complete basis set limit (CBS) from Ref. 69. Reference values of the interaction energy

in complexes involving excited states were taken from Ref. 19. They were obtained by com-

bining the CCSD(T)/CBS description of the ground state with excitation energies calculated

at the EOM-CCSD72 level of theory using the 6-31++G(d,p) basis set.73–75
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in the Molpro77 program. The MP2 orbitals were used as a starting guess for CASSCF. The
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X-H …π
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Single excitonic interacting systems
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Benchmarking SAPT(CAS)

Table 4: Interaction energies in kcal·mol�1 for ⇡�⇡* (benzene and pyridine complexes) and
n�⇡* (peptide complexes) excited states. The SAPT acronym refers to SAPT(CAS) results
including the �CAS correction [see Eq. (54)]. The Est. EOM-CCSD(T) values from Ref. 19
are given as reference in the last column. Mean unsigned errors (MUE) and mean absolute
percentage errors (MA%E) are computed with respect to the reference.

CAS CAS AC0 lrAC0 CASPT2 CAS SAPT LC-BOP ref.
+DISP -CAS -CAS -reVV10 +LRD

benzene-water 0.11 -2.43 -2.39 -2.82 -3.12 -2.93 -2.51 -2.88 -2.67
benzene-MeOH 0.96 -3.15 -2.62 -3.74 -3.42 -4.03 -3.25 -3.55 -3.49
benzene-MeNH2 1.51 -2.57 -2.40 -3.00 -3.24 -3.46 -2.62 -2.74 -2.80
pyridine-water -4.20 -7.41 -6.61 -7.34 -7.90 -6.37 -6.91 -7.96 -7.15
pyridine-MeOH -4.01 -7.97 -6.72 -7.91 -7.21 -6.98 -7.44 -8.37 -7.70
pyridine-MeNH2 0.61 -3.73 -3.43 -4.11 -3.96 -4.24 -3.82 -4.06 -4.19
peptide-water -2.23 -4.70 -4.23 -4.52 -4.92 -4.29 -4.36 -4.81 -4.63
peptide-MeNH2 -2.08 -6.76 -6.18 -6.82 -7.28 -6.23 -6.40 -6.97 -6.82

MUE 3.77 0.24 0.61 0.15 0.40 0.49 0.23 0.28 -
MA%E 88.83 5.93 13.27 3.70 8.74 10.77 4.85 5.12 -

The CASSCF interaction energies are, as expected, severely underestimated for both

ground and excited states, as a consequence of CASSCF missing entirely the dispersion

interaction.43 This deficiency is most striking in the case of dispersion-dominated excited

benzene complexes (Table 1), which are predicted as unbound by CASSCF. A significant

improvement is achieved for all systems when the dispersion correction is added to super-

molecular CASSCF energies, as shown in Eq. (44). The mean unsigned error (MUE) of

0.2 kcal·mol�1 is achieved by the CAS+DISP methods before and after generation of the

exciton in the considered systems. This translates into mean absolute percentage errors

(MA%E) of 4% and 6% for ground- and excited states, respectively. Since supermolecular

CASSCF misses the majority of intramonomer correlation e↵ects, the good performance of

CAS+DISP should be, to some extent, attributed to error cancellation.

Using the approximate adiabatic connection correlation correction for CAS, as it is done

in the AC0-CAS method, leads to interaction energies which are systematically underesti-

mated. The MUE and MA%E values corresponding to AC0-CAS amount to 0.61 kcal·mol�1

and 13%, respectively, for the excited complexes (Table 3). This places the AC0-CAS method

29

We have shown that SAPT(CAS) yields interaction energy of good accuracy. 
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Single excitonic interacting systems
Table 1: Upper part of the Table presents interaction energy components of SAPT(CAS),
their sums (ESAPT

int
), and non-Casimir-Polder terms ("1!0

disp
) for excited state complexes. Dif-

ferences of SAPT(CAS) energies between excited and ground states are shown in the lower
part of the Table. All values are reported in kcal·mol�1.

E(1)

elst
E(1)

exch
E(2)

ind
E(2)

exch�ind
E(2)

disp
E(2)

exch�disp
ESAPT

int
"1!0

disp

benzene-water �1.85 2.82 �1.23 0.65 �2.88 0.33 �2.16 �0.04
benzene-MeOH �2.10 4.07 �1.57 0.96 �4.63 0.52 �2.76 �0.06
benzene-MeNH2 �1.68 3.73 �1.12 0.88 �4.62 0.54 �2.28 �0.02
pyridine-water �11.23 10.66 �5.17 2.96 �4.05 0.84 �5.99 �0.07
pyridine-MeOH �11.79 11.79 �5.92 3.53 �4.95 0.99 �6.37 �0.08
pyridine-MeNH2 �3.89 5.46 �1.79 1.30 �5.01 0.66 �3.27 �0.08
peptide-water �5.99 5.33 �1.95 1.01 �2.93 0.46 �4.09 0.00
peptide-MeNH2 �9.84 10.91 �5.04 3.35 �5.78 1.10 �5.30 0.00

�E(1)

elst
�E(1)

exch
�E(2)

ind
�E(2)

exch�ind
�E(2)

disp
�E(2)

exch�disp
�ESAPT

int

benzene-water 0.88 �0.35 0.11 �0.05 0.17 �0.05 0.72
benzene-MeOH 0.98 �0.45 0.15 �0.08 0.24 �0.07 0.77
benzene-MeNH2 0.54 �0.25 0.08 �0.03 0.22 �0.05 0.50
pyridine-water �0.04 0.02 0.02 0.01 0.02 0.00 0.03
pyridine-MeOH �0.03 0.02 0.02 0.01 0.04 0.00 0.04
pyridine-MeNH2 0.17 �0.15 0.04 �0.04 0.15 �0.03 0.14
peptide-water 0.71 �0.03 0.12 �0.03 �0.01 0.01 0.77
peptide-MeNH2 0.71 0.05 �0.12 0.32 �0.10 0.05 0.91

In hydrogen-bonded peptide-water and peptide-methylamine dimers, the interaction en-

ergy also decreases upon the n�⇡
⇤ excitation. The SAPT(CAS) explanation is the same as

in the case of benzene complexes, namely the hydrogen bond formed by peptide is weakened

as a result of the decreased electrostatic attraction. The latter lowers by 0.71 kcal·mol�1

for both complexes, see Table 1. This is expected, since the n � ⇡
⇤ excitation reduces the

electron density on the nitrogen atom of peptide, which serves as a hydrogen bond accep-

tor. The change in the dispersion energy is negligible in the complex with water. For the

peptide-methylamine dimer the dispersion increase is visible, yet it is only a minor e↵ect of

0.10 kcal·mol�1 (below 2% of the E
(2)

disp
). Therefore, SAPT identifies destabilisation of the

hydrogen bonded systems upon the vertical n�⇡
⇤ excitation as a mainly electrostatic e↵ect.

This remains in agreement with the energy decomposition analysis study of Head-Gordon

and co-workers.31

25

Generation of an exciton on benzene weakens the X-H…π bond. 

Surprise: it is not only due to electrostatic but also decreased dispersion.
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Single excitonic interacting systems
Table 1: Upper part of the Table presents interaction energy components of SAPT(CAS),
their sums (ESAPT

int
), and non-Casimir-Polder terms ("1!0

disp
) for excited state complexes. Dif-

ferences of SAPT(CAS) energies between excited and ground states are shown in the lower
part of the Table. All values are reported in kcal·mol�1.

E(1)

elst
E(1)

exch
E(2)

ind
E(2)

exch�ind
E(2)

disp
E(2)

exch�disp
ESAPT

int
"1!0

disp

benzene-water �1.85 2.82 �1.23 0.65 �2.88 0.33 �2.16 �0.04
benzene-MeOH �2.10 4.07 �1.57 0.96 �4.63 0.52 �2.76 �0.06
benzene-MeNH2 �1.68 3.73 �1.12 0.88 �4.62 0.54 �2.28 �0.02
pyridine-water �11.23 10.66 �5.17 2.96 �4.05 0.84 �5.99 �0.07
pyridine-MeOH �11.79 11.79 �5.92 3.53 �4.95 0.99 �6.37 �0.08
pyridine-MeNH2 �3.89 5.46 �1.79 1.30 �5.01 0.66 �3.27 �0.08
peptide-water �5.99 5.33 �1.95 1.01 �2.93 0.46 �4.09 0.00
peptide-MeNH2 �9.84 10.91 �5.04 3.35 �5.78 1.10 �5.30 0.00

�E(1)

elst
�E(1)

exch
�E(2)

ind
�E(2)

exch�ind
�E(2)

disp
�E(2)

exch�disp
�ESAPT

int

benzene-water 0.88 �0.35 0.11 �0.05 0.17 �0.05 0.72
benzene-MeOH 0.98 �0.45 0.15 �0.08 0.24 �0.07 0.77
benzene-MeNH2 0.54 �0.25 0.08 �0.03 0.22 �0.05 0.50
pyridine-water �0.04 0.02 0.02 0.01 0.02 0.00 0.03
pyridine-MeOH �0.03 0.02 0.02 0.01 0.04 0.00 0.04
pyridine-MeNH2 0.17 �0.15 0.04 �0.04 0.15 �0.03 0.14
peptide-water 0.71 �0.03 0.12 �0.03 �0.01 0.01 0.77
peptide-MeNH2 0.71 0.05 �0.12 0.32 �0.10 0.05 0.91

In hydrogen-bonded peptide-water and peptide-methylamine dimers, the interaction en-

ergy also decreases upon the n�⇡
⇤ excitation. The SAPT(CAS) explanation is the same as

in the case of benzene complexes, namely the hydrogen bond formed by peptide is weakened

as a result of the decreased electrostatic attraction. The latter lowers by 0.71 kcal·mol�1

for both complexes, see Table 1. This is expected, since the n � ⇡
⇤ excitation reduces the

electron density on the nitrogen atom of peptide, which serves as a hydrogen bond accep-

tor. The change in the dispersion energy is negligible in the complex with water. For the

peptide-methylamine dimer the dispersion increase is visible, yet it is only a minor e↵ect of

0.10 kcal·mol�1 (below 2% of the E
(2)

disp
). Therefore, SAPT identifies destabilisation of the

hydrogen bonded systems upon the vertical n�⇡
⇤ excitation as a mainly electrostatic e↵ect.

This remains in agreement with the energy decomposition analysis study of Head-Gordon

and co-workers.31

25

H-bonds are weakened when n-pi* exciton is generated. 

It is mainly the electrostatic effect: electron density is removed from H-bond acceptor (N atom).
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Single excitonic interacting systems
Table 1: Upper part of the Table presents interaction energy components of SAPT(CAS),
their sums (ESAPT

int
), and non-Casimir-Polder terms ("1!0

disp
) for excited state complexes. Dif-

ferences of SAPT(CAS) energies between excited and ground states are shown in the lower
part of the Table. All values are reported in kcal·mol�1.

E(1)

elst
E(1)

exch
E(2)

ind
E(2)

exch�ind
E(2)

disp
E(2)

exch�disp
ESAPT

int
"1!0

disp

benzene-water �1.85 2.82 �1.23 0.65 �2.88 0.33 �2.16 �0.04
benzene-MeOH �2.10 4.07 �1.57 0.96 �4.63 0.52 �2.76 �0.06
benzene-MeNH2 �1.68 3.73 �1.12 0.88 �4.62 0.54 �2.28 �0.02
pyridine-water �11.23 10.66 �5.17 2.96 �4.05 0.84 �5.99 �0.07
pyridine-MeOH �11.79 11.79 �5.92 3.53 �4.95 0.99 �6.37 �0.08
pyridine-MeNH2 �3.89 5.46 �1.79 1.30 �5.01 0.66 �3.27 �0.08
peptide-water �5.99 5.33 �1.95 1.01 �2.93 0.46 �4.09 0.00
peptide-MeNH2 �9.84 10.91 �5.04 3.35 �5.78 1.10 �5.30 0.00

�E(1)

elst
�E(1)

exch
�E(2)

ind
�E(2)

exch�ind
�E(2)

disp
�E(2)

exch�disp
�ESAPT

int

benzene-water 0.88 �0.35 0.11 �0.05 0.17 �0.05 0.72
benzene-MeOH 0.98 �0.45 0.15 �0.08 0.24 �0.07 0.77
benzene-MeNH2 0.54 �0.25 0.08 �0.03 0.22 �0.05 0.50
pyridine-water �0.04 0.02 0.02 0.01 0.02 0.00 0.03
pyridine-MeOH �0.03 0.02 0.02 0.01 0.04 0.00 0.04
pyridine-MeNH2 0.17 �0.15 0.04 �0.04 0.15 �0.03 0.14
peptide-water 0.71 �0.03 0.12 �0.03 �0.01 0.01 0.77
peptide-MeNH2 0.71 0.05 �0.12 0.32 �0.10 0.05 0.91

In hydrogen-bonded peptide-water and peptide-methylamine dimers, the interaction en-

ergy also decreases upon the n�⇡
⇤ excitation. The SAPT(CAS) explanation is the same as

in the case of benzene complexes, namely the hydrogen bond formed by peptide is weakened

as a result of the decreased electrostatic attraction. The latter lowers by 0.71 kcal·mol�1

for both complexes, see Table 1. This is expected, since the n � ⇡
⇤ excitation reduces the

electron density on the nitrogen atom of peptide, which serves as a hydrogen bond accep-

tor. The change in the dispersion energy is negligible in the complex with water. For the

peptide-methylamine dimer the dispersion increase is visible, yet it is only a minor e↵ect of

0.10 kcal·mol�1 (below 2% of the E
(2)

disp
). Therefore, SAPT identifies destabilisation of the

hydrogen bonded systems upon the vertical n�⇡
⇤ excitation as a mainly electrostatic e↵ect.

This remains in agreement with the energy decomposition analysis study of Head-Gordon

and co-workers.31

25

H-bonds are not weakened when pi-pi* exciton is generated on pyridine. 

Electrostatic energy not affected: electron density on H-bond acceptor (N atom) not changed.
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Future GammCor development enabling new applications

Handing (I/O) large files (integrals) has remained a bottleneck restricting the size of systems 
we can compute. 

We are developing a new Cholesky-based algorithm for computing second-order exchange-
polarization terms.

Combination of SAPT with CIPSI (gammcor and quantum package via trexio) opens a way for 
improving the accuracy of SAPT. 

Systems with local excitons of biological importance: nucleobase dimers


