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Preface

The electrical properties of molecules and molecular complexes are the subject of a
close attention up today. While the multipole electric moments have studied good
enough, any information about the polarizabilities, especially higher polarizabili-
ties, is quite scarce. At the same time, these interaction-induced properties play
often the key role to understand many physical and chemical properties of inter-
acting molecules or atoms. The knowledge of such interactions is important for lot
of applications in science and engineering. This small book summarizes mainly the
researches carried out last decade by group of Tomsk State University and devoted
to interaction-induced electrical properties (multipole moments, (higher)polariz-
abilities) of van der Waals complexes. We hope that this short survey gives useful
contribution to the theory of molecular interactions to be applied for modeling of
different physical chemical properties of interacting species, for describing the
long-range potential energy surfaces and the surfaces of some electrical properties
of van der Waals complexes.

We want to express our appreciation to one of the authors of the book, to Dr.
Mikhail Buldakov, who being the talented experimentalist was also often as a
mover for many of theoretical researches discussed in the book. Unfortunately, he
passed away when the book was still far to be finished. But the main ideas of the
book were agreed with him. Moreover, we did not consider it possible to do large
changes in the texts of original papers which were used to be included to the book
because the results underlying these articles have been suffered in the heated
arguments with him and bear his spirit.

Also, we thank Dr. Natalia Zvereva-Loéte and Dr. Vincent Boudon for joint
efficient researches of the interaction energies, dipole moments, and polarizabilities
of the van der Waals complexes CH4,—N, and C,H4—C,H,4, the results of which were
also used in the book.

Tomsk, Russia Victor N. Cherepanov
Yulia N. Kalugina
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Chapter 1
Introduction

Van der Waals complexes. Well-known, that all atoms and molecules can interact
together to form either a new molecule or a molecular cluster [1-10]. Sometimes
say that such molecular clusters are defined by noncovalent interactions or by van
der Waals (vdW) interactions. In this book the term Van der Waals complexes (or
clusters) will be used both to a transient collisional complex and to a weakly bound
van der Waals molecule. Note that their electric and mechanical properties are not
the simple sum of similar properties of components forming them. Other charac-
teristic feature of the van der Waals complexes is their nonrigid structure [1, 2]. As
dissociation energy of the van der Waals complexes is much lower of the disso-
ciation energy for usual molecules, such complexes are easily broken up. For this
reason, the quantity of the van der Waals complexes in a gas under normal con-
ditions is rather insignificant. However, being present in all gases, the complexes
appreciably influence on their properties and take part in all physical and chemical
processes of gas media (atmospheres of Earth and other planets, interstellar medium
and so on). Furthermore, weakly bound molecular complexes are of great impor-
tance for studying the nature of nonbonding interactions that play an important role
in many fields of chemistry and solid state physics. Nonbonding interactions of
p-systems control structures and properties of organic molecules in condensed
phase form molecular associates in fluids and play a key role in biomolecules such
as nucleic acids, proteins, DNA and RNA [4-6]. As a result, the van der Waals
complexes are intensively studied in the last decades. And in the book some aspects
of electrical properties of van der Waals complexes, which are not delighted enough
in scientific literature, are discussed.

Classification of intermolecular interactions. In this small book the two-body
interactions, which are the strongest, are only considered for study the electrical
properties of van der Waals complexes. Particularities of many-body interactions
may be found, for example, in [11, 12]. Usually, the intermolecular interactions,
the physical nature of which is electromagnetic one, are classified according to the
distance R between interacting molecules (or atoms). They are the long-range
interactions when the interaction energy has a form U ~ 1/R" and the short-range
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2 1 Introduction

interactions (U ~ exp(—aR)). The main long-range contributions to the energy and
electric properties of interacting molecules are as follows: electrostatic
(multipole-multipole), polarization (induction and dispersion), resonance, rela-
tivistic, magnetic and retardation. The short-range interactions include the direct
electrostatic, exchange, repulsion, change transfer effects. Note that the long-range
interactions can be well described in an analytical form using classical electrody-
namics for some approximation of the perturbation theory. In turn, for short
distances the methods of quantum chemistry are only effective. In part of analytical
theory for large R this book will only focus on interaction-induced theory.
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Chapter 2
Theoretical Backgrounds
of Interaction-induced Theory

At present, a lot of fine manuals and books may be recommended to study the
theoretical backgrounds of interaction of atoms and molecules [1-11]. However, in
the main, the research and educational works are devoted to description of the
energy of interacting molecules. At the same time, it is obvious that the knowledge
of the electric and magnetic properties of interacting molecules [3-9] are also of
interest. In accordance with the title of the book we focus on electric interactions as
the strongest ones. Of course, the weak magnetic interactions are of interest for
some specific problems of interacting molecules [2, 3], however, that is a special
topic. In the short book it is not possible to describe in details the modern
interaction-induced theory of molecules. Nevertheless, the general backgrounds of
this theory are needed to be given to facilitate the reading of the book. In the next
sections of this chapter some main definitions and formulas used in the book are
given.

2.1 Multipole Electrical Moments

2.1.1 Coordinate System

In the book we will use for all molecular van der Waals complexes the Cartesian
coordinate system (X, Y, Z) related to the complex (Fig. 2.1). The origin of this
coordinate system (O, ) is usually placed on the molecule A. The vector R is directed
from the point O, of the molecule A to any point Og of the molecule B. The relative
orientation of molecules in a complex is determined by local coordinate systems (x4,
Ya, Za) and (xg, yg, zB) placed, accordingly, on the separate molecules A and B of the
complex. The rotations of the molecules A and B are described by Euler angles,
which determine the positions of the local coordinate systems (xa, ya, za) and
(x, ¥B, zB) With respect to the complex coordinate system (X, Y, Z).

© The Author(s) 2017 3
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4 2 Theoretical Backgrounds of Interaction-induced Theory

Fig. 2.1 Coordinate system of a molecular complex

2.1.2 Cartesian Definition

In this case the multipole electrical moments of the rank » for any molecule B can
be defined in the form (see, for example, [1-6])

we _ (D"~ ) 20 009 (1
V0 _ ® 1 0 0 9 (1 211
oy 1l Zj:e] i Orjy Oy Oy \rj)’ ( )

where the Greek indexes «, f3, .. ., v take the values X, Y, Z (the number of Greek
indexes equals to n), eJB is any charge of the molecule B and r; is the radius-vector
of the charge relatively to the origin of local coordinate system Og. The multipole
electrical moments in the form (2.1.1) appear when the interaction Hamiltonian is
expanded in the Taylor series about the point Og (see Sect. 2.2). It is clear, that the
well known simple moments of the lowest rank n such as the charge g, the electrical
dipole and quadrupole moments (u, and Q) of the molecule B may be obtained
from Eq. (2.1.1) if we put in it n = 0, 1 and 2 (analogously, for larger values of
n the highest multipole moments can be written in the explicit form):

q® = MO®) — Z@J(BL (2.12)
J
ME{B) _ Mil)(B) — ZEJ(B)FJ“” (2.1.3)
j

B 2»)B) 1 B
®§</3) = Mo(cﬁ)( ) Eze’( )<3i’jﬂjﬁ - I”j25aﬁ>- (2.1.4)
j



2.1 Multipole Electrical Moments 5

The multipole tensors (2.1.1) have some important properties. One of them

follows immediately from the Laplace equation Az(l/ r) =0, M§Z>‘ = 0 for any

pair of equal suffixes (henceforth, we mean, as usually, the summation over the

(n)

repeated indexes). From the definition of Ma’;; , the permutation symmetry with

respect to its suffixes occurs. Note that the total number of independent components
of the multipole electrical moments of the rank n equals to 2n + 1 for systems of C;
symmetry. For the case of highly symmetric species the number of independent

components is reduced.

2.1.3 Irreducible Spherical Tensor Definition

Sometimes it is useful to represent the multipole electrical moments in a spherical
form. The spherical form of these moments allows us to apply effectively the theory
of irreducible spherical tensor formalism. For this aim these 2-pole moments may
be written in terms of the regular spherical harmonics using their both complex
Ry, (r) and real (R, (r) and Ry, (r)) forms defined, for m > 0, as

le(r) =1/ Q;t%rlylm(ga QD),

lec(r) = %[(_l)lem(r) +Rl,7m(r)] ) (215)
les(r) =—i %[(_l)lem(r) - Rl,fm(r)]a

where r, 0 and ¢ are the spherical coordinates of the vector argument r.
Finally, the components of the spherical 2-pole electrical moments are written in
the complex form as [1, 2]

le - Z elem(rj)
J

or in the real form

O = Z €jRi(r;),
J

where the labels k¥ = mc, ms and take the values 0, 1c, 1s, 2¢, 2s, ..., lc, Is.
The linear relations between the Q;,, and Q. 2’—pole electrical moments can be
easily obtained from Eq. (2.1.5). It is clear from Eqgs. (2.1.1) and (2.1.5) that the

Cartesian components MO(('/?t and the spherical components Qy,, are also in some

linear relations.
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2.1.4 Dependence on the Origin of the Coordinate System

In general case the multipole moments depend on the origin of the coordinate
system (except for the charge g of a molecule). It follows from the definition (2.1.1)
if the vector r is shifted on any vector a. For uncharged molecules the origin
dependence appears only for the multipole moments of the rank n > 2. As a result,
because in the book only the uncharged molecules and complexes are considered,
their dipole moments and connected with them polarizabilities and first hyperpo-
larizabilities do not depend on the origin of the coordinate system.

2.2 Interaction Hamiltonian

2.2.1 Large Separations

Let us consider briefly, following the works [1-6], how the Hamiltonian of two
interacting molecules, which are far from each other, may be written to apply
afterwards to the van der Waals complexes. It can be expected that for the far
intermolecular distances the interaction energy of molecules is weak relative to the
interaction energy within a molecule. As a result, the perturbation theory can be
effectively used to describe the energy and other values of interacting molecules.
So, the Hamiltonian of the molecular system becomes the sum of the Hamiltonian
of the free molecules A and B (Ho = HOA + Hg ) and the interaction Hamiltonian H':

H=Hy+H, (2.2.1)

where the interaction Hamiltonian H’ restricted by the most strong Coulomb
interactions has the form

H =3 e (Ry) " =) ol (2.2.2)
v J

where (pf =Y. (Rij)71 is the potential, caused by all charges of the molecule A,

which effects on the jth charge of the molecule B. Then, if the potential gof is
expanded in the Taylor series at the point Op of the molecule B and the definition
(2.1.1) is used, the following expression for the interaction Hamiltonian can be
written in Coulomb form

1 WB 15
T
H =- ZmMali.,vaﬁ..,v' (223)
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Here, the functions Fl; | = —(V,Vp...V,¢?)  are determined at the point Op
(hereafter, the Greek subscripts denote Cartesian components and the repeated
subscripts imply summation over x, y, and z). In particular, F¥ = —(V,¢®), is the
electric field at the point Op, Fiy = —(V, V), is the gradient of the electric
field and so on. The potential

¢f = Ze?(Ri)fl

can also be expanded as
. 1, 1 _
(pB = Z A [R ' VLR 4 EriariﬁVaV[;R T

(A (n)
= —M_ T, . 224
Z 2}’1 _ 1) aff.viaf..v ( )

Here the tensors TO((Z)‘ = V,Vg...V,R! are proportional to R"* Y (here n, as

before, specifies the number of subscripts and is usually omitted hereinafter) and
symmetric relative to the permutation for any pair of indexes. Also, as in the case of

M;x) v =0, there is T;C() v = 0. Note that the sign of the tensor T B) , depends on the

definition of the direction of the vector R (from the atom A to the atom B or
backward). As a result, T7;"% = (—1)"T5 ™.

Then, the use of Eq. (2.2.4) leads to the expression for F iﬁ)‘ in the form

' 1 ' '
B _ n'+1 (n")A (n+n")
Fxﬁ v Z (_1) mMac’[i’...v’Tocﬂ...vac’/?’...v" (225)

n

In the particular case of the electric field
1
and for the gradient of the electric field

1
Fly = V.Ff = —Tupq" + Topyt} — gTaﬁ;,(sQf:(; 4+ (2.2.7)

Finally, the expression for the interaction Hamiltonian (2.2.3) can be written as

’_ (7 1)”, (n)B 3 7(n")A (n+n)
H=2 = D)2 — D) Mg T g v (22.8)

nn'
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or in the expanded form

H' =Tq"q" + Tu(q" 1l — ¢°1) + Top(1/3¢" QF, + 1/3¢° 05, — 11}
T (11548, — 1/154°Qy, — 134008 + 1/340))
+ Ty (1/9Q06 005 + -+ ) + -+ (2.2.9)

It should be noted that in the presence of external electric field fo) and its
gradients Fgﬁ, Fgﬂy, cees Fgﬁ,..v (in general case the external field may have some
nonzero gradients) the total field is

Fupow = FOy ,+FLy (2.2.10)

Lyt

As a consequence, the multipole moments of a molecule are also changed (see
details in the Chaps. 3-5).Similarly, the expansion of Ri;' in Eq. (2.2.2) in terms of

spherical harmonics allows us to define the interaction Hamiltonian H’ through the
spherical 2"-pole electrical moments of interacting molecules A and B (see details,
for instants, in [1, 2]):

!
~ F(li,b,m) ) 5)
! s V2
H = ; ZI Ri+h—+1 Qlllez,—m7 (2'2‘11)
1 m=—l_
where

(ll —+ lz)'
(L +m)\ (1, — m)! (L +m)! (I, — m)!]"/?

F(ly,l,,m) = (—1)" (2.2.12)

and /. = min{l;, L, }.

2.2.2 Small Separations

It should be noted that for small intermolecular distances, when the electronic shells
of interacting molecules begin to overlap, the effects of exchange interactions
appear and the theoretical treatment discussed above can no more be applied for
description of properties of interacting molecules. In this case, for small R, the
interaction Hamiltonian H’ in (2.2.2) can not be expanded in the Taylor series and
the computational methods of quantum chemistry should be preferred. At present,
due to the big progress in development of new methods and increasing of com-
putational resources, computational chemistry is widely used. Among others, one
should mark out ab inito methods of calculation. In general, ab initio methods give
good qualitative and quantitative results and can provide better accuracy of cal-
culations with decreasing of the size of system under investigation. The advantage


http://dx.doi.org/10.1007/978-3-319-49032-8_3
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of ab initio methods is that they do not use any empirical parameters. We can
schematic distinguish the following law of increasing accuracy using a middle size
basis set for single reference methods:

HF <MP2 =~ CCSD <SAPT < CCSD(T) ~ CCSD(T) — F12<CCSDT. . .,

where the conventional denotes are used for methods: HF—Hartree-Fock (or
Self-Consistent Field (SCF)); MP2—second-order Megller-Plesset Perturbation
theory; SAPT—Symmetry-Adapted Perturbation Theory; CCSD and CCSDT—
Coupled Cluster theory with a full use of single (S), double (D) and triple
(T) electron excitations; CCSD(T)—Coupled Cluster theory with a full use of
single (S), double (D) and perturbative treatment of triple excitations. In 2007 a new
explicitly correlated CCSD(T)-F12 approximation was presented and tested in Ref.
[12]. This method proved to be more accurate and faster than conventional CCSD
(T) method with the same basis set [12]. The considered methods (except HF) take
into account the electron correlations which play an important role in van der Waals
interactions, thus these methods could be successfully applied for solving problems
of weakly-bound complexes. For example, CCSD(T) method allows to account for
99 % of correlation energy and at present it is one of the most popular methods
applied to small molecules. However, it is difficult to apply this method for systems
with a large number of particles due to big computational time and limited com-
putational resources. For large molecular complexes the different variations of the
density functional theory (DFT) or time dependent density functional theory
(TDDFT) can be applied. The accuracy of these methods depends on the fortunate
choose of exchange-correlation functionals. Recently, Wu et al. [13] have carried
out the assessment of density functional methods in calculating the electric polar-
izability of 145 medium-size (3—14 atomic) organic molecules. They have found
that at least three functionals among 34 considered should be used. They are
devided into three groups: 1) one of M11 and M06-2X; 2) one of ®B97 and
LC-tHTCH; 3) one of HISS and LC-oPBE.

At last, it should be noted that a lot of semiempirical model potentials applied for
both short and long separations are widely used now to solve different problems of
physics and chemistry. A rather complete review of those one can find in the book
of I. Kaplan [2].

2.3 Interaction Energy

2.3.1 Long-Range Distances

For the long-range intermolecular separations the perturbation theory can be
applied. Within the perturbation theory using the interaction operator (2.2.3) one
can obtain the energy of the pair of uncharged molecules A and B perturbed by a
weak general static electric field as [5, 14]:
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E" = E) + Ej + AE"®, (2.3.1)

where EY and EY are the unperturbed energies of interacting molecules and the
interaction energy of the pair of molecules

AEAB Eflfctr + Emd + Eggp (232)

Here the first-order perturbed energy is called the electrostatic energy EAB. :

1

1
< Fly — =Py sFops — . (23.3)
15

EAB
F, 105

electr

-3 @A 3F g —
The second-order perturbed energy is usually considered as two parts: induction
(when only one interacting molecule changes its states) and dispersion (when both
molecules change their states together).
The contribution to the induction energy E25 from two molecules can be written
as EAB = (14 PAP)EA ,, where P*” permutes labels A and B and

1
2

1

1 1
A FA FA A A A FA A A
Eind - xgﬂ B 3Ax B/FacF 6Cocﬂ y0° off 15 ac[?)beFﬁw,é

1 1
- _D?:ﬂ"f()‘s'F?F;}y(Ss T oAs ?/K quFx Fﬁ/()sq‘) Ka/s’ ()FFQBF,()F
105 945
1 1,
ﬁaﬁ/F;‘FAFA 6Bgﬁ4r'z3FAF;i‘FA 30 Maﬁ /58F?F§FA58
1
-3 Voo FRFLFs — Nog, s, FAFRFIFS — - (2.3.4)

The dispersion energy E4Z can be expressed in terms of the polarizabilities at

disp
imaginary frequency iw [5, 11]:

oo
1 . .
E&‘gp = _2—Ta/;TM5 / oc;‘y(zw)ocgé(lw)dw

oo

XﬁT/és/ (i A/zaa (i) — ( )Agm( w)ldw
0

o0
- aﬁ,Tmrb/ (i Cﬁ/ Hp(m’) +°‘m(l€0)cﬁ sd)(lw>
0

oo

2 1
= A A 0o — T [ A8y ..
0
(2.3.5)
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It is evident from (2.3.3)—(2.3.5) taking into account (2.2.5) and (2.2.10) that in
the presence of an external field the multipole electric moments and polarizabilities
of a molecule can be determined as the correspondent derivatives of the energy
E(F,,Fyp,Fyp,,...) with respect to an external field F] 2 or field gradients
Fg/j,Fgﬁy,Fgﬂyé,.... In particular, these derivatives at Fg =0, Fgﬂ =0, Fgﬁy =0,...
give the values of multipole electric moments and polarizabilities of any molecule
or van der Waals complex. For example,

OFE OE
luxziio 7@%ﬁ:7370 )
aFoc Fy=0,F,=0,... 6Fo¢/§ F0=0,F =0.... ( )
! 2.3.6
OE
Qapy = —15 55—
oy FO=0,F%,=0,...

2.3.2 Small Distances

As mentioned in previous section for small distances between interacting molecules
the methods of computational chemistry must be applied for calculation of any
property of a supermolecule. It should be pointed the main sources of errors in
ab initio calculations:

1. Basis set superposition error (it can be removed using the counterpoise
(CP) correction scheme).

2. Error due to the incompleteness of the basis set (this error can be removed using
the Complete Basis Set limit (CBS) extrapolation schemes).

3. Not full correlation.

It should be pointed out that ab initio methods are of high computational cost.
They require a large amount of CPU time, disk storage and physical memory.

Basis Set Superposition Error (BSSE). The term BSSE was introduced by Liu
and McLean in 1973 [15]. BSSE arises when two chemical fragments, A and B,
approach each to another to form the AB supermolecule (or dimer) and the calculated
interaction energy is unphysically overestimated. Note that A and B fragments can be
both atoms and polyatomic species and present in every chemical bond. The con-
ventional way to correct for BSSE is based on the Boys-Bernardi [16] counterpoise
(CP) correction scheme. Using the CP correction one has to calculate the energy of a
complex and energies of monomers in the basis of the whole complex for every
geometrical arrangement. So, the CP-corrected interaction energy can be defined as

AE" = Eq3(AB) — Eo(AB) — E3(AB) (2.3.7)
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or the CP-corrected total potential energy of a complex
E? = Exp(AB) + Es(A) — Eo(AB) + E(B) — Eg(AB). (2.3.8)

Here we use subscripts to denote the molecular species and the letters in paren-
theses refer to the (composite) basis used in the calculation. For example, E4(AB) is
the energy of monomer A calculated using the basis set of the dimer AB. Of course,
Eq. 2.3.8 can be generalized to the case of an arbitrary number of subsystems.

Basis Set Incompleteness Error (BSIE). It is known that in electronic structure
calculations the basis sets are not complete. As a result, it is of interest to calculate
the interaction energy in the Complete Basis Set (CBS) limit to eliminate BSIE.

Extrapolation schemes

If to use the CBS extrapolation for the BSSE-uncorrected energies, there is
generally no monotonic convergence as is observed for BSSE-corrected ones [17].
But when we consider the energy values obtained successively, the convergence is
rather systematic. Therefore, for the good convergence of energies to the CBS limit
they have to use also rather large basis sets. For this purpose, the augmented
correlation consistent aug-cc-pVXZ (X = 2 (D), 3 (T), 4 (Q), 5, etc., where X is a
cardinal number of a basis set) basis sets (or, shortly, aVXZ) of Dunning [18] can
be employed. At present, there are several CBS extrapolation schemes. The most
known from them are the following schemes of Feller [19]

EFF = EfLc + Bexp(—aX), (2.3.9)
of Truhlar [20]

EYf = Elggs +AX,
corr corr -
EY" = E&e+BX P, (2.3.10)
0i HF COrr
Etczlas = Ecps + Ecgs,
of Martin [21]

Eghs = (X+3/2)"/[(X +3/2)" = (X +1/2)"|EY",,

h , . (2.3.11)
— (X+1/2)7/[(X+3/2)" = (X +1/2)"]EY"

and of Helgaker [22]

EY" = Efps+ Bexp(—aX),
EY" = ESe+AX 3, (2.3.12)

tot __ pHF corr
Ecps = Ecpg + Ecps-
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Here E¥F, E¢™ and EY' are the Hartree-Fock, correlation and total energy,
accordingly; B, A and a are the parameters to be optimized. The subscripts “X” and
“CBS” correspond to the energy calculated using aug-cc-pVXZ basis set and the
energy obtained in the complete basis set limit. It should be noted that Helgaker’s
extrapolation scheme is a three-point one for the Hartree-Fock energy and a
two-point for the correlation energy.

It should be pointed out that such extrapolation schemes to the CBS limit can be
also applied for the accurate calculations of bond lengths and angles [17].

Bond functions

There is an other way to get results closer to those obtained in the CBS limit:
placing additional bond functions between molecules on a ghost atom. It will speed
up the convergence of calculations to the CBS limit. There are two ways of placing
the functions: first one, and more often used, at mid distance on the vector
R connecting two molecules/atoms; the second one, at the distance on vector R that
corresponds to the center of mass of the complex.

2.4 (Hyper)Polarizabilities

When any molecule is in the external electric field FO the new electric property of it,
connected with the polarization of the molecule, appears. The polarization leads to
the dependence of the electrical dipole moment on the field FO. This dependence
may be formally represented by the Taylor series (see 2.3.1 and 2.3.2)

1 1

where the tensors o, f8,4, and 7,4, are the polarizability, first hyperpolarizability
and second hyperpolarizability tensors of a system, respectively. It is seen from
Eq. (2.4.1) that the (hyper)polarizability tensors of a system can be defined as

O, Oy Oy
_ = s = | 2.4.2
TR, ) o OFYFY| , Yo = OFOFOFD o (2:42)

or as the corresponding derivatives of the energy (see 2.3.3-2.3.5). It is also clear
how other higher hyperpolarizabilities of a system can be determined. Such pro-
cedure is usually used in the computational codes.

When the external field is not strong and changes over time, the time-dependent
perturbation theory can be applied to obtain the analytical expression for the (hyper)
polarizabilities. For this, it is sufficient to consider the dipole approximation when
the interaction operator H'(t) = —u,FO(t) where FO(t) = FOexp(—imt) is any
harmonic field. Then the average dipole moment of a volume V is determined as
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1o () = Tr(p(t), uy) = Tr(p(2), it,) (2.4.3)

where p(7) and p(f) are the density matrices (the tilde sign over the operators
denotes, as usual, that these operators are written in the interaction representation:

A = exp(L Hot)A exp(—L Hot)) and the following equation for p() is fulfilled

dp

ih
’az

[H'(1), p]. (2.4.4)

Assuming that p(z) can be expanded in a series in powers of the perturbation

H=3 90, (2.4.5)
3
the Eq. (2.4.3) gives the iterative equation
opW) -

in gt - [H/(t), p“‘—”], (2.4.6)

where in the first approximation
t
- 1 ~
P (1) = - / [H'(1), podr (2.4.7)

and p,, is the equilibrium density matrix in energetic representation when external
fields are absencet (usually, it is the Gibbs canonical distribution).

In this way, for the equilibrium density matrix p, the susceptibility tensors yg;,)

can be determined for any kth approximation. These tensors are determined through
the oy, ﬂ“ﬂy, Vapys polarizabilities and so on for k = 1, 2, 3,... respectively as:

1/}) = — e kT <
(n) (n)

where F is the Helmholtz free energy and <n|y“[; |n) = otaﬁ, <n|,(m|n> Bag,»
(n|7 ) = /iﬁ)v s and so on are, respectively, the polarizability, first hyperpolar-
izability, second hyperpolarizability and higher hyperpolarizability tensors of a
molecule being at the state n (thereafter, for the ground state the index n for
polarizabilities will be omitted). It is clear also from Egs. (2.4.2) and (2.4.3) that

any (hyper)polarizability tensor depends on the frequencies of external fields (see
the details in [1, 3-5, 11]).

n|i) ‘n> (2.4.8)
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Chapter 3
Interaction-induced Dipole Moment

3.1 General Backgrounds

3.1.1 Computational Features

In order to evaluate the dipole moment, the finite-field method [see Eq. (2.3.2)]
described by Cohen and Roothaan [1] is often employed. This approach is now
implemented practically in all computational codes (Gaussian [2], Molpro [3] and
others). One can propose several techniques to obtain the dipole moment in this
way. The first technique is evident following the definition (2.3.2). In this case the
dipole moment components can be determined easily as the first derivatives of the
energy E(F?) with respect to the external field FO using the most simple 2-point

expression [with errors of order (Fg)z]:

0y _ r(_ 10
p — B ECED L)

or using the more correct 5-point stencil formula (with errors of order (F2)4).
However, in this way, the higher polarizabilities give some contributions to z,. And
to decrease these contributions the values of fields used have to be chosen very
accurately. To remove the contributions of higher polarizabilities it is enough to
write the system of equations for E(FY) in Eq. (2.3.1)~(2.3.4) at the values of
+F0, +2FY £4F0 ... for the case of homogeneous field. Then, solving this system
with respect to u,, the dependence of the dipole moment on arbitrary higher
polarizabilities can be removed. This procedure can be also applied to the case of
(hyper)polarizabilities. The generalization for the nonhomogeneous external electric
field can be applied for the multipole moments and high-order polarizabilities of
any molecule. In this way, Maroulis [4] has proposed the more accurate formula
restricted by the term in (2.3.4) including the second hyperpolarizability:
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256D, (F))—40D,(2F?) + D,(4F))
Ha = 180F0 ’

(3.1.2)

where D, (F?) = 7%‘

3.1.2 Long-Range Analytical Formalism. Induction
and Dispersion Contributions

To obtain the induced dipole moment of the molecule A being in the weak electric
field of the molecule B one should calculate the first derivative of the energy EA2

with respect to the external field FO. The electrostatic interactions (Eq. 2.3.3) give

the permanent dipole moment ,ué) ,u&) ,u(0> , the induction interactions

(Eq. 2.3.4) give the contribution to the induction dipole moment p45 and the dis-
persion interactions (Eq. 2.3.5) give the contribution to the dispersion dipole
moment 4% . Therefore, the total dipole moment 1;” is the sum of the permanent,
induction and dispersion dipole moments:

w0 = g = (1 PP, (3.1.3)

where y4 = (" 4 intA 4 ydisP A The induction part of the dipole moment of the
molecule A has the form (see Eq. 2.3.6)

) OE4 1 1
ind,A __ nd __ A A
My == 815"6 *“AﬂF +3 3 y/?,Fﬁ,+ G aﬁ,oFﬁo+ 105D/2ﬁ/0bFﬁu5b
o
1 A A A A 1 A A 1 A A
+ a5 Moo Frong -+ 3 ﬁvﬁyF F 4 3 Bap P + s MapaF P+

1
+ gyﬁ‘ijﬁFfFﬁ + 3Ny, ﬁ,-xF;}F;‘Fﬁ‘a. ..
(3.1.4)

For further consideration of the dipole moment, polarizability and hyperpolar-
izability of a complex we need also some expressions for multipole moments
(see 2.3.1-2.3.6):
2%-pole (quadrupole) moment

@ = ®oc/}) +AA()1FA +5 BA() at[fFAFA +Cg(ﬁ ‘)FV‘) + - (315)

2

23—pole (octupole) moment
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Uy, = QU +ES g Fo+ - (3.1.6)
2%_pole (hexadecapole) moment

(I)/f:ﬁ}'(S oc/}/b + DsAfx/f v()F + - (3.1.7)

and 2°-pole moment

= =04 A
2[5,68 = ocﬁy()z +H F +- (318)

@,fyde

If the other highest multipole moments are needed the procedure to obtain their
expressions is evident. So, in order to obtain the induced dipole moment of the
molecule A, we expand u"*4 in (3.1.4) using equations for the field and field
gradients (Eq. 2.2.5). Then Egs. (3.1.4)—(3.1.18) for the dipole, quadrupole and
other moments should be also employed. And assuming F = 0 for the expressions
obtained, the induction dipole moment of the molecule A can be written in the
general case for neutral systems as (see also [5])

1

1544 = oy} Ty, + g“f:ﬁ(agiTﬁw -

1, 1 .
gAa‘/;;-HgTﬁré - §A2‘_/3~;®(ss Tpyse

1 A OB 1 A B 1 B 1 B
+ 15 ZapoeTproe + 75Eoc prote Tyoe + 105 “Q/f(bymeﬂvém ~ 1050 ﬁ;vés/‘(pTﬂ>'r58<ﬂ

1 B
5 o /;,Q()“/,Tﬂ,()np + = 45 E1 [i,o(aupTﬁ/()“ﬂ + oiz 945 “’:ﬁ'—‘ymw Tﬁ/()“ﬂ‘ - 3 15 A1 By (I)(ié:quﬁ?"Sg‘/?“
1 A B B
- mDa,/}ydl:Qw\'TﬂV’k‘/’" + E Eo(,/i",'ﬁgz:(vaﬁ’/(s“l"’ + %Hzx,/}y&uwﬂr Tﬂ}"s*?‘/’" + E ﬁa/i&"u”/ He Tﬁ‘/' T

2 1 1
A_B AAB A B A
+ i) o Tys T + 3 At AS T Toe — 3 Ly @500 Ty Ty — 345 1o, T T s

1 A BB 1 B B
+ gﬁuﬁél‘té GEwTﬁ(;T"/‘ﬁ(/’ - 532,/3.','5”5 Mgf)T/ﬁ?T}'(SlP +o

(3.1.9)

For simplicity, hereinafter for final formulas the upper index (0) for all operators
is omitted. Accordingly, using Eq. (2.3.5) the accurate dispersion contribution
through the order R~ to the dipole moment is written as:

disp AB __ 8Ed1317 disp,A 4 'udzvp B

o 8F2 FO:O_ Hy,

where

o]
. 1 ' o .
oA :ET/MT"F'/ du)[f";ﬁ.,,(O7 io, —io)dk (io)
0

&) &)
1 . . . 1 . . .
+§T/3ET.,,;¢/d(uBHM(O,zw,—1w)ocl/§7(zw) —ET,;ET.,,;Q,/dw[i;‘ﬂ.,.(OJw,—tw)Af_M(zw).
0 0

(3.1.10)
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It should be noted that it is not always easy to calculate the dynamic highest
(hyper)polarizabilities at imaginary frequency iw. However, some good approxi-
mations can be used to estimate their values [6—9]. These approximations are based
on the “constant ratio” approximations (CRA) that allows us to express the dis-
persion contribution to the dipole moment in terms of static (hyper)polarizabilities.
Let us consider, for example, the more correct approximation CRA2 from them
proposed in the original paper [9]. This approximation gives the simple relations for
the integrals appeared in Eq. (3.1.10). Consider for illustration, in detail, first of
them:

0 JAB

/dwﬁ;‘,ﬁ(o,iw, i) i) = 22 ¢ (3.1.11)
' 3 Ly

0

where the following notations are used

o]

Cs = % / dwo (im)o® (i) (3.1.12)

0
and the “constant ratio”
it B BA
A8 fdwﬁgby(o, i, —iw)o” (iw)
0

[/‘“ = _ : (3.1.13)
i [ dwo (iw)o® (iw)
0

Here, the o4 is the mean polarizability of a molecule A(or B):
1
B = g(ocf);BJroc;‘y’BJrocﬁz’B)' (3.1.14)

The last integral can be estimated rather well using Unsdld approximation [10]
that gives the following expressions for the (hyper)polarizabilities:

QZ
O+ w?’
gz 307 4+ w?
3 (2 +w?)?

oy (i) = oy3(0)
(3.1.15)

ﬁoc/fy (07 i, _iw) = ﬁoc/fy(ov 0, 0)

Here Q is any average excitation frequency for the molecule. Therefore, after
taking the integrals over o the following estimation of (3.1.13) can be obtained
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I?;Buﬁﬁf (0,0,0)05,"(0) [1+ 2 Ay 5 (3.1.16)
L, oA(0)aB(0) 1+A, o
where
Qp Q4
Al=— A =—-
1 0, 2 N

Analogously, one can get the expressions for other integrals in Eq. (3.1.10). As a
result, assuming that Q4 = Qp, the expression for ,ug”p’A takes the form

| 5TpsT,:C,
disp, A B por o6
5T4:Ty50C.
) B et yop Lo
. {$1ﬁ15¢“ﬂyr _ Baﬂb(paA /31/3} £,00 ﬂa(l?,AL ()90:| W
(3.1.17)

Thus, having necessary properties of free molecules, it is not difficult to calculate
the interaction-induced dipole moment using suggested formulas. As the compo-
nents of the properties (polarizabilities, multipole moments, etc.) are dependent, in
general case, on the orientation of molecules (Appendix A) we have a multidi-
mensional surface of the dipole moment for a complex.

3.1.3 Exchange Interaction Contributions

When the valence shells of interacting species are weakly overlapped, the analytical
formalism can be applied to describe their electrical properties taking into account
exchange interactions. In this case, to take into account the exchange effects, the
asymptotic methods [11, 12] could be used. These methods may only be applied in
a range of R where a weak overlapping of the valence electron shells of interacting
systems takes places. Such situation is typical for the ranges of R corresponding to
potential wells of van der Waals complexes. Let us consider a case of two inter-
acting atoms with the valence s-electrons. In this case, the exchange interaction of
atoms can be approximately considered as an exchange interaction of two valence
electrons (by one from each atom). Then the two-electron (one electron from atom
A and one from atom B) molecular wave function of the state n can be written in the
form:

W, (ri,m,R) = Cfll)!b,gl)(rurz,R) +C,(12)‘//,(12>(”1,"2,R)7 (3.1.18)
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where

W (1 B) = (oW (1, R) o™ (12, R (1,12, B)|
" (3.1.19)

V1,2, R) = [0 (12 R0 (11, R) 1y (11,12, B)|

Here ¢ (ry,R), ®) (r,R) and ¢ (r2,R), 9®)(ry,R), are asymptotic wave
functions of the first and of the second electrons located near corresponding atom
cores. Equations (3.1.18) and (3.1.19) are written in the molecular coordinate system
in which the interacting atoms are located on the axis z, and the center of the
interatomic separation is taken as the origin of coordinates. In this coordinate system
r; and r, are the coordinates of the first and of the second electrons. The functions
7:(r1,r2, R) and y;;(r1,r2, R) accounting the interaction of electrons with each other
and with extraneous nuclei have complicated forms and are given in [12].

The function ¢(r, R) can be obtained from the asymptotic radial wave function
of a valence electron of a neutral atom. This radial wave in the coordinate system
with the origin in the atom nuclear has the form [11]:

o(r) = Agr' P exp(—rp), (3.1.20)

where [)’2 / 2 is the atom ionization potential and the value of the asymptotic coef-
ficient A depends on the electron distribution in the internal zone of the atom. The
function ¢(r, R) is obtained from the function ¢(r) by transition from the atomic
coordinate system to the coordinate system of the complex.

Then the exchange interaction contribution into a-component of the dipole
moment for two interacting atoms may be represented as [13]

exch
IuZXCh = <l//,(11>(r1,r2,R) Hy l//£12>(r1ar27R)>
= Bd(XAaeAv(/)a7XB’037(pB)R5 exp(_"R) (3'1'21>

where the parameters ¢ and 5 are determined by the ionization potentials of the atoms
A and B. at the electronic state n. For small molecules we can conserve the form of
R-dependence of the exchange dipole moment components like the form for inter-
acting atoms in Eq. (3.1.21). This form is supposed to be the same for all compo-
nents and doesn’t depend on the mutual orientation of molecules in the complex. The
orientational dependence of " (through the Euler angles y,, 04, ¢, 15, 05, @p) is
introduced by B, parameter which is weakly depended on R for the region of small
overlapping of electron shells. It should be noted, that the size of interacting
molecules is accounted only by the B, parameter.

The results obtained for atoms with the valence s-electrons can also be applied,
after minimal changes, to interacting atoms having the valence electrons of nonzero
orbital moment /. Indeed, the exchange interaction occurs in the range of electron
coordinates near the axis z where the angular wave functions of the electrons vary
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slightly and so may be substituted by their values on the z axis. Therefore, for this
case taking into account the exchange interaction is reduced to the problem con-
sidered above with the only difference that for the case of electrons with nonzero
orbital momentum the coefficient Ay in Eq. (3.1.20) should be multiplied by

V2041 [12].

3.2 Dipole Moment of van der Waals Complexes

For ab initio calculations of all properties of van der Waals complexes like inter-
action energies, dipole moments, polarizabilities, etc. one should use the basis set
augmented with diffuse function, because they allow to describe better the inter-
actions of molecules that are far from each other (distances are larger than those of
covalent bonds within molecules). Moreover, the use of a method accounting for
the electron correlation (post HF) should be employed.

In case if we consider systems that have single reference character, at least the
MP2 level of theory should be used, and the gold standard is the CCSD(T) level of
theory. For multireference systems one could use the methods like CASPT2 or
CASPT3 (but be sure there is a convergence of the perturbation theory), or MRCL

0.000

-0.001

-0.002

Dipole moment (ea

-0.003

-0.004 94 ¢

5 6 7 8 9 10 11 12
R (a,)

Fig. 3.1 Dipole moment components for the quintet state of O, dimer calculated at the UCCSD
(T)/aug-cc-pVTZ level of theory with (solid line + symbol) and without (solid line) BSSE
correction. The bond length roo was taken to be 2.29 a, for the first molecule and 2.38 a, for the
second one
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Electric properties of van der Waals complex when using ab initio calculations
should be, if possible, corrected for the BSSE and BSIE similar to the interaction
energy. The BSSE could reach up to 10 % for the dipole moments in the range of
the van der Waals wells for the case of a medium sized basis set, like aug-cc-pVTZ
(see Fig. 3.1, for example). However, for the systems with multireference character
the BSSE correction is not used when a size-inconsistent method is employed.

3.2.1 Dipole Moments of Small Complexes

Dipole moments of atom-atomic complexes are now studied very well. These
complexes are the simplest van der Waals complexes and, as a result, they have
been studied first of all and fully enough (see, for instance [14-21]). Particular
analytical forms of dipole moments for atom-atomic complexes can be easily
obtained from the general expressions of Sect. 3.1 with a given accuracy using the
symmetry properties (Appendix B) of interacting atoms. In particular, Eq. (3.1.9)
gives for two interacted atoms (when at least one of them has nonzero quadruple
moment) the asymptotic behavior as R™*. And when these atoms are in the state
s (spherical symmetry) the leading term (~R’) is caused only by the second
dispersion term in (3.1.10). It should be noted that these dependences can be
effectively used to construct the dipole moment function of diatomic molecules for
large interatomic distances [22, 23].

The dipole moments of the atom-diatomic complexes X,-Y, in contrast to the
atom-atomic ones, depend also on the angle 6 between the axis of diatomic
molecule and the axis passing through the atom Y and the molecule X, (Fig. 3.2a).
Note that if the nonrigidity of the diatomic molecule X5 is taken into account, then
the additional dependence of dipole moment of the complex on r appears. So, in
general we have a surface of the dipole moment for such complex. Nevertheless,
these van der Waals complexes are relatively simple yet and they are studied
intensively up to now because of their importance (see, for instance, [24-30]).

X5-Y complex. The r dependence can be easily obtained for X,-Y complexes
(where Y is an atom of noble gas in the ground state) in (3.1.9) if only the leading
quadrupole-induced dipole interaction is taken into account. In this case, the
equilibrium distances (R.) of the complexes are comparable with the size of X,
molecules. As a result, the modelling of a molecule in the form of a point, for which
the interacting molecules are considered as not having the size, can not be applied
and should be modified to take the size of a molecule into account. For this purpose,
each molecule of a complex is considered as two effective point atoms without any
interactions between them. The position of these atoms coincides with those of the
nuclei of the molecule. The tensor of the total quadrupole moment of the effective
atoms is the same as that of the molecule. For the diatomic homonuclear molecule
the quadrupole moments of the effective atoms are equal to each other. Thus, the
dipole moment of the complex is a function of intra- and intermolecular separations
and relative orientation of the complex components. As a result, in the framework
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Fig. 3.2 a Atom-diatomic molecular complex X,-Y. I, 2—the atoms of X, molecule; 3—the
atom Y r is the distance between atoms of X5; R is the distance between Y and X,. b Components
of the dipole moment of N,—Ar complex calculated in the framework of the modified induction
model (R, u, and Wy, are in a.u., 0 in rad)

of the modified model the components of the dipole moment of the complex may be
written in the form

=57 (3.2.1)

p<q

where the indexes p and g are the numbers of atoms in a complex and the values p£4
are the dipole moment components of pg-bond. In this way the following expres-
sions for dipole moment components can be obtained

0®, 300,17
e =Hy =g P;5(cos 0) + ETP4(COS N+ ---, (3.2.2)
a® 150017
p=-3 R4ZZ P)(cos 0) — TR—ZéPg(COS 0O+ ---. (3.2.3)
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where a is the polarizability of the inert atom Y, ®;—quadrupole moment of X,
P(cos 0)—associated Legendre polynomials. The first terms in Egs. (3.2.2) and
(3.2.3) correspond to the point model and the second terms give contribution into
dipole moment of complex caused by size effect of the molecule X,. In Fig. 3.2b
the R and @ dependences of the dipole moment components for N,-Ar complex are
shown.

X>-Y, complex. Analogous approach can also be applied to the X,-X; and X,-Y,
complexes. In the modified model the tensors of polarizability and quadrupole
moment of effective atoms X(Y) are equal each to other and their total polarizability
and quadrupole moment are the same as that of the molecule. So, retaining the
leading term, the dipole moment of the complex X,-X, may be written as

o= Y (k=) (3.24)

r<q

where

1 2 2 2 S
1t = RT Z ai')l(aj(‘{k{SRﬁ%iRPQJRﬁ%k - ququ,iéjk - quRﬁq,k‘Sij - ququ-jbik}'
Pqijk

(3.2.5)

In Eq. (3.2.5) of; and @_;’k are the polarizability and quadrupole moment tensors
of pth and gth atoms respectively; R, is the separation between pth and gth atoms,

Ryq.i 1s the projection of the vector I_épq on the axis i and J;; is the Kronecker delta.
The dipole moment surface in this case depends on R, ry, r», 8, 6, and ¢ (see
Fig. 3.3). Some calculations illustrate the dipole moment of the N>—N, dimer in
Table 3.1 and Fig. 3.4.

In order to demonstrate the performance of the long-range approximation (3.1.9)
for the description of the dipole moment and the range of applicability of this model
let us consider several complexes, such as CO,—H,, CO,—CO, and N,-H,. The

\rN

Fig. 3.3 Coordinate system of N,—N, complex
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Table 3.1 Dipole moment of N,—N, dimer (in D)
Configuration R, A | u[115] s u° s u° u°

0, |0, & [115] r =r, =2.08

do

Gear-45 |45 [45 | 0 [4.09 0.000 0.000 |0.000 |0.000 |0.000 |0.000
(Can)
Gear-30 |60 |30 | 0 |4.10 0.017 0.019 |0.023 |0.023 |0.023 |0.022
(CS)
Gear-15 75 |15 | 0 |4.13 0.030 0.032 |0.039 |0.038 |0.038 |0.037
(e8]
T (Cav) 9 | 0| 0 |4.15 0.034 0.036 |0.044 |0.043 | 0.043 [0.042
X30 (Cy) |90 |30 |90 |4.03 0.025 0.028 |0.034 |0.034 |0.034 |0.033
X60 (Cy) [90 [60 (90 |3.78 0.001 0.011 |0.014 [0.014 |0.014 [0.014
X (Dyg) 90 {90 |90 |3.63 0.000 0.000 |0.000 |0.000 |0.000 |0.000
Parallel 90 |90 | 0 |3.70 0.000 0.000 |0.000 |0.000 |0.000 |0.000
(D2n)
Linear 0| 0] 0522 0.000 0.000 |0.000 |0.000 |0.000 |0.000
(Doon)

Author’s calculations for r; = r, = 2.07 ay: “HF method with aug-cc-pVTZ basis set plus midbond
functions (BSSE corrected); "MP2 method with aug-cc-pVTZ basis set plus midbond functions
(BSSE corrected); “MP2 method with aug-cc-pVQZ basis set plus midbond functions (BSSE
corrected); ‘CCSD(T) method with aug-cc-pVTZ basis set plus midbond functions (BSSE

corrected); *“Modified model
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Fig. 3.4 Components of the dipole moment (eay) of N,—N, complex calculated in the framework
of the modified induction model (the angles are in rad). R = 7.14 agp, r; = 1, = 2.07 ay, ¢ = w/2

bond lengths of monomers were kept frozen in their ground state geometry. We
have limited the expansion of induction part (3.1.9) and dispersion part 3.1.17 of
dipole moment to the terms ~R™* through the terms ~R™’. The results of ana-
Iytical representation and ab initio calculations for selected angular orientations are
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Fig. 3.5 Dipole moment of CO,-H, (a), N,—H, (b) and CO,~CO, (¢) complexes calculated in the
framework long-range approximation (dotted lines) and at the CCSD(T) level of theory (solid lines
+symbols). Black color py; red color y; blue color y,

presented at Fig. 3.5. The ab initio calculations were carried at for all cases using
the finite-field method with the BSSE correction at the CCSD(T) level of theory in
aug-cc-pVTZ basis set. The properties used for analytical calculations are reported
in Tables 5.4 and 5.5. It is notable from the Fig. 3.5 that the long-range approxi-
mation for considered complexes reproduces well the dipole moment for R > 7 a,,.
It should be noted from the figure that the z-component of the dipole moment is the
largest because the z-axis is the axis along which the molecules interact here.

3.2.2 Dipole Moment Surface of the van der Waals
Complex CH ~Ar

In this paragraph we will concentrate on ab initio calculations of the dipole moment
of methane-argon complex relevant to the atmospheres of Titan and Earth. Also, the
analytical form of the dipole moment components is presented for the case of rigid
methane molecule.


http://dx.doi.org/10.1007/978-3-319-49032-8_5
http://dx.doi.org/10.1007/978-3-319-49032-8_5
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Table 3.2 Basis functions
used for representation of
dipole moment of the CH4—Ar
complex

=
of
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The ab initio calculations were carried out at the CCSD(T) level of theory with
aug-cc-pVTZ basis set augmented by midbond functions (for more details, see Ref.
[31]). Then, the full 3D surface of each dipole moment component was represented
as a sum of spherical harmonics multiplied by corresponding expansion coefficients
and a cosine/sine function.

e = 3 (<1 (R)Pin(cos(6)) cos(mep),

Lm

ty =Y (=1)"aum(R)Py(cos(0)) sin(me).

Lm

The possible values of [ and m for the complex under consideration are reported
in Table 3.2. The expansion coefficients a;,(R) were found by a least square fit at
each point of R to ab initio results. Then, the coefficients were interpolated by cubic
splines for the range of R: 4.5-30 a, covering both repulsive region and the region
of van der Waals attraction. The relative errors of the fitted surfaces do not exceed
5 % for the range of short separations and 0.5 % for long-range separations.



30 3 Interaction-induced Dipole Moment

3.2.3 Dipole Moment Surface of the van der Waals
Complex CH ~N,

The description of dipole moments of molecular complexes is significantly
sophisticated as the number of atoms in the interacting molecules increases. The
electrical properties of molecular van der Waals complexes are now studied not
fully enough. Below, we concentrate our attention only on two relatively large
molecular complexes CH4—N, and C,H,—C,H, (Sect. 3.2.4) which have, on the one
hand, the astrophysical interest and on the other hand, they illustrate effectively the
theory discussed above.

It is well known that any gas media consisting of nonpolar molecules absorb in
IR and far IR spectra [32, 33]. The nature of absorption is in the presence of both
transient dipole moment of colliding molecules, and of the dipole moment of stable
van der Waals complexes. For this reason, the dipole moment of interacting
molecules is the object of numerous theoretical and experimental studies [24,
34-44]. One of the reasons arising an interest to the CH4—N, complex is related to
the study of the nitrogen-methane atmosphere of Titan [45-60] (the satellite of
Saturn). Due to low temperatures (70-100 °C [51]) of its atmosphere and relatively
high pressure (1.5 bar), the formation of stable van der Waals complexes
CH,—CH4, N»-N, and CH4-N, is very probable. These complexes play an
important role in all physical-chemical processes of Titan atmosphere [45, 46]. In
particular, van der Waals complex CH,—N, will manifest itself as spectral pecu-
liarities on the background of non-resolved diffuse contours of absorption spectra of
colliding molecules CH4 and N, [33].

At present, the CH,—N, complex is relatively well studied. There are several
works [61-63], where the theoretical investigation of the potential energy surface
was carried out. It was found that there is a family of the most stable configurations
of the CH4—N, complex with the energy difference of less then 0.04 cm! [63].
Electric properties of the complex were studied in Refs. [7, 64]. In Ref. [7] the
analytical investigation of the long-range collision-induced dipole moment surface
taking into account the induction (up to R~°) and dispersion (up to R~’) contri-
butions was carried out. The dipole moment surface suggested in Ref. [7], was
employed for the description of collisional spectra of molecules CH, and N, in
works [65, 66]. In these works, it was shown that calculated absorption spectra for
frequencies from 30 to 250 cm™' agrees well with existing measurements [67, 68]
but at the high frequencies >250 cm™" it shows substantial intensity defect. In the
work [64] (and Sect. 3.2.3) the long-range model of the dipole moment surface [64]
was improved by fully including the induction terms up to R’ and by accounting
for the contributions from the effects of electron shells overlap of the interacting
molecules.

A. Ab initio and analytical calculations

The calculation results of dipole moment surface of the van der Waals complex
CH4—N, are performed in this Section following to the theoretical treatment
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considered in previous Sect. 3.1. The symmetry properties of CH, and N, mole-
cules (see Appendix B) allow us to simplify significantly general formulae obtained
above.

In this book the Cartesian coordinate system shown in Fig. 3.6a is used for
description of the complex. The origin of the coordinate system is placed on the
carbon atom of the methane molecule. The vector R connects the carbon atom with
the center of N, bond. It has the components (R, 0, 0). The rotation of the methane
(A) and the nitrogen (B) molecules in this coordinate system is determined by Euler
angles y4, 04, @4, 05 and @p, accordingly. The initial position of the molecules in
the CH4—N, complex presented in Fig. 3.6a corresponds to the Euler angles y, =
04 = @4 = Op=@z =0 . In this figure the coordinates of nitrogen atoms are (R,
0, £ ryn/2) and the CH, molecule has the standard orientation: the carbon atom is
at the origin (0, 0, 0) and hydrogen atoms have the coordinates (c, c, c), (¢, —c, —c),
(—¢, —¢c, ¢) and (—c, ¢, —¢), where ¢ = rcg/ /3. In the present study the geometries
of the monomers CH,4 and N, were optimized at the CCSD(T)/aug-cc-pVTZ level
of theory. The equilibrium bond lengths for the CH4 and N, molecules were found
to be rcy = 2.0596 ag and ryy = 2.0864 ag, accordingly. During the calculations
the monomers were kept rigid with geometric parameters mentioned above.

Ab initio calculations of the dipole moment components were carried out at the
CCSD(T) level with the BSSE correction.

The mostly discussed in works [7, 61-64] configurations of the CH4—N, com-
plex, including the most stable configuration, are presented at Fig. 3.6b. The
geometric parameters (Euler angles y4, 04, ¢4, 0p and ¢p) for these configurations
along with equilibrium distance R, and interaction energy AE(R,) are given in
Table 3.2. The ab initio calculations of the dipole moment components g, for these
configurations at the MP2 and CCSD(T) levels of theory are presented at Fig. 3.7.

-0
-0

Fig. 3.6 a Coordinate system for the initial geometry; b General geometries of the CH4—N,
complex (Reprinted with permission from Ref. [64]. Copyright 2010 American Institute of
Physics)
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Fig. 3.7 Ab initio calculation of the dipole moment (a—p,, b—u},) for six configurations of the

CH4—N, complex (Fig. 3.6b). Solid line MP2 calculations; circles CCSD(T) calculations. The
numbers indicate the configurations (see Table 3.3). (Reprinted with permission from Ref. [64].
Copyright 2010 American Institute of Physics)

Due to symmetry properties of the complex, the x4, component exists for all con-
figurations of the complex, u, component appears only for the configurations
possesing Cs symmetry, and there is no u, component at all for the chosen six
geometries. Figure 3.7a shows that with the R decreasing the x, component for the
configurations 1, 3 and 6 (the N, molecule lies along the x-axis) monotonically goes
up and for the configuration 4 monotonically goes down. The functions x, (R) for
the configurations 2 and 5 have more complicated behaviour. The values of x,
components are significantly smaller (by ~10%) then the values of 1, components
because the molecules are arranged along the x-axis. The Fig. 3.7b shows that for
the configuration 4 the function u, monotonically goes down and for the configu-
ration 5 monotonically goes up when the molecules get closer. It should be noted
that the MP2 and CCSD(T) calculations agree quite well .

For the interacting CH, (T; symmetry) and N, (D, symmetry) molecules, the
induction dipole moment p"? through the order R takes the form [5]

Table 3.3 Symmetry, geometrical parameters, equilibrium distance R, and interaction energy
AE(R,) for general configurations (Fig. 3.6b) of the CH,~N, complex

Configuration | Symmetry | y, 04 N 03 ¢ | R (ap) AE(R,) (1 Ep)
[63] [63]
1 Ciy 90 45 t 90 0 8.81 —412.251
2 Cay 0 |45 |90 0 |0 7.26 —566.445
3 Ciy 0 45 t 90 0 8.01 —369.226
4 Cs 0 45 t 0 0 6.84 —675.375
5 Cs 90 45 t 0 0 8.11 —291.741
6 Cay 0 |45 |90 9 |0 8.43 —319.591

The angles are in degrees
t = (180/m) arcsin(1/+/3)
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(3.2.6)

The dispersion contribution to the dipole moment through the order R™’is
defined by the following expression within the CRA2 approximation:

5B, of 5T, T ysC
dis afy o B et pr5L6
.uoc”p = 369;,;(%38 T/J’(ST‘/SCG - (Bgﬂ ré“sw Baﬁ r&@w) W (327)

The analytical expression for exchange dipole moment ,umh

Eq. (3.1.21), where [13]

is defined here by

1 1 1
5_/3_A+E+72(/3A+ﬂ3)+1’ (3.2.8)

NPT 529)

Here and thereafter, the parameters S, and S are determined using the ionization
potentials Uy = ﬂi /2 and Up = Bé /2 of the interacting molecules A and B
respectively. The applicability of analytical description of the dipole moment of the
CH4—N, complex in the framework of suggested model is illustrated in Fig. 3.8. In
this figure the long-range analytical calculations, analytical calculations with taking
into account the exchange contribution and the CCSD(T) calculations of the dipole
moment components for configurations 3, 4 and 5 are given. The dispersion
coefficient Cs = 96.94 Ejay® for interacting methane and dinitrogen molecules is
taken from Ref. [69]. The parameters used for analytical calculations are given in
[70-73] (see also Table 5.2). The exchange contribution to the dipole moment for
considered configurations was found by fitting umh to the difference between
ab initio and long-range calculations in the range of potential well for each con-
figuration. The obtained parameters B, for six configurations (Fig. 3.6b) are pre-
sented in Table 3.4. The analysis of Fig. 3.8 shows that this approach describes
well the dipole moment for the whole range of potential well of considered con-
figurations, while the long-range approximation provides good results for R > 10
borhs. A noticeable divergence of analytical and ab initio dipole moment appears in
the range of R outside of the well (R < 7.4 a, for configuration 3, R < 6.3 q, for
configuration 4 and R < 7.5 a, for configuration 5 [63]). The Fig. 3.8 shows also
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(a)

10°y, (ea,)

R(a) R (ag)

Fig. 3.8 Dipole moment (a u,, b p,) as a function of R for configurations 3, 4 and 5 of the
complex CH4—N, [13]. The numbers indicate the configurations. Solid lines analytical calculations
with the exchange contribution; dash lines analytical calculations without the exchange
contribution; CCSD(T) calculations: triangles configuration 3; squares configuration 4; rounds
configuration 5. (Reprinted with permission from Ref. [64]. Copyright 2010 American Institute of
Physics)

Table 3.4 Coefficients B, (in  conf. B. B

a.u.) for the CH4—N, dipole =

moment” [13] 5.4669 -
0.4041 -

2

3 0.3720 -
4 0.1240 0.00746
5

6

1.5859 0.02739

0.2521 —
ayexch — B, R320238 p=1.53525K

that analytical dipole moment without the exchange contribution leads to incorrect
(in some cases to dramatic) behaviour of dipole moment in the range R <R,. One
should note, that there is also a very good agreement between ab initio and

exchy for configurations 1, 2 and 6 in the range of

analytical calculations (with p

potential well.

The complete analytical description of the dipole moment in the framework
of considered model requires the knowledge of the angular dependence of
B ()4, 04, ®4, 08, 0g) in Eq. (3.1.21). The possibility of the analytical description
of u, can be illustrated using the particular examples (rotation of CH4 by angle ¢, ,
and rotation of N, by angle 63). The numerical values of coefficients B, for 42
complex configurations appeared in this way (13 configurations obtained by rota-
tion of angle fp by 15° from 0° to 180° with fixed coordinates of CH,4; 29 con-
figuration obtained by rotation of angle ¢, from 0° to 360° with fixed coordinates of
N,) were obtained as described above and are presented in Fig. 3.9.

Figure 3.9 illustrates the dependence of coefficients B, on the angle 5 for fixed

Euler angles y, = 0°, 8, = 45°, ¢4 = (180/m) arcsin (1/\/5) and ¢p=0° It is
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Fig. 3.9 Dependence of the coefficients B, on the angle 5 for the configurations of the CH;—N,
complex with fixed y4 = 0°, 64 = 45°, g4 = (180/m) arcsin (1/\/§) and ¢p = 0° [13]. Points—
values of B, deduced from the ab initio calculation (see text); lines—analytical calculation by
Egs. (3.2.10) and (3.2.11) (Reprinted with permission from Ref. [64]. Copyright 2010 American
Institute of Physics.)

noticable, that the numerical values of B, form the smooth functions depending on
the angle 85, which can be expanded in series in terms of Legendre polynomials of
low order. The analytical expressions for the coefficients B,, obtained by fitting to
the numerical values deduced from the ab initio calculation, have the forms (in a.u.):

B.(0p) = 0.2732 — 0.1601P)(cos 0z) +0.0333P)(cos 03)—0.0227P(cos Op),
(3.2.10)

B,(0) = 0.00696 + 0.01060P)(cos 03) — 0.00718P(cos Op)
— 0.00330PY(cos 0p), (3.2.11)

B.(03) = —0.1076P(cos 0g) — 0.0307P;(cos 0g) — 0.0011P%(cos Op)- (3.2.12)

Here P}*(cos 0p) are the associated Legendre polynomials. It should be pointed
out, that at 8z = 0° the complex CH4—N is in configuration 4 and at 5 = 90° in
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configuration 3, and the B, values in Egs. (3.2.10) and (3.2.11) for these config-
urations (B,(0°) = 0.1237 a.u., B,(90°) = 0.3728 a.u. and B,(0°) = 0.00708 a.u.)
are in a good agreement with the values in Table 3.4. It is obvious, that the
functions B, in Egs. (3.2.10) and (3.2.11) are periodic ones with the period of 180°
due to the homonuclearity of the N, molecule.

The dependence of the coefficients B, on the angle ¢, (qo;\ =@, — 90") for
fixed ya = 0°, 64 = 45°, 5 = 0° and g = 0° is shown at Fig. 3.10.

The angle ¢, is introduced to show the symmetry properties of the complex (and
the coefficients B, respectively) more cleary when the the molecule CHy is rotated
by the angle ¢,. For the considered configurations of the CH,—N, complex the
coefficient B, has only x and y components and has the properties: B,(180° —
@) = B:(180° + ¢,), By(180° — ¢),) = —B,(180° + ¢;). The analytical expres-
sions for these coefficients have the following form (in a.u.)

B.(¢),) = 0.6508 — 0.6558P)(cos ¢, ) — 0.0515P9(cos ¢/, ) +0.6386P3 (cos ¢/,)
—0.1913P)(cos @) — —0.0655P2(cos ¢',) — 0.0778P(cos ¢/,
(3.2.13)

B,(¢,) = —0.01062P}(cos ¢,) — 0.03098P; (cos ¢,) + 0.01854P5(cos ;)
—0.02633P;(cos ¢),)  — 0.00127P3(cos ¢,) — 0.00485P¢ (cos @) -
+0.00185P(cos ¢/,

(3.2.14)

The coefficients B, in Egs. (3.2.13) and (3.2.14) are the periodic functions of ¢4
with the period of 360°. The coefficients B, ((p;‘) (and B, (¢, ), correspondently) are
also the smooth functions. So, the considered particular cases of molecular rotations
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Fig. 3.10 Dependence of the coefficients B, on the angle ¢/, for fixed y, = 0°, 04 = 45°, 0 = 0°
and ¢p = 0° for the methane—dinitrogen complex [13]. (Reprinted with permission from Ref.
[64]. Copyright 2010 American Institute of Physics)
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in the complex show that the exchange contributions into the dipole moment of the
complex CH4—N, may be obtained in the analytical form.

B. Dipole moment of the most stable configuration of CH,~N, complex

It is also interesting to consider the dipole moment of the most stable configu-
ration of CH,—N, complex. In Ref. [63] it was found that the CH4—N, complex has
a family of such configurations with practically equal interaction energies (the
difference is less than 0.04 cm™"). These configurations can be obtained from the
configuration 4 by rotation of the N, molecule by angle 7 over the x axis at fixed
equilibrium intermolecular separation R, = 6.8 ay. The rotation of nitrogen mole-
cule by angle 7 corresponds to its rotation by angle 6y at fixed angle g = 90°.

The dipole moment of the complex was obtained for angle 7 from 0° to 180° by
15° (13 configurations). For the calculations we have employed Eq. (3.1.2), that
provides enough accuracy for the correct description of small changing in 1, (R, 7).
The resulting analytical form for u,(R, t) was found to be as follows (in a.u.)

27.67779  78.76850  379.8549  687.0685
- - + + +

lux(R’ T) = R4 R5 R@ R7 BX(T)f(R)ﬂ
(3.2.15)
8.282  39.795
(R, 7) = _<T + T) (2cos’t — 1)
57.053 cos* t +610.461 cos? 326.625 (3.2.16)
.053 cos* 1+ 610.461 cos” 7 — .
+ p + B, (R),
16.564  79.590  57.053 cos® T — 696.041Y\ .
(R, T) = —( S + RS + I ) sint cos T+ B, (1)f (R),
(3.2.17)
where
f(R) = R****® exp(—1.53525R)- (3.2.18)

The fitting parameters B,(t) were obtained from ab initio values of dipole
moments at R, = 6.8 ag and can be written as

B,(t) = 0.112522 4+ 0.000154 cos® t (4 cos* T — 3)2, (3.2.19)

B,(t) = —0.005913 +0.000111 cos® t + 0.022825 cos”* t — 0.008514 cos® t,
(3.2.20)

B,(t) = (0.019364 — 0.007734 cos” 7) sint cos T- (3.2.21)
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Fig. 3.11 Angular dependence (t) of the dipole moment modulus for the most stable
configurations of the CH,—N, complex. (Reprinted with permission from Ref. [64]. Copyright
2010 American Institute of Physics.)

The results of ab initio and analytical calculations of dipole moment at R, are
presented in Fig. 3.11. It should be noted, that the major contribution (~96 %) to u
is the induction one, the dispersion (~ 16 %) and exchange (~ 12 %) contributions
have opposite signs and partially cancell out each other. The dipole moment
components ,(t) and u. (1) are significantly smaller then u.(t). The Fig. 3.11

shows, that the modulus of the dipole moment |u(7)| = " 42(7) of the CH4—N,

complex being in the most stable configurations is weakly dependent on angle 7
(|u(7)] =0.011961+ A|u(r)| eap where the variations A|u(7)| < 0.000003 eayp). The
behaviour of the modulus |x(7)| is similar to the behaviour of y,(t) component. It is
interesting to note, that a very weak dependence on angle 7 is also observed for the
polarizability invariants of the complex CH4,—N, (see next chapter and Ref. [64]).

In this Section, the dipole moment of the CH,—N, complex was obtained using
both ab initio and analytical methods. The analysis of the ab initio and analytical
results has shown that the long-range model describes well the dipole moment for
R > 10 ay. For smaller R, when electron shells of interacting molecules begin to
overlap, the dipole moment of complex can’t be described correctly using the
long-range approximation (even including the higher order terms of perturbation
theory). However, for small overlap of electron shells when the exchange inter-
actions are still small and the long-range approximation is weakly broken (that’s the
range of potential well of the van der Waals complex) there is a chance to describe
the dipole moment of the complex in the analytical form. For even smaller R, when
overlapping of the valence electrons of interacting molecules becomes significant,
the numeric quantum mechanical calculations are only possible.
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It should be noted that the suggested model allowing to take into account the
effects related to the overlap of shells of valence electrons is based on the point
model of interacting molecules and can be applied only to small molecules. Such
limitation is due to the fact, that the parameters of exchange interaction S, and Sz
are defined only by the ionization potentials of molecules and take into account
neither the form nor the size of interacting molecules.

3.2.4 Dipole Moment Surface of the Ethylene Dimer

Ethylene dimer in contrast to the CH4—N, complex is studied significantly wider.
The history of quantum-mechanical calculations of the interaction energy of two
ethylene molecules begins with the work of Hashimoto and Isobe in 1973 [74].
Since then a number of theoretical works [75-94] have been devoted to the ab initio
calculations of the potential energy of the dimer. The other approach to the
investigation of the potential energy surface of the C,H;—C,H; complex was
applied in Refs. [95-99] in the framework of analytical description of long-range
interactions between two ethylene molecules. This approach gives a physically
correct analytical description of the potential energy surface for interacting C,H,
molecules at large intermolecular separations, R. However, in the framework of this
approach, the well depths of different configurations of the C,H4;—C,H, dimer can
not be described correctly, because at these intermolecular separations the electron
shells of interacting ethylene molecules begin to overlap and the exchange inter-
actions start to play an important role.

In contrast to the potential energy, the dipole moment of the ethylene dimer has
been investigated not sufficiently. It is known that the dipole moment of ethylene
dimer being in the most stable configuration (possessing symmetry D,4) equals to
zero. The theoretical calculations of the dipole moment surface of ethylene dimer
have been carried out in the work [100]. There are also experimental works devoted
to the collision-induced absorption in ethylene in the infrared region [101-104] that
contain the information on the dipole moment surface of the interacting ethylene
molecules. These collision-induced absorption spectra were used only for the
evaluation of the quadrupole moment of single ethylene molecule.

In this section, following to the work [100] the results of the analytical and
high-level ab initio calculations of the dipole moment for selected configurations of
the ethylene dimer are discussed. For the analytical calculations of the dipole
moment the monomer properties calculated in Ref. [100] are used (see Table 3.5).

A. Results of the PES and DMS calculations

For the accurate ab initio study of potential energy and dipole moment of the
C,H,—C,H, complex the methods considering the electron correlation should be
used. For this reason, the following quantum-mechanical methods were employed:
CCSD(T), CCSD(T)-F12, and MP2. All ab initio calculations in this Section were
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Table 3.5 Molecular properties for C,H, molecule

Property [100]* Lit. Property [100]* Lit.

Opx —2.47 —2.42° Crrnr 72.19 51.93¢
Oy, 1.25 1.23° Crery -19.88 -10.65°
0,, 1.22 1.19° Crrz -52.31 —41.27¢
Dnx 18.90 18.42° Cuyy 4535 29.24¢
Dyyyy -17.02 -16.27° Crore 75.40 58.71¢
D, -15.89 -15.51° Ciyyy 75.82 51.47¢
O 22.05 22.41° Cyy,e -55.95 —40.82¢
Oy 24.96 25.21° Cyeye 118.68 101.00°
0, 34.24 34.24° C.... 108.26 82.09¢
Ey vex —65.27 —80.67¢ By —733.70 -

Ey -92.39 -81.01¢ By 314.70 -

E... 71.29 88.90¢ By 419.00 -

Eyyy -8.81 -8.11¢ By -399.39 -

Ey .. 74.08 88.78¢ By . —574.40 -

E. e -78.43 -62.24¢ By —394.06 -

E. ., 7.14 -26.63° B,.. 188.14 -

Ey e -75.09 -88.80¢ By.,- -591.64 -

Ey,e- 167.48 169.82¢ B.... -579.30 -

#Calculated at the CCSD(T)/aug-cc-pVTZ level of theory using approach described in Ref. [105]
PReference [106]; “Reference [107]; dReference [96]

carried out with the correlation-consistent aug-cc-pVTZ basis set. For the evalua-
tion of binding energy in the CBS limit, the aug-cc-pVQZ basis set was also used.
In order to correct the energy for the basis set incompleteness error (BSIE), the
energy was extrapolated to the CBS limit using the schemes of Martin (2.3.11) and
Helgaker (2.3.12). The dipole moment of the ethylene dimer was calculated by the
finite-field method described by Cohen and Roothaan [1] using Eq. (3.1.1) which
provides enough accuracy for the system under consideration (the errors do not
exceed 2 X 1077 eap). The experimental ground state geometry (averaged over
zero-point vibrations) of ethylene molecule was used for all calculations: the bond
lengths and angles of ethylene molecule rcc =2.5303 ag, rcp = 2.0504 aq,
ZHCC = 121.085° and £HCH = 117.83° were taken from Ref. [108]. The coor-
dinate system of C,H,;~C,H, complex is shown in Fig. 3.12.

The long-range analytical approximation used for the description of dipole
moment of the ethylene dimer, following the Sect. 3.1.2, gives the induction and
dispersion contributions through the order R’ as (here, the exchange interactions
are not considered)


http://dx.doi.org/10.1007/978-3-319-49032-8_2
http://dx.doi.org/10.1007/978-3-319-49032-8_2
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(b)

Fig. 3.12 Coordinate system of the C,H;—C,H, complex (Reprinted with permission from Ref.
[100]. Copyright 2011 Wiley Periodicals, Inc.)
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Fig. 3.13 Selected configurations of the C,H,—C,H,4 complex (Reprinted with permission from
Ref. [100]. Copyright 2011 Wiley Periodicals, Inc.)
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Fig. 3.14 Interaction-induced dipole moment component y, of the C,;Hs~C,H4 complex [100].
Solid lines calculations at the CCSD(T)/aug-cc-pVTZ level of theory with the BSSE correction;
dash lines analytical calculations; black circles calculation at the MP2/aug-cc-pVTZ level of
theory with the BSSE correction (Reprinted with permission from Ref. [100]. Copyright 2011
Wiley Periodicals, Inc.)

The calculation results are shown in Fig. 3.14 for 6 configurations of the
complex with C,, symmetry (configurations 5, 6, 7, 9, 10, and 11, see Fig. 3.13 and
Table 3.6) with nonzero dipole moment (there is only u, component). It should be
noted, that the MP2 level of theory gives slightly worse results compared to the
“gold standard” CCSD(T) ones. Figure 3.14 shows also that the analytical
description of the dipole moment provides a good agreement with the ab initio
calculations at the CCSD(T)/aug-cc-pVTZ level of theory for R > 9 ay.

The analytical calculations of the dipole moment surface were carried out using
the multipole moments and polarizabilities given in Table 3.5 (Ref. [100]) and the
coefficient Cg = 300.2 Eja, 6 taken from Ref. [109]. It should be noted, that the
calculated multipole moments and polarizabilities of single ethylene molecule
(Table 3.5) are in a good agreement with those from Refs. [96, 107, 109]. The
analytical approach allows to evaluate different long-range contributions to the total
dipole moment of the ethylene dimer. For example, the dipole moment contribu-
tions for configurations 5 and 9 of the complex with large and small interaction-
induced dipole moments have been calculated. The results of calculations are
shown in Fig. 3.15. As expected [see Egs. (3.2.6) and (3.2.7)], the induction
contribution to the dipole moment of the complex is significantly larger than the
dispersion contribution. Moreover, the dipole polarizability-quadrupole induction
terms (rxA®B +fxB®A) give the major contribution to the dipole moment for all
configurations where the long-range approximation is fulfilled.
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Fig. 3.15 Contributions to the dipole moment of configurations 5 (a) and 9 (b) of the C,H,~C,H4
complex. Solid lines I induction contribution of order R~ (2 ®” + @), 2 induction contribution
of order R° (ocA(I)B +of (DA), 3 induction contribution of order R—¢ (EA OF + EB G)A), 4 induction
contribution of order R~7 (ch P + P08 ch), 5 dispersion contribution of order R~7(BAa®
+ BP4*); dash lines total dipole moment in the framework of long-range approximation. (Reprinted
with permission from Ref. [100]. Copyright 2011 Wiley Periodicals, Inc.)

Analytical description of the DMS of the ethylene dimer allows us to understand
some features this surface. In Fig. 3.14 we can see a similar behaviour of the dipole
moment for configurations 5 and 7 and for configurations 9 and 10. It should be
noted that the absolute values of the dipole moment functions for configurations 6
and 11 are also very close (there is only deference in the signs). Such behaviour of
the dipole moment functions can be explained by the fact that the induction con-
tributions oA @ + 0BO, ADP + 4BD* and OB +xPOPu* have the same
values for configurations 5 and 7, for configurations 9 and 10 and differ only in sign
for configurations 6 and 11. The small differences observed for these pairs of the
dipole moment functions for large R are due to the difference in the induction

(EA®® + EP©") and dispersion (B*«f + BPo) contributions.
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Chapter 4
Interaction-induced Polarizability

The methods for computation of molecular polarizability are implemented now in
many well-known modern quantum chemical codes. Some of their features will be
discussed in the next Section. And here, we point out the experimental methods
used usually to determine the polarizabilities of atoms, molecules or their com-
plexes. For this purpose, some measured macroscopic properties are used. As a rule,
these properties are some functions of the electromagnetic field which are changing
during the interaction of molecules or atoms with a field. Herewith, the accuracy of
determination of the polarizability depends on the observation methods and the
aggregate state of an environment. The most accurate results are obtained for
incompact gas media.

The most known method to evaluate the polarizability is based on measurements
of the molecular refractivity of any gas. This method allows determining with high
accuracy the average polarizability of molecules [1]. So, for nitrogen and oxygen
molecules the average polarizabilities were measured with the accuracy up to 0.01-
0.03 % [2-6].

Another widespread experimental method uses the changes of parameters for
Rayleigh light scattering. In this way, both invariants of the polarizability tensor
(the average polarizability and the polarizability anisotropy) from the light scat-
tering intensity can be found. However, in practice, the anisotropy polarizability is
preferred for determination by this method. This is because of the fact that for this
case the average polarizability is determined less accurate in comparison with the
refraction method [7, 8]. At the same time, the real accuracy of the polarizability
anisotropy obtained by the use the polarization characteristics of the light scattering
doesn’t exceed of 3-5 %.

The Kerr effect is also often used to determine the polarizabilities of molecules
[1, 9, 10]. In the general case, the Kerr constant has a complicated relation with the
polarizability anisotropy, dipole moment and hyperpolarizability of a molecule. As
a result, the problem of a separation of the contributions to the Kerr constant from
these values is appeared. The separation difficulties lead to the increase of errors of
the method (10-20 %). Only for the gas media composed of non-polar molecules
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the dependence of the Kerr constant on electric properties of a molecule is sig-
nificantly simplified and the polarizability anisotropy can be directly determined
from the Kerr constant.

The experimental methods for polarizability determination based on the Stark
effect use the displacements and splitting of rotational energy levels of small
molecules under the influence of an external electric field [11-14]. The usual
accuracy of these methods is in the range of 3-10 %.

Finally, let us mention the experimental methods that use other physical effects
to measure molecular polarizability. These methods use the birefringence effects
[15] in any magnetic field (Cotton—-Mouton effect) and flow (dynamic optical effect
of Maxwell), the acoustic birefringence effect, absorption spectra induced by the
electric field [16] and so on. It should be noted that last group of methods have the
greater errors compared to the methods discussed above.

The feature of the all considered experimental methods is that they allow us to
define the values of the molecular polarizability only at the equilibrium position of
molecular nuclei. To obtain the dependencies of molecular polarizabilities on the
mutual location of nuclei in a molecule, the Raman effect can be used The line
intensities of Raman spectra depend on the values of polarizability derivatives with
respect to the nuclei displacements. The first works to define the polarizability
derivatives of molecules have appeared immediately after the creation of the theory
of Raman light scattering (Placzek theory of polarizability) [17]. However, the
experimental technique of “pre-laser” period could not obtain the high-quality
results. Some experimental results of this period are summarized in [18]. Currently,
these data have only a historical interest. Now, laser technologies allow to increase
the measurement accuracy and, as a result, significantly improve and revise the
“pre-laser” data. Nevertheless, up to day the experimental data on the polarizability
derivatives of molecules are fragmentary and do not give the impression of sys-
tematic studies of the polarizability of molecules as a function of the nuclei coor-
dinates, even for diatomic molecules [19-39].

Note also, that U. Hohm has recently compiled the static mean dipole-dipole
polarizability evaluated from gas phase measurements for 174 molecules [40].

4.1 Interaction-induced Polarizability Theory

4.1.1 AbDb Initio Calculation Features

The polarizability is the second derivative of the interaction energy by the external
field FO. The calculation formulas can be also obtained using the finite-difference
method like for the dipole moment. As a result, for example, the 3-point finite

difference approximation (with errors of order (Fg)z) gives
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E(F%, F9) —2E(0,0) + E(—F?, —F,)
2(FY)?
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Also, the more accurate formula proposed by Maroulis [41] allows to eliminate
the contribution of higher-order terms to the polarizability:

10248, (F) — 80S,(2F°) + S, (4F9)
360(F9)*

: (4.1.2)

Olog, =

where

E(=F,) + E(F}) — 2E(0)

It should be pointed out that both for the dipole moment and polarizability of
interacting molecules (complexes), one should account for the BSSE correction.
This means that the single point energy calculations with different external fields
should be carried out with the BSSE correction. The BSSE correction depends on
the basis set employed and the system under consideration. For some cases the
BSSE correction has negligible effect on electric properties, and in this case it could
be neglected. However, the more correct way is to take into account the BSSE
correction. The choice of the applied homogeneous field should be done very
carefully. For this purpose one should carry out a series of calculations with dif-
ferent amplitudes of the external field F;) From these calculations the range of the
amplitudes of the field can be found where the property under the investigation
doesn’t change significantly with the change of the amplitude F 2. The field only
from this range can be used for the further calculation. Sometimes for different
properties the different amplitudes of the external field should be applied.

4.1.2 Long-Range Approximation

It should be pointed out that the methods of classical electrodynamics accounting
for the induction and dispersion effects give a physically correct analytical
description of the polarizability surface for interacting atomic-molecular systems at
large intermolecular separations [42-54]. In this way, in the framework of the
long-range approximation [1, 55], when the interacting species are considered as
point objects with their anisotropic electric properties, the electric polarizability ocg‘g

of two interacting systems may be written in the form
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oyf = olyp + oy + Actyg, (4.1.3)

where oc/;ﬁ and ocfﬁ are the dipole polarizabilities of the atomic (or molecular)
systems A and B, and AocAB is the interaction polarizability. Here, the interaction

polarizability Aoc can be written as follows

Aoc{;g = oc;”ﬁd + ocd”p + ozi)/‘;Ch, (4.1.4)
where oc’"/f = oc;"/f A ;'ZI B ;l'l;p = ;I;gp A ocigp B and o
dispersion and exchange contributions to the polarizability of interacting systems
A and B. Evidently, when the interacting systems are well separated, the interaction

mh are the induction,

polarizability AocAB is determined entirely by a well-known induction and dispersion

contributions oc’"d and ocd”p [43-45, 48, 56-58]. At shorter range, when the charge

distributions of 1nteract1ng systems overlap, the exchange effects appear and the

additional contribution oc“’“h begins to be important [59].

The induction contribution to the polarizability ocg'ﬁd A of the A molecule is

determined in accordance with (2.4.2) at F) = 0. Then, using analogous scheme
like for calculations of the induction dipole moment, the following expression can
be obtained for the induction polarizability of the molecule A:

1 1
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(4.1.5)
Here T = T45.

The dispersion contribution to the polarizability of the interacting molecules can
be found by calculation of the second derivative of the interaction energy

4 OEA . .

disp dlYp _ dispA disp,B

Ly = 8F0 =g 0, (4.1.6)
ﬁ FO—

where, restricting ourselves to the leading term ~R™°, the expression for the dis-
persion contribution takes the form (see (2.3.5), [58])
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o0
i 1 . .
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0
The contributions ~R™*® to oc;l;p AB can be obtained from the next terms of

(2.3.5), when the polarizabilities in them, considered as a function of the external
electric field Fg, are expanded in a Taylor series on Fg.

Unfortunately, direct calculation of the dispersion contribution oc;l?p AB using

Eq. (4.1.7) is often difficult due to the absence of the y/gwﬁ(iw,0,0) values as

functions of iw. However, as for the case of the dipole moment, this dispersion
contribution may be estimated using a “constant ratio” approximation (see, for
example, [44]). As a result, the following estimation may be obtained

disp T;ré“/gmﬁ(oa 0,0) T Cyy TvéVgsoc/f (0,0,0) Ty Dy,
o =
b 208(0) 204(0)

(4.1.8)

where

U o a
Cp = E/ o (iw) o (iw)d,
0

Dy, = %/ ocA(iw)agy(iw)dw
0

and the relation has been used

V?éf/f(ov 0,0)

AB [ _
Voiap (10, 0,0) = 267B(0)

B (i).

Here o*8(iw) is the mean polarizability of the A (or B) molecule at the imagi-
nary frequency iw.

Since the imaginary frequency-dependent polarizability for molecules as a rule is
known (or can be calculated) the further calculation of the oc:;}sp is not difficult. The
coefficients C,, and Dy, may be also related to the dispersion constants C§ = Cg
and Cé determined experimentally.

4.1.3 Exchange Contributions. Analytical Form

To calculate the exchange contributions to the static polarizability of a pair of
interacting atoms a well-known form for tensor components of the electron
polarizability may be used:


http://dx.doi.org/10.1007/978-3-319-49032-8_2
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(1 1| m) mw/fln>

where the dipole matrix elements (n|u,|m) and the electronic energy levels Ej are
the functions of the intermolecular distance R. Then, the idea proposed in Sect. 3.1.
3 to take into account the exchange interaction contributions to (n|u, |m) for small
R can be used again. In this case the exchange interaction contribution into
z-component of the dipole moment is represented by (3.1.21) where

1 1 1 3 1
S N A ST Rl puray ey (4.1.10)

3 3 1

The use of the effective excited electron state i allows us to exclude the pro-
cedure of summation over the excited electron states m of atoms in the expression
for polarizability. Then, replacing f3, by some effective value f§ for the effective
electron state /m, the expression for the exchange contributions to the polarizability
of interacting atoms takes the form [59]

“th (R) =B (:BA7 ﬁBv B? R)Rts eXP(*’?R) + BZ(BAv ﬁb’? Ba R)RZ(3 exp(fan)a
(4.1.12)

where the fitting parameters B; and B, are the functions weakly dependent on R and
the values of the parameter § may be estimated taking into account probabilities of
radiation transitions of the atoms A and B, and the energy levels structure of these
atoms. Note that the first term in Eq. (4.1.12) gives the similar asymptotic behavior
for oce"”' (R) at R — oo as for the pair of hydrogen atoms [60]. The exchange

exch

contributions of" and ocmh as well equal zero for considered approximation.

However, in a stncter approximation these contributions are to be appeared.

The results obtained for interacting atoms may be also used for interacting
molecules bearing in mind that f3,, Bz and f are the molecular parameters and the
configurations of interacting molecules have to be taken into account.

4.2 Polarizabilities of van der Waals Complexes

4.2.1 Polarizabilities of Atom-Atomic Complexes

For atomic complexes the general expressions (4.1.5) and (4.1.8) are essentially
simplified and take, up to terms ~R® inclusively, the well-known forms [1, 44]


http://dx.doi.org/10.1007/978-3-319-49032-8_3
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(here, as usually, the atoms are positioned on the z-axis of the Cartesian coordinate
system)

i dotoB  AgtaB (oA + of)
o (R) = —— + B , (4.2.1)
. o 20408 ataB (oA + o)
i (R) = oy (R) = = =— + o (4.2.2)
and
: 7 ("G
dis, _ 6
OCZZP(R) = E (O{_A + E ﬁ, (423)
. : 2/ B\ C?
dis, __ s _ 6
Otxxp(R) = (nyp(R) = 6 <O{A + ﬁ E, (424)
where o, o8 are the polarizabilities and 7", 7? are the second hyperpolarizabilities

of the interacting atoms A and B (y = 7y_...).

As shown in the work [59] for the atomic complexes He—He, Ar—Ar, Kr—Xe, and
Xe—Xe, taking into account the exchange polarizability ozg"h(R) in the form (3.1.12)
allows us to reach a very good agreement with ab initio results [61, 62] for a wide
range of R. Herewith, the exchange polarizability ocg‘”h (R) is mainly determined by
the first term in Eq. (4.1.12) for the range R > R, and by the second term for the
range R<R,.

The exchange contribution o"(R) to the interaction mean polarizability

M@:%M@Hmhw)

B 204 0B (0 + o) N 5 (VA y3> Co 1 ,m

RS 18 B 3%

ot obB

(R) (4.2.5)
and the interaction polarizability anisotropy
Ay(R) = Aaz(R) — Ao (R)

~6otaf Botof (ot 4 of)
R RO

L 7"\ GCo | e
+3 (—A + ) 2 HoSMR) (4.2.6)

o oB ) RO

also plays an important role, especially for Ax(R) because of the term ~R~3
(Fig. 4.1 illustrates this effect).
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Fig. 4.1 The interaction polarizability invariants Ax(R) of the complexes Xe-Xe (a) and He-He
(b) (firstly printed in our work [59]). Solid lines—analytical calculations taking into account the
exchange polarizability; dashed lines—analytical calculations without considering the exchange
polarizability; circles—ab initio calculation [112]; squares—ab initio calculation [62]. All values
are in a.u

4.2.2 Polarizabilities of X,-Y Complexes

Consider in this Section the complexes X,—Y when the atom Y has the spherical
symmetry. For another case the calculations are carried out the same way. The
Cartesian coordinate system is introduced following to Fig. 3.1. Then, for con-
sidered complex the induction contributions to Aoz;‘g (R) up to terms ~ R ® inclusive
take the form [45]

. 1 1
ind
ococ[i = OC[: H)O(()ﬁ + Ocoq »()agﬁ + 5z 15 /x;‘y WS(PE/? deqp + 5z 15 EB ()sT»()H/’O(éB
1
_ 53\’2/;"},57"},58(/,@ + ocA 508, w“(pﬁ +of mooc’;‘}T q,oc(pﬁ (4.2.7)

Dispersion contribution into Aoc‘:;f (R) following the results of Sect. 4.1.2 with
accuracy up to the leading term ~ R © comes on (4.1.8). For this case the tensors
Cypy = £ CQdyy, Dix = Dy = £ (C) — C7) and D, = £ (Cg +2C3) are related to the
isotropic dispersion coefﬁment C? and the anisotropic dispersion coefficients C2.

The exchange contributions to the interaction polarizabilities are described by

Eq. (4.1.12) where the parameters B, and B, are the functions of the angle 6 and
can be written as [59]

B; = BEO) + sz)Pz(cos 0) + B§4)P4(cos 0) (4.2.8)

where P;(cos 0) is the Legendre polynomial and Bf)~> are the fitting parameters. The
full analytical expressions for the interaction polarizability of the complex X-Y, is
quite cumbersome and can be found in the work [59].
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As there was noted in our work [59] the exchange contribution into the com-
ponents of the complex X—Y, can be appreciable for the interaction polarizability
Ax2B(R, 0). Figure 4.2 illustrates this fact for the case of Ar-H, complex.

Modified DID model. As seen from Eq. (4.1.5) for some cases the simple
dipole-induced-dipole (DID) model formulated by Silberstein for a system of
n interacting atoms [63], being a little modified [50] for the molecular complexes,
can be effective applied. In the modified model, like for the dipole moment,
every molecule in a complex is represented as a set of effective atoms whose
polarizability depends on the internuclear separations in the molecule. The
polarizabilities of the effective atoms are chosen so that their total polarizability
equals to the polarizability of the molecule formed by these atoms, and the
interaction between the effective atoms is absent. The concept of effective atoms
allows one to take into account the dependence of the polarizability of a complex
on the intramolecular separation r and, because the small interatomic separations
are excluded from calculation procedure, the use of usual DID model is
appeared.

It is interesting that in the framework of modified DID model for some stable
configurations of X-Y, complexes the strongest dipole-induced-dipole contribu-
tions can be fully summarized. Consider, for example, the complexes N,—Y and
0,-Y (Y = He, Ne, Ar, Kr, Xe). The calculations of the potential energy surfaces
for these complexes show that the complexes N,—Y exist in one stable configuration
(T-configuration) [64—77], while the complexes O,...Y exist in two stable con-
figurations (L- and T-configurations) [78-82], and the T-configuration is the most
stable among them. The stable configurations of these complexes are shown in
Fig. 4.3, in which atoms 1 and 2 belong to the molecule X,, and atom 3 is the
atom Y.

Fig. 4.2 The interaction
polarizabilities Ao (R, 0) of
the complex Ar-H, with
(lower surface) and without
(upper surface) taking into
account the exchange
polarizability (firstly printed
in our work [59]). The values
of AO(?ZB and R are in a.u., the
angle 0 is in rad
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Y

Fig. 4.3 T- and L-configurations of X,—Y complexes

L-configuration. In this case, the complex-fixed coordinate system (X, Y, Z; see
Fig. 4.3) is the main one for the polarizability tensor of the complex, and therefore
in this coordinate system it has the diagonal form ags(r, R). A feature of the
L-configuration of the complex X,—Y is that the chosen coordinate system coin-
cides with the molecular coordinate system (x, y, z) of the molecule X,, and for this
molecule oxx(r) = ayy(r) = o (r) = ayy(r) and azz(r) = o, (r). And the follow-
ing analytical explicit forms for the components of the polarizability tensor for the
complex X,—Y in the L-configuration can be found [51]:

() ¢ = ) (7 + ) — St (- - %)2

13 23
b+ )
(4.2.9)

('Xxx(}’, R) = Ony(}’, R) =

2
e (1) + 4+ 200 (1) (- + ) = 2l (O (7 = )

1 — 200, (r) (RL?S + RL%)

ozz(r,R) = (4.2.10)

where Rj3 = R+ 5, Ry3 = R — 5, ais isotropic polarizability tensor of atom Y. As
a result, the expressions (4.2.9) and (4.2.10) allow us to take into account the
r-dependence of the polarizability components of the complex.

T-configuration. In this case, the chosen coordinate system (Fig. 4.3) is also the
main one for the polarizability tensor of the complex, but it does not coincide with
the molecular coordinate system of the molecule X,. However, for these coordinate
systems there is a unique correspondence between the components of the polariz-
ability tensor of the molecule Xo: oxx (r) = o (r) ¥ ayy(r) = azz(r) = oy (r). And
the calculation of the components of the polarizability tensor of the complex X,-Y
in the T-configuration yields the following analytical expressions [51]:
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ﬁ,RZ »
O(ZZ(r)+a+2aazz<7)m—%aam(r)au(r) 2R?
O(xx(r,R) = !

s . (42.11)
5—R 2R2
— 2 — 200, 'R
ZZ(r)( 2+%)5 4 (r) (R2+%)
O (1) + o0 — 2004, (r) ,2)3/2
o R) = , (4.2.12)
XX ( 2+%)3
M ZRZ*% 2R
“xx(r) +o+ 2(1(1”(}’) (R2 rz)i/Z 4“O‘xx(r)fxzz(r) (R2+r2)5
— £ 4
Osz(r, R) = (2R27%)2 . . (4213)
1 — oo () L

Thus, the polarizability of the stable configurations of the complex X,-Y is
determined by the polarizability tensor o, (r) of the molecule X,, dependent on its
internuclear separation r, the polarizability of the noble gas atom «, and the distance
R. Note that at r = 0 Eqgs. (4.2.9)—(4.2.13) coincide with the corresponding equa-
tions for the components of the polarizability tensor of two interacting anisotropic
atoms in the classical Silberstein theory. Figure 4.4 shows the typical forms of
surfaces for the components of the polarizability of the complexes N,—Y and O,—Y
(Y = He, Ne, Ar, Kr, Xe) calculated in the framework this model by the use of the
polarizability functions oy, (r) and o, (r) for the molecules N, and O, taken from
[83]. Figures 4.5 and 4.6 show also the frequency dependences of the polariz-
abilities for these complexes. In order to calculate the dynamic polarizabilities of
the complexes, the dynamic polarizability functions o (7., ®) = ty(re, ) and
0z (re, @) of the molecules N, and O, are taken from [84, 85] and the dynamic
polarizabilities of noble gas atoms o(w) are taken from [86-88].

The dependence of the polarizability tensor invariants of the van der Waals X,-Y
complexes on the frequency of the electromagnetic field and on the complex

Fig. 44 Components o,,(r,R) of the polarizability tensor for the No—Ar complex in the 7-
configuration (in A®) [51]. Here the distances r and R are given in A: a—oxy (r, R), b—oyy (1, R),
C—o0yzz (r s R)
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Fig. 4.5 Components of the dynamic polarizability tensor (in A3 ) of the complexes No-Y (solid
curves) and O,-Y (dashed curves) (Y = He, Ne, Ar, Kr, Xe) [53]: a L-configuration (6 = 0°);
b T-configuration (6 = 90°); the frequency o is given in cm ™'



4.2 Polarizabilities of van der Waals Complexes 63

Ne
— s
_.__._....:-nﬁ-:—!—.—rr"'"" He

I

ssetasssksassaraseiel

0 10000 20000 30000 40000 50000
o W
b «Xe
35 :
LR
3.0 .
. .0 2 Ar
2.5 W
s ¥ °..." Ne
. . e : He

Ar

perr il

] Ne 0.6 Kr
ﬁ He i ﬁ Xe
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
L] L]

Fig. 4.6 Invariants of the dynamic polarizability tensor a(re, Re, 6, ®) and y(re, Re, 0, ®) (in A%
of the complexes No—Y (solid curves) and O,—Y (dashed curves) (Y = He, Ne, Ar, Kr, Xe) [53]:
a L-configuration (6 = 0°), b T-configuration (6 = 90°); the frequency o is given in cm™"

configuration can be represented more clearly by the polarizability surfaces. As an
example, Fig. 4.7 shows such surfaces for the complex O,—Ar. The polarizability
surfaces for other complexes under consideration have analogous shape. It is
obvious, that at 6 = 0 and 90° these surfaces are degenerated into the dynamic
polarizability functions shown in Fig. 4.6.

4.2.3 Polarizabilities of X,~Y, Complexes

The polarizabilities of two interacting diatomic molecules are also of interest up to
day, however, there are only few works on this subject. Mainly, these works were
devoted to some atmospheric complexes like O,—O,, N,—N,, H,-H,, H,-N,
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Fig. 4.7 Invariants of the dynamic polarizability tensor o(r,, R,, 6, w) and y(r,, R,, 6, ») (in A% of
the complex O,—Ar [53]; the angle 0 is given in rad; the frequency o is given in cm

systems [48, 50, 54, 89-94] or NO dimer [95]. Consider below the less-studied
problem of influence of nuclear vibrations on the polarizability of such dimers.

A. Influence of nuclear vibrations on the (N,), and (05), dimer polarizability

We are restricted here by the terms in (4.2.7) related to the modified DID model
discussed above. In the framework of this model for (N,), and (O,), complexes the
effective polarizability of the atoms N and O is determined as a half of the polar-
izability for the N, and O, molecules respectively. It’s evident, that the effective
polarizability of atoms N and O determined by such a way is anisotropic and
depends on the internuclear distance of the molecules, and, as a result, the polar-
izability of the complex is the function of the internuclear distances of the mole-
cules forming it, which allows one to calculate the tensor of the polarizability
derivatives of the complex for different configurations.

The polarizability tensor of these free oriented interacting molecules depends on
the Euler angles 01, 0,, 9 = ¢, — ¢, for both molecules, the intermolecular dis-
tance R, and the internuclear distances in the molecules r; and r,. For considered
model the total induced dipole moment of atomic system is written as

o= > My = o Ef, (4.2.14)

where (' is the induced dipole moment of the atom m and the polarizability of the
complex included N atoms is

N N N
g = D it Y AT S AT T e (4215
m=1

mn=1 mn.k=1

The Euler angles determine the orientation of the first and the second molecules
relative to the coordinate system related to the molecular complex. In the case of
diatomic molecules each component of the polarizability tensor of two interacting
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diatomic molecules is a surface in the space of the variables 0y, 0>, @, r1, r; (Z-axis
is directed through the centers of mass of interacting molecules). The analytical
description of this surface is cumbersome in the general case. For the specific
configurations of the interacting molecules the components of the polarizability
tensor depend on R only and may be represented as

cl(]?)(rl,rz) cgjs>(r1 ,12) N cl(»j6)(r1,r2)

_ .0
;j(ri,ra, R) = ¢ (r1,r2) + 7 + g R
7 (8)
¢;i'(ri,m) ¢ (r1,r)
ij ij
L - (4.2.16)

where the coefficients cg‘)(rl,rz) depend on the relative orientation of the inter-
acting molecules and their intramolecular distances r; and r,. Expanding the
function o;(r1, r2, R) into the Taylor series at the equilibrium points 7 and 9 of the
first and the second molecules, the following expression for the tensor of the first
derivatives of polarizability oj;(R) = [00;i(r1, 12, R) /O] 0 for the complex

r :r?,rzzr

may be written as

3 g® g0 4D 46

0 i i i i [}
O‘/"(R):dzf(i)"' R]3 + Iés + R]6 + 1;7 + 158 + (4.2.17)

where dl:(]-k> = acl(f)(rl,rz)/af 00 and &= (r—1")/r°.

1=1)=r,
The results of calculations of the tensor components for the first derivatives of
the polarizability for the N, and O, molecules, being on the left side in configu-

rations H, X, T, T and L of considered dimers (Fig. 4.8), are given in Fig. 4.9.

Fig. 4.8 Some H T
configurations of dimers for

diatomic molecules
............ i i i O_O
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Fig. 4.9 The first derivative of the polarizability for the molecules N, (1) and O, (2) in dimers: a
—L configuration, solid lines—0.,, dotted lines—o}, = oz;.y; b—H configuration, solid lines—o.,,
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The tensor components of the effective polarizability and its first derivatives for
the atoms N and O are the half of the respective tensor components of the polar-
izability tensors and their first derivatives [96] for the molecules N, and Oj;:

o) = o= 0767 A, u —1122A* axxwﬁﬂ 0.625 A%, o —1165A3

and a,&) =V = 0.558 A* W) = 1,673 A3, ol = 4 0348 A3, ¢0) =
1.943 A3 (the small subscripts x, y, z are the Cartesian coordinates related to the
molecule N, or O, respectively, the axis z is directed along the molecule axis). As
it’s seen from the Fig. 4.9 the tensor components o, and oc’w differ from each other
with decreasing of the intermolecular distance (except the configuration L).
Herewith, the difference between the components o), and o is increased with
decreasing of R. The components o/ have strongest changes for the configurations
L and T, moreover, their values are increasing with decreasing of R.

Note that the relative changes of tensor components for the first derivatives of
the polarizability de;(R,) = [o;(R.) — o;(R = 00)] /ati;(R = 00) for the molecules
N; and O; in the dimers (N,), and (O,),, where o,(R = c0) are the values for the
free molecule, are great enough and vary in the range of 3—15 %.

The approach considered here to calculate the tensor components for the first
derivatives of the polarizability for the interacting diatomic molecules can be
applied to larger molecular complexes. Also, it may be useful to calculate the tensor
components of higher derivatives of the polarizability. The values of the tensor
components of the first derivatives of the polarizability for molecules N, and O,
may be used to estimate the parameters of the light Raman scattering in the dimers.

4.2.4 Polarizability of CH ~N, Complex

As mentioned above in Sect. 3.2.3 the molecular complex CH4—N, is of particular
interest for planetary applications. However, there is now very scanty information
about the polarizability surface of CH4,—N, complex especially for a wide range of
intermolecular separations and mutual orientations of the interacting molecules
[97].

A. Polarizability surface

In the work [97] (see the parameters of configurations and the molecular
parameters used for calculations in Sects. 3.2.3 and 5.3: Fig. 3.6, Table 5.2)
ab initio calculations for the CH,—N, complex were carried out by means of the
finite-field method based on the finite differences [98] using Gaussian 03 package
[113] at the MP2 and CCSD(T) levels of theory with a correlation-consistent
aug-cc-pVTZ basis set and taking into account the BSSE correction. We have to
note that the use of the MP2 level of theory gives a good description of the
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polarizability at low computational costs compared to the CCSD(T) level of theory.
Indeed, the polarizability components, for example, for the most stable configura-
tion of the CH4,—N, complex calculated at the MP2 and CCSD(T) levels of theory
with the aug-cc-pVTZ basis set differ of less than ~1 %.

Results of ab initio calculations for the polarizability tensor components of the
CH4—N, complex are shown at Fig. 4.10. As expected, the dependence of the
polarizability tensor components of this complex on intermolecular distance R has
the usual form. However, it is also seen that the polarizability of the complex is
affected by the orientation of the N, molecule due to its big anisotropy of the
polarizability. The orientation of highly symmetric molecule CH, in the complex
affects significantly smaller on the complex polarizability and becomes noticeable
only at small intermolecular separations. It should be pointed out that for config-
urations 4 and 5 (symmetry C;) the small nondiagonal component o, (o, ~ 0.005
a.u. at R = 3.5 A) is appeared in the coordinate system used (Fig. 3.6a).

The analytical calculations in the framework of the long-range approximation
can be carried out following the Sect. 4.1.2. Then, for the CH,—N, complex, using
the symmetry properties of the molecules CH4 (A) and N, (B), the induction term in
Eq. (4.2.15) takes the form

® a_config1CCSOT) * e config4 CCSD(T)
4 a,config 1CCSDT) @, config 4 CCSD(T)
® o config1CCSINT) = e, config 4 CCSO(T)
* a_ config2CCSD(T) * a,config 5 CCSO(T)
4 o, config2CCSD(T) 4, config 5 CCSOT)
* a,config2CCSD{T) * =, config 5 CCSIYT)
® g config 3CCSD{T) * a_config 8 CCSONT)
4 a, config3CCSDT) *+ a config CCSD(T)
= a_ config3CCSD(T) = e, oconfig 6 CCSD(T)

0 h

a le’a’E

Fig. 4.10 Polarizability components o;; of the CH4—N, complex calculated at the CCSD(T) and
MP?2 levels of theory with aug-cc-pVTZ basis set with the BSSE correction [97]. All values are in
a.u. Black color—conf. 1, red color—conf. 2, blue color—conf. 3, orange color—conf. 4, olive
color—conf. 5, magenta color—conf. 6; solid lines—a (MP2), dash lines—a, (MP2), dot lines
—a,, (MP2); circles—a, (CCSD(T)), triangles—oy, (CCSD(T)), squares—a,, (CCSD(T)).
(Reprinted with permission from Ref. [97]. Copyright 2010 American Institute of Physics.)
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In Eq. (4.2.18) the long-range multipolar induction contributions up to
terms ~R > inclusively and terms ~R °® caused by back induction effect due to
dipole-induced-dipole interaction have been fully accounted. The contribution of
dispersion interactions to the polarizability of the interacting molecules can also be
calculated in the manner described in Sect. 4.1.2.

For comparison of the results of ab initio and analytical calculations, it is con-
venient to use the interaction polarizabilities Ao, defined as

Ao = oy — oy — oy = oy} (R) — oy (00). (4.2.19)

The calculation results of A, obtained using both methods for two typical
conﬁgurations 3 and 4 of the complex CH4—N2 are given in Fig. 4.11 (Fig. 4.11a:
oapl # ol = o2 and Fig. 4.11b: o} # o # «2). Note that the exchange con-
tribution to the analytical form (4.1.12) in the calculatlons was not taken into
account. It is seen that the values of Aay, and Ao, are in a good agreement for all
range of considered distances R, while the values of Aa,, agree well only for R > 10
a.u. The same result is also obtained for other configurations of the complex
CH4—N,.

Fig. 4.11 Interaction polarizabilities Ac; of CH4~N, complex (a—the configuration 3, b—the
configuration 4) [97]. All units are in a.u. Solid lines—analytical calculations, crosses—CCSD(T)
calculations, and boxes—MP2 calculations. (Reprinted with permission from Ref. [97]. Copyright
2010 American Institute of Physics.)



70 4 Interaction-induced Polarizability

Analytical calculations allow us also to estimate easily the contributions of the
different induction and dispersion interactions to Aoy of the complex CHy—N,.
Their analysis shows (see details in [97]) that the leading contributions to the
polarizability for any complex configuration from Fig. 3.6 are due to
dipole-induced-dipole interactions or to terms with o*oa? ~ R in (4.2.18). The
other induction terms (~R™* (A%0#) and ~R™> (E*«®, «*E® and B*0%), and also
the terms ~R ™ caused by the dipole-induced-dipole interaction (o*oo? 4
oBotoP)) and dispersion terms (~R7% are significantly smaller and are of com-
parable values. It should be noticed that the induction term with 0% (~R™%) is
very small for all considered configurations.

The calculations of the mean (Ac) and the anisotropy (Ay) of the interaction
polarizability

Ao = o8 — ot N2 (4.2.20)
and
Ay = 4% — M, (4.2.21)

which describe the contribution of intermolecular interactions to the mean polar-
izability o*® and the anisotropy of the polarizability tensor 742, are presented in
Figs. 4.12 and 4.13. Here, o“M, o™2 and y™> are the mean polarizabilities and the
anisotropy of the molecules CH, and N,. It can be seen that for R = 10 q, there is a
very good agreement between analytical and ab initio calculations. Herewith, the

(@), ®)

Ay

Fig. 4.12 Interaction anisotropy Ay for CH4—N, complex (a—configurations 1, 3 and 6; b—
configurations 2, 4 and 5). All values are in a.u. [97]. (Reprinted with permission from Ref. [97].
Copyright 2010 American Institute of Physics.) The configurations 1 and 2: solid lines—analytical
calculations, solid boxes—CCSD (T) calculations. The configurations 3 and 4: dash lines—
analytical calculations, boxes—CCSD (T) calculations. The configurations 5 and 6: dot lines—
analytical calculations, solid circles—CCSD (T) calculations
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Fig. 4.13 The mean interaction polarizability Ao for the CH4—N, complex for configurations 1-6
(Reprinted with permission from Ref. [97]. Copyright 2010 American Institute of Physics.). All
values are in a. u. The numbers in the figure correspond to those of the configurations. Solid lines—
analytical calculations, diamonds—CCSD (T) calculations for the configuration 1, solid circles—
CCSD(T) calculations for the configuration 2, solid boxes—CCSD(T) calculations for the
configuration 3, boxes—CCSD(T) calculations for the configuration 4, circles—CCSD(T)
calculations for the configuration 5, solid diamonds—CCSD(T) calculations for the configuration 6

induction terms oo (~R) gives the leading contribution to the interaction
anisotropy of the complex for R = 10 a, while for R < 10 g, the substantial con-
tribution to Ay is caused by dispersion and induction terms of higher orders. As to
the mean interaction polarizability Ac, the analytical calculations do not allow to
describe correctly the function Ao(R) for R<10 ay even qualitatively.

B. Polarizability of the most stable configuration

As it was mentioned in Sect. 3.2.2 (B) the complex CH4,—N, has a family of the
most stable configurations. It is obvious that the polarizability tensor components
océg (R,.) are different for configurations of the family. However, the ab initio cal-
culations of the polarizability tensor invariants «*?(R,) and y*2(R,) for R, = 6.84 a,
for this family of configurations have shown that the values of the invariants are
practically equal to o*8(R,) = 28.13 a.u. and y*2(R,) = 3.82 a.u. These values are
less than the values of the invariants o*®(c0) = 28.34 a.u. and y*2(c0) = 4.61 a.u.
for the non-interacting molecules CH, and N,. Such reduction of polarizability
invariants under formation of the more stable configurations leads to the decrease of
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the efficiency of light scattering (index of the refraction n ~ «) including rotational
Raman scattering. Note, that the calculated values «*? (c0) and 742 (00) are in a good
agreement with the values o7 + o™ = 28.16 a.u. and 9™ = 4.61 a.u. obtained by
G. Maroulis [99, 100].

It should be noted that at the formation of the complex the monomers CH, and
N, are deformed. As a result, the complex polarizability is changed due to the
nonrigidity of the monomers. However, these changes are not large. Indeed, the
calculations for the most stable configurations of the CH,—N, complex at full
optimization of their geometries have shown that accounting for the monomers
nonrigidity practically does not affect the mean polarizability «*2(R,) and changes
slightly (several percent) the polarizability anisotropy 7'8(R,).

Polarizability tensor invariants o#(R) and y8(R) for the family of the most
stable configurations of the CH4,—N, complex can be also presented in the form of
Taylor series in the vicinity of R, = 6.84 ay:

o*P(R) = 27.940 +0.172(R — 6.84) — 0.075(R — 6.84)* +0.015(R — 6.84)",
(4.2.22)

YB(R) = 3.421 — 0.018(R — 6.84) +0.091(R — 6.84)> — 0.020(R — 6.84)°.
(4.2.23)

These expressions allow estimating the derivatives of the polarizability tensor
invariants of the complex for the analysis of scattering processes in
methane-nitrogen gas media. Particularly, it is seen that the first derivatives
0o*B(R)/OR = 0.172 a.u. and 9y*2(R) /OR = —0.018 a.u. are of different sign at R,
and considerably differ in their absolute value.

C. Polarizability of free orientated interacting molecules

The polarizability of the free oriented interacting molecules CH4 and N, can be
easily calculated if the analytical expressions for polarizabilities ocﬁ/lf are averaged
over Euler angles y,, 04, ¢4, 0p and ¢p. In this case, the polarizability tensor has
only two independent components:

4 4 2204 2 TCAB A P
“AB _ A B A_B A _B(. A B B B 6
Ly = o + o +ﬁoc o +ﬁo¢ o (oc + o )+45R6(auffxm) + 13R° <OTA+OTB>

(4.2.24)

2 1
~AB __ =-AB B B B B
= :o:A+oc f—SaAoc +—60cAoc (ocAJroc)

yy 2z
_ _ 4.2.25
2008 ﬁ ﬁ ( )
OR6 \oA = oB)’

1904 2
45R6 (ocfz - ocfx) +




4.2 Polarizabilities of van der Waals Complexes 73

where 7 and 7 are the mean hyperpolarizabilities of the methane and nitrogen
molecules that have the form

3

A A A

= 3 (szzz + Zyzxzx)v (4.2.26)
_ 1

yB = B (3Vszzz + lzygzx + 87’5;(”)' (4.2.27)

Note that when of = o, Egs. (4.2.24) and (4.2.25) become the well-known

22°
expressions for the polarizabilities of two interacting spherically symmetric atoms

A and B [43, 44].
It is also seen from (4.2.24) and (4.2.25) that the dependence of &f}B and the

anisotropy of the polarizability tensor &% — 348 on R is defined mainly by the

aJ(X yy

terms ~R™>, while the leading terms of the mean polarizability % =

_ — . —6.
(ocff + 20{?5) /3 are proportional to R™°:

2 4ot 2 5CE PP
=AB A B _ B B B B 6
T —ﬁoc’qoc (ocA—|—oc)—|—ﬁ(oczz—ocM) +18R6 (oc_A—’—ﬁ)'

(4.2.28)

The results of calculations carried out in work [97] have also shown that the
induction and dispersion terms (~R~°) of Eq. (4.2.28) give the leading contribution
(~99 %). The last part of contribution caused by the anisotropy of the polariz-
ability tensor of the N, molecule is very small (~ 1 %).

D. Vibrational Raman spectrum

Some features of vibrational Raman spectrum for the most stable configuration 4
(see Fig. 3.6) of the CH,—N, complex are discussed in this section following to
[101]. This spectrum was obtained using the Gaussian 03 package at the
MP2/aug-cc-pVTZ level of theory. The automatic methods in Gaussian were used
to compute the Raman activities (R4) for 90° scattering

Ra = (45(a); +7(7);)/45 (4.2.29)

where (o )i is a square magnitude of derivative of the isotropic part of the polar-

izability tensor with respect to the k-th normal mode, and (“/),% is a square mag-
nitude of derivative of the anisotropic part of the polarizability tensor with respect
to the k-th normal mode and the derivatives are evaluated at zero displacement. It
should be noted that R, is proportional to the Raman intensity /. The calculations of
R4 [101] show that for all vibrational modes of the CH4—N, complex the values of
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R4 are decreased by factors 0.7-0.98 in comparison with R4 for the vibrational
modes of the monomers CH,4 and N».

As to the depolarization ratio p, which describes the polarization properties of
Raman scattering, the calculations of p [101] have shown that the polarization
properties of Raman scattering are retained in the complex for vibrational fre-
quencies corresponding to the frequencies of monomers CH, and N, (anisotropic
Raman scattering: v,, v3 and v, of CH,4 molecule and isotropic Raman scattering: v,
and v of CH,4 and N,). The calculations have also shown that the Raman scattering
for intermolecular vibrations (the harmonic modes 19.6, 23.3, 65.7 and 71.8 cm™ ")
has purely anisotropic nature (p ~ 3/4 and p ~ 6/7 for linearly polarized and
unpolarized incident light, respectively). However, for the vibrational mode of
48.2 cm™' the Raman scattering is the mixture of the anisotropic and isotropic
scattering. It should be noted that for collisional Raman scattering the Raman line
intensities of the CH4—N, complex could be larger than predicted ones for his
configuration 4.

4.2.5 Polarizabilities of C,H ~C,H; Complex

As was mention in Sect. 3.2.4, ethylene, in spite of its chemical simplicity, is of
much interest because takes place in many diverse processes. Even in biology it is
of great interest, for example, ethylene is like a hormone that regulates a number
of physiological processes in the plants [102]. Nonbonding interactions of
n-electron systems have been intensively studied, since m-m interactions control
several phenomena such as crystal packing of unsaturated hydrocarbon molecules,
conformational preference of nucleic acids, and host-guest interactions of aromatic
molecules. Moreover, ethylene dimer as long as the methane-nitrogen complex is
of particular interest for astrophysical applications. These complexes exist in the
atmospheres of giant planets (Jupiter [103, 104], Saturn [105], Neptune and
Uranus [106]) and Saturn’s satellite Titan [107-111]. The ethylene dimer is the
simplest m-m organic complex that can serve as a test object for nonbonding
interaction theories.

In this Section the results of polarizability calculations for the 12 configurations
of the C,H,—~C,H, complex are given (Table 4.1). The input parameters of the
configurations for calculations are the same as described in Sect. 3.2.4. The value of
applied electric homogeneous field used in the finite-field procedure was chosen to
be 0.001 a.u.

In this way the following values of the polarizability components of the separate
C,H,4 molecule were also obtained (in a.u.): o, = 22.05, ay, = 24.96, o, = 34.24
which agree with the experimental ones oy, = 22.94, o, = 26.04, o, = 36.44 [20].
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Table 4.1 Calculated polarizabilities (in au.) of C,H4;~C,H; complex at the CCSD(T)/
aug-cc-pVTZ level of theory with the BSSE correction

R, A Config. Oy Oyy Oy Config. Oy Oyy Oy
35 1 40.12 43.43 90.02 7 46.25 52.18 62.13
4 41.32 45.62 80.91 47.25 53.23 61.35
4.5 42.32 47.24 77.41 47.97 54.04 60.56
5 4291 48.16 75.23 48.47 54.61 59.78
5.5 43.25 48.67 73.56 48.82 55.01 59.23
6 43.49 49.02 72.35 49.06 55.29 58.62
7 43.80 49.45 70.89 49.38 55.65 57.63
8 43.96 49.68 70.11 49.56 55.86 57.18
9 44.06 49.81 69.66 49.66 55.99 56.91
10 44.12 49.89 69.38 49.73 56.07 56.75
3.5 2 52.31 52.31 54.84 8 42.68 42.68 87.36
4 53.38 53.38 54.18 43.85 43.85 80.15
4.5 54.12 54.12 53.33 44.74 44.74 76.90
5 54.65 54.65 52.57 45.37 45.37 74.85
5.5 55.02 55.02 51.97 45.80 45.80 73.30
6 55.30 55.30 51.52 46.10 46.10 72.15
7 55.65 55.65 50.95 46.46 46.46 70.71
8 55.86 55.86 50.62 46.65 46.65 69.93
9 55.98 55.98 50.41 46.76 46.76 69.48
10 56.07 56.07 50.28 46.83 46.83 69.20
3.5 3 47.23 63.34 46.88 9 51.79 43.12 67.98
4 47.94 64.67 46.79 52.99 44.28 66.08
4.5 48.43 65.61 46.45 53.85 45.05 64.56
5 48.78 66.28 46.02 54.47 45.58 63.30
5.5 49.03 66.76 45.62 54.90 45.93 62.33
6 49.21 67.11 45.30 55.21 46.18 61.61
7 49.45 67.58 44.87 55.61 46.49 60.70
8 49.60 67.86 44.62 55.84 46.67 60.20
9 49.69 68.04 44 .47 55.97 46.77 59.90
10 49.75 68.15 44.37 56.06 46.84 59.72
35 4 55.52 55.52 46.90 10 53.34 40.72 69.88
4 56.47 56.47 46.78 55.02 41.66 66.97
4.5 57.14 57.14 46.44 56.21 42.35 64.9
5 57.62 57.62 46.01 57.00 42.83 63.49
5.5 57.96 57.96 45.61 57.55 43.15 62.39
6 58.21 58.21 45.30 57.92 43.38 61.62
7 58.55 58.55 44.87 58.40 43.65 60.69
8 58.75 58.75 44.62 58.67 43.80 60.20
9 58.88 58.88 44 .47 58.83 43.89 59.90

(continued)
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Table 4.1 (continued)

R A Config. Uk Oyy ayy Config. U Oyy Ay

10 58.96 58.96 44.37 58.93 43.95 59.71
3.5 5 43.99 54.04 62.81 11 63.03 44.32 52.01
4 44 .81 55.44 61.71 64.44 45.06 51.06
4.5 45.40 56.47 60.87 65.45 45.57 50.21
5 45.81 57.18 60.05 66.16 45.92 49.48
5.5 46.10 57.67 59.30 66.67 46.16 48.91
6 46.30 58.01 58.68 67.04 46.34 48.48
7 46.55 58.45 57.86 67.54 46.58 47.94
8 46.70 58.69 57.40 67.84 46.71 47.63
9 46.79 58.84 57.13 68.02 46.80 47.45
10 46.85 58.94 56.96 68.14 46.85 47.34
3.5 6 55.37 52.59 51.38 12 62.25 41.04 57.07
4 56.34 53.58 50.81 63.95 41.94 55.19
4.5 57.04 54.28 50.11 65.13 42.55 53.81
5 57.54 54.76 49.44 66.11 43.11 52.94
55 57.90 55.11 48.89 66.71 43.42 52.26
6 58.17 55.36 48.48 67.12 43.61 51.75
7 58.52 55.68 47.94 67.67 43.85 51.13
8 58.74 55.88 47.63 67.99 43.99 50.79
9 58.87 56.00 47.45 68.18 44.08 50.59
10 58.96 56.07 47.34 68.31 44.13 50.46
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Chapter 5
Interaction-induced Hyperpolarizability

At present, in spite of the well-known fact that the interaction of atoms and
molecules leads to the changing of their multipole moments and (hyper)polariz-
abilities [1-3], only the simple moments and polarizabilities of interacting mole-
cules such as interaction-induced dipole moments and dipole polarizabilities have
widely studied. Nevertheless, the induced dipole moments and polarizabilities play
the important role in understanding the collision-induced absorption, collision-
induced Rayleigh scattering or collision-induced Raman light scattering [4-9].

Modern calculations of the hyperpolarizabilities of interacting atom-molecular
systems are based on the ab initio methods and analytical models of long-range
multipole-induced multipole interactions. These methods have both advantages and
disadvantages. Analytical models are only effective for interacting systems at large
intermolecular separations, the exchange and other overlap effects can be ignored.
For these separations the hyperpolarizability surfaces can be calculated fully and
correctly if multipole moments, polarizabilities and higher polarizabilities of the
interacting molecules (or atoms) are known. Now, the analytical models are
applied, as a rule, for binary complexes, which are composed of atoms and simple
molecules [10-15].

Ab initio methods, in their turn, allow calculating the hyperpolarizabilities of
interacting systems both for small and large separations. However, when a lot of
points on the (hyper)polarizability surfaces (greed with a small step) are needed the
use of high level ab initio methods becomes often not effective in comparison with
analytical calculations. Such problems can appear, for example, in description of
collision processes. Now, computer methods are widely and effectively used for
calculation of the hyperpolarizabilities both for small atom-molecular systems and
for more complicated atom-molecular systems [16-35] and can be applied to study
nonlinear scattering effects. For instant, there is a lot of publications devoted to the
study of collision-induced hyper-Rayleigh spectra for binary mixtures of noble
gases [36—40], H,—Ar and H,—He gas mixtures [41, 42], and gaseous SFg [43].
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5.1 Theoretical Treatment

5.1.1 Computational Details

The components of the first hyperpolarizability tensor of the complex are usually
calculated employing the finite-field method described above for the dipole moment
and polarizability. Using this method, the first hyperpolarizability is determined
using Eq. (2.4.2) or the third derivative of the energy over the external electric field:

OPE
Bapy = = (W) o (5.1.1)
F'=0

As described above, in the framework of this method one can derive the for-
mulae for calculation of the first hyperpolarizability as follows:

E(2F,) — E(—2F,) — 2E(F,) 4+ 2E(—F,)

Bowe = — , (5.1.2)
oot 2F03(

B, = — E(F,,Fg) — E(F,,—Fp)+ E(—F,, Fg) — E(—F,, —Fp) — 2E(Fp) + 2E(—Fp)
oof 2F§Fﬁ )
(5.1.3)
By — _E(—Fa7 —F/g7F7) - E(—Fa7 —Fpg, —F:,) +E(F17F5,F7) - E(FmFﬁ, —F;,) —E(Fﬁ7 —FmF,)

= 8F,FF,
E(Fw_F/h _Fy) — E(_vaFﬂvF}') +E(_F3<7F/17 _Fy)

8F,F,F,
(5.1.4)

In this way, the higher polarizabilities give some contributions to f3,5,. However,
the use of the procedure described in Sect. 3.1.1 helps to remove these contribu-
tions. Thus, G. Maroulis [44] has obtained the following expressions for f8,p,:

B..e = (—64D,(F) + 34D, (2F) — D.(4F))/(24F?), (5.1.5)
ﬁz,tx = (32DXZ(F) - 34sz(2F))/(12F3) (516)
where

DZ(F) = (E(_Fz) - E(FZ))/Z,
sz(F) = (_E(Fsz) +E(FX7 _Fz) +E(FZ) - E(_Fz))/z‘

In Egs. (5.1.2)—(5.1.6) the energies E(F,) are usually calculated accounting for
the BSSE correction using the CP scheme of Boys and Bernardi [45]. Therefore, the
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CP-corrected induced first hyperpolarizability of a complex AB in approximation of
rigid interacting monomers takes the form:

Here ﬁfﬁ (AB) is the first hyperpolarizability of the complex AB calculated using

thee dimer basis set AB. And respectively Bﬁﬁy(AB) and ﬁfﬁy (AB) are the first
hyperpolarizabilities of the molecules A and B.

5.1.2 Analytical Representation

In the manner described above for dipole moments and polarizabilities of two
interacting molecules A and B the first dipole hyperpolarizability for this system can
be written in the form

— pAB A B ind dis,
Bapy = Bapy = By + By + By + By (5.1.8)

where ﬁ;‘ﬂ , and ﬁfﬂ, are the dipole hyperpolarizabilities of free molecules A and B;

and /)’;"/jd and ﬁd”p are the induction and dispersion contributions to the first

hyperpolarizability of interacting molecules. In (5.1.8) the contribution to the first
hyperpolarizability, caused by interaction of two molecules, is expressed as

AB.g, = By + Boyt. (5.19)

Then, the use of (5.1.2), (2.3.4) and (2.3.5) allows us to obtain the analytical
expressions for induction and dispersion contributions to the first hyperpolariz-
ability. As a result, the induction part p ﬁ’"d for uncharged molecule A restricted, for

instance, by the terms through ~R* takes the form

A,ind
:B:x/j’l:'l = OCS(S T&' ﬁfﬁy + ﬁ:/f() T(Sli “gv + 1827(5 TCS“? afﬂ + V:ﬁyé T(il::uf
1 B 1 B 1 B
+ gagp Tﬂfﬂ‘iB[f«/ﬁax - gB?,/L(SsT(gS(P a(/)y - ngy,és T(S“?fﬂazp[i
1 1 1
+ gﬁappraeAl?m + gﬁ“ vp TpasAg oe + gV’;’[; Vo TpO‘SG)B + 6NA/; ),pG pus,u; +-
(5.1.10)

The full induction part of f8,,, is determined as

it = (14 P*5) g (5.1.11)
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The dispersion part of hyperpolarizability ﬁ:?f of two interacting molecules,

following the works [46—48], may be written in the form (restricted by the leading
term ~R %)

o]
dis] ]
B = 1o S( )| TooTen / de> 2, (i), (i2,0,0,0)
0
+3TpoTz:n/ do ymot/)’(lw 0 O)ﬁﬂﬂ (za),O) ’ (5112)
0

Here, o(iw), p(iw,0), y(iw,0,0), and J(iw,0,0,0) are the imaginary
frequency-dependent dipole polarizability, first, second, and third dipole hyperpo-
larizabilities of the molecules.

It should be noted that the integrals in (5.1.12) may be easily eastimated using

the constant ratio approximation CRA?2 [46]. This approximation allows estimating

di. vp

the values of [f with accuracy ~25 % and avoid laborious calculations which

may be often 1mp0551ble due to absence of the accurate fi(iw,0), y(iw,0,0), and
0(i, 0,0, 0) values as functions of iw for free molecules. As a result, the integrals
may be written in the following forms [49] (see some definitions used here in
Sect. 3.1.2):

o]

0)62 . (0,0,0,0
/dwoc (i0)0) 5. (i,0,0,0) 730c 02 (O) )

4+ 15A; 42043 + 10A]

'0 O(AOCB (1+A2)3 )
(5.1.13)
and
e ~B 2 3
m . 75p(0,0,0)8,,.(0,0) [0 4324, +38A2 + 12A
/d(uywﬁ(la) 0, O)ﬁ”p (im, 0) ggcﬁ b oy ey (11 " )2 1
1
0

(5.1.14)

Then, assuming that A; = A,, the expression for the first hyperpolarizability
ﬁ‘;;‘f can be expressed as:

TyT, 49 91
disp N polen B A B A
ﬁ%/ﬁ 82, B;7)Ce oAaB 2880 e Onpapy + 1728 /ﬂﬂmﬁﬁﬂm ’ (5.1.15)

where the following notations are used: o5 = 0,5(0), B,p = Py, (0,0),
Vapre = Vapye(0,0,0), and Sype0 = Supye0(0,0,0,0). Here S(o, f,7) implies sum-
mation of all the terms appeared by permuting indices «, 5, and 7.
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It should be emphasized again, that the multipole polarizabilities and moments in
Egs. (5.1.10) and (5.1.15) are written there in the laboratory system of coordinates
and depend on the mutual orientation of the interacting molecules. As a result, the
first dipole hyperpolarizability of two interacting molecules is a function (surface)
of several variables: Euler angles (rotation of the first and the second molecule), the
intermolecular separation R and the internal coordinates when the molecules are
considered as nonrigid ones.

5.2 First Hyperpolarizabilitiy of the CH4,~N, van der
Waals Complex

The references given in the preamble of this chapter give exhaustive enough rep-
resentation of hyperplarizabilities for small van der Waals complexes including the
atom-atomic and atom-diatomic ones. Here, we dwell in more detail on the CH,—N,
van der Waals complex which help us to illustrate the calculation technique to be
applied to the first hyperpolarizability of a molecule or any molecular complex. The
CH4—N, complex is very important and interesting complex that exists in
methane-nitrogen atmosphere of Titan.

The induction term ;”/f/ in Eq. (5.1.11) for the interacting molecules CH, and

N,, if the terms up to ~ R % are taken into account, is written as [49]

. 1 1 1 1
ind A
ﬁacnﬁy = S(OC7 :B’ V) Eﬁaﬁp TPUO(Ey + 6“2/7 TﬂﬂBg,y,o‘n - gafp TﬂUﬁB/?s’,y,m: + I_SVQBW Tpaé‘@fa
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+ % ﬂoc[}p T/’GSWE}'.osr] - ﬁAm,pa TPUWB/},"/,H] + %yoc[)’yp TPUS’7Q¢7£;7

1
+ M

1 B
30 o,f.poe a?ﬂpTﬂUﬁ’W’G

A B
Nm,[i‘",',chP‘TSﬂ ®1:ry + m B.y,oene

B 1

Loty = 54
B A A B B A

210 ap TP‘T”?fﬂGﬁf/.,asnw + %Ea,pasTl’“"(/’Blw,w B %Emp«rsTl’“"‘/’Bliy,ﬂm

1
A B B B
+ @yaﬁyp Tﬂaﬁliéﬂq)aan) - @ ))oc/}yp Tﬂﬂemﬂqygsmp + mpé,ﬂ,y,paeTﬂﬂﬂw@mo

1 B A B 1 B A
+ Eaap Tpﬂﬁ(r/)’sTw Loy + 5 %?prJOCan TVI(Pﬁ(/)/)’y (5 2. 1)

where again in accordance with Sect. 2.2.1

Typ. .y =Topn = (=1)"T5". (52.2)
——

n

As mentioned earlier, the superscripts A and B denote the molecules CH, and
N,, respectively. The dispersion contribution to the first hyperpolarizability for this
complex is calculated using Eq. (5.1.15).
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5.2.1 First Hyperpolarizability Surface

The results of ab initio calculations of the induced first hyperpolarizability tensor
Ap,p, as functions of R are given in this section in the same way as before. The six
configurations of the CH,—N, complex, which are the most discussed ones by
researchers (see [S0-55]), are considered here. The configurations of the complex
and their parameters are also the same as used in Chap. 3 (Figs. 3.6 and 3.7, and
Table 3.3). The ab initio and long-range analytical functions of the independent
tensor components of Af,,, are given in Fig. 5.1. The multipole moments and
higher polarizabilities of the CH, and N, molecules calculated at the CCSD(T)/
aug-cc-pVTZ level of theory [49] were used to calculate the values of Af,;, by
means of Egs. (5.1.15) and (5.2.1). These molecular parameters are given in
Table 5.2 to be compared with known ones (Table 5.1).

The analysis of Fig. (5.1) shows that the analytical description of Af,; may be
effectively used for R > 11 a.u. Naturally, for shorter R the analytical values of
AB,p, are noticeably differ from ab initio values due to exchange interactions
appeared in this range. It is also noticeable that the exchange interaction is the most
important for the Af,,, component. Such behavior of Af,,. is consistent with results
of the asymptotic model of exchange interactions for van der Waals complexes [54,
60]. The strong anisotropy of the exchange effects was also observed for the case of
collision-induced dipole moments and dipole polarizabilities in ion-atom pairs [61].

5.2.2 First Hyperpolarizability of the Most Stable
Configuration

As it was noted in Chaps. 3 and 4 the dipole moment modulus and the polarizability
tensor invariants practically do not change for the family of the most stable con-
figurations [52]. We can expect, that the first-hyperpolarizability tensor invariants
which are important for description of interaction-induced hyper-Rayleigh scat-
tering, also change weakly for all most stable configurations.

The hyper-Rayleigh scattering when the incident light has linear polarization
may be described by the two tensor invariants of the quadratic hyperpolarizability
[3, 62, 63] (in the general case there are six rotation invariants of  [63])

Z :Buz + Z ﬁll] JFZZﬁm' i+ Z BijiBixk (5.2.3)

i i iZj#k

and

B = Zﬁzqur Zﬁnl 3Zﬁiii i3 Z ﬁ’”ﬁ’kkJr Z ﬁl]k (524)

i iZjFk t#ﬁék
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Fig. 5.1 Induced first hyperpolarizability tensor components for six configurations of the CH,—N,
complex

Indeed, the results of ab initio calculations have shown that these invariants for
different most stable configurations of the CH4—N, complex change by less than
0.1 % [49]. The calculated values of the invariants A? and B? of the complex are
presented in Table 5.3. Note, that at R = oo the invariants A and B* are fully
determined by f3,, of the CH, molecule because for N, the hyperpolarizability f8,,
is equal to zero.
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Table 5.1 The number of nonzero and independent components of f3,4, for general configurations
(Fig. 3.6) of the CH4-N, complex

Configurations: Number of Number of Bupy 131
symmetry nonzero independent

components components
1, 3: Cs, 11 3 Brces

:Byyy = 7ﬂyzz = 7ﬂzyz = 7ﬂzzy’
ﬂxzz = ﬁu-z = ﬁxxz = ﬁxyy = ﬂyxy = ﬁy‘y}c

2, 6: Cyy 7 3 Bres

ﬂxzz = ﬁz,rz = ﬁ»rz’
4,5: C, 14 6 Bucer Byyys

By = Brwy =

ﬁyyx? ﬁ,\x) = ﬂ)cyx = ﬂ)’)@\”
ﬂxzz = ﬁz,\'z = ﬁzzx’ [))yzz = ﬁzyz = ﬂzzy

Then, for the hyper-Rayleigh scattering directed at 90° to the propagation of
incident light the intensity (/) of the scattered light and its degree of depolarization
(p) take the form [62]

[~7A% + 5B, (5.2.5)
2RB?

Calculated values of I and p are also given in Table 5.3. These values show that
under complex formation both the intensity and degree of depolarization are
decreased by ~11 % and ~ 13 %, respectively.

5.2.3 First Hyperpolarizability of Free Oriented Interacting
CH 4 and N, Molecules

To get the hyperpolarizability of free oriented interacting molecules CH4 and N,
(the case of large intermolecular distances) the hyperpolarizability f3,4, should be
averaged over Euler angles using Egs. (5.1.15) and (5.2.1). In this way, taking into
account the Kleinman symmetry rules [64] the following nonzero components are
kept [49]:

B = % (B'a" — B"a"), (5.2.7)
Bxy}’ = _xzz = _% (BA&B - BB&A) (5.2.8)
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Table 5.2 Multipole Property | CH, N
moments and high-order 49 Lit 19 Lit
polarizabilities of CH, and N, [49] it [49] it
(in a.u.) 0, 0 2.4095°  |[-1.11 —1.1258*
Q. 2.57 -7.69" 0 -6.75
D,,,, -7.75 —6.84
Oxx 16.51 16.39° 10.24 10.2351%
ay, 16.51 16.39° 14.97 14.8425%
Bryz -9.24 -8.31° 0
Prxxx 2096 2254° 539 807°
Pxxzz 771 800° 319 322°
Vezzz 2096 2254° 1102 11947
6xyzzz =7707 0
Acys 9.25 9.01° 0
Ey xxx -18.84 -18.9° -23.19 —23.42°
E, 0 -18.84 -18.9¢ 27.12 39.59°
B xx 28275 | -256° -101.6 -126°
Byx.zz 141.37 128° 54.68 65*
Bysxz -23439 | —219° -121.76 | —124°
By, —-28275 | —256° -200.28 | -216°
My xys -219.18 0
My e -156.29 0
De e -59.42°  |-52.64 |0 0
G 927.78 412.60
Gxx,xxzz —463.89 —461.54
Goxrzzz 321.88 386.67
Grrrr 927.78 —876.96
Grzxxxx 321.87 —-328.91
Gy xyzz —-205.75 —269.84
Grrxxxz 102.87 440.50
Grrxzzz 102.87 —590.50
Nexyz 947.66 0
Nixyxz 1205.17 0
Py xxy 13816 0
Pxxy,yzz —3272 0
Pryiny 11558 0
PZZZZZZ 14412 0

aReference [56], "Reference [57], “Reference [58], “Reference
[59], ®Calculated at the CCSD(T)/aug-cc-pVTZ level of theory
(not presented in Ref. [49])
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Table 5.3 Tensor invariants of the quadratic hyperpolarizability and the parameters of
hyper-Rayleigh scattering for CH4—N, complex (at R, = 6.8 ap) and for pair of free molecules
CH,4 and N, (at R = 00) [49] (all values are in a. u.)

CH4—N, complex Free molecules CH4 and N,
Az =36.97 Ago =0
= 557.25 Béo = 683.02
1, ~ 3045 I, ~ 3415
p. = 0.5773 Poo =213

In Eqgs. (5.2.7) and (5.2.8) the mean dipole*-quadrupole polarizabilities B and
the mean polarizabilities & are written as

2
§ (B?zzz + 2B?zxz) (5.2.9)
_ 2 B
B’ = 15 (BgZZ+foZZ+4Bfuz+4Bfm)v (5.2.10)
1 —
5(2“ +0of), anda! =of. (5.2.11)

Equations (5.2.7) and (5.2.8) show, that after averaging, only Bo interactions
(~R™ give contributions to Bm and Bxyy = me As expected, the Egs. (5.2.7) and
(5.2.8) lead immediately to the expressions of the first polarizabilities for two
different interacting spherically symmetric atoms A and B [13].

As a result, for free oriented interacting molecules CH,4 and N, the invariants A?
and B? (see Egs. (5.2.3) and (5.2.4)) can be rewritten as a function of R (with
accuracy up to the terms ~R®) [49]

ot [90(#)” + 275(253)2} (5.) 520

and

=B 58 2
s T 1)

2 75R6 , (5.2.13)
A= A y A
. 2885455 (ﬁm) 49C 60 y2c: By . 91Ce7" (ﬁm)
76 55AR6 1353455 RO

Here, the anisotropy polarizability Aa® and the mean second hyperpolarizability
7 are written in the form
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Ao = o —of (5.2.14)
B 1
VB 71z (37)23122 + lzyfxzz + 8V§xxx)' (5.2.15)

15

The invariants A>(R) and B?(R) are used to describe the collision-induced
hyper-Rayleigh scattering.

It should be also noted that for the systems having the center of symmetry the
dependence like R® occurs [36-43] for the invariants A>(R) and B*(R). Moreover,
for systems of lower symmetry these invariants can go as R°.

5.3 Multipole Moments and High-Order Polarizabilities
of Some Atmospheric and Interstellar Molecules

Despite the fact that recently there are remarkable publications [65-68] that sum-
marize the results of a study of the electrical properties of molecules we should
recognize that these studies have been insufficiently represented in the literature.

In this Section the values of multipole moments and high-order polarizabilities
of some atmospheric and interstellar molecules [88] are represented.

To calculate the multipole moments and higher polarizabilities of any molecule
the finite-field method is effective as it was shown above. However, it should be
also noted that there is another approach, based on calculations of the values of the
matrix element for the multipole moments, for example, for the dipole moment
. = (P|f.|¥) /(¥ | ¥). Such method has currently implemented in the program
CFOUR [89] for HF, MPn methods up to the third order, as well as for Coupled
Cluster methods. In Molpro 2012 [90], this approach is implemented for arbitrary
order of multipole moments for variational methods as well as for MP2, MP3,
QCISD and QCISD(T) methods.

The Tables 5.4, 5.5, 5.6 show the calculation results of some electrical charac-
teristics for H,, O,, N,, CO,, CO, CN, HCI, HCN, NaCl, OH, N,H*, CH,, and H,O
molecules, which are important for astrophysical and atmospheric problems. In the
work [88] the calculations were carried out using the finite-field method at the (R)
CCSD(T) level of theory with different aVXZ basis sets (X = Q, 5). For these cases,
the amplitudes of the applied fields have been chosen as follows: F;, = 0.0025 a.u.,
F,5 =0.0001 a.u., F,g, =0.00,001 au. and F,p;s =0.000001 a.u. Multipole
moments up to 4th order are presented in Table 5.4. For comparison, in Table 5.4
the other literature data are also given. Table 5.5 presents the calculated and
measured values (we have chosen the more reliable ones) of multipole
polarizabilities.

Table 5.6 shows the electrical characteristics of low symmetrical molecule H,O
that is the most important atmospheric absorber of the infrared radiation. In the
work [88] the calculation for the H,O molecule was carried out for the ry geometry:
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Table 5.6 Multipole moments and polarizabilities of the H,O molecule. The water molecule is in
the xz-plane, the atom O lies on the z-axis in its positive direction

Property | Our work [88] | Ref. Property | Our work [88] | Ref.
U, —-0.729 —0.7296 [98] | A.,, -3.90 4.070 [100]
(OF 1.96 1.96 [99] Agxe -7.04 —6.742 [100]
O, —1.84 —1.85 [99] Ay, —2.41 —1.786 [100]
(O —-0.13 —0.10 [99] Ey vox -3.51 —3.273 [100]
Q -3.32 —3.032 [100] | Eq -3.17 —4.904 [100]
—3.138 [59]
Q. 1.35 1.259 [59] Eyyyy 0.88 4.453 [100]
Q. 1.98 1.879 [59] Eyyux -1.34 —4.013 [100]
Dy -1.17 —1.046 [59] E. ... —2.56 —2.986 [100]
Dyyyy 3.98 3.995 [59] E; 4.56 5.646 [100]
D —4.00 —3.603 [59] Cryxx 14.66 11.22 [59]
Dy —3.41 —3.276 [59] Cyyyy 15.25 9.44 [59]
D,y 4.57 4.322 [59] C..z 14.16 10.69 [59]
Dy, -0.57 —0.719 [59] Curyy —7.88 —4.98 [59]
o 9.72 9.64 [101] Cryz —6.78 —6.23 [59]
9.92 [102]
Olx 10.17 10.31 [102] Cyyzz -7.37 —4.46 [59]
Olyy 9.30 9.55 [102] Cex: 13.10 10.35 [59]
Oz 9.69 9.91 [102] Cuy oy 10.98 7.65 [59]
A, —2.65 —2.194 [100] | Cy,, 10.96 6.78 [59]

rog = 0.9716 ap and ZHOH = 104.68°. For NaCl molecule the electron correlation
of the core and valence-core electrons has also been taken into account using the
specially designed awCVQZ basis set. The Tables 5.4, 5.5, 5.6 show a good
agreement between experimental (highlighted as a bold type in all tables) and
calculated (highlighted as an Italic type in all tables) parameters obtained by dif-
ferent researchers.
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Chapter 6
Conclusion

The comparison of ab initio calculations with results obtained in the long-range
approximation shows that the analytical calculations may be effectively used for
description of the interacting energy, dipole moment, polarizability and first
hyperpolarizability of the considered interacting molecules for R > ~ 10 a.u. So,
we can conclude that analytical calculations for large R are a good support to
ab initio calculations for full description of interaction energy surface and electrical
properties of any pair of interacting molecules. For the range of smaller R, within
the potential well, the exchange-interaction contributions are become to be
significant due to overlapping of electron shells of interacting molecules. The
exchange effects are strong anisotropic and give especially large contributions to the
component of any electrical property determined only by the component of dipole
moment directed along the intermolecular axis. The same situation occurs for
induced dipole moments, dipole polarizabilities, first hyperpolarizability of any
complex and, as we assume, has also to be fulfilled for other higher polarizabilities.
As a result, the following receipt of calculations of electric properties (and energy
surfaces) for molecular complexes is seen. For the values of intermolecular
distances R within the potential well the accurate methods of quantum chemistry
must be used. And for large R, which are usually more then van der Waals radius of
interacting molecules, the analytical methods based on the long-range approxima-
tion can be effectively used to change the resource-consuming ab initio calculations.
The use the analytical calculations allows to solve the computational problem
appeared when a fine grid of calculated points for surfaces of any properties is
needed. And the necessity to have a lot of the points (for periphery of a surface the
number of these points tends to infinity) disappears.
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Appendix A

Transformation Rules of the Tensor
Components Under Coordinate System
Rotation

The relation between the tensor components in the coordinate system of the
complex M,p, s and the tensor components in the monomer coordinate systems
M,y s are expressed by the use the rotation matrix

cos¢ cosfcosy —sin¢g siny —cos¢ cosfsiny —sin¢g cosy sin0 cos ¢
Axp = | sing cosOcosy+ cospsiny —sing cos0siny+ cos¢cosy sin0sin¢d
—sin 0 cos ¢ sin 0 sin y cos 0

Here, the Euler angles ¢, 0 and y describe the rotations of any monomer
coordinate system relative the complex coordinate system.
As a result,

Mapy..o = oz hpg Ay -+ Asg Mgy s
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Appendix B
Nonzero Independent Electric Multipole

Moments and (Hyper)polarizabilities
for Molecules of Different Symmetry
Group®
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Glossary

e Charge of electron (le = 1.60217733 X 107'° C)
a, Bohr radius (1a, = 5.29177249 x 10" m)

E, Energy unit hartree®

U, Dipole moment®, eq

Oy Quadrupole moment, ea2

Qup, Octopole moment, eag

Dopys Hexadecapole moment, eaj

Epyoe 2°-pole moment, e

Olp Dipole polarizability®, e2a2E;"!

Bopy First hyperpolarizability”, e3a3E; 2

Vapys Second hyperpolarizability®, e*a}E;

Aupy Dipole-quadrupole polarizability

Ey pyo Dipole-octopole polarizability, e2ajE; !

Bugpo Dipole-dipole-quadrupole polarizability, e>ajE; 2
Capyo Quadrupole-quadrupole polarizability, e>a¢E;,

Mg e Dipole-dipole-octupole polarizability, e*a)E;, >
Gupyoep Dipole-dipole-hexadecapole polarizability, ¢*a$E; >
Dy gy Dipole-hexadecapole polarizability, e?ayE;, !

Nupy.oc Dipole-dipole-dipole-quadrupole polarizability, ¢*aE;, >
Pupy sep Dipole-dipole-dipole-octupole polarizability, e agE’

“Unit conversions used in the book for some quantities (see also, for example, David P. Shelton,
Julia E. Rice, Measurements and Calculations of the Hyperpolarkabilities of Atoms and Small
Molecules in the Gas Phase, Chem. Rev., 1994, 94, No. 1, 3-29):

for energy—l E, (or 1 au.)=4.35974434 x 1078 J = 627.509181 kcal mol' = 219
474.6307 cm

for dipole moment—I1. a.u.=2.541 75 Debye (D) (1 D= 10718 esu cm) = 8.478 358 X
10 Cm;

for polarizability—1 au. =0.148 19X 10> cm® (or 0.148 19 A®) =1.648 778 x
104 Cm? I

for first hyperpolarizability—1 a. u. = 3.206 361 X 107>* C* m® 72,

for second hyperpolarizability—1 a. u. = 0.623 537 7 X 107 C* m* 13
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